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[n the present work, the choice of the inspection strategy for a structure is carried out
based on three differeat approaches; Standard reliability approach, Cost minimization
approach and Cost minimization with constraint on reliability approach. The inspection

strategy of marine structures can be chosen by using life-time cost minimization, however, -
most of the cost items related to the cost analysis generally contain uncertainties in actual
structures. A sequential cost minimization method developed by the author is employed to
optimize the life-time cost. It is made clear that the stability of the life-time costis
maintained without losing the benefit of the cost minimization method by the use of the
‘sequential cost approach. Cost minimization with constraint on reliability is developed in
order to obtain an acceptable inspection strategy against the estimation errors of the
parameters. In this analysis, the life-time cost optimization is carried out under the
constraint that the failurs probabilities of the members are controlled below the respective
target values allowed for the members. First, initial target failure probabilities are
assigned for each member. Then the criterion of the inspection planning is investigated by
adjusting the parameters within the range of uncertainties. The initial values of the failure
probabilities are changed until an acceptable result is obtained. The applicability of the

proposed method is examined fcr a structure with several uncertain parameters.
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INTRODUCTION viewpoint, life-time cost minimization can be

he structural safety and reliability against

fatigue failure are important factors for
ships and offshore structures. Structural
reliability can be achieved by adopting
suitable inspection, repair and maintenance
policies. On the other hand, sufficient safety
can be achieved by well-balanced use of
several safety items at design, fabrication,
inspection and repair maintenance stages.
Each safety item has a certain cost, therefore,
it is of importance to minimize the total
expected cost during the life time of the
structure and to keep the structural
reliability at an acceptable level. From this
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considered as the optimal criterion for the

choice of inspection strategy and repair

maintenance of structures. In the present

work, the choice of the inspection strategy

was carried out based on three different

approaches :-

(1) Standard reliability [1,2],

(2) Cost minimization [3], and

(3) Cost minimization with constraint on
reliability.

In the first approach, a target failure
probability [4] is assigned for the members of
the structure. The inspection timing is
decided when the failure probability of any
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member of the structure reaches the target
failure probability. The inspection quality is
decided such as to recover the failure
probability and maintain the reliability at an
acceptable target level.

In the second approach, the life-time cost
minimization method is developed based on
the sequential cost minimization method
developed by the author [3]|. The method aims
to find appropriate inspection strategy for
fatigue deteriorating structures. The cost
evaluation equations were developed for all
available inspection methods. The influence
of inevitably uncertain parameters on the
inspection  strategy is considered. The
predicted strategy based on this approach
can be regarded as optimal [5].

In the third approach, the life-time cost
minimization method is used in order to
obtain an acceptable and optimal inspection
strategy against the estimared errors and
uncertainties. In this analysis, the life-time
cost optimization is carried out with the
constraint that the failure probabilities of the
members are controlled below the respective
target values allowed for the members. First,
initial target failure probabilities are assumed
for each member. Then the criterion of the
inspection planning is investigated by
adjusting the parameters within the range of
uncertainties. The initial values of the failure
probabilities are altered until an acceptable
result be obtained. =

In this study, the choice of the inspection
strategy 1s carried out based on the above
mentioned three aspects. Numerical example
for a hypothetical structure with several
uncertain parameters is carried out.

THE INSPECTION STRATEGY AND THE
CORRESPONDING UNCERTAIN
PARAMETERS :
Structural safety during service can be
achieved through enough considerations for
several safety items related to inspection and
Tepair maintenance. However, excessive
safety assurance is econcmically not
accepted. since the frequent inspection and
repair actions usually cause rising of
operating cost. [tis thought that a structure
has an optimal reliability level depending on

the specification, inspection and repair cost,
risk of an unexpected failure and so on. The
best way to determine such reliability level is
to employ decision making on the basis of
life-time cost minimization [6].

However, most of the probabilities and the
cost items required in the analysis generally
contain several uncertain parameters.
Working load on member, accuracy of
structural analysis. accuracy of construction,
risk of failure, deterioration in properties of
member, initial defect condition of member,
inspection capability, the rate of inflation, etc.
include uncertainties. Therefore, it is
doubtful whether the formulation of cost
minimization approach will produce an
optimal strategy. Traditionally, the experience
and subjective judgment of experts were
highly regarded for the inspection planning of
ships and offshore structures.

Recently, new aspects have occurred in
the field of strucrural maintenance. One is
the developments of important structures
such as large sized offshore structures,
bridges and power plants. Risk of
unexpected failure is quite large for these
structures, also inspection and repair
accompanies large economical losses due to
service suspension.

