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A RISK-INFORMED DECISION SUPPORT TOOL FOR HOLISTIC MANAGEMENT OF 
FATIGUE DESIGN, INSPECTION AND MAINTENANCE 
 
G Zou and K Banisoleiman, Lloyd’s Register Global Technology Centre, Southampton, UK 
A González, University College Dublin, Dublin, Ireland  
 
SUMMARY 
 
Fatigue cracks threaten integrity of marine and offshore assets and need to be managed properly during the life cycles. 
However, the decision making process for fatigue design and maintenance are often disconnected and probably not be 
optimal with respect to life cycle total costs. This paper proposes a holistic decision support tool for jointly optimizing 
fatigue design, inspection and maintenance decision based on risk quantification and life cycle cost analysis, taking into 
account the uncertainties associated with fatigue deterioration, inspection performance and repair effect. The tool can be 
used to support risk-informed fatigue design; inspection and maintenance decision making, so that fracture risk 
associated with design and operation of marine assets are controlled with the minimum life cycle total costs. 
 
NOMENCLATURE 
 
𝑁𝑁𝐹𝐹 Fatigue life (year) 
𝑎𝑎1���                          Fatigue strength coefficient (N4∙mm−6) 
𝑎𝑎2���                          Fatigue strength coefficient (N4∙mm−6) 
𝑚𝑚1 Fatigue strength exponents 
𝑚𝑚2                         Fatigue strength exponents 
∆𝜎𝜎 Stress range (MPa) 
ℎ Weibull shape parameter (MPa) 
𝑞𝑞 Weibull scale parameter 
𝐷𝐷 Fatigue damage accumulation 
𝑛𝑛𝑖𝑖 Load cycles at the 𝑖𝑖 stress range  
𝑁𝑁𝑓𝑓𝑖𝑖 Fatigue capacity under the 𝑖𝑖 stress range 

(year)  
𝑛𝑛𝑏𝑏 The number of stress range 
𝑁𝑁0 Annual number of cycles  
Γ Complementary incomplete Gamma function 
Υ Incomplete Gamma function 
𝑆𝑆1 Transition point of bi-linear S-N curve (MPa) 
∆  Fatigue damage at failure 
𝑑𝑑𝑎𝑎 𝑑𝑑𝑁𝑁 ⁄  Crack growth rate 
𝐶𝐶 Parameter in Paris’ equation (N−4∙mm5.5) 
𝑚𝑚 Exponent in Paris’ equation 
𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚  Material fracture toughness (N ∙ mm−3/2) 
∆𝐾𝐾 Stress intensity factor range(N ∙ mm−3/2) 
∆𝐾𝐾𝑚𝑚ℎ Threshold or the stress intensity factor 

(N ∙ mm−3/2) 
𝑌𝑌(𝑎𝑎) Geometry function 
𝑎𝑎0  Initial crack size (mm) 
𝑎𝑎𝑐𝑐  Critical crack size (mm) 
𝑎𝑎𝑑𝑑 Detectable crack size (mm)  
TSL Service year (year) 
∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 Inspection interval (year) 
𝑐𝑐𝑑𝑑0 Direct unit design cost 
𝑐𝑐𝑖𝑖 Direct unit inspection cost 
𝑐𝑐𝑟𝑟 Direct unit repair cost 
𝑐𝑐𝑓𝑓 Failure consequence  
𝐶𝐶_𝐷𝐷 The costs of  
𝐶𝐶_𝑀𝑀 The costs of maintenance  
𝐶𝐶_𝐹𝐹 Failure risk 
𝑇𝑇0 
𝑇𝑇 

Reference plate thickness 
Plate thickness 

                

1. INTRODUCTION 
 
Marine assets need to be designed and managed during 
their life cycles to fulfil serval requirements, e.g. safety, 
serviceability, reliability, robustness and sustainability. 
The challenges for safe operation of marine assets mainly 
come from harsh sea environments, in which fatigue 
cracking, corrosion and other mechanisms cause 
degradation of structural resistance. Compared with other 
mechanism, fatigue cracking and crack growth is more 
critical, as crack growth can result in sudden rupture of 
load-carrying components or even the whole structure. 
Moreover, due to the nature of crack evolution, the time 
for detecting cracks is often very short. As shown in 
Figure 1, fatigue cracks are typically very small for a 
significant part of service life and thus hard to be 
detected. 

