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Abstract

Optimal maintenance of marine structures is challenging due to numerous fatigue-prone components,
serious failure consequences, high maintenance costs, harsh sea environments, difficult access, and
uncertainties in fatigue loading, resistance, and inspection and maintenance activities. Time-based
maintenance (TBM) is convenient to implement. However, condition-based maintenance (CBM) is
proved to be more cost-effective. This paper assesses the value of information (Vol) by inspections
in CBM, compared to TBM, and investigates the conditions for CBM to outperform TBM in terms of
fatigue reliability. A probabilistic maintenance optimization method and a life cycle cost analysis
framework are established to derive optimal CBM and TBM strategies with the objective of maximizing
lifetime reliability and evaluating their life cycle costs. The advantages of CBM, in comparison to TBM,
and the Vol depends strongly on the inspection time. The CBM can achieve higher reliability with
fewer maintenance costs than the TBM. An illustrative example is provided using the established
probabilistic method and framework to support optimal maintenance planning. This example serves
as a basis to explain the benefits of CBM to lifetime fatigue reliability and cost reduction, the conditions
when CBM is more beneficial than TBM, the conditions for beneficial, ineffective and unbeneficial

repair, and the Vol by inspections.

1 Introduction

Fatigue and fracture are common deterioration phenomena across many industrial fields, e.g. marine

structures, airplanes and nuclear plants, etc., and it is of paramount importance that strategies for



design, inspection and maintenance are targeted and optimized to ensure that the associated failure
risks are managed efficiently and kept within acceptable limits. It is well known that even under a
stress level much lower than material tensile strength, structural details can still fail if exposed to cyclic
loading for a sufficient time, which defines fatigue life. Fatigue failure may initially be local, e.g., occurs
in some stress concentration areas, especially in the vicinity of welds, however, failures of some
critical details can lead to sudden rupture of the whole structural system and thus present huge risks
to assets, human lives and the environment (Moan 2011). Welded details are especially prone to
fatigue cracks due to welding flaws, material heterogeneity, and complicated local geometries, etc.,
which typically shorten fatigue life greatly (Fricke 2003). To mitigate the failure risks, fatigue life is
assessed in the structural design stage to ensure that the designed fatigue life is longer than the
required service life with a high confidence level. Depending on the application areas, several fatigue
design approaches such as the well-known safe-life approach and damage-tolerate approach are
available (Zerbst et al. 2014). Apart from the design stage, fatigue is a lifetime matter for structural
management that needs continuous attention and measures, given that structural performance is in
essence time-variant and subject to uncertainties associated with loading and material characteristics,
geometries and modelling methods (Biondini and Frangopol 2016). Fatigue failure probability and risk
assessed at the design stage need to be re-assessed and validated during operation due to several
reasons, e.g. human errors in design and fabrication, discrepancies between design and as-built
condition, changes of operational modes and loading conditions, and other hazards that were not
foreseen or had not been taken into account at the design stage. Following re-assessment,
maintenance actions may be needed to recover structural integrity and to improve reliability. The costs
of maintenance are often justified by the huge loss associated with failure, not only financially, but

also environmentally and socially (Moan 2011).

The benefits and costs of maintenance are dependent on maintenance strategies, such as inspection
times and methods, repair criteria and repair methods, and these need to be optimized and planned
well in advance to improve maintenance effectiveness, which is of great significance for structural
systems with a substantial number of welded details, e.g. marine structures (Moan 2011, Soliman,
Frangopol, and Mondoro 2016, Ventikos, Sotiralis, and Drakakis 2018). Traditionally maintenance
activities have been reactive and corrective, in which a maintenance action is taken after a failure is
observed. This can be rather risky depending on the failure consequences of a structural detail. To
avoid significant failure consequences, preventive maintenance planning approaches have been
developed, based on metrics such as service age (time), reliability, risk, damage condition, etc. Time-
based maintenance (TBM) is a classical preventive maintenance approach and widely applied in

engineering practices due to its simplicity in decision-making and implementation (Cullum et al. 2018).



Maintenance actions are scheduled at specific points in time to prevent significant failures during
lifetime, and maintenance times and methods are optimized to reduce lifetime maintenance costs by
time-variant reliability/risk analysis utilizing as-built and operational structural information (Temple and
Collette 2015, Rinaldi et al. 2017, Wang et al. 2018)