In ship-building industry, lately,
reconsideration on the risk of environmental
pollution by the oil leakage of tanker has
become necessary for several reasons.
Further, the economical losses due to
unexpected service suspension caused by
member failure has become to be recognized
as a serious problem in the operation
management. Another problemm is the
tendency to pursuit the economical efficiency
of structures. Life extension programs are
considered for the aging ships, power plants,
chemical plants, etc. due to economical
reasons. Reliability assessment in
deteriorating conditions are to be required for
those structures. Further, improvements of
maintenance strategy are necessary for aging
structures to keep the reliability at an
acceptable level [7|.

Under such circumstances, inspection
and maintenance planning relving only on
experience and subjective juagment is
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becoming difficult. On the other hand, the
objective evaluation of structural safety and
the objective judgment for the
appropriateness on maintenance have been
recognized as important in several fields of
structural engineering.

In order to make objective judgment, the
reliability analysis method considering
repeated inspections and the optimization
method of inspection planning have to be
developed [8,9]. However, the effort to
decrease several uncertainties related to the
planning is important. For example, the
quantification of inspection capability and
grasping the deterioration property of a
member are inevitable subjects. Figure 1
shows the flow of the above mentioned
procedure.

[n this study, a cost minimization method
with constraint on reliability is developed in
order to choose an acceptable inspection
strategy against the uncertain parameters.
The following procedures are used to estimate
the appropriate failure probability before
making the final decision for the inspection
planning. First, set up the constraint of
reliability level based on cost minimization
approach for a given structural model
containing  uncertain parameters  and
estimation errors. Then, primary inspection
planning is estimated by performing cost
minimization analysis under constraint that
failure probabilities of the members are
controlled below the respective target values.
Second, the life-time cost optimization is
achieved to obtain acceptable inspection plan
against the estimated errors and inevitable
uncertainties of parameters. Finally, the
constraint of reliability is adjusted before
taking the final decision for the inspection
strategy. Figure 2 shows the flow chart of
this procedure to estimate an appropriate
failure probability for the members of the
structure.

METHOD OF ANALYSIS

In this study. the estimation of the
inspection strategv for fatigue deteriorating
structure is carried out based on three
different  approaches, namely; Standard
reliability, Cost minimization, and Cost
minimization with constraint of reliability.
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Each approach has its own consistent
formulations and assumptions.

Reliability Basis Approach

If the choice of the inspection strategy is
carried out based on reliability basis, a target
failure probability is assumed for the
members of the structure. The inspection

timing is settled when the probability of

failure of any member reaches the target
probability of failure. The inspection quality
is pre-determined to have either visual
inspection or mechanical inspection during
the service of the structure. Figure 3 shows
the idea of the decision making processfor the
inspection timing strategy if the reliability
basis is considered in the analysis.

Cost Basis Approach

The sequential cost minimization method
described in Appendix (I) is used to choose
the inspection strategy in case that the
analysis is carried out on cost basis. The
method aims to find an optimal inspection
strategy ' so that the total expected cost in the
period betweern: the present inspection and
the next be minimum. The optimization
parameters are the inspection qualities for
each member set and the intervals between
inspections. The optimization is repeatedly
carried out at every inspection.

Cost Minimization with Constraint on
Reliability Approach

If the inspection strategy is estimated
based on cost minimization basis with
constraint of reliability, the minimization
process is performed under the constraint
that the failure probabilities of the members
are controlled below the respective target
values for the members.
Pry, Prs, Pps < target failure probability (1)

The initial values of the target failure
probabilities are altered until an acceptable
result be obtained. Life-time cost
minimization method is used to investigate
the inspection strategy of structures which
contain uncertain parameters after adjusting
the target probability of failure as well as the
other parameters within the range of
uncertainties.

(95)
i
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Inspection planning for deteriorating structures
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Figure 1 Inspection planning for deteriorating structures
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NUMERICAL EXAMPLE

Analysis of a Structural Member Set

Choosing the inspection  strategy is
carried out based on cost basis, sequential
cost mirumization method is applied to a
structural mermber set consisting of 200
structural elemnents with round fillet weld.
Surface iatigue crack initiated from the weld
toe is irzated as the deterioration damage.
Moreover, perfect repair model was employed
to repair of the detected cracks. The mean
crack growth curve obtained by the model
fatigue test [10] was employed in the analysis.
The fatigue crack initiation and propagation
lives  follow TwWo parameter Weibull
distributions with shape parameter 3.0 and
5.0, respectively.