 

 
 

Figure 1: Typical crack development history 
 
In order to meet the safety requirement, some measures 
need to be taken in life cycle stages of marine assets, as 
shown in Figure 2. Besides design fatigue assessment 
and manufacture quality control, operational inspections 
are essential for several reasons. First of all, it is typical 
not economical to design structural details in such a way 
that crack is unlikely to initiate in the lifetime of a marine 
asset. In addition, gross errors in design and manufacture 
can be found by operation inspection. What’s more, 
damage or structural responses measured by inspections 
can be used to update failure probability as well as 
distributions of model parameters, and thus reduces 
uncertainties.   
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Figure 2: Safety control in the life cycles of marine assets 
 
Fatigue deterioration process is associated with high 
degree of uncertainties, e.g. those associated with fatigue 
loading, calculation of load effect, material properties, 
test data on fatigue resistance, fatigue accumulation 
model and crack growth model, etc. There are also 
uncertainties in the performance of non-destructive 
testing methods and the effect of repairing method. 
Managing the uncertainties associated with design, 
inspection and maintenance decision making process 
with proper techniques and tools is a good start towards 
optimal decisions. Reliability and risk analysis methods 
have been applied in marine and offshore engineering to 
address the uncertainties and achieve optimal 
investments in inspection and maintenance [1-4]. 
However, the studies are generally on existing structures 
and fatigue design has seldom been connected with 
inspection and maintenance optimization. 
 
The general idea of this paper is that assets are best 
manged with a holistic approach, jointly considering all 
engineering decisions (design, inspection and 
maintenance) and uncertainties affecting fatigue 
performance, based on the same experimental data for 
fatigue life. In this regard, a decision support tool is 
developed on the basis of life cycle risk and cost 
analysis. The tool can be used to support fatigue design, 
inspection and maintenance of marine assets. 
 
2. PROBABILISTIC FATIGUE MODELING 
 
Fatigue is the the phenomenon that cracks initiate and 
propagation till final fracture in structural details under 
cyclic loading that may be below material tension 
strength. Fatigue failure is caused by accumulation of 
damage cycle by cycle. Main factors contributing to 
fatigue failure are local stress concentrations, welding 
flaws and discontinuities, residual stresses, corrosion, 
etc.[5].  
 
2.1 S-N APPROACH 
 
2.1 (a) S-N Curve 
 
S-N curves are developed to express the relationship 
between the fatigue life and nominal stress range based 
on statistical analysis of specimen test data. Each S-N 
curve represents a class of structural details. Equation 1 
is formulation of typical two-segment S-N curves. 
 

�𝑁𝑁𝐹𝐹∆𝜎𝜎
𝑚𝑚1 = 𝑎𝑎1���           𝑁𝑁𝐹𝐹 ≤ 107

𝑁𝑁𝐹𝐹∆𝜎𝜎𝑚𝑚2 = 𝑎𝑎2���           𝑁𝑁𝐹𝐹 ≥ 107 
              (1) 

 
where 𝑁𝑁𝐹𝐹  is fatigue life, 𝑚𝑚1 and 𝑚𝑚2 are the fatigue 
strength exponents, and 𝑎𝑎1��� and 𝑎𝑎2��� are the fatigue strength 
coefficients.               
 
2.1 (b) Fatigue Loading 
 
Main source of fatigue loading is cyclic wave loading. 
The stochastics of wave loading can be determined by 
measurements or direct calculations together with 
statistical counting methods. It is generally 
acknowledged that two-parameter Weibull distribution as 
Equation 2 can be used to model the long-term stress 
distribution well. 
 

𝐹𝐹(∆𝜎𝜎) = 1 − exp �− �∆𝜎𝜎
𝑞𝑞
�
ℎ
�                   (2) 

 
where 𝐹𝐹 is cumulative probability function of ∆𝜎𝜎, ℎ is 
Weibull shape parameter and 𝑞𝑞 is Weibull scale 
parameter.  
 