Nowadays, condition-based maintenance (CBM) is gaining a wide range of attention as a result of
developments in non-destructive (NDT) testing techniques, sensing and monitoring technology,
system identification algorithms, and data science. Information on structural responses and damage
conditions is collected during operations to assist rational maintenance decision-making. This
information can be gathered via periodic inspections, which have been investigated for maintenance
planning of general deteriorating systems (Yang, Zhao, and Ma 2018), ships (Ventikos, Sotiralis, and
Drakakis 2018), marine machineries (Emovon, Norman, and Murphy 2016), process industry (Kallen
and van Noortwijk 2005), etc. Although periodic inspections are simple to implement, they may not be
as economically-efficient as non-periodic inspections. Similar to periodic inspections, non-periodic
inspections have been applied to maintenance of general deteriorating structural systems (Zhao et al.
2010, Jiang 2010), ships (Guo et al. 2012, Dong and Frangopol 2016, Yang and Frangopol 2018),
offshore assets and installations (Faber, Straub, and Goyet 2003, Faber et al. 2005, Straub and Faber
2006), etc. A more complete, yet costly, information collection approach, may be continuous health
monitoring. Optimization frameworks for health monitoring strategies based on probabilistic analysis
have been developed with applications in general structural systems (Zhou, Xi, and Lee 2007,
Memarzadeh, Pozzi, and Kolter 2016), marine and offshore structures (Lu et al. 2018, Wang et al.
2018, Sabatino and Frangopol 2017), nuclear plants (Baraldi et al. 2011), railway networks (Verbert,
De Schutter, and Babuska 2017), etc. In this paper, the information collection process by surveys,

NDT and monitoring are referred to as inspection.

Despite the popularity of CBM, there are additional (direct and indirect) costs and efforts in relation to
TBM, involving the collection of information, which can be substantial, especially for marine structures
with a larger number of fatigue-prone details, difficult access and high loss as a result of interventions
to normal operation. Questions remaining to be addressed are related to whether the costs associated
with information collection in CBM are paid off by its benefits to risk reduction, i.e., “is the CBM a more
beneficial maintenance strategy than the TBM for marine structures and under what conditions?”.
While some theoretical algorithms for Value of Information (Vol) analysis have been proposed in civil
and structural engineering (Sebastian 2018, Malings and Pozzi 2018, Konakli, Sudret, and Faber
2015), the concept has rarely been applied in the context of marine engineering. There is a lack of

research on a direct comparison of CBM and TBM maintenance strategies, and on where the Vol



comes from, both of which are worthy topics for a marine engineering field currently dominated by
TBM (Cullum et al. 2018). This paper aims to contribute to developing maintenance planning and Vol
assessment for marine structures by comparative studies of TBM and CBM strategies, both of which
are optimized for maximizing lifetime fatigue reliability taking probabilistic modelling of fatigue
deterioration and expected maintenance costs into account. The remainder of this paper is structured
as follows: Section 2 defines the fracture mechanics model employed for fatigue deterioration in terms
of crack propagation, where the associated uncertainties are characterized probabilistically; Section
3 describes the maintenance strategies under investigation, a probabilistic maintenance optimization
method for the maintenance strategies based on a reliability metric, and a lifetime cost analysis
framework; Section 4 applies the maintenance optimization method and lifetime cost analysis
framework to a typical fatigue-prone structural detail, that serves as example to illustrate and discuss
the benefits of CBM and the Vol; and finally, Section 5 draws conclusions for maintenance planning

of marine structures.

2 Probabilistic fatigue modelling

Fatigue analysis for marine structures is typically based on either the S-N approach or fracture
mechanics (FM) approach. The S-N approach has been widely used in fatigue design, codes and
regulations by virtue of its simplicity and solid experimental basis. The objective of a fatigue analysis
based on the S-N approach is normally to ensure that the designed fatigue life is longer than a
required service life with a relatively high confidence level. However, the S-N approach may not be
suitable for providing a theoretical basis for maintenance planning, which requires taking details on
crack dimensions into account. On the other hand, the FM approach addresses crack propagation
explicitly. The fatigue process is understood as crack evolution and can be divided into three stages
as shown by Figure 1: crack initiation, crack propagation and final fracture, where the vertical axis
labelled a denotes crack size and the horizontal axis N represents the number of cycles. N, is the
number of cycles required for the crack propagation stage to start, and Nr is the number of cycles
until the final fracture or fatigue life. Although the exact mechanism for crack initiation is still
controversial, it is widely acknowledged that it relates largely to the mechanical behaviour of the
material in the scale of grain size and to surface treatment techniques (Zerbst et al. 2014). The crack
size in the crack initiation stage may not be critical for structural safety, as it is typically rather small
and is hardly detectable by common NDT methods. In practice, the time spent by the crack in the
crack initiation stage is often negligible compared with the crack propagation stage due to the
presence of initial flaws/cracks introduced by the welding process. Also, the final fracture usually

occurs very quickly, and the crack propagation stage thus is the focus of structural integrity



management in terms of maintenance intervention.
a

Fracture
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Figure 1. Three stages of crack development

2.1 FM approach

FM approach is employed herein since it provides a means of modelling the crack propagation
explicitly and thus allows for reliability updating based on observations of crack growth. Equation (1)
is Paris’ law (Paris and Erdogan 1963), which correlates the crack propagation rate with the range of

stress intensity factor for one-dimensional crack propagation.

d
d_; =CAK™, AKy <AK < Kpae (1)

where da/dN is crack propagation rate; C and m are material parameters; K,,,; is material fracture
toughness; AK is stress intensity factor range, and; AK;, is the threshold value for the stress

intensity factor range. Figure 2 illustrates Equation (1) using a logarithmic scale.
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Figure 2. Stress intensity factor range



A typical stress intensity factor range AK in the crack propagation period can be derived using

Equation (2) for one-dimensional crack propagation.
AK = AcY(a)vma (2)
where Y(a) is a geometry function and Ac is stress range.