(2)

1 ; N b4
xexp{—(—-)"}

r N,
f\(N):'— > (_r_]-l.'
BB p

The member failure cccurs when surface
crack length reaches the plate width of

80mm. Figure 4 shows the initial crack
conditions for three cases analyzed. The
capability of visual and mechanical

inspections was assumed to be a function of
surface crack length as follows [3]

POD(VI) = 1.0 —exp{-0.025x (22 — 10.0)}
POD(MI) = 1.0 —exp{—0.10 x (2a — 10.0)}

(3)
(4)

The following values are assumed for the cost
items:

Cvi=$10 Cvi=$100 Crp=%$103 Casp=9$10°
Cssp=3104 Crr=$5x105 Ccr=82x108
22-10mmi | 20mm 21 mm 24 mm
je—=maal i A
Case A 0.10 9.00 0.00 0.00
Case B 0.10 9.05 0.05 0.00
Case C .0.10 0.05 0.03 0.02

Figure 4 The probability of existence of initial defect

The Prc was assumed to be 0.01 as the
transition probability to a catastrophic
failure. Table 1 shows the inspection timing
and qualities predicted by the sequential cost
minimization method. The values of Cop and
Pr in the table are the accumulated costs
and the failure probabilities during 32 years'
service. Four years' interval is selected for all
the cases given in Figure 4. The first
inspection staris earlier when the probability
of initial crack condition becomes high (case
C)-

If the inspection interval is pre-fixed for
the member set at two years, the inspection
qualities will be changed as shown in Table 2.
Visual inspections are often selected in fixed
interval problems, and the values of Cor's as
well as Pr are increased compared with those
in Table 1 (see Figure 5).

Table 1 Results if inspection plaroling
Case Selected inspection vears and qualities COP, US$% Pf

Case A 4 & 12 15 20 24 28 32 3.2 %LU 206 x 10
N N N N \% \% M M

Case B 4 & 12 15 20 24 28 32 40 x [0 AT LR
N \’ Y] M M M M M

Case 418 (2O TR s 24 28 32 46 x [0 257 @0
M M \" V M M M M

M: Mechanical inspection
V: Visual inspection
N: No iaspection

Alexandria Engineering Journal, Vol. 39. No. 1 January 2000




Choice of Inspection Strategy for Marine Structures by Different Approaches

1090000

& D Sequentisl cost wiini ation method
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° S
CsaseC

Cass A

Case B

- J

L B Sequential coxt minbuibistos wetbed
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Figure 5 Comparison between sequential cost minimization method and pre-fixed inspection method

Table 2 Results of inspection planning (Fixed interval inspection)
Case Selected inspection vears and qualities Cop US$ P

2 G 6 8 10 12 14 16 18

Case A N N | N N| N | N|N N N 42x10° | 304x10™*
20 22 24 26 28 30 32
N V \% M M M M
2 4 6 8 10 12 14 16 18

Case 3 N N N N Vv \Y% A% M Y 37 x10° 428x107"
20 22 24 26 28 30 32
) \ M \ V M V
2 4 6 8 10 12 14 16 18

Case N \% M v \% Vv \% \% A% 33 %10 283x 1071
20 22 24 26 | 28 30 32
) \ \ \ %4 M V

M: Mechariical inspection
V: Visual inspection
N: No inspection

Analysis of a Whole Structure

In this paper, the choice of the inspection
strategy is carried out based on the following;
cost basis, reliability basis and cost basis
with constraint on reliability. The application
is carried out on an assumed structure which
consists of four member sets with different
mean fatigue properties as shown in Figure 6.
The crack length in the figure expresses the
observable length at the inspection. The
mean crack propagation lives for member sets
1 and 2 are shorter than that for member sets
3 and 4. For all member sets, 60 years was
assumed as the mean fatigue failure life ;.
The distribution of crack initiation and
propagation lives follows the two parameter
Weibull distribution with shape parameter,
¥(N.)=4.0 (for set 1 and set 2), 3.0 (for set 3

and set 4), v(N,)=5.0, respectively. The
contents of the fatigue properties for each
member set are given in Table 3. The
assumed values of the initial and critical
crack lengths are 10 mm and 120 mm for all
sets, respectively. Figure 7 shows an example
of fatigue sample functions generated for
member set 3 by the Markov Chain model [5].
The contents of cost items, number of
members, the target failure probability, and
the POD curves for each member set are
summarized in Table 4. The crack conditions
at the initial state and after the repair are
given in Table 5. Replacement model was
employed to the repair method of the detected
cracks. Three interval inspections are
allowed for the structure, one year, two years
and four years.
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Figure 6 Mean properties of crack growth curves for the
members with different fatigue properties
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Table 3 Fatigue property of each member set
Member FC' N, Weibull shape
set ) I parameter
g y Nc Np
Set 1 36 24 4 S
Set 2 36 24 4 S
Set 3 6 54 3 )
Set 4 6 54 3 3
2,=10.0 mm, amex= 120.0 mm
Table 4  Condition of analysis
Condition of Member set
analysis Setl1 | set2 | set3 | Set4
No. of members 100
Cwn{US$/member) 350
Car(US$/member) 200
Cro(US$/damage) 1000
Crr(US$/ failure) 105
Ccr (US$) 108
Prc 0.001 0.01 0010 | 010
Cssp(US$) 50,000
Casp(US$) 500,000
. VI : POD = 1.0-ex{-0.025(2a-10.0}}
POD‘catves MI : POD = 1.0-ex{-0.010(2a-10.0)}
Table 5 Crack condition before the start of service and after repair
Member Crack 0.00 10.0 20.0
Set condition mm mm mm
Set 1 Initial state 80 % 10 % 10 %
Set 2 After repair
Set 3 ( Replacement model ) 80 % 10 % 10 %
Set 4