2.1 (c) Accumulation of Fatigue Damage 
 
Miner’s rule is widely used as accumulation law for 
fatigue damage 𝐷𝐷, given by 
 

𝐷𝐷 = ∑ 𝑖𝑖𝑖𝑖
𝑁𝑁𝑓𝑓𝑖𝑖

𝑖𝑖𝑏𝑏
𝑖𝑖=1                                   (3) 

 
where 𝑛𝑛𝑖𝑖 is number of load cycles at the 𝑖𝑖 stress range 
level; 𝑁𝑁𝑓𝑓𝑖𝑖 is the fatigue capacity under the 𝑖𝑖 stress range 
level; and 𝑛𝑛𝑏𝑏 is the number of stress range levels. 
 
Employing Equation (1) - (3), the fatigue damage for 
two-segment S-N curve is formulated as follows,   
 

               𝐷𝐷 = 𝑁𝑁0 �
𝑞𝑞𝑚𝑚1

𝑚𝑚1����
𝛤𝛤 �1 + 𝑚𝑚1

ℎ
;  �𝑆𝑆1

𝑞𝑞
�
ℎ
�  

                        + 𝑞𝑞𝑚𝑚2

𝑚𝑚2����
𝛶𝛶 �1 + 𝑚𝑚2

ℎ
;  �𝑆𝑆1

𝑞𝑞
�
ℎ
��   

(4) 

                                                                                                                         
where 𝑁𝑁0 is the annual number of fatigue loading, Γ is 
complementary incomplete Gamma function; Υ s 
incomplete Gamma function; 𝑆𝑆1 is the transition stress 
range of two-segment S-N curve. 
 
2.1 (d) Probabilistic Analysis   
 
Limit state based on S-N approach is formulate as 
 

ℎ1 = ∆ − 𝐷𝐷                                 (5) 
 
where ∆ is fatigue damage at failure. 
 
Main sources of uncertainties associated with S-N 
approach are S-N data and Miner’s rule. It is suggest the 
use of a bias of 1.0 and coefficient of variation (COV) of 
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0.3 for the modelling error caused by inaccuracies of the 
Miner’s rule [6]. The uncertainties associated with S-N 
data are normally indicated in design codes and rules. 
 
2.2 FRACTURE MECHANICS APPROACH 
 
When it comes to inspection and maintenance planning, 
one has to know more details about the fatigue damage 
than the information provided by S-N curves and the 
damage should be measurable by inspection methods. 
Fracture mechanics (FM) represents a more rational tool 
for crack growth analysis, fatigue life prediction and 
inspection planning, as it is based on the physics of crack 
development.  
 
FM formulations express the relationship between crack 
growth rate and the local stress field, which is the driving 
force for crack growth. Paris’ law [7] first relates the 
crack propagation rate to the range of stress intensity 
factor, and is given by 
 

𝑑𝑑𝑚𝑚
𝑑𝑑𝑁𝑁

= 𝐶𝐶∆𝐾𝐾𝑚𝑚,    ∆𝐾𝐾𝑚𝑚ℎ ≤ ∆𝐾𝐾 ≤ 𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚             (6)  
                                        

where 𝑑𝑑𝑎𝑎 𝑑𝑑𝑁𝑁 ⁄  is crack propagation rate; 𝐶𝐶 and 𝑚𝑚 are 
material parameters; 𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚  is material fracture toughness; 
∆𝐾𝐾 is stress intensity factor range;  ∆𝐾𝐾𝑚𝑚ℎ is threshold 
value for the stress intensity factor range. The stress 
intensity factor range ∆𝐾𝐾 is given by 
 

∆𝐾𝐾 = ∆𝜎𝜎𝑌𝑌(𝑎𝑎)√𝜋𝜋𝑎𝑎                           (7) 
                                                          

where 𝑌𝑌(𝑎𝑎) is geometry function and ∆𝜎𝜎 is stress range.  
 
Based on crack size, a limit state function as 
 

ℎ2 = 𝑎𝑎𝑐𝑐 − 𝑎𝑎                                 (8) 
 

where 𝑎𝑎𝑐𝑐  is the critical crack size.  
 
One challenge for applying the FM approach is that the 
resulting crack growth prediction is very sensitive to 
some of input parameters, and statistical information for 
the variables usually not sufficient. Probabilistic methods 
have been recognised to provide a sound theoretical basis 
for treating both inherent variability and modelling 
uncertainty.  
 