The allowed stress range Ao can be established by an S-N design curve such as Equation (3).

{ NpAc™ =a; Np < 107 3)

NpAc™:2 = a, Np =107

where Ny is the fatigue life, m; and m, are fatigue strength exponents, and a; and @, are fatigue
strength coefficients. The fatigue strength exponents and coefficients are obtained from a statistical

analysis of specimen fatigue strength test data.

By integration of Equation (1), the number of cycles for the crack to develop from an initial crack size
a, to the critical size a., i.e., the crack propagation life Np, can be obtained vis Equation (4).
Depending on the initial crack size, the crack propagation life N, may be shorter than the fatigue life
Ng.

Np = ragas o ariyigm @)

am/2cao™ Jag a™/2y(a)™m

If the geometry function Y(a) was known, it is also possible to obtain the crack size a(t) attime t

when the structural detail has been exposed to N(t) cycles of fatigue loading.

2.2 Uncertainty modelling

Given that the FM approach builds upon the physics of crack propagation for fatigue deterioration
modelling, being somewhat more sophisticated than the S-N approach, it is important to consider
various sources of uncertainties surrounding FM. Main sources of uncertainties associated with the
FM approach include modelling uncertainty when using Paris’ law for crack growth prediction,
measurement and statistical uncertainty associated with material properties, C and m, and initial
crack size, ay, and modelling uncertainty associated with the calculation of stress range Ag (Souza

and Ayyub 2000). Probabilistic modelling allows to explicitly address the uncertainties associated with



these parameters, to derive distributions of crack growth predictions, and to calculate failure

probability caused by fatigue and fatigue reliability.

The material properties, C and m, are typically obtained by statistical analysis of results from
specimen tests. The uncertainties associated with € and m are believed to be originated from the
inhomogeneities in material, measurement method, procedure and statistical method for parameter
estimation (Lassen and Recho 2013). Although typically understood as material properties, € and m
are also influenced by environmental and loading conditions and they are correlated. Common
practice is to assume that they are mutually independent, e.g., m is fixed and C is a variable. In a
probabilistic analysis, C is typically assumed to be lognormally distributed (Guedes Soares and
Garbatov 1998, Dong and Frangopol 2016, Faber et al. 2005, Lotsberg et al. 2016).

Representative statistical data on the initial crack size a, for specific applications is often hard to
obtain due to challenges in sampling and measuring. A comprehensive review of the literature about
the initial crack size can be found in (Zou, Banisoleiman, and Gonzalez 2016). The initial crack size
depends on many factors in design and manufacture that may not be easy to fully control, e.g.
materials, welding techniques, NDT methods, quality control procedure and human factors, etc. The
parameter a, is often modelled as a variable with a lognormal distribution (Kim and Frangopol 2011)

or exponential distribution (Dong and Frangopol 2016, Lotsberg et al. 2016).

The uncertainty associated with the stress range Ao should be assessed on the basis of the
uncertainty in the applied stress level, which includes the uncertainty in fatigue loading and in stress
analysis method. These uncertainties can be quantified by systematic analysis of structural response
data collected by measurement and calculation. In probabilistic fracture mechanics analysis, an
additional variable can normally be introduced as a multiplication factor for the applied stress level
(Lassen and Recho 2015).

3 Probabilistic frameworks for lifetime reliability and cost analysis

Table 1 summarizes the three maintenance strategies for structural integrity management under
investigation. The first strategy labelled ‘Case 1’, is no action. The probability of fatigue failure is thus
determined solely by design plan and manufacture quality control. This is the basic case. The second
strategy, denoted by ‘Case 2’, consists of time-based maintenance without any inspection, e.g. time-
based repair or replacement. The time for repair, t,, is optimized for maximizing lifetime fatigue

reliability. If the structure has survived at the planned repair time, a repair will be implemented. The



third strategy, i.e., ‘Case 3’, is condition-based maintenance, where damage condition is examined
by inspection before a repair decision is made. The time for the inspection, t;, is optimized with the
same objective as ‘Case 2'. If the structure has survived at the planned inspection time, an inspection
will be carried out first. If a crack is detected, it will then be repaired. It is assumed that the repair is
implemented shortly after detection, i.e., without delay, and that after repair, the structure returns to

its initial state.

