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1. Abstract

The proper life-cycle management of naval ship structures under uncertainty is best conducted
through an integrated and well-coordinated life-cycle framework. This framework can support
the rational decision making process and help the planning for future inspection, monitoring,
and/or maintenance actions. Additionally, the framework should be capable of modeling the
continuous performance deterioration of naval ship structures that occurs due to aging effects as
well as different environmental and mechanical stressors. Accordingly, this research project,
sponsored by the U.S. Office of Naval Research, was conducted at Lehigh University to build a
framework for the probabilistic analysis of ship structures in terms of reliability, redundancy,
fatigue, material deterioration, damage detection, monitoring, and inspection optimization.

The work on this project began on August, 1%, 2008 with an intensive literature review and
study of the topics related to the performance assessment and monitoring of ship structures.
Topics related to ultimate bending strength and fatigue have been covered in this review-study
process. Next, the acquired concepts have been investigatced, put at work, and new developments
have been accomplished. Research work has been performed on four fronts:

1- Bending ultimate strength reliability and monitoring

2- Fatigue reliability and monitoring

3- Cost-effective monitoring planning under uncertainty

4- Optimization of monitoring and inspection strategies.

This report describes the work accomplished by the PI (Dan M. Frangopol) and his co-workers
(Nader Okasha, Graduate Research Assistant (Ph.D 2010); Kihyon Kwon, Graduate Research
Assistant (Ph.D 2011); Sunyong Kim, Graduate Research Assistant (Ph.D 2011); Alberto Deco,
Graduate Research Assistant; Benjin Zhu, Graduate Research Assistant; Duygu Saydam,
Graduate Research Assistant; Mohamed Soliman, Graduate Research Assistant; Andre Orcesi,
Visiting Research Associate; Paolo Bocchini, Postdoctoral Research Associate; Hao Tian,
Visiting Research Scholar) during the period August 1st, 2008 — June, 30th , 2012.

2. Introduction

The objective of this research is the development of an integrated life-cycle framework for
maintenance, monitoring and reliability of naval ship structures. The steps of the envisioned
framework are described in Fig. 1. In this framework, tools for structural performance
assessment and prediction, structural health monitoring (SHM), integration of new information
(from SHM and/ or inspection), and optimization of strategies (maintenance, monitoring, ... etc.)
are required. It is clear that the process begins with the assessment and future prediction of the
structural performance. In fact, life-cycle performance assessment is the backbone of the
framework. Uncertainty is an integral component in all aspects of this (or any) life-cycle
management framework (Frangopol and Okasha 2008). A rational probabilistic methodology is
of vital importance for properly treating these uncertainties.

The modeling, assessment, and performance prediction of ship structures over time is by its
very nature complex and uncertain. Uncertainty in modeling of structures and randomness in
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loading phenomena dictate the use of probabilistic methods in life-cycle analysis. Because
models that treat this issue are very sensitive to changes in their input parameters, structural
health monitoring (SHM) provides a powerful and needed mechanism to reduce uncertainty, to
calibrate, and to improve structural assessment and performance prediction models. Ultimately,
optimal decisions are to be made that ensure the continuous safety of structural systems with
minimum expected total life-cycle cost. Only a proper integrated probabilistic framework would
yield such optimum decisions.

The implementation of the framework described above to ship structures is supported with
highly motivating reasons. Randomness in load effects imposed on ship structures in rough seas
and highly uncertain complex structural behavior are examples of these motivating reasons. This
framework is expected to significantly reduce the risks associated with ship structural
performance and reduce the costs required to achieve and maintain an adequate reliability level
of ship structures over their service lives.

" LIFE-CYCLE INTEGRATION

Optimal Decision

Optimum Maintenance-
Monitoring-Management

Existing and New Civil
Infrastructure Systems :

Health Monitoring &
Ince 5

e AT ... 8
Structural Performance
Assessment & Prediction
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Figure 1. Schematic sketch of a life-cycle integrated management framework
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3. Bending ultimate strength reliability and monitoring

A review of the available ship hull ultimate strength analysis methods showed a trade off among
these methods in accuracy and computational cost. Since the probabilistic aspects are captured
by means of simulation, which require the calculation of the strength a large number of times, a
fast and accurate method for analyzing the ship hull is required. In order to obtain this required
computational speed and accuracy, a novel deterministic method for the calculation of the
ultimate strength of the ship hull is developed. This method is fundamentally based on the
original incremental curvature method (Smith 1977). In this method, the ship hull cross section is
discretized into elements, each composed of a longitudinal stiffener and its attached plate.
Stresses in the hull section are determined using the constitutive models of these elements as
found in IACS (2008). The constitutive models take into account the various possible failure
modes of stiffened panels. Initial imperfections are also taken into account (Ozgiic et al. 2006).

For a given curvature, the bending moment of the section is determined in a way similar to
that of the rigorous incremental curvature method. However, instead of finding the ultimate
strength by incrementing the curvature, the ultimate strength is found by an optimization search
algorithm. The curvature is treated as a design variable and the objective is to find the curvature
that maximizes the bending moment. The method is shown to be as accurate as the rigorous
incremental method but with significantly less computational time. The method is then applied
with a Latin hypercube sampling simulation. The output sample is tested against several potential
distributions. The parameters of these distributions are found by the maximum likelihood
estimate method. Goodness-of-fit tests are performed to determine the best fit distribution.
Eventually, the best fit probability distribution of the ultimate strength of the ship hull is
provided.

The loading effects that have been considered so far are the still water and wave induced
bending moments, and their equations have been found from the IACS (2008). Appropriate
corrosion wastage models have been identified and adopted from the literature (Wang et al.
2008, Akpan et al. 2002). These tools have enabled the calculation of the time-variant reliability
of ships with respect to the ultimate strength. However, structural redundancy, a subject that
attracted a good deal of research in the area of bridges, has been found to the best of our
knowledge to be lacking research for ship structures. The treatment of redundancy requires
calculation of first failure reliability as well. It was found that the most efficient method to use
for the calculation of the first failure flexure strength of ships is Hughes’ method (1983). He
developed a simple progressive collapse method for the calculation of the ultimate strength of
ships based on the assumption that after each stiffened panel fails it has no strength and it sheds
its entire loads onto the other stiffened panels. This assumption has no bearing on the calculation
of the first failure load since the failure of the first panel is the terminating point in such
calculation. The capability of calculating the first failure strength by closed-form solution is the
reason for choosing this method, which significantly expedites the simulation process for the
reliability calculations.

A program has been developed in MATLAB and linked to other programs to perform the
above calculations. The time-variant ultimate reliability of a case study has been conducted and
the results are shown in Fig. 2 for the hogging case. Subroutines for the time-variant first failure
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reliability and redundancy are included. The program also has the ability to incorporate a set of
data provided by a monitoring system.

Developing a procedure for updating the time-variant reliability and redundancy using
structural health monitoring is accomplished. It is recognized that numerous monitoring systems
for ships exist or have been implemented. Even though the general concepts of the framework
are applicable to potentially any monitoring system, the fine details of the procedure will depend
on the case study provided. Given that structural reliability is computed based on the resistance
of the structure under a given load effect, the first step in this procedure is concerned with the
impact of SHM on the structural response aspect. In essence, the simultaneous readings of the
strain measured at the provided locations can be used to determine the strain distribution over the
cross section and then converted to bending moments using nonlinear constitutive material
relationships. Variance of measured bending moment can be found from correlation studies of
the different sensor readings. This procedure will enable real-time updating of the structural
reliability. In addition, using appropriate statistical analysis, such as statistics of extremes,
updating of the reliability for long term prediction is studied.
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Figure 2. Reliability of the ship hull with respect to ultimate hogging bending moment.

4. Fatigue reliability and monitoring

At present, lifetime assessment and management for naval ship structures is an extremely
important issue. Under consideration of potential deterioration mechanisms, fatigue is one of
common deterioration processes of vessels. In recent years, a variety of structural health
monitoring (SHM) methodologies have been proposed and developed to collect more reliable
information for structural performance estimates and reliability prediction for fatigue. However,
efficient applications of SHM for assessing time-variant structural reliability are still in their
infancy. In addition, finding the most appropriate fatigue detail associated with the defined
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category in the SN-Curve Specifications is still an essential challenge. Clearly, integration of
SHM concepts and technologies into structural performance assessment and management will
assist the preservation of long-term structural performance with optimal maintenance-
management actions in a cost-effective manner. For this purpose, this part of the research aims to
develop a procedure for fatigue reliability assessment and performance prediction of ship
structures that integrates a real-time monitoring system for optimal management of ships and
comprises the following tasks: (a) investigation of fatigue detail and potential ship loads for
fatigue; (b) time-variant fatigue reliability assessment based on SHM on the component and
system levels; and (c) reliability-based life-cycle optimal management of naval ship structures
based on SHM.

The potential applications of reliability assessment and performance prediction by using
monitoring were first investigated. Based on literature surveys, necessary information was
collected in both terms: fatiguc resistance (capacity) detail for establishing SN-curve and load
effect (demand) during ship operation including low frequency wave-induced, high frequency
dynamic (slamming, whipping, springing), and/or still-water loading (Fain and Booth 1979,
Munse et al. 1984).

To demonstrate the devcloped concepts, actual stress history of Sca-Land Mclean (SL-7) was
used. The monitoring recorded the complete load history including wave-induced and dynamic
stresses in mid-ships, during a five-year period under service on Atlantic and Pacific. Actual
monitoring data were converted into the relationship between number of cycles and stress range
with average wave period of 7.5 second and interval of 0.5 ksi. Several probability density
functions (PDFs) were used to capture uncertainty of ship loading (see Fig. 3(a)). As shown in
Fig. 3(b), lifetime fatigue assessment and prediction on the component level were conducted
using the following steps: (a) investigating fatigue details of structural members; (b) developing
PDFs in loading; (c¢) estimating mean and standard deviation of equivalent stress range; (d)
determining average daily number of cycles and ship operation rate per year; (e) predicting
annual cumulative number of cycles; and (f) evaluating fatigue reliability.
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Figure 3. Fatigue reliability assessment and prediction associated with different PDF's
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The partial safety factors (PSFs) which contain strength reduction and load amplification
factors, were computed to provide a more conservative design SN-curve, especially, to new ship
structures where experience is limited (see Fig. 4).

This part of the research is associated with fatigue reliability assessment and performance
prediction on the component level based on monitoring. Efficient updating strategies regarding
fatigue details of steel or aluminum and potential ship loading conditions can be considered to
predict fatigue lifetime more effectively. Consequently, time-variant reliability assessment and
prediction can be carried out on the system level as well. The following information is needed to
pursue the goals of this research: (a) information on respective structural details (e.g.,
dimensions, SN categories, geometries); (b) available loading information collected from
monitoring (e.g., long-term monitoring data, sensor locations); and (c) necessary requirements of
naval ship structures (e.g., expected ship lifetime, target performance level, typical repair
options).
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Figure 4. SN-Curve of steel ship structures
5. Cost-effective monitoring planning under uncertainty

In order to ensure the structural reliability and extend the service life of deteriorating ship
structures, significant efforts related to establishing cost-effective maintenance strategies have to
be made. These efforts enable management programs to maintain the required reliabilities and
extend the service life of ship structures. The service life can be defined as the expected time
period until the structural performance will reach a predefined threshold. Considering
uncertainties rclated to the quantities associated with the structural deterioration, the service life
can be predicted as shown in Fig. 5.

Although much effort has been made to assess and predict the structural performance under
uncertainty, the reliability assessment using monitoring data has been studied only recently. The
application of structural health monitoring (SHM) can have a great potential in cost-effective
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maintenance by reduction of uncertainty (Frangopol and Messervey 2007, 2009a, b). The general
formulation of the expected life-cycle cost is (Frangopol et al. 1997):

Cpr =CT+CPM+C1NS‘+CREP+CF e))

where C7 = initial cost, Cpys = the expected cost of routine maintenance, Cyys = the expected cost
of inspection, Crep = the expected cost of repair, and Cr = the expected cost of failure. If SHM is
applied, the expected total cost will be (Frangopol and Messervey 2007)

CET,M = C; i C;M iy C;NS i C;wr + C; + CM (2)

where the superscript * indicates costs in Eq.(1) affected by monitoring, and Cy = expected
monitoring cost. The benefit of SHM, Bjon, can be captured through a comparison of the
expected life-cycle total cost with and without monitoring by subtracting Eq.(1) from Eq.(2).
Unless code-driven and using cost as the criterion, monitoring would only be justified if Byo > 0,
meaning that monitoring is cost-effective.
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Figure 5. Service life under uncertainty

In order to justify the use of SHM cost-effectively, a bi-objective optimization problem with
two conflicting criteria has been formulated and solved. These objectives aim to find an optimum
balance between the monitoring costs and the availability of monitoring data for prediction. The
availability of monitoring data for prediction can be defined as the probability that the
monitoring data can be usable in the future to predict the structural performance. The availability
of monitoring data is formulated using a regression function based on the data (Kim and

Frangopol, 2009). The expected average availability E(Z) during the period of ¢ days can be

derived as:
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where ry = daily discount rate of money; and » = total number of monitoring periods over a
prescribed investigated time period (in days).

The two conflicting objectives are defined as maximization of the expected average
availability defined in Eq. (3) and minimization of the total monitoring cost in Eq. (4). The
design variables are monitoring duration £, and prediction duration 7.
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The proposed approach is illustrated as follows. The two design variables considered, ¢ and
Im, are assumed between 50 days and 500 days, and the prescribed investigated time period is
assumed as 1,825 days (i.e., 5 years). It is also assumed that monitoring cost is $10,000 during
80 days (ie., C, = $10,000 and ¢, = 80 days). Through the genetic algorithm with 100
generations, 1,000 Pareto solutions are obtained as shown in Fig. 6a, considering the daily
discount rate of money r; = 0.016 %. The design variables (i.e., monitoring duration ¢, and
prediction duration f) of five representative solutions A, B, C, D, and E indicated in Fig. 6a are
shown in Fig. 6b. Figure 6¢ shows the associated monitoring schedules and required monitoring
costs for each of the five representative solutions. For solution A, the required monitoring
duration and prediction duration are f, = 62 days and ¢ = 305 days, respectively, and the
associated monitoring cost during the prescribed investigated time period of 1,825 days is
$34,575 (see Fig. 6¢). If E(Z) has to be 0.6 (i.e., solution C), the monitoring duration and
prediction duration have to be 78 days and 88 days, respectively, and the expected total
monitoring cost has to be $94,245 (see Fig. 6¢). The optimum monitoring planning resulting
from the proposed approach, such as in solutions A through E, can be used as an initial
monitoring strategy.

6. Optimization of monitoring and inspection strategies

Lifetime functions have been successfully employed in life-cycle performance evaluation of
structures (Yang et al. 2004, 2006a,b). The impact of monitoring or inspecting the structure is
modeled by an updating of the PDF of time to failure through a Bayesian process. Conditioning
on past safe performance affects the future failure probability knowing that the structure survived
during the monitoring period. Moreover, the longer the structure is monitored, the more accurate
the information is and therefore the more effective the updating is. Visual inspections are subject
to greater uncertainties than monitoring. Therefore, the provided information is less accurate and
the updating of the PDF of time to failure is less effective. An optimization procedure is used to
establish incentive for an efficient monitoring and/or inspection planning. Inspection/monitoring
and expected failure costs are minimized simultaneously.

The main objective of structural management systems is to spend the minimum possible
amount of financial resources while keeping the structures safe and serviceable. Therefore, the
objective of the optimization is to find optimal times and locations for monitoring, and optimal
times for inspections when monitoring is not justified. Indeed, some components of the structure
might need to be monitored very often and others might only need to be inspected at some times.
There are three possible options available for the structural evaluation; namely, to do inspections
only, monitoring only, or both. When considering these three strategies individually, the optimal
solution can be searched by minimizing both the cumulative owner costs including the
cvaluation strategy costs (inspection and/or monitoring costs); and minimizing the cumulative
expected failure costs at the end of service life. This approach can provide the long term
optimum inspection/monitoring schedule for a structure knowing only the survivor function of its
components. It is then possible to consider the benefit of monitoring.

11
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An approach for the inspection and monitoring planning for fatigue sensitive details is
proposed in this research project. This approach uses the linear elastic fracture mechanics to
predict the time dependent crack growth. Next, it finds the optimum inspection and monitoring
times which minimizes the damage detection delay simultaneously with minimizing the total
inspection and monitoring cost. From the safety point of view, damage detection with less delay
will lead to more effective repair actions. However, reducing the delay in the damage detection
requircs the increase in the number of inspections and/or the inspection qualities. When
monitoring is used for damage detection and evaluation, decreasing the damage detection delay
would require a corresponding increase in the monitoring duration and/or the number of
monitoring actions. This increase in the number or qualities of those actions would require
additional financial resources. Therefore, the well-balanced inspection and monitoring
scheduling is best performed as a bi-criterion optimization problem with the goals of minimizing
both the damage detection delay and the inspection and monitoring cost.

Inputs of the optimization problem include the damage evolution model parameters,
inspection and monitoring costs, and qualities of available inspection methods. The output of
such optimization problem is in the form of a Pareto-optimal solution set in which each point in
the set represents a feasible management plan. Each plan gives the optimum inspection times,
inspection quality, monitoring times, and monitoring duration. The solution of such problem
considered all the available combinations for a selected combined number of inspection and
monitoring actions. Each combination is considered as an individual optimization problem and
the final Pareto solution set is obtained by integrating the solutions of all possible combinations.
For example, selecting a total number of monitoring and inspections of two will result in four
possible combinations, in which two inspections, inspection then monitoring, monitoring then
inspection, and two monitoring actions can be performed. These cases are referred to as Case I,
Case 11, Case 111, and Case IV, respectively. The four possible cases along with schematics for
the resulting Pareto optimal solution sets are shown in Fig.7

Applying this optimization scheme to the joint between the longitudinal stiffener and the
bottom plate of the hull structure results in the Pareto optimal set presented in Fig. 8. Figure 9
shows the combined management plans resulting from the optimization problem in which the
design variables (i.e., inspection times, inspection qualities, monitoring times, and monitoring
durations) and the corresponding objective function values (i.e., life-cycle cost and expected
damage detection delay) are given for selected solutions.

12
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Figure 9. Combined inspection/monitoring plans for solutions B; — B, in Fig.8

Along the research period, several results have been obtained and published in peer-reviewed
journals [1-8]. The following sections present a brief summary of these journal papers [1-8] as
well as papers presented at the American Society of Naval Engineers Fleet Maintenance &
Modernization Symposium (FMMS 2011) [8] and the Eleventh International Conference on Fast
Sea Transportation (FAST 2011) [9].

Efficient method based on optimization and simulation for the probabilistic strength
computation of the ship hull (Nader M. Okasha and Dan M. Frangopol. (2010). “Efficient
method based on optimization and simulation for the probabilistic strength computation of the
ship hull,” Journal of Ship Research, SNAME). For the full paper see Appendix 1. The abstract is
provided below.

The accurate computation of the strength of a ship hull is vital for ensuring its reliability. Taking
into account the uncertainties in the material properties and fabrication details requires a
probabilistic approach for the determination of the strength of the ship hull. This study proposes
an efficient approach for the determination of the probabilistic strength of the ship hull. First, a
novel deterministic method for the fast and accurate calculation of the strength of the ship hull is
presented. In this method, stresses in the hull section are determined using the constitutive
models of the stiffened panels. These models take into account the various possible failure
modes and initial imperfections. The ultimate strength is found by an optimization search
algorithm. The method is shown to be as accurate as the rigorous incremental curvature method
but with significantly less computational time. The method is then applied with a Latin-
hypercube sampling simulation, and the output sample is tested against several potential
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distributions. The best-fit probability distribution of the ultimate strength of the ship hull is
provided.

Time variant redundancy of ship structures (Alberto Deco and Dan M. Frangopol. (2011).
“Time variant redundancy of ship structures,” Journal of Ship Research, SNAME). For the full
paper see Appendix 11. The abstract is provided below.

An efficient procedure for the computation of the redundancy of ship structures is presented. The
changes in the redundancy due to corrosion section loss over time are also studied. Moreover,
uncertainties associated with structural geometry, material properties, and loading, are accounted
for. In order to calculate the redundancy index, the probability of failure of the first component
and the probability of ultimate failure of the whole hull girder must be evaluated. The probability
of failure is computed using a hybrid Latin Hypercube - second-order reliability method (SORM)
technique. The deterministic analyses during the simulations are conducted using an optimization
approach for computing the ultimate bending strength of the whole hull girder and the
progressive collapsc method for computing the first bending failure.

Integration of structural health monitoring in life-cycle performance assessment of ship
structures under uncertainty (Nader M. Okasha, Dan M. Frangopol, and Alberto Deco. (2010).
“Integration of structural health monitoring in life-cycle performance assessment of ship
structures under uncertainty,” Marine Structures, Elsevier). For the full paper see Appendix III.
The abstract is provided below.

In this paper, an approach for integrating the data obtained from structural health
monitoring (SHM) in the life-cycle performance assessmentof ship structures under
uncertainty is presented. Life-cycle performance of the ship structure is quantified in terms of the
reliability with respect to first and ultimate failures and the system redundancy. The performance
assessment of the structure is enhanced by incorporating prior design code-based knowledge and
information obtained by SHM using Bayesian updating concepts. Advanced modeling
techniques are used for the hull strength computations needed for the life-cycle
performance analysis. SHM data obtained by testing a scaled model of a Joint High-speed
Sealift Ship is used to update its life-cycle performance.

Reliability analysis and damage detection in high speed naval crafts based on structural
health monitoring data (by Okasha, N., Frangopol, D.M., Saydam, D., and Salvino, L.W.
(2011). “Reliability analysis and damage detection in high speed naval crafts based on structural
health monitoring data,” Structural Health Monitoring, Sage Publication). For the full paper see
Appendix IV. The abstract is provided below.

Current and future trends in naval craft design are leaning towards the development of high-
speed and high-performance vessels. Lack of information on wave induced loads for these
vessels presents a challenge in ensuring their safety that is best tackled with monitoring
operational loads and detecting damage via structural health monitoring systems. These
monitoring systems, however, require efficient statistical and probabilistic procedures that are
able to effectively treat the uncertainties inherent in the massive volumes of collected data and
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provide interpretable information regarding the reliability and condition of the craft structure. In
this paper, an approach for using Structural Health Monitoring (SHM) data in the reliability
analysis and damage detection in high speed naval crafts (HSNCs) under uncertainty is
presented. This statistical damage detection technique makes use of vector autoregressive
modeling for detection and localization of damage in the ship structure. The methodology is
illustrated on an HSNC, HSV-2. Data obtained from seakeeping trials of HSV-2 were treated as
the SHM data mentioned above.

Fatigue performance assessment and lifetime prediction of high-speed ship structures
based on probabilistic lifetime sea loads (Kwon, K., Frangopol, D.M., and Kim, S. (2010).
“Fatigue performance assessment and lifetime prediction of high-speed ship structures based on
probabilistic lifetime sea loads,” Structure and Infrastructure Engineering, Taylor & Francis (in
press)). For the full paper see Appendix V. The abstract is provided below.

This paper focuses on estimating probabilistic lifetime sea loads for high-speed ship structures
with the aim of assessing their fatigue performance and predicting lifetime from available data.
Lifetime performance assessment and prediction for naval ship structures are extremely
important issues. In particular, understanding the effect of sea loading on naval high-speed
vessels is still a challenge. Potential lifetime load effects including low frequency wave-induced
and high frequency slam-induced whipping loadings are investigated in this paper, and lifetime
sea loads are estimated by using a probabilistic approach. Clearly, integration of probabilistic sea
loads into structural reliability assessment and lifetime prediction will provide a more reliable
estimation of the long-term structural performance. Accordingly, this study presents an approach
for fatigue reliability evaluation of ship structures based on the estimated lifetime sea loads.
Loading information associated with sea states, ship speeds, and relative wave headings are
obtained from a Joint High-speed Sealift Ship monohull structural seakeeping trials, while the S-
N curves are established based on British Standards.

Optimum inspection planning for minimizing fatigne damage detection delay of ship hull
structures (Sunyong Kim and Dan M. Frangopol. (2011). “Optimum inspection planning for
minimizing fatigue damage detection delay of ship hull structures,” International Journal of
Fatigue, Elsevier, 33(3):448—459). For the full paper see Appendix VI. The abstract is provided
below.

Fatigue is one of the main factors which can produce cracks, and lead to failure of ships. For
these structures, damage occurrence and propagation due to fatigue are affected by the action of
sea water waves and the sea environment as well as operation, fabrication, and modeling of ship
structures under uncertainties. In order to efficiently maintain the safety of ship structures,
an optimum inspection plan should be made by considering these uncertainties using a
probabilistic approach. In this paper, such an approach is presented and applied to ship hull
structures subjected to fatigue. The resulting inspection plan is the solution of an optimization
problem based on the minimization of expected fatigue damage detection delay. Damage
detection delay will produce the maintenance delay which, in turn, is likely to endanger the
serviceability and even the survival of the structure. The formulation of the expected damage
detection delay includes uncertainties associated with damage occurrence, propagation,
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and detection. The effects of the quality and number of inspections on the optimum inspection
planning are investigated. A well-balanced inspection planning is considered as a solution of an
optimization problem with two conflicting criteria. This well-balanced inspection
planning provides optimum  inspection types  and  times.  Furthermore, the  cost-
effective inspection plans are designed to provide the optimum strategy either by considering a
single type or multiple types of inspections.

Probabilistic bicriterion optimum inspection/monitoring planning: Application to naval
ships and bridges under fatigue (Sunyong Kim and Dan M. Frangopol.
(2012). “Probabilistic bicriterion optimum inspection/monitoring planning: Application to naval
ships and bridges under fatigue,” Structure and Infrastructure Engineering, Taylor & Francis).
For the full paper see Appendix VII. The abstract is provided below.

Initiation and propagation of fatigue cracks in steel structures induced by repetitive actions are
highly random due to both aleatory and epistemic uncertainties related to material properties,
loads, damage, modeling and other factors. For this reason, a probabilistic approach is necessary
to predict the fatigue crack growth damage. This study presents a probabilistic approach for
combined inspection/monitoring planning for fatigue-sensitive structures considering
uncertainties associated with fatigue crack initiation, propagation and damage detection. This
combined inspection/monitoring planning is the solution of an optimization formulation, where
the objective is minimizing the expected damage detection delay. Furthermore, this formulation
is extended to a bicriterion optimization considering the conflicting relation between expected
damage detection delay and cost. A set of Pareto solutions is obtained by solving this bicriterion
optimisation problem. From this set, a solution can be selected balancing in an optimum manner
inspection and monitoring times, quality of inspections, monitoring duration, and number of
inspections and monitorings. The proposed approach is applied to a naval ship and a bridge
subjected to fatigue.

Integrated life-cycle framework for maintenance, monitoring, and reliability of naval ship
structures (Frangopol, D.M., Bocchini, P., Deco, A., Kim, S., Kwon, K., Okasha, N.M., and
Saydam, D. (2012). “Integrated life-cycle framework for maintenance, monitoring, and
reliability of naval ship structures,” Naval Engineering journal, Wiley). For the full paper see
Appendix VI1II. The abstract is provided below.

In the field of Naval Engineering, the use of life-cycle analyses associated with the concept of
aging and time-dependent reliability has gained momentum lately. In this regard, the U.S. Office
of Naval Research supports a project at Lehigh University focused on the development of an
integrated life-cycle framework for ship reliability assessment, redundancy estimation, damage
detection, and optimum inspection planning.

This paper presents some of the results obtained at Lehigh University within this project, with
emphasis on structural health monitoring and life-cycle analysis under uncertainty.

Life-cycle ship reliability assessment, damage detection, and optimization (Frangopol, D.M.,

Bocchini, P., Deco, A., Kim, S., Kwon, K., Okasha, N.M., Saydam, D., and Salvino L.W. (2011).
“Life-cycle ship reliability assessment, damage detection, and optimization,” Proceedings of the
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Eleventh International Conference on Fast Sea Transportation (FAST 201 1), Honolulu, Hawaii,
USA, September 26-29 (in press)). For the full paper see Appendix 1X. The abstract is provided
below.

This paper collects a body of scientific results obtained at Lehigh University, under the
sponsorship of the U.S. Office of Naval Research. The aim of the entire research project was to
build a general framework for the probabilistic analysis of ship structures in terms of reliability,
redundancy, fatigue, material deterioration, damage detection, monitoring, and inspection
optimization. Several articles published in international peer-reviewed journals by the first author
and his co-workers address the previously mentioned sub-topics. This paper provides an
overview of the results, presents the integrated approach that is being developed, and suggests
future lines of research.

7. Conclusions

This research project aims to develop an integrated life-cycle framework for maintenance,
monitoring and reliability of naval ship structures. The work has begun on August, 1%, 2008.
Since then, and through an intensive review and study of the literature, members of the research
team have accomplished the necessary understanding of ship structural performance and
analysis.

In reference to the envisioned framework described in Fig. I, the important tools in this
framework have been established. Means for cffective evaluation of ship life-cycle ultimate and
fatigue performance under uncertainty have been developed and program codes were formulated.
In addition, methodologies to optimize the scheduling and cost effectiveness of inspection and
monitoring have been proposed.

A new optimization-based technique for computing the probabilistic hull strength has been
proposed (see Appendix 1). The proposed approach treats the moment curvature relationship as a
non-linear implicit function to be optimized. Any given curvature is associated with a
corresponding flexural capacity that is evaluated by applying the method recommended by
IACS. Hence, the value of the curvature, that maximizes its associated bending moment, is found
by applying an optimization search algorithm. Indeed, among a large number of discrete values
of curvature, in few steps, the flexural capacity is evaluated in order to determine which of such
discrete values provides the maximum bending moment. The clear difference is that instead of
obtaining a complete moment-curvature curve, only few values are evaluated and the procedure
ends when the maximum moment is found. This approach was able to reduce the computational
time and to provide results that are as accurate as the ones of the incremental curvature method.
This approach was further implemented to evaluate the time dependent redundancy of naval
vessels (see Appendix 11).