2.2 (a) Material Properties 
 
Although influenced by the environment and loading 
condition, the material fracture property parameter 𝐶𝐶 and 
𝑚𝑚 is generally seen as material properties. The 
uncertainties in 𝐶𝐶 and 𝑚𝑚 is believed to be originated 
from the inhomogeneities in material, measurement 
method, procedure and statistical method for parameter 
estimation[8]. In probabilistic analysis, 𝐶𝐶 is typically 
treated as a variable and 𝑚𝑚 is assumed to be constant. 
 
2.2 (b) Stress Range and Geometry Function  
 

The stress range ∆𝜎𝜎 and the geometry function 𝑌𝑌(𝑎𝑎) are 
very important parameters for crack growth and fatigue 
life prediction, as it enters into the formulation with the 
power of 𝑚𝑚. Detailed calculation of the stress range and 
geometry function by finite element modelling however 
is often time consuming. Some recommended geometry 
functions for common welded structural details can be 
found in [9].  
 
2.2 (c) Threshold of Stress Intensity Factor  
 
The threshold value of ∆𝐾𝐾𝑚𝑚ℎ depends on many factors, 
e.g. the stress ratio, loading sequence, residual stresses, 
mean stress, etc. BS7910 [9] recommends using the 
value 63N ∙ mm−3/2 for welded joints. In this paper, the 
threshold is not considered. This is not supposed to 
induce much inaccuracy in prediction, because the effect 
of ∆𝐾𝐾𝑚𝑚ℎ on crack growth prediction is small when a value 
less than 63N ∙ mm−3/2 is used [10]. In addition, the 
threshold is also not considered in S-N approach. 
 
2.2 (d) Initial Crack/Flaw Size 
 
A prerequisite for application of FM approach for fatigue 
analysis is that the sizes of initial cracks are known. 
However, it is not an easy task to obtain distribution of 
initial crack/flaw size for specific applications in 
engineering. The sizes of initial flaws depend on many 
uncontrollable factors in design and manufacture, e.g. 
materials, welding techniques, non-destructive methods, 
quality control procedure and human factors, etc. 
Effective measurements of initial flaws are hard to obtain 
due to sampling and measuring problems. A 
comprehensive review on the studies on the initial flaw 
size can be found at [11].    
 
2.2 (e) Failure Criteria and the Critical Crack Size 
 
As illustrated by Figure 1, the fatigue life and reliability 
results are not very sensitive to small change of the 
critical crack size, because crack develops very quickly 
at the final fracture stage. In engineering practice, critical 
crack size is often set to be equal to the component 
thickness, because the consequence of fracture failure 
typically negligible before through-thickness crack 
occurs. In this paper, the critical crack size is also set to 
be equal to the plate thickness.  
 
2.3 CALIBRATION OF FM MODEL 
 
FM approach provides sound theoretical basis for crack 
growth analysis, based on which inspection activities can 
then optimised with respect to the inspection times, 
methods, and costs. However, it is widely acknowledged 
that the modelling uncertainties associated with FM 
approach are greater than those associated with S-N 
approach, as S-N approach represent a more practical 
approach with plenty of test data. In this regard, it is 
proposed that FM model is calibrated to S-N curves. The 
benefits of calibration are that uncertainties in FM model 
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are reduced, and that consistent safety and reliability 
level is achieved between using FM approach and S-N 
approach. There is however some difference in current 
studies with respect to the calibration criterion and 
calibration procedure. Methods and guidance are given 
by [12] on selecting calibration parameter and criterion 
while taking into account uncertainties associated with 
both FM and S-N approach. In this paper, calibrated FM 
model is used for calculation of initial failure probability.  
 
3. QUALITY OF INSPECTION METHOD 
 
There are detection and measurement uncertainties 
associated with inspection method. To address the 
uncertainties, the performance of inspection methods 
needs to be characterized with probabilistic terms before 
it can be properly integrated into the decision support 
tool for holistic fatigue management.  
 