Table 1. Maintenance strategies under investigation.

Case Maintenance strategy

Case 1 No action

Case 2 TBM (no inspection)

Case 3 CBM (inspection before repair)

3.1 Probabilistic maintenance optimization method

The maintenance strategies in Table 1 are optimized with the objective of maximizing lifetime fatigue
reliability index. The fatigue reliability calculations without maintenance (Case 1) are performed via
Monte Carlo simulation. The TBM and CBM strategies (Cases 2 and 3) leading to maximum reliability
indexes are regarded as optimum ones. As both the structural damage state and inspection result are
probabilistic at the decision analysis point in time, a decision tree analysis is implemented for Cases
2 and 3 before the fatigue reliability index with maintenance can be calculated. An exhaustive search
algorithm can be employed for this optimization problem. Alternatively, if there are many optimization
parameters, some optimization techniques can be adopted to reduce the time for deriving optimum

solutions (Kim, Soliman, and Frangopol 2013).

3.1.1 Initial design fatigue reliability

The initial fatigue reliability is defined relative to the failure probability caused by fatigue without any
maintenance (Case 1), which can be calculated by the probability of exceedance of a limit state
signifying fatigue failure. The limit-state function is formulated based on the crack size in the thickness
direction, as Equation (5).

M(t) = ac —a(t) (5)

where a. is the critical crack size and a(t) is the crack size at time t. Fatigue failure is defined as



the occurrence of through-thickness crack, i.e., the critical crack size, a., is set to be equal to the

plate thickness T.

As both a, and a(t) can be expressed in number of cycles, the above limit state function can be re-

written as Equation (6).
M(t) = Np —N(t) (6)
where Ny is the fatigue capacity and N(t) is the fatigue loading by time t.

The probability of fatigue failure Pr(t) and the fatigue reliability index g are given by Equations (7)

and (8) respectively.

Pr(t) = P(M(t) <0) (7)
B(t) = -2 P (®)] (8)

where ®~1[-] is the inverse function of the standard normal cumulative density function.
3.1.2 Probability of repair

Decision tree analysis is implemented for the maintenance strategies involving maintenance actions
(Cases 2 and 3), illustrated by Figures 3 and 4 respectively. In the figures, F,D,R represent failure,
detection and repair respectively; F,D,R represent survival, no detection and no repair respectively;
t; is the time forinspection and ¢, the time for repair. In the two cases, one maintenance intervention
is planned to clearly present the differences between CBM and TBM in terms of their benefits and
costs, and the Vol in CBM.

Branch 1
F(R) d Branch 2
F Branch 3
0 Ly t T

Figure 3. lllustration of a decision tree analysis for Case 2



Branch 1
D(R) E Branch 2
v I Branch 3
A
F
D(R) Branch 4
‘F— Branch 5
0 ti (tr) t T

Figure 4. lllustration of a decision tree analysis for Case 3

In Case 2, no inspection is involved. Equation (9) gives the probability, B..,(t), of repair at time

t, which is equal to the probability that the structure has survived at the time.
Prep(t) =1- Pf(t) 9)

In Case 3, the probability, P;,,(t), of inspection at time t, is equal to the probability that the

structure has survived at that time, given by Equation (10).
Pinsp(t) =1- Pf(t) (10)

In Case 3, the repair decision is dependent on the inspection result. The probability of repair at time
t is equal to the probability that an inspection is implemented at that time with the inspection result
being detection. If the detectable crack size of an NDT method (e.g. magnetic particle inspection) is

ag, then the limit state function for an inspection event can be formulated as:
D(t) =ag —a(t) (11)

The function is negative when a crack is detected and is otherwise positive. The probability of repair

is given by Equation (12).
Pep(t) = P(M(t) > 0ND(t) <0) (12)
3.1.3 Fatigue reliability with maintenance

Let Pfl(t) designate the failure probability with maintenance and g(t) the fatigue reliability index



with maintenance. When t < ¢t,,, the planned maintenance action has not been implemented yet, and
hence, the failure probability Pfl(t) will be equal to the initial failure probability without maintenance
(Equation (13)).

PA(t) = Pr(t) (13)

When t > t,, the influence of planned maintenance on the failure probability should be taken into
account based on the decision tree analysis shown by Figures 3 and 4. The failure probability with
maintenance for Case 2 and Case 3 are given by Equations (14) and (15) respectively, while the

fatigue reliability index with maintenance, p(t), is given by Equation (16).

