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ABSTRACT

Life-time cost minimization is the optimal criterion for planning of
inspection, repair and maintenance of fatigue deteriorating
structures. = However, most of the probabilities and cost items
related to the cost analysis generally contain inevitable uncertainties
in the actual structures. The appropriateness of inspection
planning may be lost by several errors induced by such
uncertainties. In this study, a sequential cost minimization method
and its consistent formulation are applied for the estimation of the
optimal inspection planning for fatigue deteriorating structures.
The process of optimization is repeatedly carried out at every
inspection. In this paper, the applicability of the method is
examined for an actual member set consisting of structural
elements with round fillet weld. The influence of inevitable
uncertain parameters on inspection planning are discussed based

on the Bayesian analysis and the sensitivity analysis.
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INTRODUCTION

he total cost minimization is the optimal

criterion of decision making for design
and maintenance of structures. In
inspection planning problems, inspection
intervals, inspection methods, repair
qualities and so on are thought to be the
optimized variables. In previous studies
[1-3], the sequential cost minimization
method was presented for the estimation of
the optimal inspection planning of fatigue
deteriorating structures  without
considering the effect of inevitable
uncertainties. The optimized variables
were only two parameters namely, the
inspection method and the inspection
interval to the mnext inspection for the
structure. The optimization was repeatedly
carried out at every inspection.

The fatigue deterioration property for
any structure usually contains several
uncertainties. In addition, most of the
probabilities and cost items related to the
cost analysis in the previous studies
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generally contain inevitable uncertainties.
On the other hand, the sensitivity analysis
of the uncertain parameters may provide a
useful information for the improvement of
fatigue design and inspection strategy.
From these viewpoints, the influence of
inevitable uncertain parameters on the
inspection strategy is discussed in the
present work in which the analysis is based
on the sequential cost minimization method
[2].

Usually, the inspections are limited,
such as once a year or once every two
years, for several operational and
economical reasons. Also, repair quality is
determined such that similar damage will
never take place again in the member after
repair, i.e.; Perfect Repair Model[4]. Under
such conditions the optimization is mainly
achieved by the selection of the most
appropriate  strategy from the possible
combinations of inspection intervals and
inspection methods allowed for the
structure.
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Hereinafter, the main tool used in the
present analysis is the sequential cost
minimization method. Therefore, a short
review in the next section is presented for
the method.

THE SEQUENTIAL COST MINIMIZATION
METHOD (SHORT REVIEW)

The optimal inspection strategy can be
achieved by the appropriate selection of
inspection interval, inspection method,
repair quality and so on. The sequential
cost minimization method is used to
estimate the optimal inspection strategy for
deteriorating structures by using cost
minimization approach and reliability
theory.  The sequential cost minimization
method has three main steps to follow [2]:-
1. Estimation of the total expected

operating cost for structure.
2.The selection of the optimal inspection

method for a member set.
3.The selection of the appropriate
inspection interval for a structure.

The expected operating cost for the
whole structure can be estimated by
applying the sequential cost minimization
method, where this cost is the optimal one.
The sequential cost minimization method
has been applied for five inspection
methods; No inspection (NO), Visual
inspection (V]), Mechanical (Precise)
inspection (M]), Visual and conditional
mechanical inspection  (V&M), and
Sampling mechanical inspection (SM).
Figure 1 shows how the structure is treated
when applying sequential cost minimization
method.  All the structural members in
each set were assumed to have the same
strength property and were subjected to the
same loading conditions. Each member
has a possibility of failure due to the
deterioration damage.

‘At a certain inspection during service,
the total expected operating cost for the
structure in the succeeding inspection
interval is classified into two main groups:-
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Costs necessary in the present inspection,
and

» Risks (expected costs) during the service

period until the next inspection.

Figure 2 shows the total operating cost
components in the succeeding inspection
interval.

Same Strength
Suame Loading Coudiion
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Figure 2 Cost necessary for structure in an inspection
interval

When the sequential cost minimization
method is applied for the selection of the
appropriate inspection interval among two
or more inspection intervals, cost
comparison should be performed. Figure 3
gives an idea about the technical procedure
when applying the proposed method in case
that three inspection intervals of once a
year, once every two years and once every
four years are allowed for the structure. The
sequential cost minimization method has
been discussed in detail in Reference 2.
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Figure 3 Selection of suitable inspection interval

Total Expected Operating Cost

The estimation of the total expected
operating cost corresponding ~to each
- member set for the above mentioned five
inspection  methods, and the cost
evaluation equations were developed by the
same author [2]. The Markov chain model
[5] used for the estimation of the
probabilities appearing in the cost
evaluation equations are also evaluated in
the same Reference 2. The total expected
operating cost is given by the following :-

life—time

L = ZGCJ.(I,HS)
J=
where, S= 1or2or4 years (1)

‘where;

C,, The total expected operating cost

C, The expected operating cost for member

set j in one inspection interval.