A rational computational platform for inclusion of monitoring and inspection information in
the framework has been investigated, by which the predicted performance is updated. Case
studies that help generate and test this methodology were analyzed (see Appendices 11l and V).
Specifically, what is needed are the main characteristics and particulars including geometry,

18



Final Report to ONR N00014-08-1-0188
Integrated Life-Cycle Framework for Maintenance, Monitoring, and Reliability of Naval Ship Structures

dimensions of plates and stiffeners, frame spacings at midship, material elasticity and yield
strengths, and fatigue details at the sensor locations in addition to tabulated sensor readings for
the given ship case study.

It is recognized that numerous monitoring systems for ships exist or have been implemented.
Event though the general concepts of the framework should be applicable to potentially any
monitoring system, the fine details of the procedure will depend on the case study provided.
Given that structural reliability is quantified based on the resistance of the structure and its
response to a given load effect, the first step in this process is concerned with the impact of SHM
on the structural response aspect. In essence, the simultaneous readings of the strain measured at
the provided locations can be converted to bending moments using nonlinear constitutive
material relationships. Variance of measured bending moment can be found from correlation
studies of the different sensor readings. The procedure enables real-time updating of the
structural reliability.

An approach for fatigue reliability assessment and lifetime prediction of high-speed ship
structures based on the probabilistic lifetime sea loads estimated from model test data was
proposed (see Appendix V). The S-N approach to the identified structural details was used to
estimate structural capacity in the fatigue reliability evaluation, whereas model test data were
used to estimate probabilistic lifetime sea loads in terms of load effects. Under uncertainties
associated with fatigue resistance and loading history, two PDFs (i.c., Lognormal, Weibull) were
used. The unfiltered (raw) data collected on a scaled JHSS monohull were used to establish stress
range bin histogram using peak counting method and to illustrate the proposed approach.

Additionally, inspection and monitoring scheduling for fatigue sensitive naval vessels was
investigated. An approach for establishing the inspection schedule which minimizes the expected
damage detection delay was proposed (see Appendix VI). Furthermore, the approach was
extended to yield the optimum combined inspection and monitoring schedules which
simultaneously minimizes the damage detection delay and the total inspection and monitoring
costs (see Appendix VII). Appendices VIII and IX provide an overview of the established
integrated probabilistic framework.

The journal papers written by the Pl and his co-workers collectively deal with four
applications. The first one is the HSV-2 high speed naval craft, wave piercing catamaran [2, 4].
The second application is a joint high-speed sealift ship (JHSS) [2, 3, 5]. Data for this application
were collected on a scaled down model reported by Devine (2009) in a briefing of the recently
completed JHSS monohull and trimaran structural seaways loads test program. The third
application is a typical mono-hull tanker section [6,7]. Finally, a sample hull was used to
demonstrate the methodology presented in paper [1]. The main research topics that have been
addressed are reliability, redundancy, structural health monitoring, fatigue, damage detection,
and optimization. In [8, 9], an overview of the probabilistic integrated framework is provided
along with the most interesting results obtained throughout the research project.

The matrix in Fig. 10 provides a graphical representation of the topics covered and
applications presented by each journal article resulting from this research project.
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Figure 10. Matrix of topics and applications reported in seven journal papers [1-7] 1esultmg from ONR Project
N00014-08-1-0188.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

Nader M. Okasha and Dan M. Frangopol. Efficient method based on optimization and
simulation for the probabilistic strength computation of the ship hull. Journal of Ship
Research, 54(4):244-256, 2010 (Appendix I).

Alberto Deco, Dan M. Frangopol and Nader M. Okasha, (2011). Time-variant redundancy
of ship structures. Journal of Ship Research, 55(3):208-219, 2011 (Appendix II).

Nader M. Okasha, Dan M. Frangopol, and Alberto Decd. Integration of structural health

monitoring in life-cycle performance assessment of ship structures under uncertainty.
Marine Structures, 23(3):303-321, 2010 (Appendix III).

Nader M. Okasha, Dan M. Frangopol, Duygu Saydam, and Liming W. Salvino. Reliability
analysis and damage detection in high-speed naval craft based on structural health
monitoring data. Structural Health Monitoring, 10(4): 361-379, 2011 (Appendix IV).

Kihyon Kwon, Dan M. Frangopol, and Sunyong Kim. Fatigue performance assessment and
service life prediction of high-speed ship structures based on probabilistic lifetime sea loads.
Structure and Infrastructure Engineering, in press and already available online, DOIL:

10.1080/15732479.2010.524984 (Appendix V).

Sunyong Kim and Dan M. Frangopol. Optimum inspection planning for minimizing fatigue
damage detection delay of ship hull structures. International Journal of Fatigue, 33(3):448—
459,2011 (Appendix VI).

Sunyong Kim and Dan M. Frangopol. Probabilistic bicriterion optimum
inspection/monitoring planning: Application to naval ships and bridges under fatigue.

Structure and Infrastructure Engineering, 8(10): 912-927, 2012 (Appendix VII).

Dan M. Frangopol, Paolo Bocchini, Alberto Decod, Sunyong Kim, Kihon Kwon, Nader M.
Okasha, Duygu Saydam, Integrated life-cycle framework for maintenance, monitoring, and
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reliability of naval ship structures, Naval Engineering Journal, 124(1): 89-99, 2012
(Appendix VIII).

[91 Dan M. Frangopol, Paolo Bocchini, Alberto Deco, Sunyong Kim, Kihon Kwon, Nader M.
Okasha, Duygu Saydam, and Liming W. Salvino. Life-cycle ship reliability assessment,
damage detection, and optimization. In Proceedings of the 11" International Conference on
Fast Sea Transportation - FAST 2011, Honolulu, HI, USA, September 26-29, 2011
(Appendix 1X).
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Nader M. Okasha and Dan M. Frangopol
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Lehigh Universily, Bethlehem, Pennsylvania

The accurate computation of the strength of a ship hull is vital for ensuring its reliability.
Taking into account the uncertainties in the material properties and fabrication details
requires a probabilistic approach for the determination of the strength of the ship hull.
This study proposes an efficient approach for the determination of the probabilistic
strength of the ship hull. First, a novel deterministic method for the fast and accurate
calculation of the strength of the ship hull is presented. In this method, stresses in the
hull section are determined using the constitutive models of the stiffened panels. These
models take into account the various possible failure modes and initial imperfections.
The ultimate strength is found by an optimization search algorithm. The method is
shown to be as accurate as the rigorous incremental curvature method but with signif-
icantly less computational time. The method is then applied with a Latin-hypercube
sampling simulation, and the output sample is tested against several potential distribu-
tions. The best-fit probability distribution of the ultimate strength of the ship hull is

provided.

Keywords: hull form; longitudinal strength; stress analysis; resistance (general)

1. Introduction

EsSENTIALLY, the overall structure of a ship is a beam—a floating
box girder that is internally stiffened and subdivided—in which the
decks and bottom structure are flanges and the side shell and any
longitudinal bulkheads are webs (Hughes 1983). The maximum
value of the hull girder bending moment is the single most impor-
tant load effect in the analysis and design of ship structures (Hughes
1983). Although a combination of vertical and horizontal bending
moments are expected while the ship is in service, the levels of
horizontal moments are often small and for practical purposes it
may be appropriate to deal only with the vertical bending moment
(Guedes Soares & Teixeira 2000). Hull girder vertical bending is
referred 1o as either “hogging” or “sagging” depending on the sense
of curvature that it causes (Hughes 1983).

Deterministic methods for calculating the strength of the ship
hull are numerous. Even though uncertainties are present in many
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of the input variables and may have large influence in the strength
calculation, the literature lacks studies of the strength analysis of
ship hulls that explicitly accounts for these uncertainties and pro-
vides means to probabilistically determine the strength of ships.
Furthermore, ship structural design has been moving toward proba-
bility-based design in recent years (Guedes Soares et al. 1996),
stressing the need of treating the strength of ships probabilistically.

A review of the available ship hull strength analysis methods
conducted in the next section shows a trade-off among these
methods in accuracy and computational cost. Since the probabilis-
tic aspects are captured by means of simulation, which require the
calculation of the strength a large number of times, a fast and
accurate method for analyzing the ship hull is required. Hess and
Lua (2003) used a hybrid simulation-FORM approach to compute
the reliability of various ships. However, in their simulation, the
rigorous incremental curvature method was used, which can
become computationally very expensive when performed repeti-
tively in simulations. This study presents a novel deterministic
method for the calculation of the strength of the ship hull, which
when performed repetitively in simulations provides a significant
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saving in computation time. In this method, the ship hull cross
section is discretized into elements, each composed of a longitu-
dinal stiffener and its attached plate. Stresses in the hull section
are determined using the constitutive models of these elements.
The constitutive models take into account the various possible
failure modes of stiffened panels. Initial imperfections are also
taken into account. For a given curvature, the bending moment of
the section is determined in a way similar to that of the rigorous
incremental curvature method. However, instead of finding the
ultimate strength by incrementing the curvature, the ultimate
strength is found by an optimization search algorithm. The curva-
ture is treated as a design variable, and the objective is to find the
curvature that maximizes the bending moment. The method is
shown to be as accurate as the rigorous incremental method, but
with significantly less computational time.

The method is then applied with a Latin hypercube sampling
simulation. The output sample is tested against several potential
distributions. The parameters of these distributions are found by
the maximum likelihood estimate method. Goodness-of-fit tests
are performed to determine the best-fit distribution. Eventually,
the best-fit probability distribution of the ultimate strength of the
ship hull is provided. For the sake of computational time compar-
ison between methods, all calculations in this paper are performed
on the same computer (with Intel Core 2 Duo CPU and E8200
with 2.66 GHz and 3.25 GB of RAM) and with the same software,
namely MATLAB (MathWorks 2008a,b).

2. Deterministic methods for the hull strength
analysis

The earliest attempt to develop an analytical ultimate strength
method including both material yielding and buckling was made
by Caldwell (1965). In his model, it was assumed that the entire
material in compression has reached its ultimate buckling strength,
while full yielding was assumed for the material in tension. The
ultimate strength of the material in compression is found using a
structural instability strength factor. Faulkner (1975) developed a
design method to calculate this reduction factor. Paik and Mansour
(1995) further developed the approach to treat the cases where:
(a) the yield strengths of the tension flange and the side material
are not necessarily the same, (b) the ultimate strengths of the com-
pression flange and the side material are not necessarily the same
either, and/or (c) double-hull arrangements are considered. Several
similar simple methods have been developed over the years. How-
ever, it may not always be the case where the entire cross section
reaches its ultimate capacity. The material in the vicinity of the final
neutral axis will often remain in the elastic state up to the overall
collapse of the hull girder (Paik & Mansour 1995). Accordingly,
Paik and Mansour (1995) suggested a simple closed-form solution
for the calculation of the ultimate bending moment of the ship hull
based on a likely distribution of longitudinal stresses over the hull
cross section at the overall collapse state. The stress distribution in
the immediate vicinity of the final neutral axis was assumed linear.

Even though the Paik and Mansour (1995) method is fast and
with reasonable assumptions, the idealizations made may well
affect the accuracy of the results. However, it may be a speedy
and convenient alternative to the more accurate and rigorous ana-
lytical methods of analysis. The most accurate and most general
method is by incremental finite element analysis of the entire hull
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module (Chen et al. 1983, Kutt et al. 1985), but the computational
requirements both in modeling the structure and computing time
are too great (Gordo et al. 1996, Hughes 1983). Besides, conver-
gence difficulties are often encountered in the procedure (Smith &
Pegg 2003). Alternatively, the idealized structural unit method can
be used as an effective tool for nonlinear analysis of large struc-
tures (Mansour 1997). The total number of elements and nodal
points in this method is much smaller than those associated with
the finite element method. However, a good deal of idealizations
of the geometric and material nonlinear behavior is involved.

For practical design purposes, Smith (1977) developed a hybrid
finite element-incremental curvature method that derives the
moment-curvature curve for the complete hull. While this method is
based on finite element results for each stiffened panel, Gordo et al.
(1996) used simple analytical formulas to model this behavior. The
International Association of Classification Societies has integrated
this method into its common structural rules (IACS 2008). Ozgiic
etal. (2006) developed equations to account for initial imperfections
in the stiffened panels that can be used with the incremental curvature
method. Further details of the rigorous incremental curvature method
taking into account initial imperfections are given in the next section.

3. Incremental curvature method

The following is a brief description of the rigorous incrementat
curvature method based on the guidelines in IACS (2008). In this
approach, the ultimate hull girder bending moment capacity is
defined as the peak value of the moment curvature curve of the
ship cross section. The steps involved in obtaining the moment
curvature curve are explained as follows (IACS 2008):

Step 1. Divide the hull girder transverse section into structural
elements, that is, longitudinal stiffened panels (one stiffener
per element) and hard comers.

Step 2. Derive the stress-strain curves (or so-called load-end
shortening curves) for all structural elements.

Step 3. Derive the curvature step size Ak, which is to be taken
as1% of the yield curvature. Determine the elastic neutral
axis location. Use it for the first incremental step.

Step 4. For each element, calculate the strain as £; = k; (z; —
NA;) corresponding to k;, the corresponding stress o;; (see
next section for more details), and hence the force in the
element a;A;, where z; and A; are the centroid and area of
element j, respectively, and NA; and «; are the neutral axis
and curvature at increment /, respectively.

Step 5. Determine the new neutral axis position NA; by
checking the longitudinal force equilibrium over the whole
transverse section. Hence, adjust NA; until the force at incre-
ment i is F; = 2A;0; = 0.

Step 6. Calculate the corresponding moment by summating the
force contributions of all elements as

M; = %AjO’,‘j(Zj — NA,‘)

Step 7. Increase the curvature by Ak, use the current neutral
axis position as the initial value for the next curvature incre-
ment and repeat from step 4 until the maximum required
curvature, kg (given as three times the yield curvature) is
reached. The ultimate capacity is the peak value from the
M-« curve. If the peak does not occur in the curve, then kg is
to be increased until the peak is reached.
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Two remarks can be made with respect to the above procedure.
First, the elastic portion of the curve can be obtained by scaling
the result of the analysis up to the value of the moment at which
the first member failure occurs (Hughes 1983) or by using the
yield curvature K, as given by the IACS formula (IACS 2008)

My
Ky = El (l)

where M, is the vertical bending moment given by a linear elastic
bending stress of yield in the deck, given as My = So, where § is
elastic section modulus, gy is the yield stress, E is the modulus of
elasticity, and / is the hull girder moment of inertia. Second, it is
noted that the above description does not explain how the neutral
axis is to be adjusted in order to achieve equilibrium in step 5 (i.e.,
it does not provide guidance on an iterative scheme for modified
NA, until F; = 2A;0; = 0). A systematic approaching for achiev-
ing this equilibrium is given in a later part of this paper. An
efficient and fast approach is essential in the probabilistic strength
analysis. Further details are given in later sections of this paper.

4. Stress-strain curves including initial imperfections

In order to account for initial imperfections for stiffened panels,
the effective width bg of the panel is multiplied by reduction fac-
tors. This approach was first introduced by Guedes Soares (1988).
In this paper, formulas proposed by Ozgiic et al. (2006) are used as

¢ = beRaR.RyR-R, )

where bf; is the imperfect width of stiffened plate, b is the effec-
tive width of the perfect stiffened plate, Ry is a reduction factor
due to initial deflection, R, is a reduction factor due to welding
induced residual stress, Ry is a reduction factor due to yielding, R,
is a reduction factor due to shear stress, and R, is a reduction
factor due to lateral pressure load. In this study, initial imperfec-
tions only due to initial deflection and welding-induced residual
stress are considered. The reduction factors that account for these
imperfections are expressed as (Qzgiic et al. 2006):

Ry = 1.0—0.2323f(\)2(B) 3)

0.015 for 0<A<0.35

SO = { —1.03+ 2341\ — 1.3440% + 02128 for A > 0.35

4)

10.818 + 0.204p — 5.177p%
4.594 — 0.8058 + 0.255p2
6.404 — 1.847B + 0.371B2
5.435 — 1.213B + 0.202p2

for l<B<1.5

for 1.5<pB<2.0 5)
for2.0<B<2.5

for 2.5<p<4.0

g(B) =

s
8.1(B — 1.901)> + 1

Ri=10— [ 6)

where p = /o, is defined as the normalized welding residual
stress, @ is the welding residual stress, oy is the yield stress, 8 is
the slenderness ratio, and X\ is the beam-column slenderness ratio.
Expressions for the other reduction factors can be found in Ozgiic
et al. (2006).

The following is a procedure for generating the stress-strain
curves of stiffened panels based on the JACS (2008). The only
mode of failure for stiffened panels under tensile load is the
elastic-perfectly plastic failure mode. The equation describing the
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stress-strain curve a-g or the elastoplastic failure of these struc-
tural elements is

o = day, @)
where

-1 fore<< —1

b=<¢e for —1<e<1 (8)
1 fore >1
_EE

f= it 9)
Oy

=2 1

Sy E (0)

where o is the element stress, @ is the edge function, £ is the
relative strain, € is the element strain, €, is the strain correspond-
ing to yield stress in the element, oy is the specified minimum yield
stress of the material, and E is the elastic modulus of the material.

The primary modes of failure of a stiffened panel subject to
predominantly axial compressive loads are the beam-column
buckling, torsional buckling, web local buckling of flanged pro-
files, and web local buckling of flat bars (IACS 2008). The equa-
tion describing the shortening portion of the stress-strain curve for
the beam column buckling of stiffeners is

As + bgt
= —_ 11
OCr1 GC'(AS'*‘S’) ( )
where
gg—l for Of £ %8 )
gc) = G.E o (12
= =4y
c.r_\.(] Z_Lo'm) for o) > > €
w2EI,
e — 1
3 ywe (13)

where Ag is the area of the stiffener without attached plating,
s is the plate breadth taken as the spacing between the stiffeners,
t is the thickness of attached plating, o¢ is the critical stress, o,
is the Euler column buckling stress, /; is the moment of inertia of
stiffeners with attached plating of width bgg, which is defined as

< for B, > 1.0

bes = { Po (14)
s forpB,<1.0
28 ETy
BP Ty E (15)

where [ is the span of stiffener equal to the spacing between the
primary support members, and Ag is the area of stiffeners with
attached plating of width by:p, which is defined as

(@_%)s for B, > 1.25
Bp BP
s for Bp<1.25

bep = (16)

The equation describing the shortening portion of the stress-
strain curve for the torsional buckling of stiffeners is

oepy = D (ASGCZ + Sl()'cp)

A + st )

JOURNAL OF SHIP RESEARCH

34



where

a.
E for 0'525—%8
ayl1— 4—LGEZ for og2 > =i
225 125 for B, >1.25
b= ( By muae >"y it (19)

oy for 3,<1.25

The equation describing the shortening portion of the stress-
strain curve for the web local buckling of flanged stiffeners is
bept + depwitw + bgts
ocr3 =P
st 4 dytw + brtg

(20)

where d,, is the depth of the web, 1,, is the thickness of the web, by
is the breadth of the flange, ; is the thickness of the flange, dgw is
the effective depth of the web and is defined as

225 1.25
(IEW — W i E dw for BW >1.25 (21)
dy for By <1.25
dy [eo
BW el A pist & (22)

tw V E

The equation describing the shortening portion of the stress-
strain curve for the web local buckling of flat bar stiffeners is

stocp + AsOcq
oany = b 222 LL70) (23)
where
ggfﬁ for ops < %Xs (24)
Oc4 = ayE o

O'y(l —-Zat) for Op4 > —sz
12

og4 = 160,000 (d_w> (25)
w

For each structural element, the stress corresponding to a given
element strain is to be taken as the minimum stress value from all
applicable stress-strain curves for that element (TACS 2008).

5. Optimization-based ultimate strength calculation

In order to obtain results at least as accurate as (he results of the
incremental curvature method but with a significant reduction in
computing time, a new approach is proposed in this section. In fact,
this approach shares most of the features and steps of the incremen-
tal curvature method. The distinct difference is that instead of
incrementing the curvature to obtain a complete moment-curvature
curve, from which the ultimate moment is found, an optimization
search algorithm is used with a goal of finding the ultimate moment
in a few steps.

In essence, the moment-curvature relation can be viewed as a
nonlinear function of a single continuous variable M(k), where the
variable is the curvature k. A value of the curvature k exists at
which the bending moment of the section is maximum. In the
sense of optimization, the incremental method is an enumerative
search technique in which the curvature variable is discretized to a
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large number of values at which M(k) is evaluated to determine
which of these discrete values gives the maximum moment.

As a result of discretizing the continuous curvature variable,
there is always a risk that the true maximum moment lies between
two discrete curvature points. Needless to say, this risk is reduced
by reducing the size of the increments, in turn increasing the
number of discrete curvature points. However, this only comes
with a higher computational cost. Furthermore, there is a wide
range of search techniques regularly employed in optimization
applications that are much more efficient than the enumerative
search technique (Arora 2004).

Prior to starting the search process, steps 1 and 2 from the
previous section need to be performed. The problem of finding
the maximum bending moment of a ship hull cross section may be
described by the following single objective nonlinear optimization
problem

Given: Ship section dimensions and material properties ~ (26a)
Find: x (26b)

To Maximize: |M(k)| (26¢)

Suchthat: x> 0 (for sagging) (26d)

k < 0 (forhogging) (26e)

Thus, the curvature k is the design variable and M(k) is the
“implicit” objective function to maximize. The objective function
is implicit in the sense that its explicit dependence on the design
variable is not known (Arora 2004). In fact, for each value of the
curvature K, the function M(k) is evaluated by performing steps 4,
5, and 6 from the previous section.

A choice of the search algorithm needs to be made. MATLAB
offers a variety of search algorithms that can be used for optimi-
zation applications. In this study, two MATLAB optimization
functions are used; namely fiuincon and fminbnd. Among the
various algorithms available by finincon, the sequential quadratic
programming method is implemented herein. At each major itera-
tion, an approximation is made of the Hessian of the Lagrangian
function using a quasi-Newton updating method. This is then used
to generate a quadratic programming subproblem whose solution
is used to form a search direction for a line search procedure
(MathWorks 2008a). On the other hand, the algorithm available
by fminbnd is not based on derivatives. Instead, it uses the golden-
section search and parabolic interpolation. It solves for a local
minimum in one dimension within a bounded interval. It is worth
mentioning that the order of magnitude of the default tolerance for
the design variables in MATLAB is larger than that required for
the curvature design variable, which may be as small as 10'9, and
has to be reset accordingly.

At each iteration of the search process, the objective function
M(x) is evaluated (by performing steps 4, 5, and 6 from the pre-
vious section) at least once. Once again, the location of the neutral
axis needs to be found in step 5. This requires finding the value of
the neutral axis that creates a stress distribution over cross section
that satisfies longitudinal force equilibrium. Therefore, the longi-
tudinal force resultant can be understood as a nonlinear function
of one variable (i.e., the neutral axis location) and the objective is
to find the root of this function. MATLAB offers the ability to do
so using the function fzero (MathWorks 2008a). This function
uses a combination of bisection, secant, and inverse quadratic
interpolation methods. However, this function is only efficient

JOURNAL OF SHIP RESEARCH 247

35



when the initial trial value provided is near the root. In the case of
the incremental curvature method, the initial trial value is used as
the neutral axis of the previous increment, which is near the
current increment. However, because of the rapid movement of
the neutral axis in the inelastic range, it is difficult to guess an
initial trial value in the optimization search case since the design
points may be far apart. Therefore, a custom subroutine was pro-
vided to solve the problem using the Newton-Raphson method for
solving nonlinear equations (Arora 2004). In order to add further
insurance to the performance of the subroutine against undesired
divergence of the solution, a bounding range is specified for the
values of the neutral axis. This bound takes values between zero
and the depth of the cross section of the ship hull. If the search
attempts to cross these bounds, or the number of iterations exceeds
a given threshold, a new trial point is drawn randomly from a
uniform distribution with parameters zero and the depth of the
cross section of the ship hull.

The efficiency and speed of the optimization may well be
improved by imposing bounds on the curvature design variable,
A reasonable lower bound is the yielding curvature. The value
of the maximum curvature specified by the TACS (2008) for
the incremental method, (i.e., three times the yield curvature)
may be reasonably used as an upper bound. Therefore, the prob-
lem becomes a constrained optimization specified as

Given: Ship section dimensions and material properties  (27a)
Find: « (27b)

To Maximize: [M (k)| (27¢)

Suchthar: k<3, and k >k, (forsagging) (27d)

k > —3kyandk < — ky(forhogging) (27e)

To illustrate the proposed approach, a large-scale box girder
example is investigated using both the curvature incremental
method and the optimization approach. This box girder was orig-
inally tested experimentally by Dowling et al. (1973) and analyti-
cally investigated by others (Gordo & Guedes Soares 1996).
Details of the box girder are given in Fig. 1 (Hughes 1983). The
upper flange consisted of five in line panels 787 mm in length, the
yield stresses of the compression flange, tension flange, web, and
stiffeners are 298, 298, 211.6, and 276.5 N/mm?, respectively, and

ALL DIMENSIONS ARE IN mm
L = ] T ] s
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—>|e— 338 ’ 279
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f——— 1219 T4>|

Midsection of Dowling's box girder model tested in sagging
(adapted from Hughes 1983)

Fig. 1
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the moduli of elasticities of these members are 208,500, 208,500,
216,200, and 191,500 N/mm?, respectively (Hughes 1983). Initial
deflections and an initial normalized residual stress ratio of 0.18
are considered (Hughes 1983). A computer program was devel-
oped to calculate the ultimate strength of ships using the incre-
mental curvature method described in the previous section and
was used to generate the moment curvature curve for the box
girder considered. The results are shown in Fig. 2. The maximum
sagging bending moment is obtained as the peak of the curve to be
152284 x 10°N - mm.

The maximum sagging bending moment is now found using
both MATLAB functions fininbnd and fmincon. Figure 3 shows
the progress of the iterations in both finincon and fminbnd over the
moment-curvature curve. The initial design iteration is selected
automatically be MATLAB. Note that some iteration results are
not shown due to lack of space in the figure. Comparison between
the results of the two methods and the incremental curvature
method is provided in Table 1.

Table 1 shows that the optimization approaches are able to find
the solution much faster than the incremental method approach. It
can be seen, however, that the incremental method requires a short
amount of time anyway, and thus for a deterministic one-time
analysis the speed advantage of using optimization may not be sig-
nificant. This advantage becomes significant when the strength has
to be calculated a large number of times, such as in a simulation,
and with systems more complex than the box-girder considered.
Table 1 also shows that the optimization requires significantly
fewer function evaluations than the incremental method.

It is also clear in Table 1 that finincon requires fewer iterations
than fininbnd but more function evaluations and longer computa-
tional time. This is because derivative-based search algorithms such
as the sequential quadratic programming implemented in fimincon
converge faster to the optimum solution than nonderivative-based
algorithms such as the golden section and parabolic interpolation
methods used in fininbnd. However, the approximation made of the
Hessian of the Lagrangian function using a quasi-Newton updating
method requires additional function evaluations. Furthermore,
Jfrminbnd obtained a higher maximum moment than fmincon. For
a simple convex problem such as finding the peak of a moment

16
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Fig. 2 Results of the incremental method for the box girder model
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Fig. 3 Results of the optimization method for the box girder model
using (A) golden section and (B) sequential quadratic programming

curvature function, a nonderivative-based algorithm such as that
used by fminbnd is sufficient.

6. Latin-hypercube sampling and distribution fitting

Monte Carlo simulation is routinely used for uncertainty and
sensitivity analysis of model outputs in a wide spectrum of
scientific disciplines (Morgan & Henrion 1990). Any realistic
uncertainty analysis, however, calls for the availability of a repre-
sentative distribution of such outputs and can become extremely
expensive in terms of both time and computer resources in the case
of complex models and simple random sampling (Kyriakidis 2005).

McKay et al. (1979) suggested an alternative method of gener-
ating random samples that they call Latin hypercube sampling
(Stein 1987). It is an intelligent alternative to simple random
sampling, and a special case of stratified random sampling, which
yields a more representative distribution of model outputs (in
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Table 1 Comparison of the incremental method, fminbnd, and
fmincon details for the box girder model

Ultimate
Number of  Number of Sagging
Increments Function Moment Computation
Method or Iterations  Evaluations (N - mm) Time (sec)
Incremental 117 117 1.52284 x 10° 1.48
method
Fminbnd 11 12 1.540738 x 10° 0.23
Fmincon 6 19 1.540273 x 10° 0.31

terms of smaller sampling variability of their statistics) for the
same number of input simulated realizations (Kyriakidis 2005).
This sampling technique allows the reduction of the number of
necessary samples to reach a certain level of confidence (Neves
et al. 2006) and saving both time and computer resources com-
pared with Monte Carlo simulation.

Latin hypercube sampling has received numerous develop-
ments over the years. Today, various techniques are available
(Iman & Conover 1982, Stein 1987, Owen 1994, Olsson et al.
2003). The following is an algorithm for the Latin hypercube
sampling of correlated and/or uncorrelated random variables
based on Olsson et al. (2003):

1. Generate the N X K matrix P where N denotes the required
number of realizations and K denotes the number of random
variables, in which each of the X columns is a random
permutation of 1, .., N. Also generate the N X K matrix R of
independent random numbers from the uniform (0,1)
distribution.

2. Generate the matrix Y by dividing the elements of P, p;;, by the
number of realizations plus 1, and mapping them on the Gauss-
ian distribution with mean zero and standard deviation one as

1= DL (WP
Yij = (I)(O,l) <N+ 1)

where <I)(_Ofl)is the inverse of the cumulative standard normal
distribution function.

(28)

3. Estimate the covariance matrix of Y and Cholesky decompose
it as

LL = cov(Y) (29)
where L is lower triangular and cov(Y) is covariance of Y.
4. Compute a new matrix Y* as
Yy =YL (30)
if the variables are statistically independent and
Y =y@")L" (31)

if they are correlated, where L is the lower triangular matrix from
the Cholesky decomposition of the target correlation matrix.

5. Generate the matrix P*, where its elements are the ranks of the
elements of the columns of Y#*,
6. Generate the matrix S as
S =

(P* —R) (32)

2| =
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Fig. 4 Probability density function of the maximum sagging bending
moment of the box girder mode!