40

Alexandria Engineering Journal, Vol.
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Using the cost basis as tlie criterion for
sequential cost minimization method, the
selected inspection timing and qualities for
the structure are shown in Table 6 in which
seven inspections are required. Four years
interval is always selected for all the members
sets. It is noticed that the first inspection
timing becomes late for the member set4,
because the crack detection is easy for the

crack growth property of that member set
(see Figure 6). Figure 8 shows the change of
the failure probabilities of members in
respective inspection intervals. The failure
probabilities are maintained in the range
between 10° and 2x 104 which are
acceptable from the reliability viewpoint.

Table 6 Results of inspection planning on cost basis
Member Selected inspection vears and qualities
Set 4 6 8 10 12 16 18 22 26 28
Set 1 M M Vv M M M M M \% M
Set 2 \Y% \% \% \% M v \% V \% \%
Set 3 M A% M A% M Vv M M M \Y%
Set 4- =g V \Y \Y % % v \% v % v
M : Mechanical inspection
V : Visual inspection
1073 T v 10°% i
o ®u . Member set 3 ® ! Member set 1 )
; % I Member set 4 3 = 2 4 ! Member set 2
= 107 =2 o
= = 10
S i P S L
3 L3 il < I ey
Z w A © 1o 1 / ] < B4
o ™ l’ I’ " /? b - " l' "
:5 A ' a ’: ’i ¢ ]
¢l H , - !
-g e x H b 'e 10°% "
® i ’ 4 = L ’
|4 4 K E ’
o 10”7 7 h 10-7 L
ARIRENA ;
0 : ' : 5 3 il | N
] 10 230 -3 — 0 L . T
Service years | ? = 4 g
y Service years

Figure 8

f the inspection planning is selected based
on cost basis with constraint on reliability
for the same structure, the choice of
inspection timing and qualities for that
structure will be changed as shown in Table
7 where twelve inspections are necessary.
Visual inspection with short interval
inspections are always selected. The
inspection timing for member set 4 based on
cost minimization with constraint on
reliability is started earlier than those when
the analysis is carried out on cost basis
only.
If the allowable inspection methods are

either visual inspection or mechanical

Change in failure probability in respective intervals (cost basis).

inspection, then the selected inspection
qualities and timing will be changed as
shown in Table 8. The estimated operating
cost during 30 years' service will become
$9.5 x 105 compared to $9.4 x 105 form Table
7:

The change of the failure probabilities of
members in respective inspection intervals
is shown in Figure 9. Form the figure, it is
seen that the failure probabilities for
member sets 1 and 2 as well as member set
3 are maintained under 10-5. For member
set 4, the failure probability is maintained
under 10-5.
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Table 7 Inspection planning on cost basis with constraint of reliability i
Member - Selected inspection vears and qualities

set 4 6 8 9 10 12 14 16 20 24 25 29
Set 1 M M N \Y M M M M N M %
Set 2 N \Y \ N A Vv \ \ M N Vv N
Set 3 M \ \ \Y \Y M N M M \ M V
Set 4 N N N N N \ \% \ \Y% N M N

M : Mechanical inspection
V : Visual inspection
N : No inspection

Table 8 Inspection planning on cost basis with constraint of reliabilitv (VI and MI methods only)

Member Selected inspection vears and qualities
set 4 8 12 16 20 24 28
Set 1 M M M M Vv M Y
Set 2 N M Vv Y \Y vV \Y
Set 3 Y M M Vv Vv M \Y
Set 4 N N N Vv \ Vv \Y
M : Mechanical inspection
V : Visual inspection
10-, g - 4 T 10-’, = ’ r r 4
o ® :Member set 3 P @ I Member set 1
= % :Member set 4 _E _ 18 Member set 2
b— 104 '; 10
[ & L
G D
o 8! = 1074
10°
£t £t 4 , /
3 i 2 pi A 4N g
= / / / = e 44 0
& 10°¢ ® 10 7 ~ 7
= L ¥ L/ = L ! H i !
AP 3 3 A E ' ‘ '
E 1 / i l’ 1 - ,' 4 /
e 10°7 H Y1/ 10”7 g 7
TVITBVEETV I 4 ! NN
° Lt i E 3 e R i
o 10 20 30 ° :
Service years Service years
Figure 9 Change in failure probability in respective inspection intervals (cost basis with constraint of reliability )