CJ = Cins+CreptCusrt+Cerr (2)

Cins  Inspection cost of each member set.

Crep  Expected repair cost of the detected
damages during inspection.

Cwmer Expected loss due to a member failure.

Cerr Risk against catastrophic failure.

S The inspection interval.
T The time at which the inspection is
carried out.

BAYESIAN ANALYSIS

Method of analysis

Most of the probabilities and the cost
items required in the analysis contain
several uncertainties in the actual
structure. In this section, the influence of
uncertainty of fatigue life for the members
on inspection planning is discussed based
on the Bayesian analysis [6]. The
formulation of the Bayesian analysis is
presented for a structural member set with
deterioration, in which the fatigue crack
initiation and propagation lives are the
uncertain parameters [7]. At the time of the
n-th inspection, one event among the
following three events can be obtained.

e Event A: event that the member is found
to have failed at the n-th inspection, or at
an equivalent event that failure of a
member occurred during the period
between the last inspection and the present
inspection.

e Event Bl : event that a member is found
not to have failed at the n-th inspection and
a fatigue crack is detected in the event.

e Event B2 : event that a member is found
not to have failed at the n-th inspection and
no crack is detected. This event consists of
the following two mutually exclusive events
: the first event is that no crack exists in
the member and the second is that crack
exists in the member but not detected at
the n-th inspection.

Figure 4 shows the all event at the n-th
inspection. The probabilities of the above
mentioned events, if visual inspection is
applied at the present inspection, can be
expressed by the following equations (see
Figure 4). '

, 4] E.(n-1n)
A e LB o
PlBen.Blj=—o >t ® (4)

B, (n—1n)+Py,(n)
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(1-Ppy) Py (m)

P.[Event. B2]= (5)
[ ] P, (n—1Ln)+P,

Where;

PF2 : Probability of occurrence of member

failure in the succeeding inspection
interval applying visual inspection
method at the present inspection.

PSV : Probability that a member has not
experienced repair and failure until
the present inspection.

PDV : Probability of detecting a defect by
visual inspection method.

Event A Event Bl
e =
o) Py
Tiamsgs i
et delre (1-Pn)
'8 i Event B2

n-1 n
Service years

Po Probability of crack detection.
Pr Probability of member failure.
Psv  Probability of member surviving.

Figure 4 The event tree at the n-th inspection

The sequential cost minimization
method is applied for five inspection
methods, for the other inspection methods,
similar equations can be wused after
changing the respective probabilities PF2
and PDV with the corresponding one. The
likelihood function L{n) of the entire event
for the whole member set as a result of the
n-th inspection is calculated as :-

L(n) = {P,[Event.A]}™' x {P,[Event.B1]}™?
x {P,[Event.B2]}{C-ml-m2) (6)
Where “G” is the total number of members
in the set which survived until the (n th-1)
inspection without experience of both
failure and repair events. “ml”and “m2”
are the numbers of members for which the
results of the n-th inspection are the event
A and the event B1, respectively. “G-ml-
m2” is the number of members for which
results of the n-th inspection is event B2.
Employing the Bayes theorem, the posterior
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density of fatigue life after the n-th

inspection is terminated can be expressed

by the following equation:-
I Fwops (LN,
b e (7)

[T Twp<r NN v,

Where f9 (N, Np) is the prior distribution of
fatigue life, and the shape of this
distribution is determined before the start
of service through subjective judgment. In
this study, a discrete uniform distribution
was chosen as the prior distribution. First,
the upper and the lower bounds of fatigue
life were assumed so as to include the true
value of fatigue life in the range. Then, the
range was divided into k-lots with uniform
intervals. Also the same probability of )i

was given for every lot.

Applying the Bayes equation (7)
repeatedly from the first inspection, the
uncertainties of the fatigue life can be
reduced successively. When the posterior
density fi© (N, Np) of fatigue life is given, the
expected total cost for the member set until
the next inspection, Cjtt+S), can be
calculated by the following integration :-

Ci(t,t + S) = [[ Ci(t, t + SNe, Np) * f*) (Nc, Np)dNe
(9)

Figure 5 shows the procedures of the
inspection planning in which sequential
cost minimization method and Bayesian
analysis are jointly applied.

1. At the n th inspection time, first select
the inspection quality and the time of
(nth+1) inspection using the Equation 9.
At this time, fi~-1) (N¢, N) obtained at the
(nth-1) inspection is used as the
posterior distribution. Then carry out
the inspection following the decided
method.
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After the completion of the n th
inspection, calculate posterior density flo-
] (Ne, Np) by using the result of the n th
inspection.

3. Recalculate the time of (nth+1)
inspection by using the obtained fin-1i (N,
Np). Then put the structure into service
until the (nth+1) inspection time.