7. Transform each element of S to the respective element of the
marginal distribution X as

xij = Fy' (s) (33)

where F ! is the inverse cumulative distribution of random
variable x;. Each vector x; = [x;; X5 ... X;x] contains input data
for one deterministic computation.
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The correlation of the sample will approach the target correla-
tion exactly if the random variables are Gaussian and approxi-
mately if the random variables are non-Gaussian. An iterative
algorithm may be employed to improve the correlation in the
non-Gaussian case (Olsson et al. 2003).

The outcome sample of the bending moment is used to find the
most appropriate probability distribution of the strength of the
ship hull and its parameters. The distributions considered in this
study are the normal, lognormal, Weibull, and Type I extreme
value distributions. The maximum likelihood estimate method is
used to estimate the pertinent parameters of these probability
distributions. This is done using the distribution fitting functions
of MATLAB (MathWorks 2008b).

Details of the statistical characterization of the inherent un-
certainties associated with material properties and fabrication
details can be found in numerous references (Paik & Frieze 2001,
Mansour & Hovem 1994, Atua 1998, Atua et al. 1996, Assakkaf
1998, Assakkaf et al. 2000). The details of the strength random
variables considered in this study are as follows. The plate thickness
t and yield strength o follow a normat distribution with coeflicients
of variations (COV) of 0.05 and 0.10, respectively, and the Young’s
modulus E follows a lognormal distribution with COV of 0.03
(Paik & Frieze 2001). The different components of the ship hull
(such as the different stiffeners) potentially have different material
properties. However, it is most likely that these components are
produced by the same manufacturer. Therefore, in this study, a
correlation coefficient of 0.8 is assumed among the random vari-
ables (i.e., t, o, and E) of the components with different material
properties.
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Fig. 5 Probability plots for the maximum sagging bending moment of the box girder mode!
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Table 2 Results of the one-sample Kolmogorov-Smirnov (K-S) test for the maximum sagging moment of the box girder and the
maximum likelihood estimates (p = 0.8)

Normal Lognormal Weibull Type I Extreme Value
Parameter 1 1.538457 x 10° 21.15074 1.596660 x 10° 1.601857 x 10°
Parameter 2 1.250356e x 10° 0.08137556 12.47801 1.310436 x 10®
K-S statistics 0.0145 0.0089 0.0607 0.0771
P value 0.0289 0.4096 1.7703 x 10732 3.7543 x 1072
Hypothesis rejected? Yes No Yes Yes
Table 3 Results of the one-sample Kolmogorov-Smirnov (K-S) E 1.8] 7
test for the maximum sagging moment of the box girder and the E | 3 0
maximum likelihood estimates (p = 0.0, 0.8, 1.0) o, 1_55 2 ey
S, 2\
Coefficient of Correlation =14 / N
= | 3
00 0.8 1.0 Z 12/ / <2
Distribution Lognormal Lognormal Lognormal g L {.-" R
Parameter 1 21.15172 21.15074 21.15048 = 1.0] /
Parameter 2 0.07778600 0.08137556 0.08230746 &) I,*"
Coefficient of variation  0.0777 0.0813 0.0822 A [
K-S statistics 0.0055 0.0089 0.0101 (=) 06 ."l.l GOLDEN SECTION
P value 0.9243 0.4096 02612 Z V.0
2/
1) 04 /
Table 4 Comparison of the incremental method, fminbnd, and Z | .
fmincon details for the VLCC Energy Concentration o 0.2[/ 54 £ SRRECRONERBEE
= 2 / I 3
Numberof ~ Number of Ultimate w000 05 1 15 2 25 3 35 4
Incrementsor  Function  Sagging Moment Computation A 26,
Method Tterations Evaluations (N - mm) Time (sec) CURVATURE (1 0 /mm)
) 1.87 2
Sagging Condition £ 1
Incremental 180 180 1.69186 x 10'* 20.58 Z 1.6 o
method - / ™~
Frminbnd 7 8 1.691691 x 10" 291 © 14+ .
Frmincon 2 9 1.690656 x 10' 328 5 . ~
.I \"‘\
Hogging Condition z 1.2 / e
Incremental 183 183 1.79254 x 103 22.59 E i S
method o 1.0
Fminbnd 5 6 1.792356 x 10'3 3.16 =
Fmincon 2 6 1.779753 x 10" 4.35 % 08" f
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is still necessary to systematically determine the best fit among B
these distributions. Goodness-of-fit tests are used for this purpose. CURVATURE (10-%/mm)

7. Goodness-of fit tests

The goodness-of-fit test involves visual observation of the prob-
ability plot and conducting a statistics hypothesis test. Visually, the
data are plotted on a probability plot of the given distribution. If the
distribution fits the data, the plotted points will appear roughly
linear and will fall close the fitted distribution line (Ang & Tang
2007). Figure 5 shows the probability plot for the outcome sample

DECEMBER 2010

Fig. 6 Results of the optimization method for the VLCC Energy
Concentration maximum sagging moment using (A) golden section and
(B) sequential quadratic programming

of simulating the maximum sagging bending moment of the box
girder example shown in Fig. 1. It is clear that the Weibull and type
I extreme value distributions are not good fit for this case. It is also
clear that the lognormal distribution shows better fit for the data
sample.

JOURNAL OF SHIP RESEARCH 251

39



Hypothesis testing 1s a common method of drawing inferences
about a population based on statistical evidence from a sample
(MathWorks 2008b). To conduct a hypothesis test, a test statistic
relevant to the distribution is computed to summarize the sample.
The smaller the statistics, the better the fit and the distribution
with the smallest statistics is the best fit. It is also possible to
determine if the distribution is suitable or not for a given data set
by calculating the P value. The P value of a test is the probability,
under the null hypothesis, of obtaining a value of the test statistic
as extreme or more extreme than the value computed from the
sample (MathWorks 2008b). A null hypothesis is an assertion
about the data set. It is “null” in the sense that it often represents
a status quo belief, such as the absence of a characteristic or the
lack of an effect. A significance level needs to be decided. The
significance level of a test is a threshold of probability o of
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centration maximum hogging moment using (A) golden section and
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rejecting the null hypothesis when it is actually true. A typical
value of a is 0.05. If the P value of a test is less than a, the test
rejects the null hypothesis. If the P value is greater than a, there is
insufficient evidence to reject the null hypothesis. Note that lack
of evidence for rejecting the null hypothesis is not evidence for
accepting the null hypothesis (MathWorks 2008b). Many hypoth-
esis tests are available. MATLAB (MathWorks 2008b) provides
a wide range of these tests, and the one-sample Kolmogorov-
Smirnov test is used for this study.

Table 2 shows results of conducting the one-sample Kolmogo-
rov-Smirnov test for the maximum sagging moment of the box
girder shown in Fig. 1 against the considered four distributions and
the maximum likelihood estimates of the parameters of these distri-
butions. The typical significance level of 0.05 is used. The meaning
of the parameters depends on the distribution. For example, the first
and second parameters of the normal distribution are its mean and
standard deviation, respectively. It turns out that the lognormal
distribution is the only distribution that is not rejected with this
significance level. The normal distribution is rejected at this signif-

i —— NORMAL
Yol 10,000 SAMPLES ==== LOGNORMAL
—— WEIBULL
P - e TYPE | EXTREME VALUE

20

1.0

05

PROBABILITY DENSITY FUNCTION, PDF (10-%)

e 2 14 16 18 2 22 24
ULTIMATE MOMENT CAPACITY IN SAGGING CONDITION (10'* N.mm)

Fig. 8 Probability density function of the VLCC Energy Concentration
maximum sagging moment
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25

PROBABILITY DENSITY FUNCTION, PDF (10-%)

25

ULTIMATE MOMENT CAPACITY IN HOGGING CONDITION (10"} N.mm)

Fig. 9 Probability density function of the VLCC Energy Concentration
maximum hogging moment
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icance level despite its good visual fit using the probability paper.
Reducing the significance level only to 0.028 though will prevent
the normal distribution from being rejected. However, the log-
normal distribution provides the lowest Kolmogorov-Smirnov test
statistics, and thus it should be used for this sample anyway.

Now, the impact of the assumed coefficient of correlation is
studied. Two simulations with 10,000 Latin hypercube samples
each are conducted where a coefficient of correlation of 0.0 is
used in one simulation and 1.0 in the other. The Kolmogorov-
Smimov test is conducted for the results of both samples, and it
was concluded that the lognormal distribution is the best fit for
both cases. The results are shown in Table 3. It can be seen that
the effect of the correlation coefficient in not significant.

8. Application

As previously mentioned, the proposed approach for finding
the maximum bending moment of a ship hull shares most of the
features of the rigorous incremental curvature method. It departs
from the rigorous incremental curvature method at the point where
incrementation of the curvature is performed. Instead, an optimi-
zation search algorithm is implemented. Therefore, any result
obtained for the maximum bending moment lies on the moment
curvature curve obtained by the incremental method and not
necessarily at the same curvature increments of the incremental
method. Hence, it is rational to compare the performance of this
method with the performance of the incremental method.

A good example of a large-scale ship hull that has already been
investigated by the rigorous incremental method as presented by
Gordo et al. (1996) is the VLCC Energy Concentration. The valid-
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ity of the results was checked with other predictions of the
strength of the same ship (Rutherford & Caldwell 1990). The plate
strength models used in Gordo et al. (1996) are based on the
models reported in Gordo and Guedes Soares (1993). However,
these models are obtained in this study based on the IACS (2008)
formulations described previously and considering initial imper-
fections due to initial deflections and initial residual stresses. The
initial normalized residual stress ratio assumed is 0.05.

The VLCC Energy Concentration collapsed in Europort on July
22, 1980 (Paik & Mansour 1995). The ship was 10 years old and
had been constructed by Kawasaki Heavy Industries, in March
1970, in Japan, according the current design practice at the time
for VLCC (Gordo et al. 1996). Calculations performed by Ruther-
ford and Caldwell (1990) concluded that the failure hogging
moment should be 17,940 MN - m. A detailed description of this
ship can be found in Gordo et al. (1996). This model has 242
reinforced elements and 2 plate elements.

The maximum sagging and hogging bending moments are first
obtained deterministically using the incremental and optimization
approaches and based on the mean values of the strength random
variables. The results are shown in Table 4 and Figs. 6 and 7. The
significant reduction in the amount of computations in the optimi-
zation approach with respect to the incremental method is evident.
The savings in computational time becomes more apparent when a
simulation is conducted and the strength evaluation is required to be
performed thousands of times. Table 4 also shows that the results
obtained by optimization are in good agreement with the results of
the incremental method, although the incremental method provided
slightly higher maximum bending moments. However, reducing the
convergence tolerance on the curvature design variable used was
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Fig. 10 Probability plots for the VLCC Energy Concentration maximum sagging moment
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found to overcome this point, but with an increase in the number of
iterations function, evaluations, and computational time.

Next, a Latin hypercube sampling simulation is performed with
10,000 samples. The resulting fitted probability density functions
are shown in Figs. 8 and 9 for the maximum sagging and hogging
bending moments, respectively. Also, the probability plots for these
two bending moments are shown in Figs. 10 and 11, respectively. It
is clear in the figures that the normal distribution shows the best
fit for the data. This observation is confirmed with the results
of the performed Kolmogorov-Smirmov test shown in Table 5. In
fact, the normal distribution hypothesis is the only one not rejected
by the test. Furthermore, the Kolmogorov-Smirnov test statistics for
the normal distribution is the lowest among the four distributions
considered. Thus, it can be concluded that the bending resistance of
the VLCC Energy Concentration follows a normal distribution with
mean and standard deviation shown in Table 5 for both the sagging
and hogging conditions and coefficient of variations of 0.0934 and
0.0915 for the sagging and hogging conditions, respectively.

9. Conclusions

In this study, an efficient approach for the determination of
the probabilistic strength of the ship hull is presented. Since the
probabilistic aspects are captured using simulation, which requires
the calculation of the strength a large number of times, a fast and
accurate method for analyzing the ship hull is required. In order
to obtain this required speed and accuracy, this study presents
a novel deterministic method for the calculation of the strength
of the ship hull. In this method, the ship hull cross section is
discretized into elements, each composed of a longitudinal stiff-
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ener and its attached plate. Stresses in these elements are deter-
mined using their respective constitutive models. These models
take into account the various possible failure modes and initial
imperfections. The ultimate strength is found by an optimization
search algorithm. For a given curvature, the bending moment in the
section is determined in a way similar to that of the rigorous incre-
mental method. However, instead of finding the ultimate strength by
incrementing the curvature, the ultimate strength is found by an
optimization search algorithm. The curvature is treated as a design
variable, and the objective is to find the curvature that maximizes
the bending moment.

It is shown that the optimization requires a fraction of the
number of function evaluations the incremental method requires.
In addition, it is concluded that for a simple convex problem
such as finding the peak of a moment curvature function, a
nonderivative-based algorithm such as the golden section method
with parabolic interpolation is sufficient.

The method is then applied with a Latin-hypercube sampling
algorithm. This sampling technique allows the reduction of the
number of necessary samples to reach a certain level of confi-
dence. The output sample is tested against several potential distri-
butions. The parameters of these distributions are found by the
maximum likelihood estimate method. Goodness-of-fit tests such
as the one-sample Kolmogorov-Smirnov test are performed to
determine the best-fit distribution. Eventually, the ultimate
strength is provided in terms of its best-fit probability distribution
and the parameters of this distribution.

In conclusion, the computational framework presented in this study
provides efficient means for finding the probabilistic ultimate stren-
gth of ship hulls considering fabrication and material uncertainties.
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Fig. 11 Probability plots for the VLCC Energy Concentration maximum hogging moment
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Table 5 Results of the one-sample Kolmogorov-Smirnov (K-S} test for the maximum sagging and hogging moments of the VLCC
Energy Concentration and the maximum likelihood estimates

Normal

Lognormal

Weibull

Type 1 Extreme Value

Sagging Condition

Parameter 1 1.688411 x 10" 30.45301 1.760682 x 10'? 1.768078 x 10'3

Parameter 2 1.576827 x 10" 0.09388781 11.02848 1.634328 x 10'2

K-S satistics 0.0109 0.0147 0.0517 0.0725

P value 0.1854 0.0267 1.0654 x 1072 3.5636 x 1074

Hypothesis rejected? No Yes Yes Yes

Hogging Condition

Parameter 1 1.787968 x 10" 30.51047 1.863090 x 10" 1.870597 x 10"

Paramcter 2 1.636424 x 10'? 0.09201282 11.26021 1.692360 x 10'?

K-S statistics 0.0106 0.0142 0.0510 0.0726

P value 0.2071 0.0350 4.4494 x 1073 24717 x 107

Hypothesis rejectcd? No Yes Yes Yes
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An efficient procedure for the computation of the redundancy of ship structures is
presented. The changes in the redundancy due to corrosion section loss over time are
also studied. Moreover, uncertainties associated with structural geometry, material
properties, and loading, are accounted for. In order to calculate the redundancy index,
the probability of failure of the first component and the probability of ultimate failure of
the whole hull girder must be evaluated. The probability of failure is computed using a
hybrid Latin Hypercube - second-order reliability method (SORM) technique. The
deterministic analyses during the simulations are conducted using an optimization
approach for computing the ultimate bending strength of the whole hull girder and
the progressive collapse method for computing the first bending failure.

Keywords: design (vessels); redundancy

1. Introduction

A sHIP STRUCTURE can be represented and analyzed as a stiftened
box girder. The longitudinal strength of the hull girder at midship
is of critical interest because the structure is primarily subjected to
vertical bending moments that induce axial stresses on the box
girder panels (Luis et al. 2009). Accordingly, failure of a ship
structure is most likely to occur at midship as a result of the
vertical moments induced by still water and waves.

Complete collapse of the ship hull is achieved by reaching its
ultimate bending strength. However, in redundant ship structures,
this limit state is preceded by a series of failures in the stiffeners
and/or panels. The occurrence of the failure of the first compo-
nent (i.e., stiffened plate) of a ship, denoted herein as the first
failure, should be a clear warning that collapse of this ship may
be imminent. The range between first failure moment and ulti-
mate failure moment can be used to quantify system redundancy
(Hendawi & Frangopol 1994). Measures of redundancy have been
intensely investigated and proposed (Frangopol 1987, Frangopol &
Curley 1987, Fu 1987, Frangopol et al. 1992). It was generally
concluded that the associated probability can be effectively used
to represent the occurrence of each of these events (i.e., first and

Manuseript received at SNAME headquarters November 18, 2009; revised
manuseript received March 15, 2011.

208 SEPTEMBER 2011

0022-4502/11/5503-0208$00.00/0

ultimate failures) under uncertainty and hence used to quantify the
redundancy of the system.

The variation of redundancy over time is an issue that should be
part of any decision-making process. Okasha and Frangopol
(2010a) have shown that redundancy of certain structural systems
may decrease to critical levels over time. In addition, Frangopol
and Okasha (2008) investigated and proposed several measures of
time-variant redundancy.

Because of the presence of uncertainties, structural perfor-
mance evaluation, in general, involves a great deal of variability,
and the considered variables are usually described by their associ-
ated probability distributions (Ang & Tang 2007). For instance,
dimensions, material properties, applied loads, and model-related
uncertainties all contribute to the uncertainty in the analysis
results. Uncertainties are always present; some of them can be
reduced by improving the knowledge or the quality of the predic-
tion model (epistemic uncertainties), and others cannot be reduced
because of the intrinsic nature of the randomness (aleatory uncer-
tainties) (Ang & de Leon 2005). The probability of failure of a
structure, computed by well-established reliability methods, is an
efficient measure for quantifying its safety under uncertainty.

Ship reliability-based studies were conducted, not only to
account for optimum and safe design, but also to obtain a life-
cycle performance assessment including costs associated with
maintenance actions (Ayyub et al. 1989, Ayyub & White 1990,
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Nikolaidis et al. 1993). The literature is rich with studies of the
reliability of ship structures with respect to their ultimate flex-
ural failure (Mansour & Hovem 1994, Mansour 1997, a special
issue of the Naval Engineers Journal 2002, Ayyub et al. 2002,
Hussein & Guedes Soares 2009). Even studies targeting the
estimation of the service life of ship structures were conducted
based on the ultimate flexural failure (Ayyub et al. 2000). In
addition, numerous studies of time-variant reliability with respect
to the ultimate flexural failure of ship structures have been
conducted (Guedes Soares & Garbatov 1998, 1999, Paik et al.
1998, Paik & Frieze 2001, Akpan et al. 2002). Only recently,
Lua and Hess (2006) analyzed the reliability of ship structures
with respect to the first failure. In their study, a hybrid Monte
Carlo simulation—FORM method, proposed in Lua and Hess
(2003) was used.

The objective of this paper is to investigate the time-variant
redundancy of ship structures. The resistance with respect to the
ultimate and first failure vertical bending moments is calculated
by a MATLAB program (MathWorks 2008a, 2008b) developed
by the authors, where the ultimate failure moment is computed
using an optimization-based method (Okasha & Frangopol
2010b), and the first failure moment is computed using the pro-
gressive collapse method (Hughes 1983). The reliability computa-
tions are performed using the program CALREL (Liu et al. 1989),
which is linked to the developed MATLAB program. The resis-
tance degrades with time because of corrosion. The developed
MATLAB program provides probability of failure, reliability,
and redundancy over time using a hybrid Latin Hypercube
sampling (Olsson et al. 2003) - second-order reliability method
(SORM) technique (Fiessler et al. 1979). Moreover, the compo-
nents associated with the probability of occurrence of the first
failure are identified in this paper. The concepts presented are
applied to two ship structures.

2. Resistance modeling

The ultimate and first failure moment analyses are performed
assuming that the structure is subdivided into two types of ele-
ments as suggested by the TACS guidelines (IACS 2008):

« Hard corners such as plating areas adjacent to intersecting plates
« Stiffened plates (components) such as the structural system
composed of the stiffener and its portion of plating.

Initial imperfections in the stiffened panels can be taken into
account by introducing reduction factors applied to the effective
width bg of the plating (Ozgiic et al. 2006). The reduced effective
width b, is expressed as:

b = be RaR: Ry R, Ry (1)

in which Ry is a reduction factor due to nonstraightness of stiff-
ened panel, R, is a reduction factor due to residual stresses
induced by welding, Ry is a reduction factor due to yielding,
R is a reduction factor due to shear stress, and R is a reduction
factor due to lateral pressure load. In this study, only non-
straightness of stiffened panel and residual stress induced by
welding are considered. The reduction factors Ry and R, are
(Ozgiic et al. 2006):

Ra = 1.0 —0.2323 f(N\)g(B.) 2)
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where p=0,/oy, is the normalized welding residual stress, o,
is the welding-induced residual stress, oyp, is the plating yielding
stress, A 1s the beam-column slenderness ratio, and B is the
slenderness ratio. Accordingly, the aforementioned introduced
reduced effective width is used while evaluating the ultimate
strength and the strength associated with the occurrence of first
yielding. Moreover, as already mentioned, geometry uncertainties
are taken into consideration.

2.1. First failure evaluation

The first failure in the ship is determined herein using the
method presented in Hughes (1983). This approach is based on
solving the mathematical closed-form equations governing the
stability problem of axially loaded stiffened plates. In essence,
the method provides the ultimate strength of the ship hull. In this
approach, the assumption made is that a stiffened panel is
removed from the system once it fails (i.e., its postultimate behav-
ior is neglected). However, in this paper, this method is only used
for the computation of the failure of the first component. Hence,
the mentioned assumption used for continuing the computations
up to the ultimate strength is not needed and has no bearing on the
computation of the first bending failure. While considering the
imperfection given by the approach provided by Ozgiic et al.
(2006), the ones included in Hughes’s method are neglected
(residual stresses and nonstraightness of stiffened panel), and the
associated equations are accordingly modified in order to avoid
double-counting such imperfections. The following two collapse
modes are considered (Hughes 1983).

2.1.1. Mode collapse I: compression failure of the stiffener.
The first failure mode is characterized by the combination of in-
plane compression and negative bending moment as shown in
Fig. 1(a). The collapse occurs because of compression failure of
the stiffener flange when the total stress throughout the thickness
of the flange has reached the failure value, which is the minimum
between the stiffener yielding stress and the tripping stress.

In this failure mode the stiffener flange is compressed; there-
fore, the stiffener is subjected to local buckling effects by twisting
about its line of attachment to the plating (tripping). The tripping
stress can be calculated as (Hughes 1983):

. 1
et —,,,S}f?...{zsp + QC. b )

mia? 44C, ( &
12 r 2
[GJ+ p El,d” + b (—1712 + b )]} (6)
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Fig. 1 Modes | (a) and Il (b) of collapse and (c) tripping of an in-plane
compressed stiffened panel (adapted from Hughes 1983)

where I, is the moment of inertia of the stiffener (only) about an
axis through the centroid of the stiffener and parallel to the web,
I is the polar moment of inertia of the stiffener (only) about the
center of rotation, d is the distance from the shear center to the point
of attachment, 7 is the plating thickness, « is the panel length, G is
the shear modulus, .J is the torsion constant, E is the elastic modu-
lus, m is the failure mode, and C, is a correction factor defined as:

= ! 3 (7)

1+04(r/ts)" (d/b)
in which 1, is the stiffener web thickness.

The failure modes considered for the tripping stress determination
are the first five (i.e., m=1, 2, 3, 4, 5). Higher modes are unneces-
sary because they would provide higher stress values. For example,
Fig. 1(c) shows the second failure mode (n = 2). The tripping stress
is the minimum stress associated with each failure mode.

Once the effect of buckling has been taken into account, the
failure stress op:; will be the minimum stress between the tripping
o, 7 and the yielding stress oy:

T

oF; = min(a,1,0Y) (8)

According to Hughes (1983), once the strength ratio R, (associ-
ated with Mode 1 of collapse) is obtained, the maximum stress
(failure value) that can be reached by the cross section at the
farthest point from the centroid is:

Gap1 = Op1 Ry 9)

2.1.2. Mode collapse II: compression failure of the plating. In
the second mode, the collapse occurs as a result of the compres-
sion failure of the plating. In this case, the combination of in-plane
compression and positive bending moment induces conpression
on the plating as shown in Fig. 1(b).

Because of the compression of the welded plating, which has a
complex inelastic failure behavior, the relation between the
applied stress and the average strain becomes highly nonlinear.
The procedure introduced involves the consideration of the secant
elastic modulus E, which is the slope of the line joining the origin
and the point of plate failure in the stress-strain diagram, so that
E.=TE (F is the original value of the elastic modulus) in which
(Hughes 1983):

T=0.25<2+§— £ —— (10)
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E=1+—- (11)
p
where B, is the plate slenderness:
b} gy,
B, =-E [ (12)
SR I (T

in which b} is the reduced effective width, oy, is the plating
yielding stress, and Ej, is the plating elastic modulus.

In order to include such nonlinear behavior, parameter T trans-
forms the reduced plate width b ,.:

be = The (13)

Analogously, the plate failure stress g,y becomes a portion of
the plate yielding stress oyp:

Ofrl = (14)

Moreover, when the load eccentricity is considered, an addi-

tional nondimensional parameter must be introduced as (Hughes
1983):

Apy
np,ll:p—zw[ (15)
ptr
1 1
A, = hAg|— — —
o= =] (16)

where A is the load eccentricity acting on the section of plating-
stiffener system, 7 is the distance from the midplane of the plating
to the centroid of the stiffener, Ag is the sectional area of
the stiffener, A,=A;+ b;i’"t is the total transformed area,
A=A, + b1 is the total nontransformed area, Ypr 18 the distance
between the neutral axis of the transformed section and the plat-
ing, and p,; is the transformed radius of gyration defined as:

Iy
= /2 17
P =4/ 7 (17)

where /; is the moment of inertia of the stiffened plate about an
axis through the centroid and parallel to the plate.

The effect of this eccentricity combined with the section slen-
derness is taken into consideration by the strength ratio Ry (asso-
ciated with Mode II of collapse). Thus, the maximum stress that
can be reached by the section is given by:

A
Taun = 01 Ru (f) (18)

Hence, once the failure stress is evaluated for each stiffener-
plating systen, the relation between strain and curvature can be
easily obtained using the stress-strain relationship (Hughes 1983):

Taul

for Model
GRS (19)
ATl g Modell
Ay
M €au);
Dy = n}fn ( ﬂ ) (20)
IS Yi

where &, is the stiffened plate ultimate strain, @ is the curvature
of the whole hull girder corresponding to the first stiffened plate
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failure (component failure), N, is the number of stiffened plates,
¥ is the distance between the centroid of the stiffened plate and the
neutral axis of the whole hull, and i refers to the ith stiffened plate
under consideration. However, it is also necessary to check for a
possible failure occurring by tensile yielding of the stiffened plate;
thus the curvature equation becomes:

N €au):
D, = mipn ———( a’u)' s At (21)
(=l Yi Yi

where ey is the yielding strain of the stiffened plates. Finally, the
first failure moment of the whole structural system, represented by
the hull girder, is:

My = Elg®, (22)

in which /g is the inertia of the whole box girder having all the
panels intact and having the transformed plating area (Ap = bg 1)
being used if the panel fails according to Mode II of collapse.

2.2. Ultimate failure evaluation

The ultimate failure moment of the hull girder is calculated by
using the optimization-based method proposed by Okasha and
Frangopol (2010b). In this method, the ultimate moment is
obtained by adopting an optimization-based procedure instead of
a classic incremental curvature method.

Briefly, the moment-curvature relationship can be treated as an
implicit function. For a given curvature value k, a corresponding
value of bending moment M(k) can be computed by following the
procedure proposed by the IACS (2008) guidelines. Therefore, by
using an optimization search algorithm, it is possible to find the
curvature value that maximizes the associated bending moment
M(x). The result obtained is the ultimate failure moment of the
whole structure.

The main steps of the optimized iterative method are summa-
rized as (Okasha & Frangopol 2010b):

Step 1. Divide the hull girder midship transverse section into
structural elements, stiffened plates (system compo-
nents), and hard comers.

Step 2. Derive the stress-strain curves for all structural elements.

Step 3. Provide the first trial of the curvature.

Step 4. Optimize the function M(k) by using an optimization
algorithm.

The optimization process is subjected to constraints; the curva-
ture is bounded by lower and upper limits. A realistic lower bound
is the yielding curvature, while a reasonable upper bound can be
set as three times the yielding curvature, as specified by the IACS
guidelines (IACS 2008). Therefore, the considered constraints are
setup as:

k < 3ky and k >k, for sagging (23)

(24)
The first trial curvature value (step 3) can be set as the yielding
curvature value (lower bound). In step 4 optimization of the objec-

tive M(k) is performed where each time the M(k) objective is
calculated by performing the following steps:

K > —3ky and k < —k, for hogging

1. For each jth element calculate the strain &;=k{z; — NA)
corresponding to k;, then calculate the corresponding stress @,
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and hence the force in the element ¢ ;A;, where z; and A; are
the centroid and the cross-sectional area of the jth element,
respectively, and NA; and k; are the neutral axis position and
the curvature at the ith iteration, respectively.

2. Determine the new neutral axis position NA; by checking the
longitudinal force equilibrium over the whole transverse sec-
tion. Hence, adjust NA; until the force is F; =20 ;4;=0.

3. Calculate the corresponding moment by summing the force
contributions of all the element as M; =20, A{(z; — NA)).

J

This novel optimization method is able to find the ultimate
nmoment in a limited number of steps, lower than the classic
incremental method. In fact, by applying this method, the conver-
gence to the ultimate moment value is much faster, so that much
computational time and resources can be saved. This procedure is
included in the developed MATLAB program.

2.3. Corrosion model

As previously stated, the main purpose of this study is the
evaluation of the time-variant redundancy index of ship structures.
A time horizon of 30 years is used as the target period.

Over time, the resistance of the hull section changes due to
corrosion attack that reduces the thickness of plates and stiffeners;
consequently, the global section modulus decreases. The assumed
corrosion model is defined as follows (Akpan et al. 2002):

r(t) = Ci(r — 1) (25)

in which r(r) is the thickness loss (mm), 1y is the corrosion initia-
tion time depending on coating life (years), C; is the annual
corrosion rate (mm/years), C, is a constant usually set to unity,
and 1 is the time expressed in years. The annual corrosion rate and
the initiation corrosion time are treated as random variables.
Table 1 summarizes type of distribution, mean, and coefficient of
variation (COV) of the assumed annual corrosion rate with respect
to the location of the stiffened plates (Akpan et al. 2002). Corro-
sion initiation time is described by a log-normal distribution with
mean of 5 years and coefficient of variation of 0.4.