The detection capability of an inspection method is often 
characterized with the concept of probability of detection 
(PoD). PoD refers to the probability that an existing 
crack can be detected by an inspection method. The 
concept can be understood as follows. The smallest 
detectable crack size 𝑎𝑎𝑑𝑑 characterizes the accuracy of 
any inspection method. However, there are inherent 
uncertainties associated with detecting an existing crack, 
so the parameter 𝑎𝑎𝑑𝑑 is not a constant value. The 
parameter is modelled as a variable with a distribution. 
The probability of detection event can be formulated as  
 

PoD(𝑎𝑎) = 𝑃𝑃(𝑎𝑎 > 𝑎𝑎𝑑𝑑) = 𝑃𝑃(𝑎𝑎𝑑𝑑 < 𝑎𝑎) = 𝐹𝐹𝑚𝑚𝑑𝑑(𝑎𝑎)      (9) 
 

where 𝑎𝑎 is random crack size, and 𝐹𝐹𝑚𝑚𝑑𝑑(𝑥𝑥) is the 
cumulative probability function of 𝑎𝑎𝑑𝑑. From the above 
formulation, it can be seen easily that the PoD curve of 
an inspection method is equal to the cumulative 
probability function of the 𝑎𝑎𝑑𝑑.  
 
4. REPAIR EFFECT 
 
In the context of crack control, repairs are implemented 
to remove cracks, decrease crack size, stop or slow down 
crack growth in order to prolong fatigue life or decrease 
the failure probability within service life. In engineering 
practice, repair decisions on fatigue cracks are often 
made based on industry experience or expert judgement. 
The repair methods that are applied in marine and 
offshore engineering for fatigue cracks include 
 

- Drilling a stop hole 
- Welding 
- Welding plus post-weld treatment 
- Replacement 
- Grinding 

 
The repaired structural details by different repair 
methods generally show different damage states and 
fatigue performances. In the paper, it is assumed that the 
repaired structure has an initial crack size 𝑎𝑎0𝑟𝑟 , the 

distribution of which can be the same as that of the old 
structure or can be a different distribution.  
  
5. ENGINEERING DECISIONS AGAINST 

FATIGUE 
 
5.1 DESIGN DECISION 
 
For fatigue design, fatigue design factor (FDF) is an 
important parameter that needs to be determined which 
indicates design fatigue safety reserve. Traditionally, 
operational inspection and maintenance is not a 
consideration in the fatigue design process. In this paper, 
the decision on FDF is an output of the decision support 
tool in which the FDF is optimized together with 
inspection and maintenance decision. The effects and 
benefits of planned inspection and maintenance activities 
on the structural performance and risk are assessed 
quantitatively before they are actually implemented. 
With explicit quantification of the benefits of afterwards 
inspection and maintenance, more rational decision 
making on the FDF can be achieved. The FDF 
determined by the holistic management tool is optimal 
with respect to life cycle total costs (LCC). 
 
5.2 INSPECTION DECISION 
 
Inspections are recognized as main means of identifying 
damage in structures. Operational inspections helps to 
validate structural design and identify new damage 
developed in service. A complete operational inspection 
plan specifies: 
 

- Where to inspect? 
- How many inspections in lifetime? 
- When to inspect? 
- How to inspect? 

 
5.3 MAINTENANCE DECISION 
 
As inspection results are unknown at the stage of design, 
planned inspection cannot give any useful information 
that can change the failure probability if no action is 
scheduled following inspection results. It is the repair 
activities that ultimately change the structural reliability. 
Following detection of cracks, decision makers have to 
decision on  
 

- Whether to repair the detected cracks? 
- When to repair the detected cracks? 
- How to repair the detected cracks? 

 
6. DECISION MAKING PROCESS 
 
Design and management of marine assets requires 
continual decision making to identify and counteract the 
damage caused by cyclic wave loading so that the risk 
caused by the damage is mitigated and structural 
performance fulfils acceptance criteria. The engineering 
decisions optimized within this decision support tool are 
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fatigue design, inspection and maintenance for marine 
assets. The tool is developed based on qualification of 
failure risk and life cycle total costs, taking into account 
the uncertainties in fatigue loading, structural resistance, 
inspection quality and repair effect. Figure 3 shows the 
framework of the decision support tool. Some essential 
aspects of the tool are describes as follows.  
 

 
 
Figure 3: Decision support tool for holistic management 
of fatigue design, inspection and maintenance 
 
6.1 UNCERTAINTY MODELLING  
  
In order to make optimal decisions regarding fatigue 
design, inspection and maintenance, uncertainties 
affecting structural fatigue performance and failure risk 
should be identified. Parameters with high degree of 
uncertainties and have significant effects on the failure 
probability are modelled as variables. 
 