Pfl(t) = Pr(t,) + P(M(t,) > 0NM(t —t,) <0) (14)
P#(t) = Ps(t,) + P(M(t,) > OND(t,) > ONM(t) < 0) + P(M(t,) > OND(t,) < ONM(t —t,) <0) (15)
B1(t) = —@~ [PE(D)] (16)

The method can be applied to multiple inspections and repairs by doing decision tree analysis for a
sequence of times at which inspections or repairs are scheduled. The number of branches of the
decision trees in Figures 3 and 4 would increase exponentially with the number of inspections and
repairs. The probability and reliability calculation would be more complex but can be done by common

structural reliability calculation software or by programming.
3.2 Lifetime cost analysis framework

This paper focuses on structural integrity management at the operation stage. The time point of
decision analysis is the beginning of the service life. This means that the structural integrity baseline
has been established and the main tasks for integrity management are to develop a maintenance
programme to maintain structural integrity. Equation (17) divides the life cycle costs (C) into inspection

costs (C;), repair costs (C) and failure cost (Cr).
C=CI+CR+CF (17)

Inspection, repair and failure costs are variables subjected to uncertainties associated with material
and loading characteristics, inspection times and qualities, repair criteria and repair qualities. Lifetime
cost analysis is based on the expected values of the inspection, repair and failure costs, and these

costs are adjusted at the time of the cost analysis by an annual discounting rate of interest. Therefore,



inspection and repair costs can be defined by Equations (18) and (19) respectively.

c, =% pk .ck 1 (18)
1 k=1"insp insp (1+r)t{'(

1

K
(1+n)tr

(19)

. k .rk .
CR—ZkT=1Prep Crep

where n; and n, are numbers of inspections and repairs in the life cycle; Cl-’;sp and Cﬁ"ep are costs

for the kth inspection and repair activity respectively; Pi’ﬁlsp and Pr";p are the probabilities of the kth

inspection and repair actually being performed; t¥ and tk are the timing of the kth inspection and

repair; and ris the annual discounting rate of interest.

The failure cost, Cr, is given by Equation (20).
1
Cr = Pf"* Cray e (20)

where Cyg; is the consequence of structural failure in terms of monetary loss; T, is the required
service life, and; P}V is the probability of structural failure considering the planned inspections and

repairs.
4 An illustrative example

The structural detail subjected to cyclic fatigue loading used as an example is a stiffened plate
comprising of typical T joints. Figure 5 shows the geometry and critical location that were chosen for
this joint. There are a large number of such joints in marine and offshore structures. Those areas
where stiffeners are welded to the plate are critical as they are prone to crack initiation and
propagation. The stability of the plate may be improved with stiffeners, but cracks are likely to initiate
and propagate along the weld toes of joints due to welding notch, residual stresses, material
inhomogeneity, etc. Fatigue reliability of such joints is thus an outstanding problem that needs to be

addressed during the life cycle of the detail.
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Figure 5. A typical stiffened plate with welded T joints.
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First, the values of the parameters of the model defined in Section 2 are established for the structural
detail based on existing literature. Then, the three maintenance strategies of Section 3 are tested. As
mentioned in Section 3.2.1, Case 1 represents the initial fatigue reliability, which is determined by the
structural plan and execution of manufacture quality control, without any operational maintenance. At
the beginning of service life, the probabilistic maintenance optimization method and lifetime cost
analysis framework are adopted to support the development of a maintenance program. Two different
maintenance strategies are tested comparatively: Case 2 reflects the influence of time-based
maintenance on lifetime fatigue reliability, while Case 3 reflects the influence of both inspection and
repair. The time for the inspection, t;, and for the repair, t,, in Cases 2 and 3 are optimized for
maximizing the lifetime fatigue reliability. The optimum maintenance strategies for Cases 2 and 3 are
evaluated using the metric of life cycle costs, which is the sum of the financial costs associated with

failure and the costs associated with the maintenance intervention as per Section 3.2.

4.1 Probabilistic models

The fatigue resistance of the structural detail is categorised as ‘F’ class by (DNV 2014), in which a bi-
linear S-N model as Equation (3) with the parameters given in Table 2 is proposed to give its fatigue
resistance. The required service life, T, is assumed to be 20 years. The plate thickness, T, is
adopted to be 25 mm. The critical crack size, a., is set to be equal to the plate thickness, i.e., a, =
25 mm. The frequency of typical wave loading is approximately 0.16 Hz, which corresponds to N, =

5 x 10° cycles per year (Lotsberg et al. 2016).



Table 2. Parameters used in reliability analysis.

Parameter Unit Value Parameter Unit  Value
Ty, year 20 my - 3

N, cycle 5x 10° m, - 5
logqoa; N*-mm™° 11.855 a, mm 25
log, a3 N*-mm™° 15.091 ag mm  0.89

Table 3 provides the distributions and statistical characteristics for € and q, following (Lotsberg et
al. 2016). The uncertainties associated with loads and stress calculations are modelled with a
normally distributed variable B (Lassen and Recho 2015). Magnetic particle inspection is adopted for
Case 3.