3. Load effects

The hull is mainly subjected to two types of bending moments,
due to still water and wave-induced. Sagging bending moment is
induced when the deck of the ship is in compression due to waves
located at the extrenie points of the hull; contrarily hogging bend-
ing moment is caused by the compression of the keel (the bottom
part of the ship) due to waves positioned under the midship.

Table 1 Statistical parameters of the corrosion model based on
Akpan et al. (2002)

Corrosion Level Mean (mm/years) Ccov Distribution

1 Bottom shell plating 0.17 0.5 Log normal
Bottom stiffener web 0.065 0.5 Log normal

2 Deck plating 0.065 0.5 Log normal
Deck stiffener web 0.065 0.5 Log normal

3 Side shell plating 0.03 0.1 Log normal
Side stiffener web 0.03 0.1 Log normal
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The load components applied on the structure are defined by
TACS guidelines (IACS 2008):

Miy-min-sea-mia = 0.05185C, L*B(Cy +0.7) for sagging (26)

Miyemin-sea-mia = 0.01C L*B(11.97 +1.9Cy,) for hogging  (27)

Mun-sag = forob0.11C sy fwv_\,LzB(Cb +0.7) forsagging  (28)

Mun-tog = forob0.19Cuy SwuvL*BCy for hogging (29)

in which M.y min-sea-mia @re the vertical still water bending
moments (sagging and hogging), My, and My, o are the
vertical wave-induced sagging and hogging moments, respec-
tively, firon is a coefficient to be taken as 1.0, fiy., is the distribu-
tion factor for vertical wave-induced bending moments along the
vessel length equal to 1.0 at midship, Cy, is the block coefficient of
the ship, L is the ship length, B is the ship breadth, and C,,, is a
coefficient calculated as follows (IACS 2008):

3
200 — 1.\
10.75 — (J)O_L) for 150 < L < 300

100
Cyw = 1075 for 300 <L <350  (30)

3
o 2
IQB—GTg% for 350 < L < 500

4. Reliability analysis

As previously mentioned, because of the uncertainties related to
structural system analysis, some geometric parameters, and mate-
rial properties used for the model, such as plating thickness 1,
elastic modulus E, plating yielding stress oyp, and stiffener yield-
ing stress Ty, are treated as random variables (Hess et al. 2002).
Moreover, corrosion initiation time and annual corrosion rate are
considered random variables.

As suggested by McKay et al. (1979), generation of random
numbers by using Latin Hypercube method can be a valid alterna-
tive to Monte Carlo simulation because it provides a sample space
that better represents the given probability distribution with a
limited number of samples. In fact, it is well known that the
application of Latin Hypercube technique allows a considerable
reduction of the sample space as discussed by Olsson et al. (2003).
Therefore, the number of operations to be performed is reduced
and a good amount of time and computer resources can be saved
(Neves et al. 2006, Okasha & Frangopol 2010b). Briefly, this
method is based on stratified sampling method in which the sam-
ple space of each random variable is subdivided into intervals
(stratification). Then, one sample is generated for each interval in
order to cover the entire sample space.

In this paper, the instantaneous reliability of the structure is
investigated. The reliability indices associated with first failure
and ultimate failure varies over time because of the degradation
of the steel structure due to corrosion; thus the reliability is time
variant. The limit state function is defined as (Paik & Frieze 2001):

(1)

where g(1) is the time-variant performance function, M(r) is the
time-variant resisting bending moment, M, is the still water

() = xqM(1) — xswMsw — XMy =0
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bending moment, M,, is the wave-induced bending moment, x is
the model uncertainty associated with the resistance determina-
tion, X, is the model uncertainty related to the still water bending
moment prediction, and x,, is the model uncertainty associated
with the wave-induced bending moment prediction. In case of
high-speed vessels, dynamic effects must be included. The effect
of dynamic load on the flexural reliability can be accommodated
as indicated in Okasha et al. (2010).

Statistical parameters, concerning the model uncertainty coeffi-
cients (AR, Xgy, and x,,), are normal distributed with mean values
of 1.0, 1.0, and 0.9, and coefficients of variation equal to 0.10,
0.05, and 0.15, respectively (Paik & Frieze 2001). In addition, the
variability of the applied bending moments is taken into account
by considering the still water moment and wave-induced moment
as normal and Type I largest, respectively, with coefficient of
variation of 0.15 (Ayyub et al. 2000).

Log-normal distribution is used to fit the outcoming simulation
results for the cross-section resisting moments M(r) at midship
(sagging and hogging). Mean and standard deviation are found
directly from the generated Latin Hypercube sample space by
evaluating the deterministic values of the resisting moment asso-
ciated with each sample. The instantaneous reliability index and
the corresponding probability of failure are provided by the
program CALREL (Liu et al. 1989), which is able to perform
different reliability methods. In this paper the SORM is used
(Der Kiureghian et al. 1987).

5. System redundancy

Redundancy is a useful performance indicator that provides
collapse waming. A redundant system has enough resources to
survive even though one component within itself fails; the struc-
tural system will collapse only if the failure pattern propagates
throughout multiple components. A high level of redundancy can
contribute to the mitigation of unexpected actions generated by
potential hazard-induced events. In fact, if an extreme event hits
the ship, producing critical damage, a high level of redundancy
will be crucial in limiting the potential of further unexpected
consequences.

Several definitions were investigated by Frangopol and Curley
(1987) in order to relate redundancy to the meaning of “warning
provider,” including:

Reserve capacity factor:

L
Rl — ntact (32)

Ldesign
in which L, is the load-carrying capacity of the intact structure
and Lgcgign is the design load.

Residual capacity factor:

_ Ldamaged

ky = (33)

Lintact
where Lgjamagea 1S the load-carrying capacity of the damaged
structure.

Normalized capacity factor:

Limact

Ry = (34)

Lintact e Ldamaged
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If a probabilistic approach is pursued, the system must be
analyzed based on probability distributions associated with the
random variables introduced. Once reliability index is obtained,
time-varant redundancy index definitions can be calculated
using the reliability indices (Frangopol & Okasha 2008):

R4(’) a Bf(ﬂys) (’) - By(sys) (’) (35)

Bf(eys) (n - BY(Sys) 1)
Bf(sys) (’)

where By« (1) and By .y (1) are the reliability indices with respect
to the occurrence of first yielding and system failure at time 1,
respectively.

Analogously, the time-variant redundancy indices can be
calculated using the probabilities of failure (Frangopol & Okasha
2008, Okasha & Frangopol 2010a):

RG(’) = Py(sys)(’) _Pf(_sys)(’)

R5(1) = (36)

(37)

Py(oys) (1) = Prsys) (1)
Pf(sys) (’)

in which Pyy(1) and Py (r) are the probabilities of first
yielding and system failure at time 1, respectively.

The aforementioned redundancy measures have been devel-
oped for applications to civil infrastructure systems. In the case
of marine infrastructure such as ship structures, these formula-
tions can be easily modified to accommodate the difference in
system configuration. For instance, the probability of system
failure represents the probability of ultimate failure moment of
the whole hull P¢ypm(r), and the probability of occurrence of
damage in the system corresponds to the probability of first
failure moment in the hull Psgrp(r). Thus, the time-variant nor-
malized probability-based redundancy index can be expressed
for ship structures as:

R:(1) = (38)

Perrm(r) — Prupm(r)

LA Piurm(?)

(39)

and the time-variant reliability-based redundancy index is given by:

RL(1) = Burpm{?) — Berm (1)

where Byupm(?) and Brpm(?) are the reliability indices associated
with ultimate failure moment of the whole hull and first failure
moment in the hull, respectively. The correlation among the
basic random variables is automatically accounted for while
performing reliability analysis with respect the occurrence of
ultimate and first failures (UFM and FFM). Redundancy calcu-
lations are based on the results obtained by the reliability anal-
ysis. The proposed definitions of redundancy are based on the
evaluation of the reliability associated with the occurrence of
failure in one component. This concept is accepted in the sci-
entific literature, and such definition is adopted in order to
avoid excessive plastification of some components associated
with potential unexpected large deformations. Furthermore, for
the ship structure to be safe, the hull girder must satisfy reli-
ability (associated with the ultimate capacity) and minimum
redundancy requirements.

(40)
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6. Applications

6.1. First example

Based on a tanker analyzed by Dinovitzer (2003), a modified
example having the following properties, is herein investigated:
length L =255 m, breadth B=57 m, height H=31.1 m, block
coefficient Cp=0.842, mean value of the elastic modulus
E=207,000 MPa, mean value of the plating yielding stress
Oyp =353 MPa, and mean value of the stiffener yielding stress
0ys =353 MPa. The section geometry of the structure at midship
is shown in Fig. 2, while Table 2 shows the dimensions of the
stiffened plates associated with each component. The headings in
Table 2 are denoted as: “Component 1D” is the component identifi-
cation number (from 1 to 47 located as illustrated in Fig. 2), “Loca-
tion” indicates the position of the component (i.e., the distance (cm)
between the centroid of the component and the keel of the ship),
b is the plating breadth concerning a single stiffener (cm), 7 is
the mean value of the plating thickness (cm), h,, is the stiffener
web height (cm), 1, is the stiffener web thickness (cm), by is the
stiffener flange breadth (cm), f; is the stiffener flange thickness
(cm), “No.” is the number of component with the same properties,
and “Corrosion level” indicates the corrosion rate associated with
the component depending on its position (see Table 1). The coeffi-
cients of variation of the random variables 1, E, oy, and oy, are
assumed to be equal t0 0.05, 0.03, 0.1, and 0.1, respectively (Paik &
Frieze 2001). The residual stress value has been assumed to be
equal to 5% of the plating yielding stress for both applications.

Figures 3(a), (b), (c), and (d) show the first and ultimate fail-
ure mean moment profiles (sagging and hogging) over 30 years
(2 year interval), profiles of the mean plus and minus one

o

12-13-14
? ITI 1T
F O S S (P S (e St e 3 §
P 1213 I TIFRTT T T T
gk " 1213 3, sl b N
-\ H Hl S
o H H
&b S| H Hl w
. b " Hl T
[
& |p 1 T
s\ gl H 1-13
o H 10 Hl
-1 QR [0S s S e §
“L s H H
S |p H 4 H
i o T T TI} 3
I I o H H
§: o Sk H
13 - H 8 H
s 8ip T T I T I11
2l elH H
& qp H_ 7T H
sk -+ Tl <
b sIH H
all " 6 H
eir —
TITTTT
e o MRl H
B H s Hl o
Sk ————h
L 3 S1H 4 H
ITT T T I T T I T T A LT L L L L L L L g T 1311
B H
© =
eihL siH Hl =
B - Hl ™
EREN H
B 81H
12 12 -
. 6 ol o S i ol 6 25 i S 5 ) I ol ) 5 ol o) s Ol ol [ JF T T
1-2
2850 em

Fig.2 First example: cross-section geometry of a symmetric half hull at
midship. Numbers in figure refer to component types (adapted from
Dinovitzer (2003), see Table 2}
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Table 2 Geometric properties of the components in Fig. 2 and their locations

Component ID Location (cm) b (cm) 1 (cm) Ny (cm) 1y (cm) bs (cm) 1 (cm) No. Corrosion level
1 0 91.9 2.7 70 1.5 15 2 14 1
2 0 91.9 2.7 55 1.5 5 1 40 1
3 622.2 91.9 2.7 60 1.2 15 2 46 0
4 622.2 919 1.2 21.5 1 44 2.5 12 0
5 801 91.9 1.2 21.5 1 44 2.5 8 0
6 1,068.3 91.9 1.2 21.5 1 4.4 2.5 12 0
7 1,335.5 91.9 1.2 21.5 1 44 2.5 8 0
8 1,602.3 91.9 1.2 21.5 1 4.4 2.5 12 0
9 1959 91.9 1.2 21.5 1 44 2.5 8 0

10 2,226.2 919 1.2 21.5 1 4.4 2.5 12 0
11 24934 91.9 1.2 21.5 1 4.4 2.5 8 0
12 3,117.5 91.9 2 35 2.5 0 0 14 2
13 3,117.5 919 2 55 1.2 10 2 30 2
14 3,117.5 91.9 2 95 2.5 10 2 14 2
15 222.7 89.1 2.1 5.5 1.2 15 2 4 0
16 489.9 89.1 2.2 55 1.2 15 2 6 0
17 846.2 89.1 2.1 60 1.2 15 2 6 0
18 1,024.3 89.1 2 60 1.2 15 2 2 0
19 1,131.4 89.1 2 55 1.2 15 2 4 0
20 1,291.5 89.1 1.95 55 1.2 15 2 4 0
21 1,469.7 89.1 1.95 50 1.2 15 2 2 0
22 1,647.8 89.1 1.85 50 1.2 15 2 6 0
23 1,915 89.1 1.75 45 1.2 15 2 6 0
24 2,093.2 89.1 1.7 45 1.2 15 2 2 0
25 2,182.2 89.1 1.7 40 1.2 15 2 4 0
26 2,360.4 89.1 1.45 40 1.2 15 2 4 0
27 2,538.5 89.1 1.45 30 1.2 15 2 2 0
28 2,716.7 89.1 1.7 30 1.2 15 2 6 0
29 2,983.9 89.1 1.6 35 2.5 0 0 6 0
30 222.7 89.1 23 65 1.2 15 2.5 6 0
31 489.9 89.1 2.2 65 1.2 15 2.5 6 0
32 757.1 89.1 2.1 60 1.2 15 2 2 0
33 935.2 89.1 2 55 1.2 15 1.2 4 0
34 1,202.5 89.1 1.9 55 1.2 15 1.2 4 0
35 1,469.7 89.1 1.8 50 1.2 15 1.5 4 0
36 1,826 89.1 1.7 50 1.2 15 1.5 6 0
37 2,093.2 89.1 1.7 50 1.2 15 1.5 4 0
38 2,360.4 89.1 1.4 40 1.2 15 1.2 4 0
39 2,716.7 89.1 1.7 40 1.2 15 1.2 6 0
40 2,983.9 89.1 1.8 35 25 0 0 3 0
41 400.8 89.1 2.5 65 1.2 15 2 8 3
42 846.2 89.1 2.5 60 1.2 15 2 6 3
43 1,380.6 89.1 22 65 1.2 15 2 8 3
44 1,915 89.1 2 55 1.2 15 2 10 3
45 2,360.4 89.1 2 50 1.2 15 1.5 4 3
46 2,627.6 89.1 2 30 1 15 1.5 4 3
47 2,894.8 89.1 2 35 2.5 0 0 6 3

standard deviation, and PDFs of the moments at 0, 10, and
20 years, Figures 4(a) and (b) show the probability of failure pro-
files (sagging and hogging), computed by using the program
CALREL (Liu et al. 1989) and Figs. 5(a) and (b) show the reli-
ability index profiles (sagging and hogging). Figures 6(a) and (b)
show the redundancy index profiles for sagging and hogging
moments according to equations (39) and (40), respectively.
Table 3 shows how the probability of occurrence of first
failure (POCys) evolves with time. Accordingly, the components
involved in the first failure do not change over time. For sag-
ging moment, first failure occurs only in component 14. Mean-
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while, for hogging moment, 1 and 2 are the only components
involved in first failure. In both cases, the components under
compression fail first. In fact, when sagging moment is
applied, component 14 is subjected to compression; contrarily,
components 1 and 2 are under compression when hogging
moment is acting on the hull. It is also shown in Table 3 that
for hogging moment, the POC; of component 2 increases over
time because its rate of corrosion is higher than the other
components closer to the neutral axis; hence component 2 is
becoming more vulnerable and fails first. Furthermore, Table 4
shows the probability of occurrence of first failure modes
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Fig. 3 First example: profiles of first and ultimate failure moments for
sagging (a) and (b), hogging (c) and (d), mean profiles, mean +1 stan-
dard deviation profiles, and PDFs of the moments at 0, 10, and 20 years
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Fig. 4 First example: probability of failure profiles for (a) sagging and
(b) hogging moments (first and ultimate failures)

(POC,) associated with the failure of the weakest components.
It can be seen that for the hogging moment, the probability
of having first failure due to instability of the stiffener plates
(tripping) increases with time.

In this example, the redundancy of the ship in sagging slightly
increases with time (Fig. 6). However, the redundancy of the ship
in hogging significantly improves with respect to time (Fig. 6).
In fact, for hogging moment, the POC of component 2 increases
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Fig. 6 First example: redundancy profiles for sagging and hogging
moments, considering (a) normalized probability-based redundancy
index and (b) reliability-based redundancy index

over time (Table 3); thus the difference between the probability of
first failure and the probability of ultimate failure becomes higher.
This has also been seen in Fig. 5(b) where the reliability index
associated with the first failure deteriorates at a higher rate than
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Table 3 Probability of occurrence of first failure (POC;) at the
component locations (sagging and hogging)

Moment First failure POCy at POCyat POCyal POCyat
type (component) year 0 year 10 year 20 year 30
Sagging 14 1.0000 1.0000 1.0000 1.0000
Hogging 2 0.9464 0.9732 0.9912 0.9948
1 0.0536 0.0268 0.0088 0.0052

Table 4 Probability of occurrence of first failure modes, POC,,
{sagging and hogging)

POC,, at POC,at POC, a POC, a
Momenttype Type of first failure  year3  year 10 year20  year 30
Sagging Mode I—tripping  0.9996  0.9998  1.0000  1.0000
Mode II 0.0004 00002 0.0000  0.0000
Hogging Mode I—1iripping  0.8368 09186 0.9776  0.9918
Mode I 0.1630  0.0812 0.0224  0.0082
Yielding 0.0002  0.0002 0.0000  0.0000

that of the reliability index associated with the ultimate failure in
the hogging moment case. The redundancy index of the ship in
hogging is strongly influenced by the increasing in failure
(plastification) of component 2. Moreover, the double-hull config-
uration (Fig. 2) can improve the redundancy index associated with
the hogging moment.

The aforementioned observations on redundancy and occur-
rence of first yielding can help to locate critical components that
need to be reinforced if a higher level of safety would need to be
provided to the ship structure. Furthermore, based on corrosion
attack and on the sea state, speeding, and heading incurred by the
ship during its lifetime, the location of critical components (the
first to fail) can change over time. Thus, in order to maintain
adequate reliability and redundancy levels, the effort to implement
maintenance actions will require the time-variant localization of
the most critical components.

6.2. Second example

The second example investigated 1s a modified version of a ship
structure based on an example analyzed by Akpan et al. (2002).
This vessel has the following properties: length L =220 m,
breadth B=38.1 m, height H=17.4 m, block coefficient
C,=0.75, mean value of the elastic modulus E =208,500 MPa,
mean value of the deck and keel yielding stress oy, =315 MPa,
and mean value of the side panels yielding stress oy,=281
MPa. The midship section geometry is shown in Fig. 7 and Table 5
summarizes the stiffener dimensions. As for the first example, the
coefficients of variation of the random variables 1, E, oy, and oy
are assumed to be equal to 0.05, 0.03, 0.1, and 0.1, respectively
(Paik & Frieze 2001).

Analogous to what has been shown for the first example,
Figs. 8(a), (b), (c), and (d) show the first and ultimate mean failure
moment profiles (sagging and hogging) over 30 years, profiles of
the mean *1 standard deviation, and the PDFs of the moments
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Fig. 7 Second example: cross-section geometry of a symmetric half
hull at midship. Numbers in figure refer to component types (adapted
from Akpan et al. (2002), see Table 5)

Table 5 Stiffeners types and dimensions (Akpan et al. 2002)

Stiffener Web (mm) Flange (num)
1 450 x 36 None
2 1000 x 16 400 x 16
3 465 x 18 190.5 x 25.5
4 1220 x 16 350 x 25.5
5 370 x 16 100 x 16
6 297 x 11.5

100 x 16

at 0, 10, and 20 years. Figures 9(a) and (b) and Figs. 10(a) and
(b) show the probability of failure and the reliability index
over time for sagging and hogging, respectively. Figures 11(a)
and (b) show the redundancy indices for sagging and hogging
moments as defined by equations (39) and (40), respectively.

In this example, according to Table 6, the components involved
in the first failure event vary over time. For sagging moment, the
most critical components are 5 and 1. Component 5, which
belongs to the vertical panel, is initially the most critical compo-
nent. Over time, component 1 becomes more critical because of
the different rates of section loss due to corrosion. Meanwhile, for
hogging moment, only the components 3 and 4 are involved in
first failure. Furthermore, most of the time, first failure in the
components occurs following Mode 11 (high value of POC,;)) as
reported in Table 7.

The results for this ship structure are different from those
obtained in the first example. The redundancy index of the ship
in sagging decreases over time, while the redundancy index of the
ship in hogging does not change significantly. Over time, the
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and (b) hogging moments (first and ultimate failures)

POCy of component 5 decreases and then additional components
become critical as a result of corrosion. For this reason, the differ-
ence between the reliability indices associated with the ultimate
and first failure decreases in the sagging case; thus the redundancy
index decreases.

Differently from the previous case (first example), the most
critical component (No. 5) is located on the side of the structure.
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Accordingly, this implies that the side panel formed by such
components is weaker than the other panels, and thus it fails first.
This is different from the common assumption in which yielding
propagates starting from the farthest point from the neutral axis.
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Table 6 Probability of occurrence of first failure (POGC;) at the
component locations (sagging and hogging)

Moment First failure POC; at POCqat POCq a1 POC¢ a1
type (component) year 0 year 10 year 20 year 30
Sagging 5 0.9734 0.9626 0.9186 0.8340
1 0.0264 0.0372 0.0810 0.1640

2 0.0000 0.0000 0.0002 0.0018

6 0.0002 0.0002 0.0002 0.0002

Hogging 3 1.0000 1.0000 0.9996 0.9964
4 0.0000 0.0000 0.0004 0.0036

Table 7 Probability of occurrence of first failure modes, POC,,
{sagging and hogging)

Moment Type of first  POCpat  POC, at POC,, at POC, a1
type failure year 0 year 10 year 20 year 30
Sagging Mode 11 0.9958 0.9962 0.9964 0.9972
Yielding 0.0042 0.0038 0.0036 0.0028
Hogging Mode 11 0.9976 0.9976 0.9984 0.9986
Yielding 0.0024 0.0024 0.0016 0.0014

7. Conclusions

Ensuring adequate levels of redundancy of ship structures and
the upkeep of their redundancy above target levels provides addi-
tional warning before failure for the users of these structures.
Indeed, reacting to the signs of warning provided by the failure of
the first component in the ship structural system may prevent the
complete collapse of this system. Redundancy and reliability are
excellent performance indicators to be incorporated in decision-
making platforms.

Evaluation of the time-variant reliability and redundancy is a
process fraught with uncertainties. Treatment of uncertainty in
modeling the ship performance over time requires special consid-
erations. The power of computers and the capabilities of today’s
software can provide efficient means for achieving more accurate
assessment of the time-variant reliability and redundancy of ship
structures.

In this paper, the time-variant redundancy of ship structures
is investigated. Redundancy is defined based on the probabi-
lity of ultimate failure and the probability of first failure of ship
structures. A redundancy index analogous to that used in civil
infrastructure systems is considered. The computations of the
probabilities of failure are performed using a hybrid Latin Hyper-
cube sampling - SORM approach.

The accurate computation of the probabilities of failure relies
heavily on the accurate computations of the deterministic strength
with respect to both ultimate and first failures. There exists a
trade-off between accuracy and computational cost when it comes
to the computing of the strength of ships. Even though the rigor-
ous incremental curvature method can be used to provide both
values of strength (i.e., first and ultimate), the computational cost
associated with this method when implemented in a repetitive
simulation analysis becomes significantly high. Alternatively, in
this paper, the ultimate and first failure strength values are
obtained separately using two different methods. The ultimate
strength is computed using an optimization-based approach in
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which the curvature at which the bending moment is maximum is
found by a fast-search algorithm. On the other hand, the first
failure strength is computed based on closed-form solutions used
in the progressive collapse method. Both resistances degrade dur-
ing time as a result of the effects of corrosion, which impacts the
reliability and redundancy of ship structures.

The computations in this paper are conducted using a
MATLAB program developed by the authors. The strength simu-
lation in which the deterministic computations are embedded, the
load computations, and the corrosion effects are conducted in the
program at each considered time increment in order to determine
the parameters of the random variables required for the reliability
computations. The developed MATLAB program is linked with
the reliability program CALREL to compute the probability of
ultimate failure and the probability of first failure at each time
increment using the determined random variable parameters.

The time-variant reliability and redundancy of two ship struc-
tures are investigated. It was found from the results of the
examples that the reliability continuously decreases with time
as a result of the effects of corrosion. However, redundancy
may degrade, remain the same, or even increase over time.
Based on the results of the first example, it can be stated that
the double hull configuration (Fig. 2) can improve the redun-
dancy index associated with the hogging moment. Situations
where the redundancy of the ship structure may be significantly
compromised are possible. It is therefore believed necessary to
assess the time-variant redundancy to ensure that it remains
above adequate levels. In addition, considering the redundancy
during the design stages of civil and marine structures is also
beneficial (Frangopol 2011).
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1. Introduction

Efficiently ensuring the adequacy of the life-cycle performance of ship structures is fundamental for
their safe use and can only be attained by integrating every valuable information gathered about the
structural health into the assessment of this performance. Sustainment and life-cycle engineering of
ships and ship systems represent major and fast growing challenges for the US Navy [1]. Structural
health monitoring (SHM) is emerging as a very powerful technique in ship structures for collecting
accurate information about the operational loads the ships are exposed to and detecting damages in
the structure once they occur.
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In principle, among the potential direct applications of SHM, the following is essential in the
performance assessment of ship structures, Monitoring the response of a ship structure to its exposure
to wave loads provides a volume of valuable information that if used properly can provide a platform
for predicting lifetime loads for design and assessment of structural performance. A common moni-
tored response in structures is the strain inflicted by the various load effects experienced by the
structure. Using proper calibration, the measured strains may be converted to global ship responses,
such as vertical wave-induced bending moments. In the absence of monitoring information, design
code formulas [2] are typically used for conservatively estimating the wave-induced load effect in the
reliability analysis of ship structures. Even in this case, design codes do not provide formulas for
estimating high frequency load effects for cases in which these effects are significant. Either way,
incorporating the information obtained from SHM with the prior code derived information can
enhance the established life-cycle assessment of ship structures.

The nature of SHM data dictates the fundamental need for accounting for uncertainty in the treatment
ofthis data for integration in the performance assessment methodologies and only recently such research
has emerged in the bridge engineering field [3 and references therein]. However, these studies have
mainly focused on information related to the load effects that SHM provides, primarily using classical
inference concepts in which prior information cannot be easily incorporated and, in fact, is neglected.

Ship reliability-based studies that account for optimum and safe design and life-cycle performance
assessment have been conducted. Various studies investigated the reliability of ship structures with
respect to their ultimate flexural failure [4~7]. On the other hand, Lua and Hess [8] analyzed the
reliability of ship structures with respect to the first failure. Life-cycle redundancy of ship structures has
also been recently investigated [9]. These studies provide a wealth of procedures for establishing the
life-cycle performance prior to monitoring. Within the outline of these procedures, a methodology for
updating the life-cycle performance with obtained SHM data is yet to be developed.

The objective of this paper is to present an approach for integrating the information obtained from
SHM in the life-cycle performance assessment of ship structures under uncertainty. The resistances
with respect to the ultimate and first failure vertical bending moments are determined such that the
ultimate failure moment is computed using an optimization-based method [10] and the first failure
moment is computed using the progressive collapse method [11]. The probabilities of failure are
computed using a hybrid Latin hypercube sampling — SORM technique. This paper uses Bayesian
inference concepts which enable the inclusion of necessary prior information with the SHM data for
updating the load effects. The approach is illustrated on the Joint High-speed Sealift Ship (JHSS). SHM
data obtained by testing of a scaled model of the JHSS ship is used to update its life-cycle performance.

2. First and ultimate strength

Being the most critical limit state in a ship structure, the longitudinal strength of the midship hull
girder is of particular interest because the vertical bending moment is one of the highest load effects
that a ship structure has to withstand [12]. Even though the complete failure of the ship hull will not be
attained until the ultimate bending strength is reached, reaching the first failure moment (i.e., the
moment at which the first plate or panel fails) serves as a crucial sign of warning against collapse.

The first failure moment is determined herein using a simplified progressive collapse method [11].
The method is designed to provide the ultimate strength of the ship hull. However, the sequence of
failures preceding the ultimate failure is followed in the process. The first failure moment is found as
the first encountered failure mode. In this method, an assumption is made where a stiffened panel is
removed from the system once it fails (i.e., its post ultimate behavior is neglected). However, using this
method only for the computation of the first failure omits the need for this assumption and it has no
bearing on the computation of the first failure moment. Decd et al. [9] integrated this method in
a sampling technique to obtain a probabilistic distribution for the first failure moment.

The ultimate failure moment of the hull girder is typically determined using well-documented
simplified methods for predicting the load-shortening curves of steel plates and panels considering the
effects of initial imperfections that are used in a systematic incremental curvature procedure to
determine the ultimate bending moment of the ship hull. However, Okasha and Frangopol [10] made
use of optimization search algorithms to speed up the process of finding the ultimate failure moment
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rather than generating the full moment-curvature curve for obtaining this value. This facilitated the
inclusion of this method in a sampling technique for generating a probabilistic distribution for the
ultimate moment time-effectively.

Over time, corrosion causes loss in the cross section of the ship hull that leads to deterioration of
both the first and ultimate failure moments. The most commonly used model for predicting corrosion
is given as [5]

r(t) = Ci(t - tp)® (1)

in which r(t) is the thickness loss (mm), £y is the corrosion initiation time depending on coating life
(years), Cq is the annual corrosion rate (mm/years), C; is a constant usually set to unity, and ¢ is the time
(years). The annual corrosion rate and the corrosion initiation time are treated as random variables.
Corrosion initiation time is described by a lognormal distribution with mean of 5 years and coefficient
of variation {COV) of 0.4.