6.2 OPTIMIZATION PARAMETERS 
 
These are parameters that characterize the design, 
inspection and maintenance decisions, made to mitigate 
failure risk. In the meanwhile, measures set by the 
decisions typically involve heavy costs, and the net 
benefits that could be brought by those measures are 
dependent on the values of optimization parameters. 
These parameters are of great interest for decision 
makers and are outputs of the decision making model.  
 
6.3 PERFORMANCE INDICATOR 
 
It is an indicator based on what decision makers evaluate 
structural performance. The repair criterion is defined 
based on the performance indicator, and then optimised 
within decision support tool. Degradation of performance 
indicator under fatigue loading and the effect the planned 
inspection and maintenance on the performance indicator 
are explicitly assessed and formulated.    
 
6.4 OPTIMIZATION OBJECTIVES 
 

A basic objective for any engineering project is that the 
costs for the project are as low as possible. This paper 
addresses concerns about the whole service lives of 
marine assets, so an economic objective is that the life 
cycle total costs associated with design and operation of 
a marine asset are as low as possible. Requirement on the 
target failure probability can also be integrated. 
 
6.5 CALCULATION OF PROBABILITIES 
 
The initial failure probability is formulated with 
probabilistic FM approach. The planned inspections and 
associated repairs may decrease the failure probability. In 
order to formulate with updated failure probability, the 
probability of inspection and the probability of repair is 
formulated based on event tree analysis.  
 
6.6 SOLVING STRATEGY 
 
This refers to the strategy to find the optimization 
parameters time-efficiently. With the increase of the 
number of parameters, the complexity and difficulty in 
solving the problem increases, which necessitates 
introducing reasonable simplifications and some 
optimization techniques.   
 
7. AN APPLICATION EXAMPLE 
 
A typical fatigue-prone welded T joint is optimized with 
respect to the fatigue design, inspection and maintenance. 
For simplification, the same inspection method, magnetic 
particle inspection (MPI), is used in all inspections in the 
lifetime. The PoD is given by 
 

𝑃𝑃𝑃𝑃𝐷𝐷 = 𝐹𝐹𝑚𝑚𝑑𝑑(𝑎𝑎) = 1 − exp(−𝑎𝑎𝑑𝑑 𝑚𝑚𝑑𝑑⁄ )                   (10)   
                                                                        

where 𝑚𝑚𝑑𝑑 is the mean value of 𝑎𝑎𝑑𝑑. The mean value is 
about 0.89mm for MPI [1]. Other parameters and 
variables can be found in Table 1. The variables are 
material property 𝐶𝐶, initial damage size 𝑎𝑎0, uncertainty in 
calculation of stress range 𝐵𝐵, and the detectable crack 
size  𝑎𝑎𝑑𝑑  of MPI.  
 
Two cases regarding the degree of uncertainty associated 
with log10 𝐶𝐶 and 𝐵𝐵 are studied: low degree (LU) and 
high degree (HU) of uncertainties. The standard 
deviations (SD) in the LU case are shown in Table 1. The 
standard deviations are doubled in the HU case. 
 
Cost structure is an input of the decision support tool. 
Four cost structures are applied in this example (CS1, 
CS2, CS3 and C4) and listed in Table 2 to represent 
different types of assets in terms of different cost ratios. 
The direct unit design cost 𝑐𝑐𝑑𝑑  is assumed to be in 
proportional with relative plate thickness 𝑇𝑇� = 𝑇𝑇 − 𝑇𝑇0, i.e. 
 

𝑐𝑐𝑑𝑑 = 𝑐𝑐𝑑𝑑0 ∙  𝑇𝑇�                                        (11) 
 

The direct unit inspection and repair cost 𝑐𝑐𝑖𝑖  and 𝑐𝑐𝑟𝑟 are 
given as ratio to the cost of failure 𝑐𝑐𝑓𝑓 . 
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In order to best understand the trade-off between 
investment in design for safety and in operational stage, 
equal time inspection interval is applied and the repair 
criterion is that detected cracks are repair immediately. 
The distribution of repaired crack size is the same as the 
distribution of initial crack size. The optimization 
parameters are FDF and inspection interval ∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖. 
 