Sensitivity analysis of life cycle costs to the monetary cost of failure, Cs,;, the cost of one repair,
Crep, and the cost of one inspection, C;ysp, is carried out based on 9 sets of cost ratios (CR), which are
referred to (Straub and Faber 2006, Kulkarni and Achenbach 2007, Breysse et al. 2009) and listed in
Table 4. Herein CR1 is considered as baseline of cost values. The annual discounting rate of interest
is taken as r = 0 so that the life cycle costs are determined only by the structural plan, fatigue loading,

maintenance activities and associated uncertainties, i.e., ignoring social-economic factors.

Table 3. Uncertainty modelling used in reliability analysis.

Parameter Distribution Unit Mean Standard Deviation
ao Exponential mm 0.043 0.043

log, C Normal N~* - mm®® -12.74  0.11

B Normal - 1 0.15

Table 4. Life cycle costs for Case 1, 2, 3 under different cost ratios.
CR1 CR2 CR3 CR4 CR5 CR6 CR7 CR8 CR9

Cinsp 1 1 1 2 0.5 0.1 2 1 1
Crep 10 20 5 10 10 20 4 10 10
Crair 100 100 100 100 100 100 100 1000 50
Cinsp/ Crep 0.1 0.05 0.2 0.2 0.05  0.005 05 01 0.1
Crep/Crait 0.1 0.2 0.05 0.1 0.1 0.2 0.04 001 0.2
Coase 1 13.23 1323 1323 1323 1323 1323 1323 132.7 6.64

Couse 10.78 2074 581 1078 1078 2074 481 1839 10.37
Couse s 454 766 299 555 405 676 368 852 4.33




Couses/Cease2 042 037 051 051 038 033 077 046 0.42
Ceasos/Ceases 0.34 058 023 042 031 051 028 006 065

4.2 Results and discussion

The probabilities, reliability indexes, and expected costs below are calculated with Monte Carlo
simulations, with 5 x 10® samples for each variable. It is checked that more samples do not lead to
much changes in the results. Figure 6 shows the decrease of fatigue reliability 8 with service year for
Cases 1 and 2. It can be seen that with the adoption of TBM (e.g. a repair or replacement is planned

at t, = 10 years), the lifetime fatigue reliability index increases from 1.12 to 2.40.
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Figure 6. Fatigue reliability index  against service year

Figure 7 presents the influence of maintenance intervention time on lifetime fatigue reliability. Figures

8 — 10 show the influence of maintenance intervention time on life cycle costs.
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Figure 7. Fatigue reliability index against maintenance intervention time
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Figure 9. Life cycle costs against maintenance intervention time (CRG6)
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Figure 10. Life cycle costs against maintenance intervention time (CR8)

Table 5 summarizes the optimum maintenance strategies derived for Cases 2 and 3, the probability
of inspection and, the probability of repair associated with the optimum strategies. The lifetime fatigue
reliability index and life cycle costs (CR1) for Cases 1, 2 and 3 are also listed in Table 4, and they are
evaluation metrics for the three maintenance strategies. The life cycle costs for Cases 1, 2 and 3
under all cost ratios are listed in Table 4. In Table 4, the efficiency of CBM is signified by C_.4se3/Cease 1
as in Case 1, no maintenance intervention involves; while the advantage of CBM in terms of cost

reduction in comparison to TBM is signified by C.qse3/Cease 2-

It should be noted that the results of lifetime fatigue reliability, probability of inspection and probability



of repair are independent on cost ratios (as can be seen from the formulations in Section 3), and life
cycle costs are dependent on cost ratios. Sensitivity of maintenance efficiency and the advantage of

CBM to cost ratios are analysed below:

e The efficiencies of both TBM and CBM increase with decrease of C..,/Csq- This conclusion
is clearly shown by Table 4 and by comparison of Figure 8 to Figure 10. The conclusion
indicates that it is more important and efficient to implement maintenance when the costs of
repair is low compared with the costs of failure.

o The advantage of CBM in terms of cost reduction (in comparison to TBM) is more pronounced
with decrease of Cj,g,/Crep- This conclusion can be seen from Table 4 and from Figure 9, in
comparison to Figure 8. In reality, the value of Ciys,/C..p is typically very small, as it is more
convenient to do an inspection than to carry out a repair, which requires much more resources,
€.g. money, materials, manhours, instrumentation, etc. In this regard, the advantage of CBM
would be widely acknowledged with the development and popularity of inspection and

monitoring techniques.

The above conclusions are the same as expected. It is more interesting to look at the results of lifetime
fatigue reliability and probability of repair in Cases 2 and 3. The below discussions and conclusions
are made mainly based on the results of lifetime fatigue reliability and probability of repair. When life
cycle costs are mentioned, they are referred to CR1. Based on engineering experience and the
references (Straub and Faber 2006, Kulkarni and Achenbach 2007, Breysse et al. 2009), it is believed
that for most structural components, Cins,/Crep is smaller than 0.1 and thus the advantage of CBM

in cost reduction is more pronounced than shown by Figure 8.