3. Prior load effects

In the absence of SHM data, the load effects can be predicted using design code formulations. The
load effects obtained are lifetime maxima and are conservative. Herein the IACS [2] guidelines are used
to determine these load effects. The IACS [2] provide formulas for predicting the still water bending
moment and wave-induced (low frequency) bending moments. In monitoring ship structures, the
wave-induced and dynamic loads are of particular interest, and mostly no information about the still
water bending moment is provided. Therefore, the still water bending moments remain the same after
monitoring. However, once SHM data become available, the wave-induced bending moments can be
updated. Hence, the wave-induced bending moment determined using the IACS [2] guidelines
constitutes the prior knowledge in the performance prediction process.

The still water and wave-induced bending moments can be predicted using the 1ACS [2] guidelines as

My, min—sea—mid = 0.05185C,w[*B(Cy, +0.7) for sagging (2)
Mgy min—sea—mid = 0.01CwyL?B(11.97 +1.9C;) for hogging (3)
Mwv-sag = fyrop0.11Cuufuv—vL°B(Cy +0.7) for sagging (4)
Myw_hog = fprob0.19Cwufuwv—vI2BC,  for hogging (5)

in which Msw-min-sea-mid is the vertical still water bending moment (sagging and hogging), Mwy-sag and
Muv-hog are the wave-induced sagging and hogging moments, respectively, frop is a coefficient to be
taken as 1.0, fyy-y is the distribution factor for wave-induced bending moment along the vessel length
equal to 1.0 at midship, Gy, is the block coefficient of the ship, L is the ship length, B is the ship breadth,
and Cyy is a coefficient calculated as follows [2]:

3
10.75 — 3‘)1%8L 2 for150 <L < 300
Cwv = { 10.75 , for 300 < L < 350 (6)
L-350\3 .
10.75_< o > for 350 < L < 500

For reliability purposes, the safety of the ship structure is quantified with respect to extreme events
produced by the load effect L,. Appropriate probabilistic tools to model this type of loading are the
extreme value distributions. Exact modeling of extreme value distributions is usually a formidable task.
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Alternatively, one of three asymptotic extreme value distributions are assigned based on the tail
behavior of the original distribution [13]. An appropriate extreme value distribution to be used for
modeling sea loads is usually the type I extreme value distribution L, and is given as {13]

f,() = ane_a"(l—u")exp[ = e‘“n(’—“n)] )

where u, is the characteristic largest value of the initial variate L, and &, is an inverse measure of the
dispersion of L,. These values are related to the mean g, and standard deviation oy, of L, according to

(

= Joor (8)

an

T —aln 9)

where y = 0.577216 is the Euler number.

4. Statistical analysis of SHM data
4.1. Preprocessing

Ship structures are subjected to loads with various intensities depending on their operational
profiles, described by the sea state, heading and ship speed. For design and assessment purposes, the
critical load effects resulting from the worst sea state, heading and ship speed combination are typi-
cally considered. Therefore, when incorporating SHM data into the reliability analysis, one option is to
identify this combination and use the data from monitoring the ship while it is subjected to this loading
scenario. This approach is used herein.

The approach presented in this paper intends to be applicable with in-service monitoring such
that the data is used in updating the reliability of the monitored ship. However, an in-service
monitoring case was not available to illustrate the concepts and thus monitoring data from a scaled
test model is used as an application under the assumption that it was collected from the actual ship.
The SHM data utilized in this paper are collected from monitoring a Froude-scaled test model.
Therefore, all data are first scaled up to the full-scale ship dimensions using the Froude-scaling
factors, such that the bending moment is scaled by 1.0251% and the time is scaled by /4, where } is
the scale factor.

As mentioned previously, the SHM data is used for the Bayesian updating in the lifetime reliability
assessment. The collected SHM signal constitutes the high frequency waves produced by the slamming
effects superimposed over the low frequency waves produced by the regular sea wave-induced
bending moments. For the reliability analysis, these two components need to be separated by filtering
the signal so that they are statistically analyzed independently. In this paper, the signal is filtered using
a Butterworth filter {14].

4.2. Peak extraction

Monitoring the strains caused by the longitudinal bending moments on the ship hull yields a signal
that oscillates from negative to positive values as the bending moments go from sagging to hogging.
Based on the sign convention of the SHM data used in this paper, negative represents sagging and
positive represents hogging. In each wave cycle, the signal provides all the values recorded at the
sampling rate, but only the peak sagging and hogging values are of interest in the reliability analysis.
Therefore, the peak signals need to be extracted from the complete record for the sagging and hogging
moments independently.

In this paper, a peak extraction algorithm is developed and implemented to obtain the datasets of
maximum bending moments in hogging and sagging separately from the signal. This algorithm is
described as follows.
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1- Let X = [x1, X2, ..., X¢] be the recorded SHM signal. Letalsoa=1,b=1.

2- Starting from x; = 0, find first x; = 0.

3- Starting from x; .1, search the rest of signal to find x; which has a different sign from x; or j = k.
4- If sign of x; is positive, find P, = max(x;, Xj;1, ..., Xj—1)and leta=a + 1.

5- If sign of x; is negative, find Ny = min(x;, Xi;1, ..., Xj-1) and leth=b + 1.

6- Make i = j and repeat from Step 3 until j = k.

Accordingly, the above algorithm provides two vectors, namely the vector of positive (hogging)
peaks P and the vector of negative (sagging) peaks N. In fact, this algorithm is applied with the low
frequency waves, giving the two vectors P and N and with the high frequency waves, giving the two
vectors Py and Np.

4.3. Low frequency waves

The low frequency waves are those associated with sea wave-induced bending moments. As
mentioned previously, prior knowledge is available from the IACS [2] regarding these loads.
Therefore, the two vectors P and Ny are used to update the prior loads (i.e., Myv-hog and Mwy-sag,
respectively) using Bayesian updating. Section 5 of this paper is dedicated to presenting the details
of this process.

4.4. High frequency waves

Unlike the case of the low frequency waves, prior knowledge may not be available for the high
frequency waves. Hence, being the only source for this load effect, the two vectors Py and Ny are used
with classical estimation techniques to generate the probability distribution for the dynamic bending
moments in hogging and sagging, respectively. Several classical estimation techniques are available,
but the maximum likelihood method is used herein to obtain the parameters of the considered
distributions for the data and goodness-of-fit tests are used to select the best fitting distribution. As
shown later, it turns out that the exponential distribution provides a very good fit for the high
frequency peak moments, where the probability density function (PDF) of the exponential distribution
is given as

_flM fort>0
fo) = { 0  otherwise (10)

where 1 is the mean occurrence rate.

The choice of the exponential distribution may be criticized by the fact that it gives zero as the most
probable realization. However, the interest in the data is in the upper tail behavior (i.e., the maximum
values) far away from zero and the exponential distribution represents that part of the data very well.
In fact, for design and assessment, the obtained results need to be extrapolated using extreme value
statistics. The largest value of the exponential distribution asymptotically converges to the type |
extreme value distribution (see Eq. (7)) with parameters

1
T (11)

an:

upy = Alnn (12)

where n is the number of waves encountered in the period of design storm T, where T is taken as 3 h
[15]. The value of n is obtained based on the rate of peak waves encountered during an SHM run as

- number of peaks collected during an SHM run T 13
ol duration of the SHM run 3 (13)
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5. SHM and Bayesian updating

The Bayesian estimation approach treats the parameters of the PDF as random variables, 6;, and
makes it possible to make use of prior knowledge [16]. In the Bayesian approach, the §; parameters are
described by a PDF called the prior PDF f(8), which constitutes the prior knowledge that is intended for
combining with the SHM data. In addition, the prior PDF has parameters of its own called hyper-
parameters [17]. The new information obtained from SHM, is in a form of a discrete sample. This data
is used to construct the likelihood function L(8) as [16]

N
L) = []fxxil6) (14)
i=1

where fx(x;|0) is the PDF of X evaluated at the SHM data value x;, given that the parameter of the PDF is 4.
Combining the prior with the likelihood provides the new updated information about the parameter 6,
which is in the form of the posterior PDF f”(8) given as [16]

f(0) = kL(O)f'(0) (15)

where k is a normalizing constant required to make f”(0) a proper PDF and is calculated independently
of § as

-1

k = / " Lo 0)d0 (16)

The basic random variable X is then updated based on the updated posterior PDF of its parameters.
By virtue of the total probability theorem, the updated PDF of X is

fuo) = [ sxtuipy @) (a7)

Closed-form solutions for Eq. (17) are not always possible, and alternatively, an approximate updated
distribution can be found by first performing numerical integration to obtain the cumulative distri-
bution function (CDF)

F,Q(y,-):[y; /_:fx(ulﬁ) "@ydddu =12, ...k (18)

where Y =[y1,¥2, ..., yk] is an array of values large enough to cover the range of probable values of X and
with small enough interval, and then, an appropriate CDF is fitted to the obtained values using the
method of least squares, where the parameters p of the distribution are determined by solving the
following optimization problem [18]

Find : the parameters vector P = {p1, p2, ..., Pn} (19)

k
To minimize : s = Y [F;) — F*(v;,p))? (20)
i=1

where F*(y;, P) is the fitted CDF at y; with parameters P.
In this paper, it is considered that the extreme value distribution parameter uy has a greater impact
on f (1) than the parameter oy, and thus ay is known while uj, is updated with the SHM data using
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Bayesian updating. Also, from the prior information an initial estimate of uy, is used, i.e., the prior PDF of
uy,, where it is assumed that the u, is lognormal and given as

) = — e[
J'(un) Cun\/2_7te ' &2

where { and 2 are the hyperparameters of the variate u, and are related to the mean and standard
deviation of the variate u;, according to

¢ = 1/1n<1 +Z—;> (22)
A= 111;1—%{2 (23)

The mean u is obtained from the prior information and ¢ is calculated based on an assumed COV of 10%.

The literature linking the themes of Bayesian updating and extreme value modeling is sparse, in part
due to computational difficulties that some of which have recently been overcome by techniques such
as Markov chain Monte Carlo (McMC) [19]. Okasha and Frangopol [20] have used the slice sampler
algorithm [21] for this purpose, and it is also used herein.

6. Lifetime reliability and redundancy

The Latin Hypercube sampling [22] is used herein, as an efficient alternative to Monte Carlo
simulation, to propagate the uncertainties associated with the basic random variables into the ultimate
and first bending moments. The basic random variables pertinent to the ship resistance are the plating
thickness ¢, elastic modulus E, plating yielding stress avyp, stiffener yielding stress oy, corrosion initi-
ation time and annual corrosion rate. In addition, the variability of the applied bending moments is
taken into account by considering the statistical parameters shown in Ayyub et al. [7]. The lognormal
distribution, concerning the resisting moment, has its mean and standard deviation found directly
from the generated Latin Hypercube samples.

In this paper, the instantaneous reliabilities of the ship hull with respect to first and ultimate failures
are studied. Without (i.e., before} SHM, the reliability is analyzed without considering the dynamic load
effect and hence the instantaneous limit state function is defined as

g(t) = xgM(t) — XswMsw — xwkwMy = 0 (24)

where g(t) is the time-dependent performance function, M(t) is the time-variant resisting bending
moment, Mgy is the still water bending moment, M,y is the wave-induced bending moment, xg is the
model uncertainty associated to the resistance determination, s, is the model uncertainty related to
the still water bending moment prediction, Xy is the model uncertainty associated to the wave-induced
bending moment prediction, and ky, is a correlation factor for wave-induced bending moment and is
set to 1.0 [7]. The model uncertainty coefficients xg, Xsw, and xy, are assumed normally distributed with
mean values of 1.0, 1.0, and 0.9, and COV equal to 0.10, 0.05, and 0.15, respectively [4].

With SHM, the dynamic bending moment is present and considered and hence the limit state
function (i.e., Eq. (24)) becomes

where Mg is the dynamic bending moment and kq is the correlation factor between wave-induced and
dynamic bending moments and is conservatively assumed as 1.0.

The instantaneous reliability index and the corresponding probability of failure are computed by
the program CALREL [23] where the second-order reliability method (SORM) is used herein.
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Table 1

Geometric properties of the components in Fig. 1.[24].
Stiffener No. Designation d (mm) tyw (mm) b (mm) tr (mm)
1 5x4x6 125.5 4.8 100.6 5.3
2 8 x4 x 10 200.4 43 100.1 5.2
3 10 x 4 x 12 250.7 4.8 100.6 53
4 8x4x15 206 6.2 102.1 8
5 12 x4 x 16 304.5 5.6 101.3 6.7
6 12 x 4 x 19 308.9 6 101.9 89
7 10 x 53/4 x 22 258.3 6.1 146.1 9.1
8 14 x 5 x 22 349 5.8 127 8.5
9 8 x61/2 x 28 204.7 7.2 166.1 11.8
10 7 %8 x215 173.5 7.7 203.2 135
11 24 x 9 x 94 616.7 13.2 2301 221
12 24 x 12 x 119 616.2 14 3251 21.6
13 24 x 14 x 146 628.4 16.5 32787, 27.7
14 36 x 16 1/2 x 230 9114 196 418.3 32

d = depth of stiffener, t,, = thickness of web, b = width of web and t; = thickness of flange.

Redundancy is a useful performance indicator that provides warnings of partial failure. Once the
reliability index and probability of failure are obtained, the time-dependent redundancy index can be
calculated using the following redundancy index [9]

P r(t) — Py up(t)
Pr yr (t)

RI(t) = (26)

where Pryg(t) is the probability of ultimate failure of the hull, and Pgge(t) is the probability of first failure
in the hull.

7. Application: JHSS
7.1. Description of the ship, its model and testing procedure

The concepts presented in this paper are illustrated on the Joint High-Speed Sealift Ship (JHSS).
The hull of this ship is characterized by an unusually-fine hull form and a “gooseneck” bulbous bow
for improved high-speed performance. A scaled structural segmented seakeeping model was
constructed and successfully tested in the NSWCCD Maneuvering and SeaKeeping (MASK) basin
during July and August of 2007 to obtain representative ship motions and structural primary and
secondary loading data in support of validation studies for numerical tools for simulation of ship
motions and loads, specifically the Large Amplitude Motions Program (LAMP) [24]. Sectional design
properties for the full-scale hull and model backspline along with geometric properties of the
components are provided in Devine [24]. A schematic diagram of the midship design section
(Station 10) is shown in Fig. 1 [24]. Geometric properties of the components in Fig. 1 are shown in
Table 1 [24].

Table 2
Statistical descriptors of the corrosion model parameter ;.
Location Mean (mm/year) Standard deviation (mm/year)
Deck plating 0.008125 0.000406
Deck stiffener web 0.008125 0.000406
Side shell plating 0.003750 0.000188
Side stiffener web 0.003750 0.000188
Bottom shell plating 0.021250 0.001063
Bottom stiffener web 0.008125 0.000406
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Fig. 2. Profiles of first and ultimate failure moments for sagging ((a) and (b)), hogging ((c) and (d)); mean profiles, mean plus and
minus one standard deviation profiles, and PDF of the moments at 0, 10, and 20 years.

The model was Froude-scaled down with the selected scale factor (1 = 47.2533) to make it small
enough to perform the tests within the constraints of the MASK test facility while keeping the model
large enough to provide meaningful results [24]. A Froude-scaled continuous aluminum backspline
beam connected the shell sections to provide realistic vibrational response due to wave-induced forces
including hull primary and secondary loads due to wave and slam-induced hull whipping [24]. Strain-
gages, calibrated to known loads prior to the test, were used to measure the primary and secondary
structural response during each test run and were mounted at each segment cut to measure the
vertical, lateral and torsional bending moments and vertical and lateral shear forces. Static load cali-
brations were used to generate sensitivities to convert structural response to load so that the output
voltage from a strain gage bridge circuit were converted directly to load, bending moment or shear
force [24].

Table 3

Statistical descriptors and distributions of the prior applied loads.
Load effect Mean (Nm) Coefficient of variation Distribution type
Sagging still water bending moment 1.823 x 10° 0.15 Normal
Sagging wave-induced bending moment 3.867 x 10° 0.15 Extreme value type |
Hogging still water bending moment 3.283 x 10° 0.15 Normal
Hogging wave-induced bending moment 2.729 x 10° 0.15 Extreme value type |
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In this paper, the bending moment readings from midship (Station 10) from all 21 runs at speed
35 knot and heading 0° and in sea state 7 are used. The size of the datasets for each run ranges
from 3200 to 4000 samples, with a total of 73,800 samples. The sampling rate was 200 Hz and
hence the total duration of the test was about 6.15 min. All data were scaled up to the full-scale
ship dimensions using the Froude-scaling factors, such that the bending moment is scaled by

1.025)% and the time is scaled by VA Accordingly, the time duration of the test measured in full
scale is about 42.28 min.

7.2. Resistance modeling

The first failure and ultimate bending moments are computed probabilistically. The Latin
hypercube sampling is used to generate 5000 samples for the random variables considered.
These random variables are the plating thickness ¢, elastic modulus E, plating yielding stress ayp,
and stiffener yielding stress oys and they have the lognormal distribution with COV 0.05, 0.03,
0.1, and 0.1, respectively [24]. The residual stress value has been assumed to be equal to 5% of the
plating yielding stress. For each sample, the first failure and ultimate bending moments are
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Fig. 3. Peak extraction from SHM signal for: (a) low and (b) high frequency filtered signals.
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computed and the resulting set of moments in each case are used to fit its probability distri-
bution. This is repeated for 30 years in two year increments where at each increment the plate
and stiffener web thicknesses are reduced to account for the corrosion loss at that time
increment.

Table 2 shows the mean and standard deviation of the assumed annual lognormal corrosion rate
C; with respect to the location of the stiffened plates. Prior to using the values in Table 2, others
from the literature have been tried. However, it was found that owing to the high values of
corrosion penetration and very high COV provided by these corrosion models, in addition to the
small plate thicknesses used in the section of this ship, the corrosion loss obtained after few years
become larger than some of the generated plate thicknesses samples. Indeed, these corrosion
models are conservative and the light weight design of this ship yielded very thin plates such that
more accurate corrosion models are needed for time-dependent reliability. The values in Table 2
are proportional fractions of those in Akpan et al. [5]. The results of the strength analyses are
shown in Fig. 2.
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Table 4

Statistical descriptors and distributions of the high frequency moment.
Loading condition Mean (Nm) Coefficient of variation Distribution type
Sagging 1.183 x 10° 0.134 Extreme value type I
Hogging 1.185 x 10° 0.134 Extreme value type [

7.3. Prior loads

The still water and wave-induced bending moments are computed using Eqs. 2 through 5 [2]. The
variability of these moments is taken into account by considering the still water moment and wave-

induced moment as normal and

type [ extreme value, respectively, with COV of 0.15 for both [7].

A summary of the results is shown in Table 3.

7.4. Reliability, redundancy, SHM and Bayesian updating

The load and resistance information obtained thus far provide the means to compute the initial
prediction of reliability and redundancy over time for the JHSS ship. Next, the SHM data is integrated
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into this prediction to provide an updated assessment of the ship performance. First, the SHM data is
preprocessed. The bending moment readings from midship (Station 10) from all 21 runs at speed 35
and heading 0° and in sea state 7 are scaled up using the Froude-scaling rules (1.0251%). Then, the signal
is filtered using the Butterworth filter in the MATLAB signal processing toolbox [14] to separate the low
frequency waves from the high frequency waves. In each case, the developed peak extraction algorithm
is used to extract the maximum moment readings from the wave cycles. Fig. 3 shows an example of the
results from sampling and peak extraction of run 215 for both the low and the high frequency filtered
signals. The process provided 397 peaks of low frequency moment peaks (in each of the sagging and
hogging moments) and 1861 peaks of high frequency moment peaks (in each of the sagging and
hogging moments).

The histograms of the obtained high frequency moment peaks in sagging and hogging are shown
in Fig. 4. It is clear from the figure and the results of the Kolmogorov-Smirnov test [16] that the
exponential distribution fits these peaks very well. Using the parameters of the obtained exponential
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distributions, extreme value statistics are used to find the parameters of the corresponding extreme
value type 1 distributions. The results are shown in Table 4. The results in the table show that the
dynamic load effects can be very large in rough operational conditions. However, the sea state 7, 35
knot speed and head seas example data set provided by the NSWCCD and considered as the worst
operational conditions herein represents conditions more severe than the ship would be expected to
encounter. Therefore, the results are expected to be exaggerated and conservative. However, the
methodology remains applicable with any SHM data collected during any operational conditions.
Next, the low frequency moment peaks are integrated with the prior information using Bayesian
updating. The slice sampler is used sequentially with 50 peaks increments to obtain the samples of
the posterior distributions. Recall that the parameter to be updated is the extreme value parameter
up and it is assumed to be lognormally distributed with prior mean calculated using the IACS [2]
guidelines and assumed COV of 10%. The obtained posterior samples for the parameter u, is used
to fit a posterior distribution, which was also found to be best modeled by the lognormal distribution.
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Fig. 7. Original and updated PDF of the low frequency moment in: (a) sagging and (b) hogging.
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Fig. 5 shows the histograms and fitted PDFs of the updated parameter u, for both sagging and
hogging moments. The posterior distributions are plot with the prior distributions and showing the
histograms of the low frequency peaks found from the SHM data as well in Fig. 6. It is evident that
integrating the SHM significantly reduced the uncertainty in this parameter (i.e., the assumed 10%
COV in parameter u,). The posterior distributions are used to update the underlying distribution of
the low frequency bending moment and the results are shown in Fig. 7. As shown in the figure, the
updated PDF has embraced the low frequency peaks found from the SHM data but with less
uncertainty than that exhibited in the data. It is also clear that the prior distribution, which repre-
sents design code belief, is conservative with respect to the low frequency peaks obtained from the
SHM data and the posterior distribution, even though the operational conditions represented by the
SHM data are also conservative. However, when taking into account the high dynamic load effects in
addition to the low frequency moments, the total updated effect is more severe. This is shown in
Fig. 8 which shows the time-dependent reliability indices associated with first and ultimate failures,
in Fig. 9 which shows the time-dependent probabilities of failure associated with first and ultimate
failures, and in Fig. 10 which shows the time-dependent redundancy index with and without inte-
grating the SHM data. Clearly, the new total load effect obtained by integrating the SHM data is more
severe than the prior load effect (note that the resistance is the same and that the SHM operational
conditions are conservative).
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Fig. 8. Reliability index profiles before and after updating for: (a) sagging and (b) hogging moments (first and ultimate failures).
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8. Conclusions

In this paper, an approach for integrating the information obtained from SHM in the life-cycle
performance assessment of ship structures under uncertainty is presented. The resistance with respect
to the first and ultimate failure vertical bending moments is determined such that the ultimate failure
moment is computed using an optimization-based method and the first failure moment is computed
using the progressive collapse method. The reliability indices and probability of failure are computed
using a hybrid Latin hypercube sampling — SORM technique. In order to integrate the SHM data with
necessary prior information, Bayesian inference concepts are used for updating the load effects. SHM
data obtained by testing a scaled model of a Joint High-speed Sealift Ship is used to update its life-cycle
reliability and redundancy.

An example data set provided (representing the operational conditions of sea state 7, 35 knot speed
and head seas) was considered as the worst operational conditions the ship may encounter. The results
are expected to be very conservative. However, the methodology remains applicable with any SHM
data collected during any operational conditions. The data set was scaled up to the full-scale ship,
filtered and the peaks were extracted using a developed peak extraction algorithm. High frequency
moment peaks were used with classical estimation techniques and extreme value statistics to generate
the probability distribution of the dynamic bending moment. The results obtained showed that the
dynamic load effects can be significant in rough operational conditions. The updated PDF has embraced
the low frequency peaks found from the SHM data but with less uncertainty than that exhibited in the
data.
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Reliability analysis and damage detection
in high-speed naval craft based on
structural health monitoring data

Nader M Okasha', Dan M Frangopol', Duygu Saydam' and
Liming W Salvino?

Abstract

Current and future trends in naval craft design are leaning toward the development of high-speed and high-performance
vessels. Lack of information on wave-induced loads for these vessels presents a challenge in ensuring their safety that is
best tackled with monitoring operational loads and detecting damage via structural health monitoring (SHM) systems.
These monitoring systems, however, require efficient statistical and probabilistic procedures that are able to effectively
treat the uncertainties inherent in the massive volumes of collected data and provide interpretable information regarding
the reliability and condition of the craft structure. In this article, an approach for using SHM data in the reliability analysis
and damage detection in high-speed naval craft (HSNC) under uncertainty is presented. This statistical damage detection
technique makes use of vector autoregressive modeling for detection and localization of damage in the ship structure.
The methodology is illustrated on an HSNC, HSV-2. Data obtained from seakeeping trials of HSV-2 were treated as the

SHM data mentioned above.

Keywords

structural health monitoring, damage detection, vector autoregressive modeling, reliability, naval craft

Introduction

Conventional ship structures have received significant
research attention over the past scveral decades which
yielded a rich literature. Knowledge on thesc structures
1s mature enough that, today, code procedures and even
commercial software to compute the ultimatec global
strength and design loads are well established.' The per-
formancc of the ship hull can be determined by comput-
ing its global strength using the formulation supporting a
section analysis and calculating the loads using design
cxpressions. For instance, simplified mcthods for pre-
dicting thc load-shortening curves of steel plates and
panels considering the eflects of initial imperfections
are available. These methods facilitates the use of a sys-
tematic incremental curvaturc procedure to determine
the ultimate bending moment of a conventional ship hull.

More recently, larger, faster, and more powerful
naval craft have been designed. In order to allow
higher speeds and increased cargo capacity, high-speed
vessels often employ novel and aggressive structural

designs using composite or aluminum alloys with
innovative arrangements and fabrications to maximizc
lightship weight rcduction.” Due to lingering questions
related to issucs such as the effects of transverse welds
and localized heat affected zones resulting from weld
attachment, methodologies for predicting the load-
shortening of plates and panels, considering initial
imperfections and dctermining the ultimate hull
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strength are not as established or validated for alumi-
num ship structures as in the case of steel ship struc-
tures.®> Unlike the case of conventional steel ship
structures, the performance of high-speed naval craft
(HSNC) is specified to be quantified based on com-
parison of resistance and load effects at the strcss (or
strain) level and not the global level. According to the
American Bureau of Shipping (ABS),* direct analyses
are required in all naval craft to demonstrate the ade-
quacy of the structural design using the dynamic load
approach (DLA).

The DLA 1s based on using a detailed full-scale
three-dimensional finitc clement model (FEM) of the
ship. The most critical loading conditions arc dcter-
mined from seakeeping or testing. The loads associatcd
with these conditions are applied to the FEM and the
maximum stresses arc chccked against acceptable
limits.’

When performing thc DLA, out of the entire record
of measured responses from the seakeeping trial, only
the worst conditions are selected for application to the
FEM. However, the measured responses during the sea-
keeping trials exhibit significant variability. The odds of
encountering this worst condition may not be high
enough to justify the design or assess the ship solely
upon. Uncertainty is a considerable factor in this pro-
cess, neglected in the DLA.

To support the conclusions obtained from the DLA,
a probabilistic approach in which the variability in the
measured load effects are carefully addressed is cer-
tainly of high importance. In this article, such an
approach is proposed. With this approach, the perfor-
mance of the HSNC structure is quantified by deter-
mining its reliability using the structural health
monitoring (SHM) data. In addition, the SHM data
are used as an instrument for damage detection in the
HSNC structure.

Structural reliability offcrs a rational framework to
quantify uncertainties in strength and demand, and to
cvaluate the probability of failure. It combines theories
of probability, statistics, and random processes with
principles of structural mechanics and forms the basis
on which modern structural design and assessment
codes are developed and calibrated.®

The potential economic and life safety implications
of early damage detection in aerospace and civil and
mechanical engineering systems have motivated a sig-
nificant amount of research in SHM and vibration-
based damage detection.” According to a literature
survey conducted by Doebling ct al.® most damage
detection methods are global in nature, that is, the
dynamic properties (natural frequencies and modc
shapes) are obtained for thc entire structure from the
input—output data using a global structural analysis.
However, global damage measures are not sensitive to

minor and local damages.’ Furthermore, such methods
involve FEM and system identification methods, which
can be computationally cxpensive.” Because all vibra-
tion-based damage detcction processes rely on monitor-
ing data with inherent uncertainties, statistical analysis
procedures are necessary if one is to state in a quanti-
fiable manner that changes in the vibration response of
a structure are indicative of damage as opposed to
operational and/or environmental variability.” It is
hence natural and nccessary to integrate a statistical
damage detection process into the overall assessment
of ship structurcs.

In this article, an approach for using the data
obtaincd from SHM in the reliability analysis and
damagc dctection in HSNC structures under unccr-
tainty is presented. The employed statistical damage
detection technique makes use of vector autoregressive
(ARV) modeling for detection and localization of
damage in the HSNC structure. The methodology is
illustrated on an HSNC and uses data obtained from
previous seakeeping trials.

Reliability analysis

Analyzing the safety of structures using reliability
methods has been recognized as far more rational
than deterministically oriented methods. The DLA is
a purely deterministic approach relying on a one-time
exceedance of the load effect to an acceptable limit,
ignoring all other load occurrences, the rate of occur-
rence, and the associated uncertainties. It is, therefore,
deemed essential to conduct a reliability analysis in licu
of the deterministic acceptable limit check stated by
the DLA.

To be in line with, and comparable to, the DLA,
the reliability analysis approach cstablished herein also
aims to quantify the safety of the structure at key
locations, predetermined by finitc element analysis
and engineering judgment. These key locations are
instrumented with proper monitoring sensors to
gather the data necded for the reliability assessment.
The reliability i1s quantified in terms of the strain
induced by global or local load effects. Herein, the
strains induced by the global longitudinal bending
moments are considered. Since the longitudinal bend-
ing moment acts in sagging and hogging, the reliability
of thc craft structure at thc key locations associated
with the induced strain is also determined in both sag-
ging and hogging.