Parameter Distribution Unit Mean SD 
log10 𝐶𝐶 Normal N−4·mm5.5 -12.74 0.11 
𝑚𝑚 Deterministic - 3.0 - 
𝐵𝐵 Normal - 1.0 0.15 
𝑁𝑁0 Deterministic cycle 5 × 106 - 
log10 𝑎𝑎1��� Deterministic N4·mm−6 11.855 - 
log10 𝑎𝑎2��� Deterministic N4·mm−6 15.091 - 
𝑚𝑚1 Deterministic - 3 - 
𝑚𝑚2 Deterministic - 5 - 
𝑇𝑇𝑆𝑆𝑆𝑆 Deterministic year 30 - 
𝑇𝑇0 Deterministic mm 25 - 
𝑎𝑎0 Exponential mm 0.04 0.04 
𝑎𝑎𝑑𝑑 Exponential mm 0.89 0.89 
 

Table 1: Input parameters and variables 
 
Cost structure 𝑐𝑐𝑑𝑑0 𝑐𝑐𝑓𝑓⁄  𝑐𝑐𝑖𝑖 𝑐𝑐𝑓𝑓⁄  𝑐𝑐𝑟𝑟 𝑐𝑐𝑓𝑓⁄  
CS1 0.01 0.01 0.1 
CS2 0.001 0.001 0.01 
CS3 0.0001 0.0001 0.001 
CS4 0.001 0.0001 0.001 
 

Table 2: Four cost structures 
 
8. RESULTS AND DISCUSSTIONS 
 
8.1 OPTIMAL SOLUTION 
 
It is found from Table 3 that with the increase of failure 
cost, the optimal solution is to increase the FDF and keep 
long inspection interval ∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 (with 2 inspections in 
lifetime) for the case of low degree of uncertainties in 
crack growth (LU) and low design cost. This is true even 
for the case 𝑐𝑐𝑖𝑖 𝑐𝑐⁄ 𝑓𝑓 = 0.0001. However, with the cost of 
design increase one order of magnitude, the optimal 
solution is to decrease the FDF and decrease ∆tins 
(increase the number of inspections). For the case of high 
degree of uncertainties (HU) and low design cost, the 
optimal solution is to increase the FDF and 
decrease ∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖. The optimal value of FDF decreases 
significantly with the cost of design increase one order of 
magnitude. High degree of uncertainties in the stochastic 
of crack growth generally requires bigger FDF and more 
frequent inspections. For some cost structures (CS1, 
CS4), only the FDF increases and the ∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 stays the 
same. 
 

 CS1 CS2 CS3 CS4 
LU (3,10) (5,10) (9,10) (1,3) 
HU (7,10) (11,6) (15,5) (3,3) 

 

Table 3: Optimal design and maintenance solution (FDF 
and ∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖) under different cost structure and degree of 
uncertainties in the stochastic of crack growth 
 
8.2 THE MINIMUM LCC 
 
From Table 4, it can be seen that the minimum life cycle 
total costs (MLCC) increase slightly with the increase of 
failure cost for the case of LU. This means that the 
optimal design and maintenance solutions are able to 
keep the MLCC and failure risks increase little with the 
significant increase of failure cost. For the case of HU, 
the MLCC is more difficult to control as indicated by 
Table 4. Table 5 lists the life cycle total costs 
corresponding to the cases in Table 4 but without any in-
service inspection (WLCC). Table 6 gives the ratios of 
MLCC to WLCC. It is clearly shown that with the 
increase of failure cost, the ratio drops quickly, which 
implies with the increase of failure cost, the effectiveness 
and the benefits of the in-service inspections increase 
quickly. 
 