Table 5. Optimum maintenance strategies

Notation meaning Case 1 Case 2 Case 3
B Reliability index 1.12 2.40 2.62

t; (year) Inspection time n/a n/a 9

t. (year) Repair time n/a 10 9

P; Inspection probability n/a n/a 0.998
P, Repair probability n/a 0.996 0.311
C(CR1) Lifecycle costs 13.23 10.78 4.54

Based on Figures 6, 7, 8 and Table 5, the following points can be made about the structure detail

under investigation:



e The optimum time for repair in Case 2 is approximately the middle of its service life (Figure 7).
The lifetime fatigue reliability index increases to 2.40 from 1.12 in Case 1 (Figure 6), due to
repair, by which the structure is physically changed. The life cycle costs drop slightly from 13.23
in Case 1to 10.78 in Case 2 (Figure 8).

e With the adoption of inspection and possible repair (if detected), the lifetime fatigue reliability
index increases significantly from 1.12 in Case 1 to 2.62 in Case 3 (Figure 7), and the life cycle
costs drop significantly from 13.23 in Case 1 to 4.54 in Case 3 (Figure 8). The saving in life
cycle costs benefits from both repair and inspection.

e By comparing Case 3 with Case 2, it is worth to highlight that more repairs do not necessarily
lead to higher lifetime fatigue reliability. The probability of repair in Case 2 is much higher than
in Case 3 (0.996 versus 0.311) as well as the lifetime total costs (10.78 versus 4.54). However,
the lifetime fatigue reliability index in Case 2 is lower than that in Case 3 (2.40 versus 2.62)
(Table 4). Hence, in certain conditions repair can be less beneficial to lifetime fatigue reliability
compared with ‘do nothing’ and thus a waste of money. This is explained by the fact that
damage extent can be mitigated by repair, but the uncertainties in material property and in
stress range cannot be decreased. On the other hand, the information of no detection collected
by an inspection implies slow deterioration rate and favourable material property and stress
range. The failure probability may be decreased more significantly by the utilization of the
information than by repair.

e The Vol provided by the inspection in Case 3 comes from two aspects. On the one hand, if the
fatigue deterioration rate is fast, cracks would be detected and then repaired, by which the
structure detail would be physically changed, and thus the failure probability is decreased, and
failure risk is mitigated. In this circumstance, repair is beneficial to fatigue reliability. On the
other hand, if the fatigue deterioration rate is slow, the most probable inspection result would
be no detection. By utilization of the information, the failure probability is also decreased. In
this circumstance, repair is ineffective or even unbeneficial to lifetime fatigue reliability.
Therefore, an inspection can help to identify beneficial repair, unbeneficial repair and ineffective

repair.

Even further, Figures 7 and 8 highlight the importance of optimizing inspection time in CBM and show
when CBM strategy can be more beneficial than TBM strategy. Both the lifetime fatigue reliability and
life cycle costs are strongly dependant on the inspection time. Based on the differences in Case 2
and Case 3 in terms of lifetime fatigue reliability (Figure 7) and life cycle costs (Figure 8), it is possible

to distinguish three periods for inspection scheduling:



¢ An inspection scheduled at the late stage of service life, e.g. t; > 13 years in this example,
can identify and eliminate ineffective repair. The repair in Case 2 is regarded as ineffective, as
it results in the same lifetime fatigue reliability as ‘do nothing’ in Case 3, in case of no detection
at the late stage (Figure 7). The reason is that in case of no detection at the late stage, failure
probability caused by fatigue is approximately zero, whether repaired or not. Thus, the life cycle
costs in Case 3 is less than Case 2 (Figure 8), due to the elimination of ineffective repair by
virtue of an inspection scheduled at the late stage.

e An inspection scheduled near the interim of service life, e.g. 7 years < t; < 13 years in this
example, can identify and eliminate unbeneficial repair. The repair in Case 2 is regarded as
unbeneficial, as it leads to lower lifetime fatigue reliability than ‘do nothing’ in Case 3, in case
of no detection in the interim (Figure 7). The reason is that no detection in the interim implies
slow deterioration rate, and thus favourable material property and stress range. In such
circumstances, the failure probability after repair can be higher than that of the original structure.
Thus, the life cycle costs in Case 3 are much less than Case 2 (Figure 8), due to the elimination
of unbeneficial repair and the lowest failure costs (the highest fatigue reliability), by virtue of an
inspection scheduled near the interim of service life.