In addition to the wave-induced bending moments
experienced by HSNC structures due to the speed of
these vessels, slamming loads (i.e., dynamic load effects)
are significant. Slamming impact creates whipping
strains that should also be takcn into account in addition
to the strains produced by the ordinary wave-induced
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bending moments in the reliability analysis. Therefore,
the limit state at a given key location is given as:

g=2xper — Xy(8yy + kaeq) =0 (1)

where g is the performance function, &z the resisting
strain, &,, and g4 the strains produced by the wave-
induced bending moment and the dynamie load effeets,
respectively, xp the model uncertainty associated with
the resisting strain, x,, the model uncertainty associated
to the wave-indueed load effect prediction, and k, the
correlation factor between wave-induced moment and
dynamic load effeets, and is conservatively assumed as
1.0. The modecl uncertainty coefficients xp and x,. are
assumed to be normally distributed with mean values of
1.0 and 0.9, and coefficient of variation (COV) equal to
0.10 and 0.15, respectively.'®

In reliability analysis, the safety is measured by the
reliability index g = ®~'(1 — P,) where @ is the cumu-
lative distribution function (CDF) of the standard
normal distribution and Py is the probability of failure
computed as Py=P[g < 0], where P[E] the probability
of ocecurrence of the event E.

Statistical analysis of SHM data
Filtering

As previously mentioned, the load effeets (i.c., strains)
considered herein are associated with both wave-
indueced bending moments and slam impaet waves.
These loads act on the structure simultancously such
that their effeets are eombined. Thus, the eollected
SHM signal constitutes of the high-frequency waves
produced by the slamming effects superimposed over
the low-frequeney waves produeced by the ordinary
sca wave-indueed bending moments.

Figure 1(a) shows a hypothetical time history of the
strains indueed in an extreme fiber of the hull amidship
and Figures 1(b) and (c) show its filtered low- and high-
frequency signals, respectively. At a point in time, a
slam impact is encountered, which induces whipping
strains. These strains are superimposed on the ordinary
wave-induced strains, where the whipping strains oseil-
late at higher frequency than the frequency of the ordi-
nary wave-induced strains. As shown in Figure 1(a),
some of the whipping strains are added to the positive
ordinary wave-induced strains to inerease the eombined
sagging strains, while others are added to the negative
ordinary wave-induced strains to increase the combined
hogging strains. The filtered high-frequency waves that
contribute to the combined sagging strains are those
with positive sign and that of the eombined hogging
strains are those with negative sign (Figure 1(c)).
Therefore, positive and negative high-frequency strains
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Figure 2. Peak extraction algorithm.

are termed sagging and hogging high-frequency strains,
respectively, to cxpress their association with the eom-
bined hogging and sagging strains. However, it is
important to realize that high-frequeney strains,
caused by slam impacts, do not necessarily cause phys-
ieal global sagging and hogging bending of the ship
hull.

It can also be seen in Figure 1(a) that some of the
high-frequency strains reduce the eombined strains in
sagging or hogging. This is a safe scenario that should
not cause worry. The randomness in the oceurrence of
these waves, in high and low frequeney, dictates that all
positive high-frequcney strains be treated as rcaliza-
tions of a random variable and be associated with the
combined sagging strains. Likewise, all negative high-
frequency strains are treated as realization of a random
variable and assoeiated with the combined hogging
strains.

In this article, the signal 1s filtered using a
Butterworth filter!* with the eut-off frequency used as
2 Hz (0.04 of the Nyquist frequency). The Butterworth
filter 1s a type of linear analog electronic filters. A dig-
ital implementation of Butterworth filter is used to sep-
arate low-and high-frequency strains in this study.
Butterworth filters are characterized by a magnitude

response that is maximally flat in the passband and
monotonic ovcrall, They have a trade-off between the
roll-off steepness and the monotonicity in the passband
and stopband. Butterworth filters have a monotonically
changing magnitude function with frequency, unlike
other filter types that have nonmonotonic ripple in
the passband and the stopband. MeClellan—Parks
filter design algorithm, which was used in Brady,'? is
an iterative algorithm for finding the optimal
Chebyshev finite impulse response filter. Compared
with a Chebyshev filter or an elliptic filter, the
Butterworth filter has a slower roll-off, and thus will
require a higher order to implement a particular stop-
band specification. However, Butterworth filters have a
more linear phase response in the passband than the
Chebyshev and clliptie filters.

Peak extraction

In this artiele, positive readings of the strain sensors are
associated with sagging-induced strains and negative
readings are associated with hogging-indueed strains.
In each wave cycle, the signal provides all the values
recorded at the sampling rate, but only the peak sag-
ging and hogging strains are of interest in the reliability
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analysis. Therefore, the peak strains need to be
extracted from the complete record for the sagging
and hogging strains indepcndently.

The datasets of peak strains in hogging and sagging
are obtaincd from the monitoring signal using a peak
extraction algorithm developed herein. This algorithm
is described in the flowchart shown in Figure 2. The
algorithm first searches among the readings to dcter-
mine all those belonging to the current half cyclc and
determines whether this half cycle is positive or nega-
tive. Then, the peak in the current cycle is found as the
maximum value if thc half cycle is positive or as the
minimum value if the half cycle is negative. Positive
peaks are amended to thc vector of positive pcaks
P and negative peaks to the vector of negative peaks
N. This is repeatcd for the next half cycle and so on,
until all readings are considered.

Accordingly, the developed algorithm provides two
vectors, namely the vector of positive (hogging) peaks
P and the vector of negative (sagging) peaks V. In fact,
this algorithm is applied with the low-frequency waves,
giving the two vectors Py and N, and with thc high-
frequency waves, giving the two vectors Py and Ny,
The vectors P; and Ny represent the data for wave-
induced load effects in sagging and hogging, respec-
tively, whereas the vectors Py and Ny; refer to the
data for the dynamic load effects in sagging and hog-
ging, respectively.

Distribution fitting

The vectors of peaks, Py, Ny, Py, and Ny, constitute
records of possible values for each of the associated
loading effects. The variation of the values in each
vector creates uncertainties in estimating these quanti-
ties that are best handled by probability distributions.
It is, therefore, necessary to establish a probability dis-
tribution for representing each of these vectors.

The first step in this proccss is selecting the distribu-
tion function that best rcpresents each dataset. This
selection 1s guided by the results of statistical testings
such as the Anderson—-Darling and the Kolmogorov—
Smirnov tests.!> Once the proper distribution is
selectcd, the parameters of this distribution need to be
determined. Since in this study SHM is the only source
of information regarding the load effects, classical esti-
mation techniques are used to determine the parameters
of the probability distribution. Several classical estima-
tion techniques are available, but the maximum likeli-
hood method is used herein to obtain the parameters of
the considered distributions for the datasets.

As shown later, it turns out that the Rayleigh distri-
bution and the exponential distribution provide a very
good fit for the low- and high-frequency peaks, respec-
tively. The probability density functions (PDFs) of the

Rayleigh and exponential distributions are given,
respectively, as

X p—(1/2)(x/a) i, >0
) = F(g or Xx = 2
Jx) { 0 otherwise @
N re™™ for x>0
J) = [ 0 otherwise o

where o is the modal value and A the mean occurrence
rate.

It is noted that cven though the exponential distri-
bution gives zero as the most probable realization, the
interest in the data is in the upper tail behavior (i.e., the
maximum values) far away from zero and the exponcn-
tial distribution represents that part of the data very
well. In fact, for consideration of extreme effects, the
obtained results need to be extrapolated using extreme
value statistics, a process that depends only on the tail
behavior of distributions.

Extreme value analysis

For reliability purposes, the safety of the HSNC is quan-
tified with respect to extreme events produced by the
load effect L. Appropriate probabilistic tools to model
this type of loading are the extreme value distributions.
Exact modeling of extreme value distributions is usually
a formidable task. Alternatively, one of the three asymp-
totic extreme value distributions are assigned based on
the tail behavior of the original distribution. The largest
value of both the Raylcigh and exponential distributions
asymptotically converge to the Type I extreme value dis-
tribution, which is given as:"*

fL,, ()= ay, o~ nli=tn) exp[—e_""(’_"")] )

where u, 1s the characteristic largest value of the initial
variate and «,an invcrse mcasure of the dispersion of L,,.

The parameters of the Type I extreme value distri-
bution are found for an initial Rayleigh distribution as:

+2Inn
Oy =—— (5)
o
1, = o/ 2Inn (6)

where n is the number of waves encountered in the
period of design storm 7T; T is taken as 3h.'"> The
value of n is obtained based on the rate of pcak
waves encountered during an SHM trial as:

o Number of peaks collected during a SHM trial T
h Duration of the SHM trial

(7
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For an initial exponential distribution, however, the
parameters of the Type I extreme value distribution are
found as:

o, = A

®)
)

u,=Alnn

Statistical damage detection
Motivation

The basic premise of vibration-based damage detection
1s that changes in the physical properties, such as reduc-
tions in stiflness resulting from the onset of cracks or
looscning of a connection, will cause changes in the
measured dynamic response of the structure.'® It has
becn recognized that the vibration-based damage detcc-
tion problem is fundamentally one of statistical pattern
recognition.'” Such methods rcly on the signatures
obtained from the recorded vibration, strain or other
data to extract fcatures that change with the onset of
damage.®

Time series methods for damage detection account
for the inherent uncertainty (measurement, environmen-
tal, etc.) through statistical tools.'® Over the past decade,
time series methods for structural damage diagnosis
have been successfully applied to simulated and labora-
tory experimental data.'” However, the vast majority of
thesc studies have primarily treated the data from each
sensor as an independent measurement to construct
scalar autoregressive (AR) models.”%16:19-24

Mattson and Pandit® proposed a method based on
ARV models and using the statistical moments of the
residuals of these modcls as damage-sensitive features.
Veetor models allow a particular series to be described
not only in terms of its own past valucs, but also in
terms of the past values in the other sensors, and pro-
vides a thorough description of the interaction betwcen
response scnsors.>’

ARV modeling

In cssence, detecting damage using ARV modeling is
conducted by modeling a vibration signal, called the
reference signal, obtained from the intact structure,
and then fitting this model to the measured structural
response data. The parameters of this model, such as
the predictive errors, are the damage-sensitive features.
This model is assumed to provide an accurate predic-
tion (i.e., a small residual error) for the measured
response data. An increase in the rcsidual error,
which is an incrcase in the difference betwecen the mea-
sured and thc model data, is then intcrpreted as an
indication of structural damage.

Prior to constructing an ARV model, the monitored
signals, which are measured data with respect to vary-
ing operational and cnvironmental conditions, necd to
be normalized. All appropriately collected signals are
standardized and normalized using the following
expression'?

o X(1) = px
Ox

(1) (10)

where X(7) is the signal obtained from a given sensor
and u, and o, the mean and standard deviation of the
signal, respcctively.

AR models can bc constructed by the following
expression:

4
X(1) =Y ogx(t = k) + ex(?) (11)
k=1

where x(7) 1s the normalized signal, ¢; the k-th AR
coefficient, p the AR model order, and e.() the residual
term for signal x. At each time point, the AR model
provides a scalar value for the unique signal modcled.
The coefficients of the model o) are also scalars. In
ARYV modeling, the dependence between past values
of » signals is taken into account to provide a vector
of values with entries representing the predicted signals
for the n sensors at time ! as:

X, o1k Ok o Dok X1,—k (f’x)l,:
X2t Pl o2k 020k -0 Ok X~k (Ex)z,:
= . i L . + ]
a 3 98 oo 8 : g
Xn,t U Lk On2k * Qynk Xn—k (E,\'),,,,
(12)

where x;, is the signal of the i-th sensor at time ¢ from
the signal set X, o;;; the ARV coefficient relating the
value of the i-th sensor at time ¢ with the value of the
J-th sensor at time # — k, and (&,);, the residual of the i-th
sensor at time ¢ from predicting the signal set x. This
ARY model with order p is denoted as ARV(p). Using
this ARV(p) model, the residuals obtained by predicting
new signals from these n sensors can be found as:

(Ey)l,: Y, Ak A2k - Qiak Y~k
(&), o i 02,1,k 022k *+ Qg || Yok
. 0 k=1
(f'y)n,[ Yt Oy 1k Ok = " Ok Yn—k
(13)

wherc (g,);, is the rcsidual of the i-th sensor at time
t from predicting the signal set y and y;, the signal of

84



Okasha et al.

367

the i-th sensor at time ¢ from the signal set y. Herein,
compact forms for denoting the series of signals x; and
y; of the i-th sensor arc given as X; and Y;, and the
residual series for the x; and y; signals of the /-th
sensor are used as E,; and E, ; respectively.

A measure of goodncss of fit is used to select the
ord2<5:r of the ARV(p) model. The fit function is given
as:

r norm(X — /\7)
g = [] " norm(X — mean(X))

] x 100 (14)

where X is the measured signal and given as the matrix
[X, X5,...,X,] and X thc predicted signal found using
the ARV(p) model with the signal X.

Hypothesis testing for damage detection

As discussed previously, the predictive capability of the
model ARV(p), such as thc residual series £ ; and E,;
obtained from the vicinity of sensor i, is used as the
damagc-sensitive featurc. Both E,; and E, ; havc zero
means and standard deviations o, ; and o, respec-
tively, and are typically assumed to follow normal dis-
tributions. If the ARV(p) model constructed with the
refercnce signals x; is not a good representation for the
new signals y;, the standard deviation of the residual
crror of the new signals ¢, ; would be highcr than that
of thc refercnce signals o ;. Statistical decision making
1s then conducted by formal statistical hypothesis test-
ing procedurcs on quantity o, and its counterpart ar)..18
This is accomplished by testing the null hypothesis
that the structure is intact (Hy: oy;=0,,;) against the
alternative hypothesis that thc structure is damaged
(Hi:0ci<0y)-

This hypothesis can be tested by using the two-
sample left-tailed F-test, which tests whethcr the two
indcpendent samplcs (E, ; and E, ;) comc from normal
distributions with the same variance (Hg) against the
alternative that they come from normal distribu-
tions with the variance of E,; less than the variance
of E,; (H).*

Damage localization

Damage detection based on time series modeling is a
proccss that relies on the interpretation of the outcomes
of a selected feature that is sensitive to damage.
Accordingly, the closer thc sensor is to thc location of
damage, the larger the value of the damage sensitivity
featurc. In essence, the standard deviation of the resid-
uals of the ARV(p) models is found to provide the best
indication for both the presence and location of
damage.?® Using scalar AR-ARX modeling, Sohn

and Farrar® used the standard deviation ratio of the

measured and model signals as the damage sensitivity
feature and the increase in this ratio is monitored to
detect system anomalies. This ratio is used to identify
the location of damage and is defined as:

O'y,i
Ox,i

h,‘ =

(15)

Therefore, the larger the ratio A; is, the closer the
sensor i is to the location of damage. To use /; to
detect damage in the vicinity of sensor i, /;; must be
larger than some choscn thrcshold value. The value
h;=1.0 1s a reasonable threshold; establishing a more
accurate threshold valuc requires rigorous statistical
analyses of test data acquired under different opera-
tional conditions in ordcr to obtain the probability dis-
tribution for A.'® In this study, the damage detection is
performed using the statistical hypothesis testing
cxplaincd above. Then, thc 4; values of thc scnsors
that were found from thc hypothesis testing to detect
damagc are compared to dctermine thc location of
damage. It is then concluded that damagc is located
closcr to the sensors with higher /; valucs among the
sensors found to pass the H; dccision from the hypoth-
esis test.

Application: HSV-2

Description of the ship, its model and
testing procedure

The methods presented in this article are illustrated on
a HSNC, HSV-2. The HSV-2 is a 98-m long, high
speed, all aluminum, wavc-picreing catamaran designed
by Rcvolution Design, and built by Incat in Tasmania,
Australia. HSV-2 is capable of maintaining an avcrage
speed of 35knots or greater. It was delivered to the US
Navy in 2003 and undcrwent rough sca trials in early
2004. The ship was instrumented with various types of
sensors, placed throughout the ship, to monitor and
evaluate response and performance.” The objectives of
these sea trials were to detcrmine whether the measured
responses were acceptable with code-set safety levels
when the ship is operatcd within the safe operational
envelope defined by the ABS.

There were a total of 16 strain gages (T1-1, T1-2,...,
T1-16) instrumented to measure responses due to pri-
mary (global) wave loads (i.c., any of the rules-based
design loads derived for the purpose of sizing longitu-
dinally or transversely continuous structures). These
gages were optimally located based on results of a
full-ship finite element analysis.'”> During the sea
trials, the ship was operated in such a manner as to
collect data at specific speed and heading combinations,
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where by traversing an octagon course relative to the
predominate wave direction, at certain speeds, strain
data were collected at headings of 0°, 45°, 90°, 135°,
180°, 225°, and 270° and speceds of 10, 15, 20, 30, and
35knots.? In addition to the TI strain gage group,
other groups were instrumented to measure stress con-
centrations T2 and secondary loads T3/T4.> T1 and T2
sensors were sct to continuously record data from the
start until the end of cach trial run (about 30 min each)

Table |. Locations of sensors T1-5, T1-6,...,TI1-10'?

Sensor Frame Side
TI-5 24 Port
TI-6 46 Port
TI-7 6] Port
TI-8 24 Starboard
TI-9 46 Starboard
TI-10 6] Starboard

T1-5

T1-8

Figure 3. Sketch of the top view of HSV-2 with the positions of
the sensors T1-5 to TI-10 relative to the frames.

with a sample rate of 100Hz.'? Six of the T1 sensors
were dedicated for recording strains induced by the lon-
gitudinal bending moments (T1-5, TI-6,...,T1-10).
These six sensors are presented with their locations in
Table 1'? and their positions relative to the frames on
thc overall sketch of HSV-2 in Figure 3,' and are
selected for this study.

Reliability analysis

The six T1 bending moment scnsors are distributed
symmetrically on both sidcs (i.c., port and starboard)
of the HSV-2. The three sensors located on the port
(i.c., T1-5, T1-6, and T1-7) are sclected to demonstratc
the application of the reliability analysis explaincd
above. As shown in Table 1, the sensors T1-5, T1-6,

(a)
60

40+ Sagging Raw data

peak
20

Low freq. filt.

/|

Strain (u in/in}

Hogging peak

0 4 8 12 16 20
Time (S)

20
E
£ 10
E;
_g 0
® 210
=20t
-30 | High freq. filt. Hogging
peak
—40 L 2 \ L
0 2 4 6 8 10
Time (S)

Figure 4. Peak extraction from SHM signal for: (a) low- and
(b) high-frequency filtered signals.
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Figure 5. Histograms and PDF of: (a) low-frequency peaks in sagging; (b) low-frequency peaks in hogging; (<) high-frequency peaks in

sagging; and (d) high-frequency peaks in hogging.

and T1-7 monitor the strain at frames 24, 46, and 61,
respectively, which lie between the aft and forward per-
pendiculars defined as frames 0 and 77, respectivcly.

As previously explained, the first step in the proccss
is to filter the signal for the separation of low-frequcncy
waves from the higher oncs. For each of these filtered
signals, the peak extraction algorithm is used to collect
the datasets of the peaks in sagging and hogging. The
results of one example signal are shown in Figure 4. In
this figure, the signal was collected at sea state 4, head-
ing angle 0°, and speed 20 knots. The signal is filtered
and the peaks are extracted for both low- and high-
frequency signal components.

The histograms of the obtained low- and high-fre-
quency peaks in sagging and hogging are shown in
Figure 5. It is clear from the figure and the results of
the Kolmogorov-Smirnov test!® that the Rayleigh

distribution fits the low-frequency peaks very well,
while the exponential distribution fits the high-fre-
quency peaks. Using the parameters of the obtained
distributions, extreme value statistics are used to find
the parameters of the corresponding extreme value
Type 1 distributions.

In the DLA, the maximum values of strain are deter-
ministically checked against the allowable design limits.
In the design of ship structures, material properties of
the weld metal are used to derive allowable stresses for
welded joint details using knockdown factors, which is
complicated by the fact that the allowable limit may
also be related to a specific load case and the failure
mechanism associated with a particular portion of
the structure.'” It is evident that research geared
toward establishing the probabilistic resistance of alu-
minum HSNC structures is crucial for the accurate
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Figure 6. Variation of the reliability index and maximum strain of the HSV-2 with respect to speed for sea state 4, heading angle of 0°
at (a) frame 24 in sagging; (b) frame 24 in hogging; (c) frame 61 in sagging; and (d) frame 61 in hogging.

analysis of thcir reliability. Such research is well estab-
lished for conventional steel ship structures,”’° but
lacking for aluminum HSNC. In Brady,'? deterministic
allowable limits set forth by thc ABS and Revolution
Design are used for conducting the safety check. The
allowable strain imit for scnsors T1-5, T1-6, and T1-7
is 870 pin/in. In this article, this limit is used as the
mean of the resisting strain ¢z, and the COV is assumed
as 10%. Also, the resisting strain is assumed to follow
the lognormal distribution. It is emphasized that these
assumptions can be discarded, without affecting the
validity of the current approach, once a comprehensive
probabilistic approach for establishing the resisting
strain is available.

Selected samples of a large database, obtained from
many seakeeping trials of different operational loading

conditions, are used to illustratc the rcliability analysis
and identify existing patterns. The reliability computa-
tions are conducted with the softwarc CALREL*® using
the second order reliability mcthod (SORM).*!

Figurc 6 displays the effect of speed on the reliability
index of the HSV-2 at frames 24 (Figure 6(a) and (b))
and 61 (Figure 6(c) and (d)) in sca state 4 and heading
0°. As expected, the reliability index decreases as the
spced increases. In fact, the relationship between
specd and reliability seems to bc almost linear. Also
shown in the figure are the absolutc maximum strains
recorded by these sensors corresponding to each speed.
It is immediately evident that thesc absolute maxima do
not follow the expected pattern that the reliability indi-
ces do. Clearly, deterministic analyses that are based on
onc recorded value, ignoring the entire record, can be
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misleading and incorrect. On the other hand, taking into
aceount the entire reeord of monitoring data and prop-
erly treating the inherent unecertainty in this record in a
reliability analysis is far more superior. It is elear from
the figure that the reliability levels computed at frame 24
are lower than those at frame 61. The longitudinal bend-
ing moment induced by low-frequency wave loads
should be the highest at mid-ship whieh results in the
lowest reliability index values. Frame 24 is located closer
to mid-ship than frame 61 and therefore, has a lower
reliability index. Furthermore, it is elear that the reli-
ability indiecs in sagging are close to their respeetive
ones in hogging. Figure 7 shows the effeet of speed
on the reliability index of the HSV-2 at frames 24
(Figure 7(a) and (b)) and 61 (Figure 7(¢) and (d)) in

both sea states 4 and 5 and heading 0°. It is observed,
as expected, that the reliability indices in sea state 5 are
lower than in sea state 4. The difference is also seen to
inerease as the speed inereases.

Figure 8 shows the effeet of head angle on the reliabil-
ity index of the HSV-2 at frames 24 (Figure 8(a) and (b))
and 61 (Figurce 8(¢) and (d)) in sea state 5 and a speed of
20 knots. It 1s seen that the reliability index at angle 0° is
the lowest in all cases. At frame 61, the reliability index
almost linearly inereases with the heading angle from
0° to 180°. However, at frame 24, the highest reliability
index is at angle 90°. This is expeeted beeause the sensors
are on the port side of the ship and a 90° angle produees
the lowest longitudinal bending moment from the wave
load. Also shown in the figure are the absolute maximum
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Figure 8. Variation of the reliability index and maximum strain of the HSV-2 with respect to heading angle for sea state 5, speed of
20knots at: (a) frame 24 in sagging; (b) frame 24 in hogging; (c) frame 61 in sagging; and (d) frame 61 in hogging.

strains corresponding to cach heading angle. Clearly,
these absolute maxima do not always provide a mean-
ingful conclusion for safety assessment. In Figure 9, the
effect of heading angle on the reliability index of the
HSV-2 at frames 24 (Figure 9(a) and (b)) and 61
(Figure 9(c) and (d)) in both sea states 4 and 5 and a
speed of 20 knots is shown. The reliability indices in sea
state 4 follow nearly the same pattern of those in sea
state 5 and have been discussed above.

Figure 10 presents thc variation of the reliability
index over the longitudinal span. It shows the reliability
indiccs at frames 24, 46, and 61 in sea state 5, heading
angle 0°, and speeds 2 knots (Figure 10(a) and (b)) and
20knots (Figure 10(c) and (d)). In addition, the

absolute maximum strains at these frames are shown
in the figure. It is clear that the reliability indices at
frames 24 and 46 are similar, whilc at frame 61 they
are relatively much higher. However, according to the
maximum strains, frame 46 exhibits the largest strains.
Basing a decision solely on the maximum strains clearly
could lead to an unsafe assessment of the craft at frame
24, In Figure 11, the effects of the three operational
variables: speed (Figure 11(a) and (b)), heading angle
(Figure 11(c) and (d)), and sea state (Figure 11(e) and
(D) on thc reliability of HSV-2 at the three frames are
displaycd. In all cases, the rcliability indices at frames
24 and 46 are similar, while at framc 61 they are rcla-
tivcly higher. Since the reliability is a function of speed,
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heading angle, and sea state, it is apparent that holding
the other two variables constant, the reliability is
consistently lower for higher spceds, smaller heading
angles, and higher sea states.

Damage detection

To address the need for structural state awareness and
SHM of ships, the ARV method described above is
applied to T1 global response sensor data for detecting
and localizing damage. The six T1 bending moment
sensors are selected for their spatial locations over the

ship structure. Run 117 conducted on May 14, 2004,
was arbitrarily selected as the reference dataset for
training and construction of the ARV(p) model.
During this run, thc ship was operated at a 2-knot
speed and 0° heading in sea state 4.

Thec MATLAB System Identification Toolbox*? was
uscd to obtain the cocfficicnts of the ARV(p) model.
Using thc fitness tcst in Equation (14), a model with
order p=35, having 180 ARV coefficients provided a
fitness of 98.63%. On the othcr hand, a model with
order p=10, having 360 ARV coefficients provided a
fitness of 98.71%. Accordingly, the ARV (5) model was
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Figure 10. Variation of the reliability index and maximum strain of the HSV-2 with respect to frame position for sea state 5, heading
angle of 0° and (a) speed of 2knots in sagging; (b) speed of 2 knots in hogging; (c) speed of 20 knots in sagging; and (d) speed of

20knots in hogging.

selected since the insignificant increasc in fitness does
not justify the added computational cost associated
with the ARV(10) model.

The constructed model (with Run 117) was used to
predict the signal from Run 150, recorded on May 15,
2004, and Run 211, recorded on May 17, 2004. The
ship was operated at 2-knot speed and 0° heading in
sea state 4 for both Runs 150 and 211. The prediction
of scnsor T1-5 in Run 150 using the generated ARV (5)
model is shown in Figure 12. Clearly, the model is able
to predict the new signal with high accuracy.

Now, the series of residuals obtained from predicting
the reference signal (Run 117) forms a baseline for com-
paring against residuals obtained from predicting sig-
nals from the Runs 150 and 211, respectively, to test the

hypothesis of damage presence in the structure. The
testing was conducted using the MATLAB statistics
toolbox?® and the results are shown in Tablc 2. As
shown in the tablc, none of the sensors indicated
damage in Run 150. Given that this run was conducted
soon after the refercncc Run 117 (the next day), the
results of the hypothcsis testing reveals that damage
has not occurred. Howcver, Run 211 was conducted
after a few more dates of rough water, and the ship
had experienced severe sea conditions that may have
inflicted damage in areas around sensors T1-5, T1-6,
and T1-8 as shown in Figure 13. Table 2 shows the
sensitivity factors found for both runs, which are also
shown in Figure 14. The highest concentration of
damage seems to be located near T1-6. It is important
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Figure 12. Measured and predicted signal from Sensor TI-5 in
Run 150 with: (a) a view of 10000 samples and (b) an expanded
view with 500 samples.

Table 2. Damage detection results for sensors T1-5, Tl-6,.. .,
TI-10

Run 150 (intact case) Run 211 (damaged case)

Damage Damage
Damage sensitivity Damage sensitivity

Sensor  decision factor decision factor

TI-5 Ho 0.9852 H, 1.1246
TI-6 Ho 0.7889 H, 2.9819
TI-7 Ho 0.9399 Hy 0.8801
TI-8 Ho 0.9506 H, 1.2292
TI-9 Ho 0.9541 Ho 0.9666
TI-10  Hy 0.9728 Ho 0.9497

Ti-6 [@——10] 119

—
iy
"
S,
n
-
o
[ﬁ

T1-8

O Damage not detected

@ Damage detected

Figure 13. Sketch of the top view of the HSV-2 showing the
potentially damaged locations found by damage detection.

to emphasize that whether the structure is intact or
damaged entails a decision that is entirely based
upon hypothesis testing of the data. These types of
methods for structural damage diagnosis have been
successfully applied for simulated data and well-con-
trolled laboratory experimental data. However, the
method has not been applied on data recorded from
full-ship sea trials. Many factors, such as data require-
ment, lack of data from known damage conditions,
and sensors that were not designed specifically for
SHM, in addition to the validity of this application,
are largely unknown.

In light of Figure 14, a follow-up investigation may
be undertaken in which the potentially damaged loca-
tions arc visually inspccted for further confirmation of
damage presence and condition assessment may be
made rigorously. Thus, the damage detection process
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provides motivation for initiating a neeessary visual
inspection over a limited area of the ship when it
might not have been scheduled, and saves the time
and effort by not inspeeting the areas that have not
shown any sign of anomaly. Based on the findings of
the visual inspection, it may be suggested to repair cer-
tain components of the ship or perform additional
nondestructive testing to further ineur information
about the health of the structure. Clearly, damage
detection using SHM ecan be a powerful and important
tool in an integrated framework for assessment and
management of ship struetures. In addition, similar to
most large and complex civil and acrospaee structures,
ships ean only be sparsely instrumented relative to their
size. Therefore, it is eritical to develop an optimal strat-
egy and to implement an effective data processing plan
for SHM. On the global level, strain measurement such
as Tl sensors combined with reliability methods and
statistical-based damagc deteetion algorithms can pin-
point possible problems and identify their approximate
loeations in a timely fashion. Then, further evaluations
are justified using more localized techniques as well as
incorporate sensor and inspection information into
fracture-based fatigue models to evaluate details of
known or suspected flaws.