4. At the (nth+1) inspection time, repeat the
same procedure as shown in (1), (2) and

(3).

1 23 Service 4 56
—— —
Lnepection Inapeciion
I und repuis wnd repair
1 -
n n+l1

Number of inspections

1. Select inspection qualities and the naxl inspection
inlerval using f*"-%F F,).

2. Calculate posterior densily (W, W),

3. fecalculate the next inspaction inlecwal by using
A Ay )

4. Selecl inspection qualfities and Lhe ned inspection
intecwal by usiog [NV, W,).

5. Calcalala posterior density J** N, 7,

8. Recalculate the naxt irgpection interval by ueing
i €, AN

Figure 5§ Bayesian analysis

In the above procedure, it is made as a
rule to calculate the next inspection
interval twice, considering that the
posterior density of fatigue life may be
changed in the period between before and
after inspection. This is feature of the
calculation.

NUMERICAL EXAMPLE
Assume a single member set consisting
of 200 members of welded joints similar to
that shown in Figure 6. The welded joint
has a possibility of failure by fatigue
damage initiated in the weld toe. The
surface crack initiated from the weld toe of

a plate with a 20 mm thickness is treated
as the deterioration damage. The mean
lives of crack initiation and propagation are
Nc=25 years and Np=15 years, respectively.
The crack growth curve is described by
Paris's equation with the stress intensity
facto AK  calculated by linear elastic
fracture mechanics. N:and N, follow two
parameter Weibull distributions with shape
parameters of 3.0 and 4.0, respectively.

Then, inspections are periodically
carried out once a year, and the inspection
quality is selected from the following four
methods: NO, VI, MI and V&M methods.
The probability of crack detection POD
curves are assumed as a function of crack
depth d, as follows[2]:-

POD(VD) = 10 -exp{-02 x (d -30)} ,and
POD(MI) = L0—exp{-04 x(d-10)}  (10)

The assumed cost items are : CVE
visual inspection cost for a member = 108$,
CMFE mechanical inspection cost for a
member =100$, CSSD = schedule system
down cost =2x1058$, Casp= accidental system
down cost= 108, Ckp = repair cost of a
damaged member = from 103 $to 10¢ $in
which it was treated as time dependent,
Crr= repair cost of failed member = from
105$ to 10¢$ in which it was also treated as
time dependent, Cc= risk of catastrophic
failure =2x108$. The transition probability
to catastrophic failure was assumed to be
small as Prc=0.005. In the analysis, the
uncertainty exists only in the values of N.
and N, , and all the other parameters are
statistically determined or deterministic.
The range of an assumed prior distribution

is (5 years ~No~ 50 years) and (5 years ~Np

~ 30 years). The entire fatigue and
inspection processes of the 200 members
were simulated by the Monte Carlo
simulation.

Table 1 shows the results of the
Bayesian analysis, in which the inspection
qualities and the numbers of detected
cracks at every inspection are shown. The
“Truth® in the table expresses the
inspection  strategy obtained for the
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condition that the true fatigue property of
member set is known in advance. In the
table, the V&M method is selected until the
8-th inspection, and the VI method is
selected after that. Figure 3 shows the
change of the posterior density of the
fatigue life as well as the prior density. The
peak is not seen in the posterior
distribution until the 10th inspection.
However, the possibilities of the first two
combinations of fatigue lives, (Nc=5, Np=5)
and (Nec=10, Np=7) are removed from the
posterior distribution at the 10th
inspection. One crack is first detected at
the 14th inspection. As the result, the
peak of the posterior distribution becomes
clearly apparent at the point of true fatigue
life. The above results indicate that the
V&M method becomes profitable when the
degree of uncertainty is large in the fatigue
life of members.

Through in similar analysis , it was
found that the SM method also becomes
profitable when uncertainty exists in the
fatigue life of members.

SENSITIVITY ANALYSIS

In this section, a sensitivity analysis
was carried out giving a large change for a
parameter PFC (The transition probability to
catastrophic failure). The initial uncertainty
of PFC is usually maintained during the
whole service life, because a catastrophic
failure may be a rare event. A wide range of
uncertainty of PFC in the inspection
planning must be prepared. The analysis
was carried out changing the PFC gradually
from 0.0 to 0.5 for the welded joint shown
in the Figure 6. All of the analytical
conditions. are the same as the previous
numerical example, except Ne, Np and
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CSSD. In this analysis, it was assumed that
Ne is 50 years, Np is 20 years, and CSSD is

2x10°$. When PFC =0, it means that the
member failure will never be developed into
a catastrophic failure, and when PFC=0.5,
it means that the member failure will be
developed into a catastrophic failure with a
probability of 50%.