If the standard reliability analysis is
performed for the same structure to choose
the inspection planning, then the selected
inspection timing is shown in Table 9 in
which visual inspection VI and mechanical
inspection MI are performed for the structure,
respectively. It is noticed that 20 inspections
are necessary during 30 years' service if VI
method is used, however, 8 inspections are
necessary if MI method is performed. It
makes clear that if the analysis is performed
on reliability basis, either mechanical

42

inspection with long intervals or visual
inspection with short intervals are selected,
respectively. The change of the failure
probabilities of members in respective
inspection intervals is shown in Figure 10 for
member sets 1 and 3. Form the figure. it is
noticed that the failure probabilities are
maintained within the range of 10-°. Figure
11 shows the cumulative operating costs
expected for the structure during 32 years'
service and calculated by cost basis,
reliability basis and cost basis with constraint

Alexandria Engineering Journal, Vol. 39 No. 1, January 2000
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on reliability, respectively The expected
cumulative operating cost on cost basis is
usually minimum. However, not only the
cost aspect, but also the reliability aspect
should be taken in consideration. Therefore,
the decision making for the stable inspection
strategy can be obtained if the analysis of
cost basis with constraint or. reliability is
performed.

Table 9 [nspection planning on reliability basis
Inspection years
No. of Vi MI
inspections | for all the for all the
member set | member set
1 4.2 4.2
2 5.0 6.5
3 5.8 9.5
4 6.7 13.0
S 7.7 16.7
6 8.7 20.5
7 9.8 24.8
8 11.0 28.7
9 12.3 -
10 13.7 -
11 15.0 -
12 16.3 -
13 17.7 -
14 19.2 ——
15 20.7 -
16 22.2 -
17 23.8 -—
18 25.5 -
19 27.3 —
20 29.0 afe

10-* T T T T
e Member set 1

® 'Member set 3

-

o
|
-

-
o
[}

*

e

o
1
o

~_

Probability of failure

7
aHrInr

-
o
1
&
T
T
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0 - . T
0 10 20 10
Service years
Figure 10 Change in failure probabilits in respective

imspection intervals. (Raliab lity basis)
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EFFECT OF UNCERTAINTIES
Most of the probabilities and the cost
items required in the analysis contain several
uncertainties_ in:the -actual structures. The
influence of uncertain parameters on
inspection strategy is discussed as follows :-

Influence of Uncertainty in Parameters on
the Inspection Planning

The analysis is carried out by giving a
change for individual parameters, the degrees
of influence of each parameter on the
inspection content. the cumulative operating
cost and failure probability are investigated.
A single member set consisting of 200
members of welded joints shown in Figure 12
was chosen for the analysis. Table 10 shows
the fatigue property, initial defect condition,
inspection capability and cost contents of the
welded joints. These values were chosen as
the basic condition of the analysis. Table 11
summarizes the results of inspection
planning for the basic condition, in which the
cumulative operation cost during 22 years'
service and the cumulative failure probability
of the member are shown as well as the
inspection timing and qualities.

The analysis was carried out by changing
the individual parameters to half or to twice
of the original value. The sensitivities of each

(93]
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parameter were investigated from the
viewpoints of the degree of influence on the
inspection planning, the cumulative
operating cost, Cop, and the cumulative
failure probability Pr. Table 12 summarizes
the result of the analysis. From the table, it

inspection cost Cvi, Cus, schedule system
down cost Cssp and inspection capability
(POD) are sensitive on the inspection
planning, the cumulative operating cost, Cop,
and the cumulative failure probability P
Among them, the most sensitive parameter is
the fatigue life.