Conclusions

In this artiele, an approach for using the data obtained
from SHM in the reliability analysis and damage
deteetion in HSNC under uncertainty was presented.
A statistical damage detection technique that makes
use of ARV modeling was implemented for detection
and localization of damage in HSNC structures. The
methodology was illustrated on a naval HSV-2.
Strain data obtained from seakeeping trials of the
HSV-2 were used as SHM data to demonstrate the
methodology.

The patterns observed in the HSV-2 example fall in
line with the expected behavior of the craft in the dif-
ferent opcrational loading cases considercd and at the
different locations investigated. For example, it was evi-
dent that speed is inversely related to the reliability of
the eraft structure.

As expeeted, the results of the illustrative example
reinforce the preexisting belief that thc probabilistie
approach for analysis of structural safety is far superior
to that of deterministiec approaches. This is indeed the
case, sinee as shown by the results of the example
HSV-2, neglecting uncertainties could lead to inconsis-
tent and misleading results.

95



378

Structural Health Monitoring 10(4)

The potential for using SHM data for detecting
damage in HSNC structures has been highlighted by
the use of a ARV modeling technique. The damage
that may be inflicted by high speed and/or combat is
a source of concern that can be effectively addressed by
exploiting the capabilities of SHM.
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This article focuses on estimating probabilistic lifetime sea loads for high-speed ship structures with the aim of
assessing fatigue performance and predicting service life from available data. Performance assessment and service
life prediction for naval ship structures are extremely important issues. In particular, understanding the effect of sea
loading on naval high-speed vessels is still a challenge. Potential lifetime load effects including low frequency wave-
induced and high frequency slam-induced whipping loadings are investigated in this article by using a probabilistic
approach. Clearly, integration of probabilistic sea loads into structural reliability assessment and service life
prediction will provide a more reliable estimation of the long-term structural performance. Accordingly, this article
presents an approach for fatigue reliability evaluation of ship structures based on the estimated lifetime sea loads.
Loading information associated with sea states, ship speeds and relative wave headings is obtained from a joint high-
speed sealift ship monohull structural seakeeping trials, while the S—N curves are established based on the British

Standards.

Keywords: probabilistic lifetime sea loads; fatigue reliability evaluation; service life; high-speed ship structures

1. Introduction

Ship structures subjected to various sca loads during
operations expericnee strength degradation duc to
fatigue over their service life. For this reason, service
life prediction for fatigue has to be carried out in
design and assessment phases. In general, fatigue life
can be assessed based on the stress—life (S—N) relation-
ship (as a model of fatigue resistance) and the action of
sea waves and the sea environment (as a model of
fatigue loading), as suggested by Ayyub e al. (2002a).
If the S—N category of the structural detail is correctly
classified, the necessary information regarding fatigue
resistance can be easily obtained. However, the
accurate estimation of fatigue lifetime sea loads may
be more challenging in time-dependent fatigue dete-
rioration processes due to various uncertainties. These
uncertainties include still water loading, wave-induced
loading and transient impact-slamming, among others.
Clearly, in fatigue design, experiments or simulations
for predicting the potential lifetime sca loads are
useful. Similarly, in fatigue assessment, structural
health monitoring (SHM) during voyages provides
real-time fatigue loadings that can be integrated into a
time-dependent  structural performance assessment.
However, continuous monitoring up to the anticipated
service life may not be feasible. This is becausc there

can be many restrictions due to budgetary, environ-
mental and operational constraints. Alternatively, a
probabilistic approach for fatigue life evaluation can
be used to cffectively estimate lifctime sca loads based
on given information obtained from model tests,
simulations or monitoring.

To date, the use of simulations, model tests and
monitoring programs has been widely accepted for the
estimation of lifetime sea loads. Kaplan et al. (1974)
conducted a study with the computer program
SCORES in order to estimate wave loads on the SL-7
container ship. The key factors of their study were ship
speeds, wave lengths, headings and sea states. Similarly,
Sikora et al. (1983) used the computer program
SPECTRA for predicting primary load fatigue spectra
for small waterplane area twin hull (SWATH) ships.
Responsc amplitude operators for desired operating
speeds and headings were used as input parameters as
well as occurrence probabilities of sea state, heading
and speed. As a result of these computer simulations, it
was concludcd that ship operational and wave condi-
tions arc important factors for the estimation of
lifetime wavc loads.

Ship model tests can be performed to provide vari-
ous ship structural responses considering wave
conditions, ship speeds and relative wave headings.
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In general, performancc measures obtained from
model tests as well as monitoring can be used to
providc morc rcliable structural responses, and to
improve the decision-making process for ship main-
tcnance managcment. The measured data from mon-
itoring or model tests have been successfully used for
structural performance assessment (Chiou and Chen
1990, Frangopol et al. 2008, Okasha et al. 2010a,b).
Available sea loading information from model tests
may allow not only thc assessment of current ship
structural performancc but also the development of
lifctime sea load prediction models using probabilistic
methods.

This article focuses on estimating probabilistic
lifetime sea loads based on model test and on
integrating them into fatigue performancc assessment
and service life prediction. As illustrations, potential
lifetime sea loads including low frequency wave-
induced loading and high frequency slam-induced
whipping loading are investigated, and a probabilistic
approach for fatigue life evaluation is conducted.
Occurrence probability associated with potential sea
states is used to estimate probabilistic lifetime sea
loads. Loading information is provided from the scaled
test mcasurements of joint high-speed secalift ship
(JHSS) monohull structural seaways loads test (Devine
2009). Based on all necessary information from the S—
N approach for resistance and model test data for load
effect, a fatigue reliability analysis i1s conducted by
using the reliability software RELSYS (Estes and
Frangopol 1998).

2. Fatigue resistance and loads

In many ship structures, the structural deterioration
proccss due to fatigue significantly diminishes their
service life. Typically, time-dependent fatigue strength
can be assessed based on the S—-N approach. Simulta-
neously, information on sea loadings, which is
primarily associated with the action of sea waves and
the sea environment, can be obtained from simulation
prograims, sea trial tests, segmented structural seakeep-
ing model tests, and/or real-time SHM.

2.1.  The S-N approach and Miuer’s rule

For fatigue life evaluation of steel structurcs, the S-N
curvc approach has been widely used and adopted by
all standards and specifications. Fatigue strength of a
structural detail is characterised in thc relationship
betwcen stress range (nominal applied strcsses) and
cycles to failurc for classified detail catcgories. The
characteristic S—N curves are based on fatigue test data
and correspond to the mean life of a detail which is
shiftcd horizontally to the left by two standard

dcviations (Fisher er al. 1998). The S-N curves are
represented as sloping straight lines in logarithmic
scale. The basic equation of fatigue strength is

=@ o

where S, = nominal fatigue resistance (stress range),
A = fatigue detail coefficient which can be treated as a
random variablc if uncertainty in fatigue strength is
considered, N = number of cycles, and m = matcrial
constant. A typical set of S—N curves, as that shown in
Figure 1, can be established based on the BS
5400 (1980).

Typically, fatigue damage is defined to be cumulative
and the Palmgren—Miner rule is used to account for this
damage accumulation. The linear damage rule proposed
by Palmgren in 1924 was further investigated by Miner in
1945 (Fisher er al. 1998). It simply assumcs that damage
fraction at any particular stress range level is a linear
function of the corresponding numbcr of cycles. For a
structural detail, the total damage can be expressed as the
sum of damage occurrences that havc taken place at
individual stress range levels (i.e. Miner’s rule)

=35 2)

where n; = number of cycles at stress range level i and
N; = number of cycles to failure at stress range level .
Theoretically, the fatigue damage ratio, D, is equal to
1.0 at failure, while practically it may be less than 1.0
due to various uncertainties (Fisher et al. 1998, Ayyub
et al. 2002a).

2.2. Estimation of sea loads based on simulation and
mounitoring

In the design phase, accurate estimates of potential sea
loadings are important to ensure the desired structural

100 ——— 680.48

T ==z 68.95
N

STRESS RANGE, Sy (ksi)
|
Il
i
§
T
]
|
0| )
STRESS RANGE, S, (MPa)

0.1 o= L 0.69
1E+04 1E+05 1E+06 1E+07 1E+08
NUMBER OF CYCLES, N

Figure 1. The S-N curves based on the BS 5400 (1980).
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performance during the entire service life of ship
structures, especially for high speed vesscls. Primary
structural loads on a ship result from its own weight,
cargo, buoyancy and operation (Ayyub et al. 2002b).
In assessing the reliability of ship structures, load
cffects may be estimated by finite clement analysis,
simulation and/or monitoring.

According to Paik and Fricze (2001), ship hull
girder loads can be classified into three types: still
water loads, low and high frequency wave-induced
loads, and thermal loads. Still watcr loads are due to
the differcnce between the weight and buoyancy
distributions along the length of the ship. The low
frequency wave-induced loads consist of vertical,
horizontal and torsional wave loads, whereas the
high frequency dynamic loads are due to slamming
or whipping and springing (Devine 2009). Wave and
dynamic loads are affected by many factors such as
ship characteristics, ship speed, relative wave heading
and sea states associated with significant wave heights
(Ayyub et al. 2002b). Significant wave height is usually
treated as a random variable that requires statistical
analyses of ship response data collected from simula-
tion, experiment or monitoring. For various sea states,
efforts to estimate wave-induced load effects more
accurately have been made (Glen et al. 1999, Wu and
Moan 2006, Pedersen and Jensen 2009). For various
ship speeds, Aalberts and Nieuwenhuijs (2006) ana-
lysed l-year full scale measurements from a general
cargo/container vessel in order to determine the effect
of whipping (high frequency) and wave-induced (low
frequency) loads on fatigue. Maximum wave-induced
and dynamic bending moments that the ship may
cncounter during its service life should be taken into
account in performance assessment and life prediction.

In rccent years, the development of cffective SHM
systems for naval ships, especially for lightweight high
speed ships, has been an important issuc (Hess 2007,
Salvino and Brady 2008). Thc SHM systcms can be
used to obtain prompt rcsponses in tcrms of structural
diagnosis and prognosis, and to offer possibilitics for
supporting operational and maintenance decisions.
The use of available information from SHM is the
most effective tool for the decision-making process.
However, there are many restrictions to the adoption
of this kind of SHM systems to high speed and high
performance ships. In fact, thesc systems are still in an
carly stage of their development (Salvino and Brady
2008). Alternatively, ship model tests (e.g. segmented
scaled model) or simulation analyses by using SPEC-
TRA (Sikora er al. 1983) or LAMP (Lin and Yue 1990)
can be employed to estimate lifetime sea loads
considering various wave conditions. The simulation
program SPECTRA developed by Sikora et al. (1983),
is uscful for computing vertical, lateral and torsional

moments applied to the hull girder of a monohull ship,
and for creating a strcss range bin histogram to
evaluate fatigue lifc considering ship characteristics
and wave conditions associated with specific sea routes
(Michaelson 2000). In addition, ship model tests are
useful for estimating various ship responses (e.g. stress,
strain) in given sea states (e.g. moderate, high,
hurricane), ship speeds and rclative wave headings.
Sea loads obtained from these model tests may bc
integrated into probabilistic lifetime sea loads predic-
tion models. Consequently, probabilistic lifetime sca
loads estimated from model tests can be used
effectively for fatiguc reliability cvaluation.

2.3.  Stress range bin histogram and probability deusity
Sunctions (PDFs)

As described previously, in terms of fatigue resistance,
the S—-N approach may be useful for estimating the
total fatigue lifc including both crack initiation and
crack propagation. On the other hand, in terms of
fatigue load cffects, variable amplitude loadings (i.c.
stress range) must be appropriately taken into account
for fatiguc life cvaluation. Cycle counting methods can
be used to establish a stress range bin histogram (i.c.
stress range vs. number of cycles). The ASTM
Standard E 1049-85 (1997) addresses the following
cycle counting techniques: level-crossing counting,
peak counting, rain-flow counting, among others. In
this article, the bending stress range bin histogram of a
typical ship structure is computed by means of the
peak counting technique. To consider the whole stress
cycle (positive and negative), the values of the absolute
peak stresses are doubled for the purpose of the
histogram computation. This results in a conservative
overestimation of the loads.

The procedure for creating a stress range bin
histogram using peak counting is summarised as
follows:

(1) dctermine the mcan value of all time records

(2) filter all peak values (i.e. stresses) above the
determined mean value

(3) set the stress range at two times the peak stress

(4) set the bin size (e.g. 0.5 ksi, 1.0 ksi) and count
the assigned stress ranges

(5) establish a histogram of stress range
occurrences.

Based on the established stress range bin histo-
gram, effcctive stress range and number of cycles can
be computed. Most importantly, an appropriate PDF
for the prcdiction of sea loads should be determined.
The probabilistic approach can be used to predict both
resistance, R, and stress rangc, S, during fatigue lifc
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and eventually to perform fatigue reliability evalua-
tion. The applieable PDFs associated with R and S are
usually assumed to be lognormal and Wecibull,
respectively, for evaluating ship fatigue life. The
PDFs of these distributions are

(1) Lognormal distribution

) — o\ 2
1&(r) =ﬁ"”‘p [_% (ln(;){ ) ]
forr>20 3)

where 4 = mean of In r (location parameter),
and { = standard dewviation of In r (seale
parameter).

(2) Weibull distribution

Ss(s) = g G)ﬁ_'.exp [— (g)li] fors>0 (4)

where o = scale parameter, f = shape para-
meter and « > 0, f > 0.

The parameters of the lognormal distribution can
be easily obtained from fatigue resistance data, while
those of the Weibull distribution are derived from the
stress range bin histogram data. The effective stress
range, S, could be derived as the gth moment of the
Weibull PDF as follows:

Se= | [t essto)-ao| = e (9

This can be also computed directly from the stress
range bin histogram and Miner’s rule (Miner 1945,
Fisher et al. 1998):

Se= [Coesu] (©)

Biotal

where n; = number of observations in the predefined
stress range bin, Sy, Mo = total number of observa-
tions during the monitoring period and n: = slope of
the S-N eurve (material constant).

2.4. Probabilistic lifetime loads prediction for fatigne

A probabilistic approach to potential sea loads
prediction for fatigue is herein addressed. This
approach eonsiders both effective stress range at a
specificd sea wave condition (e.g. sea state 7, ship speed
of 35 knots, and heading of 0" for following seas) and
number of cycles in its observed time period. As
deseribed previously, sea loads are function of ship

charaeteristics, ship speed, relative wave heading and
sea states associated with signifieant wave heights
(wave eondition). If ship model test data for certain
wave conditions are provided, probabilistie lifetime sea
loads ean be estimated by eonsidering both effective
stress range and average daily number of eyeles.

Based on given information (e.g. stress vs. time),
wave-induced and whipping responses ean be separately
obtained by filtering. Wave-indueed loadings are pro-
dueed by the low-pass filtering, whereas wave impaets
causing global hull girder whipping are collected using
high-pass filtering (Brady 2004, Hildstrom 2007). Based
on the filtering proeesses of raw data, individual stress
range bin histograms for the given wave eonditions are
established using the peak eounting method. Then, the
effeetive stress range, S;., and average daily number of
eyeles, Ny, for an observed time period are ealeulated
from the stress range histogram data. To estimate
fatigue lifetime sea loads considering all possible wave
conditions, the predicted effective stress range, S}, ean
be derived under consideration of probabilistic ship
operational profiles at a specific scaway. As an
approximation, in this study it will be assumed that
sea state, ship speed and relative wave heading are
independent variables. The various probabilities of
occurrence are considered to be the continuous repre-
sentations of the relative frequeneies n;/r0,; in Equation
(6). Therefore, the resulting equation is:

ss sp wh m

Se=1>3"> Pssi-Pspj Pwni-Sugp| (1)
i=1 j=1 k=1

where S, = eflective stress range; m = material eon-
stant; Pgs; = probability of oceurrence of the ith sea
state (i =1, 2, ..., s5), Pgp; = probability of oeeur-
rence of the jth ship speed (=1, 2,..., sp) and
Py = probability of oecurrence of the kth relative
wave heading (k = 1, 2, ..., wh) for the applicable sea
events. The eorresponding schematic for estimating .S},
is shown in Figure 2. As indieated, a new effective
stress range bin histogram can be established by the
individual effeetive stress ranges from each histogram
and the oceurrence probability associated with wave
conditions.

Similarly, the predicted average daily number of
eyeles, N;,,, may be derived using the three oceurrence
probabilities whieh are assoeiated with all potential sea
wave eonditions

55 sp wh

Nig =33 " Pssi- Pspj- Pwni - Nawgi- (8)
=1 k=1

i=1 Jj=

The computed N, is used to estimate the aceumulated

number of stress cycles for futurc years, N(3),
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Figure 2. Schematic for estimation of the predicted cffective stress range, S,.

considering annual ship operation rate, «, in antici-
pated seaways. Therefore, N(y) is estimated from the
linear relationship to ship service life as

N()’)=365'a'N:vg'y‘ (9)

where y = number of years, and « = ship operation
rate per year (e.g, « = 50% for six months of
operation, 75% or 90%).

3. Fatigue reliability analysis

Performance assessment and service life prediction for
fatigue are herein addressed. As mentioned previously,
ship fatigue life can be assessed more reliably based on
both the S—N curve for ship capacity and the test data
for load effects under uncertainties. It is noted that the
predicted effective stress range, S},, derived from
Equation (7) is used for the prediction of lifetime
load effect for fatigue.

3.1. Fatigue himit state

Under the repeated or fluctuating application of
stresses, ship performance assessment and service life
prediction for fatigue can be performed by fatigue
reliability analysis with a well-defined fatiguc limit-
state function consisting of fatigue resistance, R, and

load effect, S. This is important becausc mainte-
nance-management actions including inspection,
monitoring and repair can be better planned if bascd
on the well-quantified ship reliability. For the fatigue
reliability evaluation, the limit-state functions of
structural details are established, and PDFs for
resistance and stress range are assumed. Typically,
the safety of any structure would be preserved when
its resistance, R, is larger than the predicted eflective
stress range, Sy,.

The limit-state function used in fatigue reliability
analysis is defined based on the S—N approach and
Miner’s rule (1945) as follows:

gX)y=A-D=0for D= Zni/Ni =(N/A)- ("S:c)m
(10)

where A is Miner’s critical damage accumulation index
in terms of resistance and is assumed as lognormal
with mean value of 1.0 and coefficient of variation
(COV) of 0.3 for metallic materials (Wirsching 1984);
D is Mincr’s damage accumulation index, e is a typical
measurement error factor and m is a constant defined
in the BS 5400 (1980). The number of cycles, N, which
1s obtained from Equation (9), is treated as random
with COV of 0.2 and 4 is also considered random.

103



(Lehigh University] At: 20:13 1 November 2010

Downloaded By:

6 K. Kwon et al.

Complete details for all random variables arce pre-
sented in Table 1.

3.2, Fatigue reliability evaluation

Based on the function g(X), the fatigue reliability anal-
ysis 1s performed by using the reliability softwarc
RELSYS (Estcs and Frangopol 1998). S is treated as
Weibull PDF with COV of 0.2, while other random
variables (i.c. A, A, N and ¢) arc Lognormal (sce
Table 1).

Table 1. Random variables for fatigue reliability evaluation.

The flowchart for the fatigue rcliability evaluation
1s shown in Figure 3, and the corresponding steps are
summarised as follows:

3.2.1. Step 1. Details of structnral members based on
the S=N approach

The S-N approach in terms of fatiguc resistance, R,
provides relevant information including the S-N
category, matcrial constant, m, constant amplitude
fatiguc limit (CAFL), and fatiguc dctail coefficient, A.

Random variables Notation Distribution Source
Critical damage accumulation index A Lognormal, E(A) = 1.0, COV(A) = 0.3 Wirsching (1984)
Fatigue detail coefficient A Lognormal, E(4)* = 6.29E + 11 MPa?, BS 5400 (1980)
(1.92E + 09 ksi®), COV(A)* = 0.54
Measurement error factor e Lognormal, E(¢) = 1.0, COV(e) = 0.1 Ayyub et al. (2002) and
Frangopol et al. (2008)
Predicted effective stress range St Weibull (see Table 2), COV( S;,) = 0.2 Based on model test data

Predicted average daily number of cycles N

T Lognormal (see Table 2), COV( N

w) = 0.2 Based on model test data

Note: *The values E(4) and COV(4) assigned by the S—N category F.

Load Effect, S

Model Test: Sea State,
Ship Speed, and Relative
Wave Heading

Information on ship
structural details

(Unfiltered data)

Obtain time and stress data according
to the defined ship operational events

UNFILTERED DATA

STRESS

S-N Approach

TIME

FILTERED DATA

Decision of category,
material constant, m, and
fatigue detail coefficient, 4

Evaluation of the allowed
fatigue resistance, S,

Filter raw (unfiltered) data:
- Low frequency wave-induced
- High frequency slam-induced whipping

STRESS

HIGH FREQUE
LOW FREQUENCY
TIME

s-illm
EO\N;

Establish stress range bin histogram
using counting method (e.g., peak
counting, rain-flow counting) with
probability density function (PDF)

v

v

STRESS RANGE

Compute effective stress range:
1

Compute average daily
number of cycles, N

Investigate probabilistic
ship operational profile

!

at a specific seaway: Pss,

Compute prcdicted effective
stress range, S, , and
predicted average daily
number of cycles,

N

K

e cumulative number of

psp and pWH

Compute annual

cycles, N(y), with ship

Fatigue Reliability Evaluation with Limit-State Function

operation rate per year,
@ N(y)=365-a-Npg ¥

Figure 3. Flowchart for the fatigue reliability evaluation.
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3.2.2. Step 2. Low-pass and high-pass filtering based
on the collected unfiltered data

From the unfiltered (raw) data, wave-induced and
slamming-induced whipping responses are obtained by
filtering at low and high frequency levcls, respectively,
in order to provide separately useful responses for ship
fatigue life evaluation.

3.2.3.  Step 3. Stress range bin histogram and PDFs

The stress range bin histograms are established by
using pcak counting method from the unfiltered or
filtered data at thc selected locations (stations) of
structural members. Based on the strcss range bin
histogram, effective stress range, Sy, (see Equations (5)
and (6)) and the avcrage daily number of cycles, Ny,
from a monitoring time pecriod, Tyon, can be com-
puted. Mean modal wave pcriod, T,,, which is different
at each sea state, is uscd to estimate N,,, by

SEGMENT

TOPFLANGE .27
BOTTOM FLANGE z

BULKHEADS

'
'
'
1
1
'
SIDE WEBS (2) "

multiplying the ratio (i.e. Tyon/T) by the counted
number of occurrences during T, An appropriate
PDF for predicting sea loads is used considering
unccrtainty during fatigue lifctime. In ship fatigue
reliability cvaluation, lognormal and Weibull PDFs
can be wused for resistance and load cffects,
respectively.

3.24. Step 4. Probabilistic lifetime sea loads
prediction

The probabilistic approach to potential sea loads predic-
tion for fatigue evaluation is devcloped considering ship
speeds, relative wave headings, and sea states associated
with wave heights. The calculated S, and N, according
to the sea states (e.g. 0 ~ 9) or applicable sea cvents are
used to estimate both the predicted effective stress range,

Sy, and the predicted average daily number of cycles,
N+ All possible ship opcrational conditions through

anticipated seaways are taken into account.

SHAFT
SUPPORTS

BACKSPLINE

— BULKHEAD BRACKETS

,T t l STATION 16

/ STATION 13 STATION 18

[ T / STATION7 STATION 10 AFT END
STATION 4 ¥ Mipaee

STATION 2

FWD END

Figure 4. JHSS model (adapted from Devine 2009).

TOP FLANGE

SIDE WEBS (2)
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3.2.5. Step 5. Cumulative number of cycles, N(y)

By using Equation (9), N(3) is estimated for time-
dependent fatigue reliability evaluation. In this study,
N(y) does not reflect instantaneous but progressive
time effect for fatigue lifc of ship, meaning that the
number of cycles up to a specific year has been
accumulated since the first ship operation year.

3.2.6. Step 6. Fatigue reliability analysis

For a given service year, the fatigue reliability analysis
is performed with all neccssary information from steps
1-5. For the assumed PDFs (lognormal and Weibull),
the rcliability software RELSYS (Estes and Frangopol
1998) is used to compute the fatigue reliability index.
This program uses the first-order rehability method
(FORM) to compute the reliability index.

4. Application

As an illustration, probabilistic lifetime sea loads of the
JHSS for fatigue are estimatcd based on model tcst
data and integrated into the fatigue performance
assessment and service life prediction. Potential
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lifetime load effects, which are associated with low
frequency wave-induced and high frequency slam-
induccd whipping loadings due to vertical bending
moment, are investigated. For fatigue reliability
analysis, the collected sca loadings from the
scaled test measurements of a JHSS monohull struc-
tural secaways loads test (Devine 2009) are used
together with the S—N curve provided by the BS 5400
(1980).

4.1. Segmented model

A full-scaled JHSS monohull Iength was scaled down
to reach the value of 6.1 m (20 ft) in the segmented
model (Devine 2009). It is noted that appropriate scale
factors for the involved quantities (e.g. length, time,
moment of inertia, bending moment) were obtained
based on Froude scaling laws.

The segmented modcl approach was uscd to
measure detailed hull response using a simple internal
backspline (see Figure 4). The vertical, lateral and
torsional stiffness and vibrational characteristics of the
hull were modelled by using the internal backspline
(Devine 2009). During each test run, realistic vibra-
tional response, including hull primary and secondary
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Figure 5. JHSS primary vertical bending moment. (a) unfiltered data at Station 10, 35 knots, SS 7 and heading of (. (b) low
and high frequency filtered data at Station 10, 35 knots, SS 7 and heading of 0". (c) unfiltered data at Station 10, 15 knots, HC
and heading of 0°. (d) low and high frequency filtered data at Station 10, 15 knots, HC and heading of 0°.
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loads, was collected from the installed strain gages on
the Froude-scaled structural component at Stations 4,
7, 10, 13 and 16 (sec Figure 4). As shown in Figure 4,
the shell sections were connected with a continuous
backspline beam and strain gages were installed at cach
segment cut to measurc the vertical, lateral and
torsional bending moments and vertical/lateral shear
forces. It is noted that section modulus at the identified
stations on the backspline varies along the beam
length. Description of the JHSS segmented model tests
and further details can be found in Devine (2009).

4.2.  Fatigue resistance and load effects

Details of fatigue resistancc and the scaled tcst data,
which are associated with thc strain gages installed on
the top flanges of the backspline at five stations (i.c.
Stations 4, 7, 10, 13 and 16 in Figure 4), are used to
illustrate the fatigue reliability assessment and service
life prediction based on the estimated probabilistic
lifetime sea loads. For fatigue resistance, the S-N
curves based on the BS 5400 (1980) are used and the
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corresponding S-N parameters (i.e. category, CAFL
and fatigue detail coefficient, A) are investigated at the
respective structural details. Typically, the rational
procedure to find the S—N parameters is to identify the
worst weld detail in the design and assessment phases.
In this study, for illustrative purposes, the S-N
category F, which may bec thc worst case, is assumed
for all the details, for illustrative purposes. The
material constant, m1, 1s 3.0, while the mean value of
A is 6.29E+11 MPa® (1.92E+09 ksi’) with coefficient
of variation COV(A) = 0.54. The corresponding con-
stant amplitude fatigue limit is CAFL = 39.78 MPa
(5.77 ksi).

In this study, two sets of test data provided by
Devine (2009) are used: (i) sea statc 7 (SS7); 35 knots
and heading of 0°; (i1) Hurricane Camille (HC), 15
knots and heading of 0°. Based on the given model test
data, primary vertical hull-girder bending moments are
investigated at the gage stations. At midship (i.e.
Station 10), vertical bending moments due to SS7 and
HC are presented in Figure 5. Hogging moment is
positive and sagging is negative. Ship speeds in SS7
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Figure 6. Stress range bin histogram and Weibull PDF. (a) unfiltered data at Station 10, 35 knots, SS 7 and heading of 0°. (b)
low frequency wave-induced data at Station 10, 35 knots, SS 7 and heading of 0°. (c) unfiltered data at Station 10, 15 knots, HC
and heading of 0°. (d) low frequency wave-induced data at Station 10, 15 knots, HC and heading of 0°.
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and HC were 35 knots and 15 knots, respeectively, in
the same heading of 0° (ie. following seas). It is noted
that the Froude seale factor with respeet to the bending
moment is 1.0251:* where Jg = 47.5255 (Devine 2009).
In both wave eonditions, the filtering procedure has been
applied to data, using low-pass and high-pass filtering to
extraet separately wave-indueed moment and slamming-
indueed whipping moment (sec Figure 5b and d).

For the wave conditions SS7 and HC, stress range
bin histograms using peak eounting are established
bascd on unfiltered (wave-induced and slam-indueed)
and filtcred (wave-induced) data. To eonvert bending
moment, M, to stress, o (i.e. ¢ = M/S,,), the Froude
scale factor 0.346:* for section modulus, S, was used
(Devine 2009). Weibull PDF, which is widely aceepted
for lifetime sea loads prediction, i1s used for the
probabilistie approach. As shown in Figure 6a-d,
Weibull PDFs of full scaled stress range are fitted on
the established stress range bin histograms, for
illustrative purposes. The parameters « and f indicate
seale and shape of the Weibull PDF, respectively, while
E(S,) and o(S,) denote the mean value and standard
deviation of the stress range, respectively. It is found
that the E(S,) from the filtered data (i.e. neglecting high
frequency load effect) is larger than that from the
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unfiltered data (i.e. ineluding high frequency) at both
loading conditions (see Figure 6). This is because the
contribution of lower stress ranges to fatigue damage is
diminished in the filtered data, as shown in Figure 5b
and d. However, sinee the number of eyeles for high
frequeney ean be large, the eumulative effeet of these
numbers ean be important.

For each test run of SS7 and HC at Stations 10 and
13, effective stress range, S, and average daily number
of eyeles, Ny, in the observed time period are computed
and presented in Figure 7a—d. With the sampling rate for
this primary hull response data of 200 Hz, full sealed
observed time periods for the total coneatenated runs of
SS7 and HC are about 424 min. and 66.6 min.,
respeetively. As shown in Figure 7, S. and N,,, are
fluctuating through each test run. For lifetime fatigue
assessment and predietion, these two parameters are
herein treated as random variables considering loading
uncertainty assoeiated with the limited test runs.