 CS1 CS2 CS3 CS4 
LU 11.26 12.33 13.86 14.70 
HU 15.28 19.89 23.90 43.20 

 
Table 4: The minimum life cycle total costs (MLCC) 
under different cost structure and degree of uncertainties 
in the stochastic of crack growth 
 

 CS1 CS2 CS3 CS4 
LU 21.87 95.22 239.10 6226.10 
HU 23.50 134.18 932.80 3382.50 

 
Table 5: Life cycle total costs corresponding to the cases 
in Table 4 but without in-service inspection (WLCC) 
 

 CS1 CS2 CS3 CS4 
LU 51.5% 12.9% 5.8% 0.2% 
HU 65.0% 14.8% 2.6% 1.3% 

 
Table 6: The ratio of MLCC to WLCC under different 
cost structure and degree of uncertainties in the 
stochastic of crack growth 
 
8.3 RELIABILITY INDEX  
 
It is shown by Table 7 that the reliability achieved by the 
optimal design and maintenance solution increases with 
the increase of failure cost, and decreases with the 
increase of design cost. By comparing the CS3 with CS4 
in Table 3, 4 and 7, it is interesting to find that with the 
increase of design cost in CS4, the optimal FDF 
decreases, the optimal ∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 decreases (more inspections 
are scheduled), which leads to more LCC in CS4 than 
that in CS3, but on the contrary the reliability index 
achieved in CS4 is lower than that in CS3. 
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 CS1 CS2 CS3 CS4 
LU 2.77 3.33 4.06 3.54 
HU 1.98 2.98 3.44 2.83 
 
Table 7: The reliability index 𝛽𝛽 achieved by the optimal 
design and maintenance solution under different cost 
structure and degree of uncertainties in the stochastic of 
crack growth 
 
8.4 SENSITIVITY ANALYSIS  
 
It can be seen from Figure 4 that the reliability index β 
decreases with the increase of inspection interval ∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖. 
With respect to the life cycle total costs, it can be seen 
from Figure 6 that there is an optimal ∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖=6 which 
results in the minimum life cycle total costs 𝐿𝐿𝐶𝐶𝐶𝐶𝑚𝑚𝑖𝑖𝑖𝑖 =
19.89. Generally, with the increase of inspection 
interval ∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖, the expected costs of maintenance 𝐶𝐶_𝑀𝑀 
decrease, but the expected costs of failure 𝐶𝐶_𝐹𝐹 increase 
dramatically. However, if the inspection intervals lead to 
the same number of inspection, the expected costs of 
maintenance 𝐶𝐶_𝑀𝑀 for larger inspection interval is more 
that for smaller inspection interval. For example, for 
∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖=6 and 7, the inspection number is both 𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖 = 4; 
for ∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖=8 and 9, the inspection number is both 𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖 =
3. The expected costs of maintenance 𝐶𝐶_𝑀𝑀 for ∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 = 7 
are more than that for ∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 = 6. The same law applies to 
∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖=8 and 9. This is because longer inspection interval 
means implement inspection later and the probability of 
detection and repair would be higher, so if the inspection 
number is the same, the expected costs of maintenance 
𝐶𝐶_𝑀𝑀 would be more. 
 

 
 
Figure 4: Sensitivity of the reliability index 𝛽𝛽 with the 
inspection interval ∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 (HU, CS2, FDF=11) 
 

 
 
Figure 5: Sensitivity of the reliability index β with the 
fatigue design factor (HU, CS2, ∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖=6) 
 
It can be seen from Figure 5 that the reliability index β 
increases with the increase of fatigue design factor 
(FDF). With respect to the life cycle total costs, it can be 
seen from Figure 7 that there is an optimal FDF=11 
which results in the minimum life cycle total 
costs 𝐿𝐿𝐶𝐶𝐶𝐶𝑚𝑚𝑖𝑖𝑖𝑖 = 19.89. With the increase of FDF, the 
costs of design 𝐶𝐶_𝐷𝐷 increase, the expected costs of 
maintenance 𝐶𝐶_𝑀𝑀 and the expected costs of failure 𝐶𝐶_𝐹𝐹 
decrease. However, the costs of design, the expected 
costs of maintenance and failure and the LCC are 
generally not very sensitive to large FDF.  
 

 
 

Figure 6: Sensitivity of the expected costs of design 𝐶𝐶_𝐷𝐷, 
maintenance 𝐶𝐶_𝑀𝑀, and failure 𝐶𝐶_𝐹𝐹 with the inspection 
interval ∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 (HU, CS2, FDF=11) 
 

 

Figure 7: Sensitivity of the expected costs of design 𝐶𝐶_𝐷𝐷, 
maintenance 𝐶𝐶_𝑀𝑀, and failure 𝐶𝐶_𝐹𝐹 with the fatigue 
design factor FDF (HU, CS2, ∆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖=6) 
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