Figure 6 Surface crack from butt weld joint

Table 1 Results of Bayesian analysis N.=25 years,
Np = 15 years, Pip = 0.00

Tnspection Bayesia [ Truth
vear 1 n
approac
hPP
1 = = e
2 T - ——
3 V - -
V& M
O Va M -
[& Vi M -
7 V& M
8 V&M | - -
9 V -
[§) V
1 V -- vV
2 V -- V
3 \Yi - \Y%
] \ 1 vV
o v - V
[8 V 2 \Y
7 V 1 M
8 V P V
9 V Y
20 M 16 M
Nc Mean life of crack initiation., Np Mean life of crack
propagation.
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Figure 7 Posterior density of fatigue life
Table 2 Influence of a large change of Pr on inspection strategy
Pre Cr Inspection years and qualities Cumulative Without
operation inspection
cost US $
1.1 X 10¢ 418 12 16 | 20 | 24 -- -- -- -- 2.11x 108 1.8 X 108
0.00 2.0 X 108 VIM| M VI|IVIM]| - -- -- --
3.1 X 106 48] 12 | 16 | 20 | 24 | -- - -- -- | 2.66 X 106 | 5.1 X 106
0.01 4.0 X 108 VIM| M M| M| M -- - -- --
11.0 X 108 48] 10 | 12| 14| 16| 18| 20 [ 22 [ -- | 3.42x 105 | 5.1 x 105
0.05 12.0 X 108 M|{M| M \'% \' \" \' M \' - 3.91 x 105 1.8 x 105
21.0 X 108 48] 10 | 12 | 14 ] 16 | 18 | 20 | 22 -
4.06 x 105 3.4 x 105
0.10 22.0 X 108 M{M| M VIVIM]|V M | M -
: 41.0 X 108 4]16| 8 10 12 14 6 18 20 2 | 4.82 X 105 6.8 x 10°
0.20 42.0 X 108 M|M| M M|IVIMIVIMIMIM
100.6 X 10¢ 4]16| 8 10 | 12 | 14 | 16 | 18 | 20 | 22 | 4.82 X108 1.7 X 108
0.50 11.1 X 108 M{M| M M|IM| V| M|M|M|M

V: Visual inspection M: Mechanical inspection

Table 2 shows the results of inspection

planning for respective PFC 's. The more the

increase in PFC , the more frequently and

~ precisely the inspections are being carried

out. The table compares two operating costs
(COPs). The first COP was obtained for the
condition that the member set was put into
operation following the predicted inspection
schedule. The second one was for the
condition that the member set was put into
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. service life,

operation without inspection in the entire
If no inspections are carried
out, the values of COPs are influenced
dramatically by the change of PFC.
However, if inspections are carried out
following the predicted schedule, the
change of PFC is condensed about two
times. This means that the inspection
planning based on the cost minimization
approach itself has an effect to decrease the
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uncertainty of the estimated operating cost.
Figure 8 shows the relationship between
the cumulative failure probability PFC and
the service life for these cases. Itis seen
that the PF 's are controlled to respective
levels depending on the PFC. Also, the
more the PFC increases, the lower the Pr
is controlled, due to the inspection
frequency and the applied inspection
qualities. This means that the rate of
failure risk, which is uncertain part in the
COP , becomes to be gradually decreased
when PFC becomes large. As aresult, the
value of the estimated COP becomes
insensitive for the change of PFC . This fact
makes the estimation of COP easy at the
inspection planning with the large degree of
uncertainty of PFC.

10°
=11
o 107 _
g 10_2-_ Without iaspection
3
= 1073 Pgc = 0.10 001 0.00
g 10-4_.
2 -
a8 10-5._
g -
-6
-
v
5 1077
5
o 1078
WP e e L g e
00 40 80 120 160 200 240
Service years
Figure 8 Pp-8y curves
CONCLUSIONS
In this paper, a sequential cost

minimization method was used for the
estination of the inspection planning of
fatigpue  deteriorating structures. The
influence of inevitable uncertain
parameters on inspection planning is
discussed based on the Bayesian analysis
and the sensitivity analysis.
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. The

.When applying the sequential cost

.In the Bayesian analysis, the V&M and

.The cost minimization approach has an

.AM. Swilem, Y. Fujimoto, M. Iwata and

. Y.

. Hoang Pham, Hongzhou Wang “Invited

.J.L.

sequential cost minimization
method proposed in this paper is
applicable for the inspection planning of
actual structures.

minimization method without
considering inevitable uncertainties, no
inspection, or either visual inspection or
mechanical inspection are usually
expected. However, the V&M and SM
inspection methods become profitable
when the uncertainty is included in the
fatigue life of members.

SM inspection methods were selected as
optimal methods at the early stage of the

service.

effect to reduce the uncertainty of the
estimated operating cost when a large
uncertainty exists in the failure risk of
members.
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