is seen that the fatigue life N., N;,
Table 10 Condition of analysis for butt weld joints
Number of members 200
Fatigue property of members Nc=30 vears
Weibull shape parameter : 3
2a0=10mm Np=20 vears
2amax=120mm Weibull shape parameter : 4
Initial defect PID=0.01
POD Curves, VI, MI PODV= 1.0-exp{-0. 20(2a-3.0)}
PODM=1.0-exp{-0.40(2a-1.0)}
Cost items (US$)
CVI= 10 CMI=100 CSSD=20,000
CCF= 200,000,000 CASD= 1,000,000
PFC 0.01
Table 11  Results of inspection planning
Parameters Inspection vears and qualities COP, US$ Pf
Basic Prc 4 18 10 12 14 16 18 20 22 3472 x 107 QX100
Cond 0.05 M| M M \Y \Y Vv \Y M \Y
M: Mechanical inspection
V: Visual inspection
N: No inspection
Table 12 Result of changing parameters When the fatigue life {: s I—\I—; becomes
Number of inspecti : : s
Pasmmer: | detiegzs yis st e | » half,. mechax:ucal mspectlor}s are frequently
VI | MI | Totad | xi0® 8 x10-* applied with short  interval. When
Cv; 1/2 3 s [] T 4.3 —_— . . . i
Gar | 1 | . 8 |33 e N.,N, becomes twice, visual inspections
2 7 1 8 496 | 120 . - b
73 4 ] N B T B with long interval are preferred. At the same
Cro e 2 b - g time, both of the cumulative operating cost,
73| 4 N s | 3| 48 Cop, and the cumulative failure probability, Py,
Car 1 < 4 [] 342 i ; : :
3 b 4 T v+ :—: are highly affected by the fatigue life.
1/2 4 4 [ 3.42 $.0
Casp| 1 ¢ 4 s 343 | e
2 . 4 8 350 | ¢»
1/2 18 [) 18 2.50 12
Cssp | 1 ‘ 4 s 342 | «s
2 0 3 s 493 | a3
1/2 2 3 s 33 | 50
Cer | 1 4 . 3 342 | 49
3 3 TP T TSR T T T TR T
7 B e L 2NN IORIIMINY
Pe| 1 | 4 . s [ sa| o N JC -
2 3 s 3 30 | 43 v
1/2 1 s . 348 | 53 s
Po | 1 s ‘. s | 3| o dcy
3 7 ‘ 1 |3 | se [;’ [thicknas 20 mm
Bad 13 3 15 4.50 35
POD | Med 4 4 8 342 49
Good 0 5 $ 2.73 1.5
N [112 4 4 18 | 870 | 108
N, ; 4 4 B 342 | 49 Figure 12  Surface crack initiated from butt welding
3 1 4 1.63 0.8 joint -
D(VI)=1.0-exp{-d;(a-1.0)]
POD(M]):].G—«:p(—d,(.—LO))
Bad :d;=0.15, d,=0.30
Medium :d,=0.20, d,=0.40
Good :d,=0.30, d,=0.60
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When the inspection cost Cuvi, Cur becomes
twice, the rate in use of visual inspection is
increased. As a result, the failure probability
of the member increases. When schedule
system down Cssp becomes half, visual
inspections are frequently applied with short
interval. However. when the Cssp becomes
twice, mechanical inspections with long
interval are suggested.

When the inspection capability (POD
curves) is good in quality, mechanical
inspections with long interval are selected.
On the other hand. visual inspections with
short interval are preferred for the bad
inspection capability.

With  respect to the insensitive
parameters, repair cost Cgrp, Crr, accidental
system down cost Casp, and transition
probability to a catastrophic failure Prc have
slight effect on the, inspection planning, the
cumulative operating cost and the cumulative
failure probability.

Further, the initial defect condition, Pm,
and the risk against a catastrophic failure,
Ccr, are insensitive on the cumulative
operating cost, but sensitive on the
inspection content and the cumulative failure
probability. Large cumulative  failure
probability is allowed when the risk against a

catastrophic failure becomes half, because
the anxiety of catastrophic failure is
decreased.

The quantitative  property of the
sensitivities obtained in the above analysis
agrees well with reasoning of engineers who
are familiar with the inspection planning of
actual structures.

Influence of a Large Degree of Uncertainty
on the Inspection Strategy

In the previous section, the analysis was
carried out by giving a small change for the
individual parameter. In this section, the
analysis is carried out giving a large change
for two uncertain parameters, the fatigue
failure  life N;and the probability of
catastrophic failure Prc.. X consists of the
mean fatigue crack initiation lives N.and

N;and Prc have a large
influence on inspection contents such as

\, respectively.
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inspection qualities, inspection intervals,
cumulative operating cost and cumulative
probability of failure. The initial uncertainty
of Prc is usually maintained during the whole
service life, because a catastrophic failure is a
rare event. Therefore, a wide range of
uncertainty of Pre at the inspection planning
must be prepared.

For the fatigue failure life, The analysis
was carried out changing the X, usedin

previous example from 60 years to 45 and 75
years, respectively. It means that the change
in N, 8915 Figure 13-a shows the

influence of estimation errors of fatigue life on
the cumulative operating cost calculated by
the proposed method with different basis
during 30 years' service. From the figure it is
clear that the uncertainty of the cumulative
operating cost is large if the calculation is
performed on cost basis only. However, the
uncertainty in the operating cost can be
reduced if the cost basis with constraint
reliability is used. Figure 13-b shows the
cumulative operating cost during 30 years'
service for three inspection plans with
different values of X, . In the figure, the

values of Cop's are influenced by the change
of N, specially if the cost basis is used in the
analysis.

For the probability of catastrophic failure
Prc, the analysis was carried out changing the
Prc used in the previous section to one fifth
and five times, respectively. Figure 14-a
shows the influence of Prc on the cumulative
operating cost calculated by the proposed
methods with different basis during 30 years'
service. Figure 14-b shows the cumulative
operating cost during 30 years' service for
three inspection plans with different values of
Prc. In the figure, the values of Cos's are
influenced dramatically by the change of Prc
in case of cost basis. The more Prc
increases, the more frequently and precisely
the inspections are carried out. However, if
inspection planning is carried out following
the reliability basis or cost basis with
constraint of reliability, the change of Cop is
relatively very small.

n
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From the above discussion it can be
concluded that the optimal decision making
for the estimation of the inspection and repair
maintenance strategy can be achieved by
performing the calculation on cost basis with
constraint of reliability.