¢ An inspection scheduled at the early stage of service life, e.g. t; <7 years in this example,
is likely to eliminate beneficial repair, although decreases life-cycle costs. In case of no
detection at the early stage (Figure 7), The repair in Case 2 is regarded as beneficial, as it
results in higher lifetime fatigue reliability than ‘do nothing’ in Case 3. The reason is that the
implications of no detection at the early stage on lifetime failure probability are probably very
weak compared with a repair. Thus, although the costs in Case 3 are less than Case 2 (Figure

8), due to less repair, the lifetime fatigue reliability in Case 3 is lower than Case 2 (Figure 7).

5 Conclusions

Current maintenance methods in the marine industry are still mainly corrective maintenance and time-
based preventive maintenance (TBM). However, condition-based maintenance (CBM) has
increasingly been a hot research topic, especially in industries such as wind power plants, nuclear
plants, bridge engineering, etc. One factor, among many, impeding adoption of the new CBM strategy
in marine engineering is probably lack of explicit and conclusive evidence of the benefits of CBM. This
paper has carried out an investigation into the implications of a rational maintenance planning for a
marine structure detail. A probabilistic maintenance optimization method and a lifetime cost analysis
framework has been built upon life cycle analysis, probabilistic modelling and decision tree analysis.

The method and the framework have enabled direct modelling and integrated management of the



uncertainties affecting fatigue deterioration and maintenance activities and can be used to support

rational and optimal maintenance planning under uncertainty. Employing the method and the

framework, two maintenance strategies (TBM and CBM) have been optimized and evaluated based

on the metrics of lifetime fatigue reliability and total costs. By comparison to TBM, the benefits of the

CBM strategy to lifetime fatigue reliability and cost reduction, the conditions when the TBM strategy

can be more beneficial than the CBM, and when a repair can be beneficial, unbeneficial or ineffective

to lifetime fatigue reliability have been discussed. Based on the classification of repair, the value of

information (Vol) provided by inspection in the CBM strategy and, the conditions when the Vol can be

realized and maximized have been discussed. In summary:

1)

2)

3)

4)

Compared with ‘do nothing’, repair can be less beneficial to lifetime fatigue reliability when
there is a high degree of uncertainties in material property and in stress range. In such
conditions, repairing relatively small cracks, which would be implemented under the TBM
strategy but can be avoided under the CBM strategy, would be unbeneficial to lifetime fatigue
reliability. If a CBM strategy was to repair detected cracks, it is not recommended to use a very
accurate inspection method (with very small detectable crack size) for inspections scheduled
at the late stage, to avoid unbenéeficial repair.

Repair is classified into beneficial, ineffective and unbeneficial repair, according to their
benefits to lifetime fatigue reliability. Classification of repair is important for making clear the
Vol provided by inspection in the CBM strategy, maximizing the Vol and thus improving the
efficiency of a maintenance strategy. Inspection can help to identify beneficial, unbeneficial
and ineffective repair, in addition, to identifying cracks.

The Vol provided by inspection in the CBM strategy comes from two aspects. On the one hand,
if the fatigue deterioration rate is fast, cracks would be identified by the inspection, and
subsequently repaired. After repair, the lifetime fatigue reliability of the structure detail would
be higher than prior to repair due to the elimination of serious damages. On the other hand, if
the fatigue deterioration rate is slow, the most likely inspection result would be no detection.
Utilizing this additional information, the lifetime fatigue reliability would be higher than before
inspection.

The Vol is maximized when the unbeneficial repair can be identified and eliminated. Based on
an illustrative example, to reap the maximum Vol, it is required that an inspection method with
appropriate quality is adopted and that the inspection is scheduled near the interim of service
life. The maximum Vol is achieved by virtue of elimination of unbeneficial repair and the lowest
failure costs. Ineffective repair can be avoided with an inspection scheduled at the late stage

of service life. The reason is that lifetime fatigue reliability would be the same in case of no



detection at the late stage of service life, whether repaired or not.

5) Based on an illustrative example, (a) if inspection was scheduled near the interim of service
life, the CBM strategy is more beneficial than the TBM strategy in terms of both lifetime fatigue
reliability and costs; (b) if inspection was scheduled at the late stage of service life, the CBM
strategy is more beneficial than the TBM strategy in terms of life cycle costs and is the same
as the TBM strategy in terms of lifetime fatigue reliability; and (c) if inspection was scheduled
at the early stage of service life, the CBM strategy can be superior or inferior (when C,..p,/Crqir
is very small, as shown by Figure 10) to the TBM strategy in terms of life cycle costs, but is

less beneficial than the TBM strategy in terms of lifetime fatigue reliability.

In future work, the methodology can be extended to maintenance strategy of multiple inspections and
repairs by doing decision tree analysis for a sequence of times at which inspections or repairs are
scheduled. The branches in the decision tree would increases exponentially with the number of
inspections or repairs in lifetime. The life cycle costs can still be calculated by Equation (17) — (20). It
is expected that unbeneficial and ineffective maintenance are more likely be identified by CBM with

multiple inspections.
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