CONCLUSIONS

From the above presentation, the following

conclusions can be drown:

1. In the inspection planning problem,
not only the cost aspect, but also
reliability aspect should be taken into
consideration. From this viewpoint,
the decision making for an acceptable
inspection planning can be obtained by
performing the analysis on cost
minimization basis with constraint on
reliability.

2. The cost minimization approach has an
effect to reduce the uncertainty of the
estimated operating cost when a large
uncertainty exists in the failure risk of
members as well as the fatigue failure
life.

NOMENCLATURE

A{0) An initial state vector.

Aui (t) The state vector right after inspection
and repair.

Agft) The failure probability distribution
right after the elapsing of time ¢.

auft+1),

axft) The absorbing terms of the state
vector at the time t+1 and time ¢,
respectively.

ar The limiting crack length.

Casp  Financial loss due to service
suspension caused by accidental
system down.

Ccr The risk of a catastrophic failure.

Cwns Inspection cost for each member set.

Cjt,t+7 ) Expected operating cost for member

setj in the inspection interval (¢,¢+7 ).

Cxzr Expected loss due to a member
failure.

Cor  Total cumulative operating cost.

Cep  The repair cost of a damaged member
detected by visual or mechanical
inspection. - This value is a function
of degree of damage and elapsed
service time.

Crr Repair cost of a failed member.

Cssp Financial loss due to the service
suspension.

C1{t,t+ 7 ) Total expected operating cost for
the whole structure in an
inspection interval, from time ¢ to
time t+7 .

Cyvr, Car The visual and mechanical inspection

costs for a member, respectively.

Czsmr  When a damage is detected by visual
inspection, if that defect is again
inspected mechanically for sizing or
examining the repair method. the
value of Czmr equals Cu. Otherwise
Czmr is zero.

D Delectability vector (1 x M. row vector).

The mean of the crack initiation

property.

L The state vector in which the crack
already  exceeds the limiting crack
size ar.

I Unit matrix (M x M).

N Number of member sets.

N, Mean fatigue crack initiation.

Mean fatigue failure life.

No inspection. visual inspection,
mechanical inspection, respectively.
Mean fatigue crack propagation.

N The number of duty cycles in the time

tin=t/A t. A tis the time of a duty

cycle).

The total size of the matrix.

The number of members in the

member set.

mi,m2 Number of equations for crack
initiation and crack propagation
stages. respectively.

P Basic M < M probability transition
matrix.

Ppy  Probability of defect detection by
mechanical inspection.

Ppy Probability of defect detection by
visual inspection.

Prc The probability of a catastrophic
failure of a structure.

Pr Cumulative probability of failure.

Pr,

Pr2,Pr3 The probabilities of member failure in
the succeeding inspection interval

38
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under the conditions that NO, VI and
MI methods are applied at the
present inspection, respectively.

Psizing The probability of detection for crack
sizing for the members which have
detected cracks in the previous
inspections.

Psv The probability that a member has not
experienced repair and failure until
the present inspection.

R Repair vector, (I x M, row vector).
T Inspection interval (7 =1 or 2 or 4
years)
o2 Ne  The variance of the crack initiation
property.
APPENDIX (I)

SEQUENTIAL COST MINIMIZATION
METHOD (SHORT REVIEW)

The optimization of the inspection
strategy can be achieved by the appropriate
selection of inspection intervals, inspection
methods and repair qualities. The sequential
cost minimization method has three steps to
follow [3]:-

1. Estimation of the total expected cost of
structure.

2.The selection of the optimal inspection
method for a member set.

3. Selection of the appropriate inspection
interval for a structure.

The sequential cost minimization method has

the following assumptions :-

1. All the structural members in each
member set have the same strength
property and are subjected to the same
loading condition.

2. Each member has a possibility of failure
due to the deterioration damage. When
any member fails, the service of the
structure is always suspended until the
failed member is repaired. Before the
structure returns to service, the member
failure might develop into a catastrophic
failure with a certain probability.

3. Inspections are repeatedly carried out
during the service life to find the damage
while it is small. The detected damages
are perfectly repaired.

At a certain inspection during service, the
total expected operating cost of structure in
the succeeding inspection interval is
classified into two main groups: costs
necessary in the present inspection, and
risks(expected costs) during the service
period until the next inspection. The total
expected cost for the whole structure in an
inspection interval, from time ¢t to time t+7,
denoted by Cr{t,t+7 ), can be written as.

SetN
CT(I.I+t)=ZC,(l-""T)*'CssD (I-l)

=1

Where,
Ci(t,t+ 7 )J=Cms+Crep+Cumpr+Cerr (I-2)

The estimation of the total expected
operating cost of structure, the selection of
the optimal inspection method for a member
set and the selection of the appropriate
inspection interval for a structure are
explained in detail in Reference [3]. The
selection is repeatedly carried out at every
inspection from the following three inspection
methods:-
¢ No inspection (NO).

e Visual inspection (V]) method.
e Mechanical (Precise) inspection (M])
method.

Cost Evaluation Equations
To estimate Cift,t+7) corresponding to

each member set for the above mentioned

three inspection methods, the cost evaluation
equations are developed. In the formulations,
the following assumptions were made.

e The detection of defects in visual or
mechanical inspection is probabilistic.

e Costs due to the service suspension
caused by accidental system down are to
be taken into consideration. Member
failure does not necessarily mean a
collapse of the structure. However, the
service of the structure is suspended
urgently and the failed member is to be
repaired. This accidental system down
requires considerably larger cost than that
of scheduled (pre-determined) system
down.
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¢A member failure may result in a
catastrophic  failure with a certain
transition probability. When the
catastrophic failure occurs. the cost is due
not only to the loss of the structure but
also to the losses received from different
portions of society such as owners, client,
insurance, related industries and so on.

The expected operating cost for a member set

in an inspection interval (t,t+7) is

evaluated[3] by the following equations for
the three inspection methods.

No inspection (NO)

C(t.t+1t|NO) =G x P xCg (I-3)

Visual inspection (VI) method
Ci(t.t+1|VI)=Gx{C.y +Ppy x(Cxg +Crp)

+(1- P ) x Ppy x C} (I-4)

Mechanical inspection (MI) method
C!([t+1'] \/ﬁ) :GX {C,\H +PD)I x CRD +

(1=Ppy) < Pp3 x Cg} (I-5)
In the above equations,
Cr =(1-Pe ) x(Cysp +Crp) +Ppe xCep
G=mx Py, (I-6)

The probabilities appearing in the cost
evaluation equation are calculated by Markov
Chain Model (Appendix II).

APPENDIX (II)

Probability Estimation Using Markov Chain
Model

The probabilities appearing in the cost
evaluation equations are calculated by the
Markov Chain Model . Basically, in the
simplest Bogdanoff and Kozin stationary
Markov Chain Model[ll], an initial state
vector A{0) and a duty cycle independent
basic transition matrix P are sufficient to
describe the structure. The probability
distribution right after the elapsing of time ¢,
Ag (t). is obtained by :-
Ag ()= A(0)x P" (II-1)
Where n is the number of duty cycles in the
time tand (n=t/ A t, where, A tis the time of a
duty cycle). Asift) and AfO) are M-dimensional
vectors representing  the probability
distributions with respect to pre-defined M

states. P is the basic Mx M probability
transition matrix. The fatigue crack initiation
and propagation processes are incorporated
into the transition matrix of a single
MCM[12]. The probability of member failure
is also considered in the absorbing term of
the matrix :-

my

A(0)=£2,(0).2,(0).....a ; (0)......ay,(0).0}

(11-2)

(11-3)

0 1

The total size of the matrix is (M=mi+mz2-1).

The probabilities P;, g1, p>, and g2 are
determined using the mean and variance of
the crack initiation and propagation property
of the structural member, respectively [13].

The probability that the member survives
until the time of the present inspection
without any experience of repair Psvcan be
expressed as.

M-1

Pov = D an(®)
m=l

The detection probabilities for a crack of
any length by the visual inspection Ppv is
calculated by the following equations.
Ppy = Ap (1)« D?

(11-4)

(11-5)

The detection probabilities for all crack
conditions are represented by D, (I x M) row

vector.

my
e,

(11-6)

m-

The state vector right after the inspection
can be given by the following equation.
Auift) = Asqt) .(C1+C3)
where,

C:=1- diag.(dm)
and,
Cz = DT.R

(I1-7)
(I1-8)

(11-9)
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my

—————

R= {5 S A R TEN YT (II-10)

The repair vector is represented by R, (I1x M)

row vector, in which:-
M-1

Zrm =1.0
m=|

The failure probabilities Pri1, Prz and Prs
are calculated as follows. If no inspection,
visual inspection or mechanical inspection is
carried out in the present inspection, the
corresponding state vector at the next
inspection after an interval ( 7 ) becomes :-

(I1-11)

Agi(t+ 7 J=Agi(t+ T | No Inspection)=Aai(t).Pk
Agi(t+ 7 )=Aai(t+ 7 | visual Inspection).Px
Agi(t+ 7 )=Aai(t+ 7 | mechanical Inspection).P*

(II-12)
where,

Pri1, Pra2, Prz ={au(t+ T )-aut)} (I1-13)

Where k is the number of duty cycles in the
next inspection interval (k=1/ A ).
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