4.3.  Fatigue reliability aunalysis by nsiug probabilistic
lifetimie sea loads

As described previously, under uncertainty assoeiated
with wave loading, a probabilistie approach for
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Figure 7. Effective stress range, Sy, and average daily number of cyclcs, Ny, at Stations 10 and 13 for each test run bascd on
low frequency wave-induced moment: (a) Ny, of SS 7, (b) Sie of SS7, (¢) Nay, of HC, and (d) S, of HC.
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Table 2. Lifetime prediction of sea loads for fatigue at each station.
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Sea state 7 Hurricane Camille Predicted value
Pa (ksi Sie, MPa (ksi S*, MPa (ksi 5
Ste, MPa (ksi) Nave . a (ksi) Nave t a (ksi) Ny

Station Weibull Miner (cycles) Weibull Miner (cycles) Weibull Miner (cycles)
Station 4 5.83 (0.85) 5.93 (0.86) 187 10.99 (1.59) 10.70 (1.55) 703 5.43 (0.79) 5.48 (0.79) 143
Station 7 12.43 (1.80) 1234 (1.79) 175  19.88 (2.88) 19.41 2.81) 656  11.40 (1.65) 1129 (1.64) 134
Station 10 16.93 (2.45) 16.82 (2.44) 164 23.81 (3.45) 23.39 (3.39) 652 1540 (2.23) 15.27 (2.21) 126
Station 13 18.77 (2.72) 18.55 (2.69) 163 24.17 (3.50) 23.85 (3.46) 653 17.01 (2.47) 16.83 (2.44) 125
Station 16 13.19 (1.91) 13.10(1.90) 162 1543 (2.23) 1529 (2.22) 668  11.91(1.73) 11.86(1.72) 125

Note: Equations (5) and (6) are used in the calculation of S, by Weibull PDF and Miner’s rule, respectively.

potential sea loads prediction is necessary to be
devcloped based on given information (c.g. model
tests, simulations, monitoring). In particular, if model
test data for each sea state is available, lifetime sea
loads for fatigue life evaluation can be reliably
estimated, using occurrence probability of sea states
in a seaway, and the computed S,. and N,,, from
applicable operational conditions. As a result, prob-
abilistic lifetime sea loads of JHSS monohull from
model test data can be computed by using the
proposed approach.

The established stress range bin histograms from
low frequency wave-induced data of SS§7 and HC,
which are filtered from total concatenated runs, are
used to estimate S;. and N,, at the five stations. In the
calculation of S, Equations (5) and (6) are employed
considering Weibull PDF and Miner’s rule, respec-
tively. The calculated S,. and N,,, at the five stations
are presented in Table 2. The maximum value of
effective stress range was observed at Station 13, not at
midship (i.e. Station 10) for both SS7 and HC, whereas
the maximum bending moment was recorded at
Station 10 (see Figure 8). This is because the section
modulus on the backspline varies along the length of
JHSS monohull. By using Equations (7) and (8), the
predicted effective stress range, S}, and predicted
average daily number of cycles, N, considcring
potential sea states at thc worst area (i.e. North
Atlantic Ocean) as presented in Table 3 (Brady et al.
2004), arc cstimatcd to pcrform the fatigue reliability
asscssment. Due to the lack of information, occurrcnce
probability of sea statc is only considered in ordcr to
estimate probabilistic lifctime sca loads. Occurrence
probabilities of ship spced and relative wave heading
are ignorcd in this application.

All necessary information for the probabilistic
fatigue reliability analysis is obtained from steps 1 to
5 (sce also Figurc 3), and fatigue reliability analyses are
conducted using reliability software RELSYS (Estes
and Frangopol 1998). The established S-N curve bascd
on the BS 5400 (1980) is herein used. Predicted lifetime

4 276
LOW FREQUENCY WAVE-INDUCED
CATEGORY F

1207

-4 138

EFFECTIVE STRESS RANGE, S, (MPa)

EFFECTIVE STRESS RANGE, S, (ksi}

14 PREDICTED 169
EFFECTIVE STRESS RANGE (Eq.7)
. ; , ] o
4 10 13 16
(FORWARD END) (AFTERWARD END}

STATION

Figure 8. Predicted effective stress range, S*, at the five

stations of the JHSS. 1

Table 3. Modal wave period and probability of occurrence
according to sea states of North Atlantic Ocean (Brady ez al.
2004).

Mean value of
significant wave

height Mean Probability
Sea 7 modalwave of occurrencc®
state (ft) (m) period (s) (%)
0-1 0.16 0.05 - 1.0
2 0.98 0.30 6.9 6.6
3 2.87 0.87 7.5 19.6
4 6.15 1.87 8.8 29.7
5 10.66 3.25 9.7 20.8
6 16.40 5.00 124 14.1
7 24.61 7.50 15.0 6.8
8 37.73 11.50 16.4 1.3
>8 >4590 >13.99 20.0 0.1

Note: *Probabilities reported for the North Atlantic annual.

loads are cstimated based on the low frequency wave-
induced data filtered. Fatigue reliability evaluation at
the identificd critical location is performed considering
(i) annual ship operation rate, «, of 50, 75 and 90%
and (i1) low frequency wave-induced moment and com-
plete history including high frequency slam-induced
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Figure 9. Fatigue performance assessment and service life prediction of the JHSS based on the predicted lifetime sea loads. (a)
at the five stations with ship annual operation rate, « = 50%. (b) at Station 13 according to « = 50%, 75% and 90%. (c) using
low frequency wave-induced filtered data and unfiltered data at Station 13.

whipping moment. Target reliability, f,eget, 1S assumed
to be 3.0. This target is in the rangc of target reliability
indices for fatigue (i.c. 2.0 < Biarpe < 4.0) recom-
mended in Mansour ez al. (1996).

The critical location of JHSS monohull is first
identified. As shown in Figure 9a, at Station 13 fatigue
reliability attains its lower bound, whereas the upper
bound is at Station 4. Fatigue reliability analyses at the
critical Station 13 are performed for both cases (i) and
(ii). The result for case (1) is shown in Figure 9b. As
expected, fatigue life of JHSS decrcases significantly
when the ship operation rate increases. For the
predefined flarge Of 3.0, the predicted fatigue life was
only about 9 years in the case of a of 90%, whereas it
was 16 years in the case of @ = 50%. The result of the
fatigue reliability analysis for case (it) is presented in
Figure 9¢. It is found that the effect of high frequency
slam-induced whipping moment on fatigue life could
not be neglected when considering operations in the
worst areas.

5. Conclusions

This article presents an approach for fatigue reliability
assessment and service life prediction of high-speed
ship structures based on the probabilistic lifetime sea
loads estimated from model test data. The S-N
approach applied to the identified structural details
was used to estimate structural capacity in the fatigue
reliability evaluation, whereas model test data were
used to estimate probabilistic lifetime sea loads in terms
of load effects. Under uncertainties associated with
fatigue resistance and loading history, two PDFs (i.e.
Lognormal, Weibull) were used. The unfiltered (raw)
data collected on a scaled JHSS monohull was used to
establish stress range bin histogram using peak count-
ing method and to illustrate the proposed approach.
The following conclusions are drawn:

(1) The model test data can be used for cstimating

probabilistic lifctime sea loads associated with
eflective stress range and numbcr of cycles.
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(2) Using filtering process, low frequency wave-
induced and high frequency slam-induccd
whipping moments can bc cxtracted from
unfiltercd test data in order to identify struc-
tural responses separately.

(3) Based on thc established stress range bin
histogram, individual cffcetive stress ranges
for given wave conditions (which arc related
to ship characteristics, ship spceds, relative
wave headings and sea states) ean be computed
and used to estimate the predicted cffective
stress range, S}, considering all possible ship
operational eonditions.

(4) Based on the estimated probabilistic lifetime
sea loads and the S-N approach, fatigue
performanece assessment and serviee life predie-
tion of ship structures can bc performed.
Therefore, the remaining fatigue life can be
rationally estimated by using the proposed
probabilistic approach.

Acknowledgements

The support from the Office of Naval Research to Lehigh
University under award N-00014-08-0188 is gratefully
acknowledged. The authors greatly appreciate the technical
discussions with Dr. Edward Devine and Dr. Liming
Salvino, Naval Surface Warfare Center, Carderock Divi-
sion (NSWCCD) and thank them for providing the data
used in this article. The opinions and conclusions presented
in this article are those of the authors and do
not necessarily reflect the views of the sponsoring
organisation.

References

Aalberts, P.J. and Nicuwenhuijs, M., 2006. Full scale wave
and whipping induced hull girder loads. Proceedings of
the Fourtl International Conference on Hydroelasticity in
Marine Technology, 10-14 September Wuxi, China.
Beijing, China: National Defence 1ndustry Press, 65-78.

ASTM Standard E 1049-85, 1997 (reapproved). Standard
practices for cycle counting in fatigue analysis. In: Annnal
Book of ASTM Standards, Vol. 03.01, 710-718,
Philadelphia.

Ayyub, B.M., et al., 2002a. Reliability-based design guide-
lines for fatigue of ship structures. Naval Engineers
Journal (ASNE), 114 (2), 113-138.

Ayyub, B.M., et al., 2002b. Reliability-based load and
resistance factor design (LRFD) guidclines for hull
girder bending. Naval Engineers Journal (ASNE), 114
(2), 43-68.

Brady, T.F., 2004. Global structural response measurement of
Swift (HSV-2) from JLOTS and Blue Gae rough water
trials. West Bethesda, MD: Naval Surface Warfare
Center, Carderock Division, NSWCCD-65-TR-2004/33.

Brady, T.F., et al., 2004. HSV-2 swift instrmuentation and
teclmical trials plan. West Bethesda, MD: Naval Surface
Warfare Center, Carderock Division, NSWCCD-65-TR-
2004/18.

BS 5400, Part 10, 1980. Steel, coucrete, aud composite bridges:
code of practice for fatigne. London, England: British
Standards lnstitute.

Chiou, J.W. and Chen, Y.K., 1990. Fatigue prediction
analysis validation from SI-7 hatch coruer strain data.
Washington, DC, Ship Structure Committee, Report No.
SSC-338.

Devine, E.A., 2009. An overview of the recently-completed
JHSS Monohull and Trimaran structural seaways loads
test program. West Bethesda, MD: Naval Surface
Warfare Center, Carderock Division (NSWCCD) Power-
Point Briefing.

Estes, A.C. and Frangopol, D.M., 1998. RELSYS: a
computer program for structural system reliability
analysis. Structural Engineering and Mechanics, 6 (8),
901-919.

Fisher, J.W., Kulak, G.L., and Smith, L.F., 1998. 4 fatigue
primer for structural engineers. Chicago, 1L. National
Steel Bridge Alliance.

Frangopol, D.M., Strauss, A., and Kim, S., 2008. Bridge
reliability assessment based on monitoring. Journal of
Bridge Engineering (ASCE), 13 (3), 258-270.

Glen, LF., Paterson, R.B., and Luznik, L., 1999, Sea
operational profiles for structural reliability assessment.
Washington, DC, Ship Structure Committee, Report No.
SSC-406.

Hess, P.E. 111, 2007. Structural health monitoring for
high-speed naval ships. Proceedings of the 6th
International Workshop on Structural Health Mouitor-
ing, Inc., Lancaster, PA: DEStech Publications (key-
note paper).

Hildstrom, G.A., 2007. JISV analysis engine. West
Bethesda, MD: NSWCCD-65-TR-2006/15, Naval Sur-
face Warfare Center, Carderock Division.

Kaplan, P., Sargent, T.P., and Cilmi, J., 1974, Theoretical
estimates of wave loads oun the SL-7 container ship in
regular and irregular seas. Washington, DC, Ship
Structure Committee, Report No. SSC-246.

Lin, W.M. and Yue, D.K.P., 1990. Numerical solutions for
large-amplitude ship motions in the time-domain. Pro-
ceedings of the 18th Symposium Naval Hydrodynamics,
20-22 August, University of Michigan, Ann Arbor, M1.
Washington, DC: National Academy Press, 41-66.

Mansour, A.E., et al., 1996. Probability-based ship design:
implementation of design guidelines. Washington, DC,
Ship Structure Committee, Report No. SSC-392.

Michaelson, R.W., 2000. User’s guide for SPECTRA:
Version 8.3. West Bethesda, MD: Naval Surface
Warfare Center, Carderock Division, NSWCCD-65-
TR-2000/07.

Miner, M.A_, 1945. Cumulative damage in fatigue. Journal of
Applied Mechauics, 12 (3), 159-164.

Okasha, N.M., Frangopol, D.M., and Deco, A., 2010a.
Integration of structural health monitoring in life-cycle
performance assessment of ship structures under un-
certainty. Marine Structures, 23 (3), 303-321.

Okasha, N.M, et al., 2010b. Reliability analysis and damage
detection in high-specd naval craft based on structural
hcalth monitoring data. Structural Health Monitoring.
doi: 10.1177/1475921710379516.

Paik, J.K. and Frieze, P.A., 2001. Ship structural safety and
reliability. Progress in Structural Engineering and Materi-
als, 3 (2), 198-210.

Palmgren, A., 1924. The service life of ball bearings.
Zeitschrift des Vereines Deutscher Ingenieure, 68 (14),
339-341.

111



{Lehigh University] At: 20:13 1 November 2010

Downloaded By:

14 K. Kwon et al.

Pedersen, P.T. and Jensen, J.J., 2009. Estimation of hull
girder vertical bending moments including non-linear
and flexibility effects using closed form expressions.
Proccedings of IMechE, 223 (3), 377-390.

Salvino, L.W. and Brady, T.F., 2008. Hull monitoring system
development using a hierarchical framework for data and
information management. In: Proceedings of the 7th
International Conference on Computer and IT Applica-
tions in the Maritime Industries (COMPIT08), 21-23
April, Liége, Belgium, 589-602.

Sikora, J.P., Dinsenbacher, A., and Beach, J.E., 1983. A
method for estimating lifetime loads and fatigue lives for
swath and conventional monohull ships. Naval Engineers
Jonrnal, 95 (3), 63-85.

Wirsching, P.H., 1984, Fatigue reliability for offshore
structures. Jowrnal of Structural Engineering (ASCE),
110 (10), 2340-2356.

Wu, M.K. and Moan, T., 2006. Numerical prediction of
wave-induced long-term extreme load effects in a flexible
high-speed pentamaran. Jowrnal of Marine Science and
Technology, 11 (1), 39-51.

112



Final Report to ONR N00014-08-1-0188
Integrated Life-Cycle Framework for Maintenance, Monitoring, and Reliability of Naval Ship Structures

Appendix VI

Sunyong Kim and Dan M. Frangopol. Optimum inspection planning for minimizing fatigue
damage detection delay of ship hull structures. International Journal of Fatigue, 33(3):448-459,
2011.

113



International Journal of Fatigue 33 (2011) 448-459

Contents lists available at ScienceDirect »
International Journal of Fatigue
journal homepage: www.elsevier.com/locate/ijfatigue w5 )

Optimum inspection planning for minimizing fatigue damage detection delay
of ship hull structures

Sunyong Kim, Dan M. Frangopol *

Dept. of Civil and Environmental Engineering, ATLSS Engineering Research Center, Lehigh Univ., 117 ATLSS Dr., Bethlehem, PA 18015-4729, USA

ARTICLE INFO ABSTRACT

Article history:

Received 27 January 2010

Received in revised form 21 September
2010

Accepted 30 September 2010

Available online 25 October 2010

Fatigue is one of the main factors which can produce cracks, and lead to failure of ships. For these struc-
tures, damage occurrence and propagation due to fatigue are affected by the action of sea water waves
and the sea environment as well as operation, fabrication, and modeling of ship structures under uncer-
tainties. In order to efficiently maintain the safety of ship structures, an optimum inspection plan should
be made by considering these uncertainties using a probabilistic approach. In this paper, such an
approach is presented and applied to ship hull structures subjected to fatigue. The resulting inspection
plan is the solution of an optimization problem based on the minimization of expected fatigue damage
detection delay. Damage detection delay will produce the maintenance delay which, in turn, is likely
to endanger the serviceability and even the survival of the structure, The formulation of the expected
damage detection delay includes uncertainties associated with damage occurrence, propagation, and
detection. The effects of the quality and number of inspections on the optimum inspection planning
are investigated. A well-balanced inspection planning is considered as a solution of an optimization prob-
lem with two conflicting criteria. This well-balanced inspection planning provides optimum inspection
types and times. Furthermore, the cost-effective inspection plans are designed to provide the optimum
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Probabilistic optimization
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strategy either by considering a single type or multiple types of inspections.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The deterioration of a ship structure over its service life can be
the result of fatigue induced by various loadings. The fatigue can
develop into crack, and lead to unexpected failure or out-of-service
of the ship structure. This problem is one of the major threats to
the structural integrity of deteriorating ship structures [1]. Due
to both aleatory and epistemic uncertainties associated with the
action of sea water waves and the sea environment as well as oper-
ation, fabrication, and modeling of ship structures, a probabilistic
approach has to be applied to assess and predict their fatigue per-
formance {18,19,27,28,3]. Such an approach can provide cost-
effective inspection maintenance strategies for structure managers
to maintain or extend the service life of ship structures. Ap-
proaches for reliability-based optimum inspection and mainte-
nance planning of ship structures were proposed by Madsen and
Serensen [18], Madsen et al. [19), and Garbatov and Soares [12],
among others.

Maintenance actions generally depend on the inspection quality
[23,10,11,21]. Ship inspections can lead to effective and timely

* Corresponding author.
E-mail addresses: suk206@lehigh.edu (S. Kim), dan.frangopol@lehigh.edu (D.M.
Frangopol).

0142-1123/$ - see front matter ® 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijfatigue.2010.09.018

maintenance actions. If the inspection reveals that cracking due
to fatigue is present, an appropriate repair should be applied [9].
However, if damage is not detected, repair will not be applied on
time. Damage detection delay will produce maintenance delay
which, in turn, is likely to endanger the serviceability and even
the survival of the structure. The damage detection delay is caused
by the uncertainties related to an inspection method and time of
damage occurrence. Therefore, a probabilistic approach consid-
ering these uncertainties in a rational way should be used to
establish a cost-effective inspection planning associated with min-
imum damage detection delay. Probabilistic inspection and moni-
toring planning for reinforced concrete structures based on
corrosion damage detection delay was studied in Kim and Frango-
pol [16].

In this study, a probabilistic approach to establish the cost-
effective inspection planning is presented and applied to ship hull
structures subjected to fatigue. The optimum inspection plan is
based on the minimization of expected fatigue damage detection
delay. The formulation of the expected fatigue damage detection
delay includes uncertainties associated with damage occurrence
time and probability of damage detection. The probability of detec-
tion is expressed by the damage intensity in terms of time-depen-
dent crack size under uncertainty. The effects of probability of
detection and number of inspections on expected damage
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detection delay are investigated. Increasing the number of inspec-
tions and/or probability of detection require additional cost, while
the expected damage detection delay is reduced. A well-balanced
inspection planning is considered as a solution of a bi-objective
optimization problem with two conflicting criteria associated with
the minimization of both expected damage detection delay and to-
tal inspection cost. The inspection cost is estimated considering
quality of an inspection method. This well-balanced inspection
planning provides optimum inspection types and times. Further-
more, the cost-effective inspection plans are provided considering
same type or different types of inspections.

2. Prediction of crack length

Fatigue is the process of initiation and growth of cracks under
repetitive loads; the crack may be pre-existing from fabrication,
and be initiated by fatigue and/or corrosion [9]. The crack growth
can be affected by the location and length of initial crack, stress
range near the initial crack, number of cycles associated with the
stress range, material and geometric properties of a structure with
crack damage [9). All these factors have complex relation to each
other. Due to this complexity of the fatigue fracture process, it is
difficult to predict crack length accurately. So far several empirical
and phenomenological-based crack propagation models have been
proposed to predict fatigue life [8,26,22]). In order to predict crack
length, Paris’ equation based on linear elastic fracture mechanics
has been generally used. The ratio of the crack length increment
to stress cycle increment is described by the following equation
[25]

da
dN "~
where a is the crack length; N is the number of cycles; AK is the
stress intensity factor; and AKy,, is the threshold of stress intensity

factor. C and m are material parameters. The stress intensity factor
AK is [15]

AK =S-Y(a)V7a @)

where S is the stress range, and Y{a) is the geometry function. If the
geometry function is constant (i.e,, Y(a) = Y) and the stress intensity
factor AK is larger than AK,,,, the crack length after N cycles a(N)
can be obtained by integrating Eq. (1) [17]

C(AK)™  for AK > AKy, 1)

for m#2 (3a)
a(N) = a, -exp[C-S" - Y" 7 N] form=2 (3b)

where a; is the initial crack Iength when N =0. When the annual
number of cycles N, is constant over time t (years), the total num-
ber of cycles N after t years is t x Ng,. The time ¢ to crack propaga-
tion from the initial crack Iength aq to the crack length a, can be
obtained as [27,28]

I agz/,m)jz _ a‘()z- m)/2
(@) C.ST.y"m gmz. Nan

e In(a,) — In(a,)
_C~Sm Y™ 'n'Nan

t

for m#2 (4a)

form=2 (4b)

3. Probability of damage detection

Inspection methods to detect and measure cracks in steel
member include ultrasonic inspection, magnetic particle inspec-
tion, penetrant inspection, radiographic inspection, acoustic emis-
sion inspection, and visual inspection [9,5]. Results from these

inspection methods include significant uncertainties [23,10] re-
lated to damage occurrence and the imperfection of an inspection
method, among others. In order to detect damage on time, the
uncertainties associated with both prediction of damage occur-
rence/propagation and quality of inspection should be treated in
a rational way.

The inspection quality is related to the probability that a given
degree of damage is detected [19]. The probability of damage
detection depends on the degree of damage intensity (i.e, crack
length or defect size) and quality of inspection. Packman et al.
[24], Berens and Hovey [4], Madsen et al. [19], Mori and Elling-
wood [23], and Chung et al. [5] investigated the relation between
probability of detection and crack length or defect size. The repre-
sentative forms of this relation include a shifted exponential form,
logistic curve form, and normal cumulative distribution function
(CDF) form. In this study, the normal CDF form based on damage
intensity is used. The value of damage intensity ranges from zero
(i.e, no damage) to one (i.e, full damage) [10]. The damage inten-
sity function §(t) at time t in terms of crack length @, can be ex-
pressed as

o(t)y=0 for a; < amn (5a)

3(t) = G Amin o g < G < dma (5b)
Amax — Amin

3(t)y=1 for amu < a; (50)

where g, is the crack Iength at time f. @iy and dmax are the mini-
mum and maximum crack length for damage intensity §(t), respec-
tively. When the crack length a; is less than a,;, the damage
intensity &(t) is zero. Conversely, if the crack length a, is equal to
or larger than a;,ax the damage intensity is one; in this case the
cracked component will lose its structural capacity.

The probability of detection P, for given damage intensity 6(t) is
estimated as [10]

Ps= ¢<M) ©)

(¥}

where (-) is the standard normal CDF; 45 is the damage intensity at
which the inspection method has a probability of detection of 0.5; and
o5 is the standard deviation of the damage intensity. In this study, ¢; is
assumed 0.189s. In Eq. (6), the quality of inspection is characterized by
d05. An inspection method with a larger value of 695 has a lower
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Fig. 1. Relation between probability of detection and crack length for ¢ 5 = 0.01,
J0.5=0.03, and dg5 = 0.05.
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probability of detection (i.e., lower quality of inspection). For example,
in case the minimum and maximum crack lengths for damage inten-
sity are 1T mm and 50mm, respectively (ie, Gmi,=1 mm, and
Qmax = 50 mm), the relations between the crack length a; and probabil-
ity of detection P4 for three inspections with g5 = 0.01, 0.03, and 0.05
are shown in Fig. 1. For the inspection method with é¢5 = 0.05, the
probability of detection is 0.5 when the damage intensity &(t) is
0.05, and the associated crack length can be obtained as 3.45 mm,
using Eq. (5); the crack length associated with probability of detection
0.999 is 4.21 mm as shown in Fig. 1. If the inspection method with
do05=0.01 is used to detect the damage, the probability of damage
detection will be 0.999, when the crack length is 1.64 mm.

4. Damage detection delay

Damage detection delay can be defined as the time-lapse from
the damage occurrence to the time for the damage to be detected
by inspection [14]. If the damage has occurred at time ¢, and is de-
tected at time t,4, then the damage detection delay tg,; is expressed
by

tgr=tg—t fortg>t (7)

(a)

tq depends on the probability of damage detection and number of
inspections. In order to formulate the damage detection delay con-
sidering probability of damage detection and number of inspec-
tions, an event tree model can be used. This model represents all
the possible events having a particular consequence, There is a
chance node associated with detection and no detection at every
inspection. For instance, assuming that damage occurs in the time
interval t~t. and three inspections to detect damage are used, for-
mulation of damage detection delay is based on the four cases
according to damage occurrence time t as follows (see Fig. 2a): (a)
case 1: ;< t<tgq: (b) case 2: tgq <t<tyy (c)case3: tyo <t<tys;
and (d) case 4: ty3 <t < t,, where f; and t. are the times represent-
ing the lower and upper bounds of damage occurrence, respectively,
and tg; is ith inspection time, Fig. 2b and c illustrate event tree and
damage detection delay associated with case 2. The gray rectangu-
lar node in Fig. 2b indicates a chance node at every inspection
where there are two events (i.e., detection and no detection). For
case 2 (see Fig. 2b), there are three branches. Branch 1 represents
the event of damage detection at the second inspection. The associ-
ated probability and damage detection delay are Pgy and tg; — ¢,
respectively, as shown in Fig. 2b and c. If the damage is not detected
until the third inspection, and is detected at time t;, the associated

f T T 7 ¥ i TIME
td, 1 td, 2 td, 3 te td, e
1st INSPECTION 2nd INSPECTION  3rd INSPECTION
L — |
CASE 1
t,<t<t,, < P
CASE 2
t,,St<t,, ——
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t,<t<t <—
ol e CASE 4
t,,StSt,
(b)
CASE 2: t,,St<t,,
FATIGUE DAMAGE
OCCURRENCE
| ] T l T i i TIME
ts L1 t ty2 ty3 f Lye

1st INSPECTION

2nd INSPECTION
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Branch 1

| EveNT TReE | y

@ -~

O Py2

Py = Pd,zI
Branch 2

Py = (1—B,)xPy;

O Detection
@ No detection

P,; = Probability of detection associated with branch i

Oi Pd,3
m
@ P

Branch 3

Pyy=(1— B, (1 —R;)

Fig. 2. (a) Four possible cases for number of inspections n = 3; (b) event tree model for case 2: 44 < t < t32; (¢) damage detection delay of each branch in (b); and (d) PDF of

fatigue damage occurrence.
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Fig. 2 (continued)

probability and damage detection delay will be (1 —Pg4;)x
(1 —Pg3) and t4, —t, respectively (see branch 3 in Fig. 2b and c).
Therefore, considering the damage detection delays and their prob-
abilities associated with all possible branches, the expected damage
detection delays for cases 1, 2, 3, and 4 are
E(tae)caser = (taq — ) - Pax + (L2 — O)[(1 = Paq) - Pap] + (ta3

= O)[(1 = Paa)(1 = Pa2) - Pas] + (tae — 1)[(1

—Pa1)(1 — Pg2)(1 — Py3)] for &

St<ty (8a)

E(taet)casen = (taz — ) - Paz + (t43 — )[(1 — Pa2) - Paz] + (tae
= B)[(1 = Pg2)(1 = Pg3)] for t4,
SIE<tgp (Sb)

E(taet)cases = (taz —£) - Paz + (ae —£)(1 —Pa3) fortgy <t
< la3 (8¢c)

E(tdel)case4 = (td,e - t) for th3 <ttt (Sd)

In Eq. (8), the expected damage detection delay for case i is denoted
as E(tdel)case,i-

When the time t for damage to occur is a continuous random
variable described by the probability density function (PDF) fi(t)
as shown in Fig. 2d, the expected damage detection delay E(ts.)
of Eq. (8) for n inspections is

n+l
E(tar) =) {

i=1

/t.ﬂ [E(tdel)mse,i fr(t)]dt} (9)

g1

where E(tge)casei is the expected damage detection delay when
tgi1 < t<tg; The time tyo for i=1 and ty,41 for i=n+1 in Eq. (9)
are t; and t, respectively. Based on the PDF of damage occurrence
time fx(t), t; and t., are defined as [16]

£ = F;'(9(~u)
te = Fy' (6(@))

(10a)
(10b)

where F;'(-) is the inverse CDF of the damage occurrence time t, and
u > 0. If, for example, the time t for damage to occur is assumed log-
normally distributed with the mean of 10 years and the standard
deviation of 2 years, and u is assumed to be 3.0, t; and t, are 5.41
and 17.76 years, respectively, using Eq. (10). The probability that
the damage will occur before 541 and 17.76 years is 0.0013 and
0.9987, respectively. The value of u is fixed at 3.0 herein.
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5. Application to ship hull structures subjected to fatigue

The proposed approach is applied to ship hull as shown in Fig. 3.
In this study, the joint between bottom plate and longitudinal plate
is considered as a critical location subjected to fatigue. Under lon-
gitudinal loading and unloading, the crack in the plate can initiate
on the edge connected to the stiffener and propagate away from
the stiffener in the transverse direction as shown in Fig. 3.

5.1. Time-dependent crack growth

Crack length over time and time to reach a given crack length
are calculated using Egs. (3) and (4), respectively. Initial crack
length a,, annual stress cycles N, and material crack growth
parameter C are assumed lognormally distributed random vari-
ables. The stress range S is treated as a random variable with a
Weibull PDF [19]. The mean value of material parameter C is as-
sumed to be 3.54 x 107!, and m is assumed 2.54 for high yield
steel (HY80) [7]). Descriptors of variables in Eqs. (3) and (4) are
given in Table 1. In this study, the geometry function Y is as-
sumed to be one [1,19]. Monte Carlo simulation with sample size
of 100,000 is used to predict the crack length over time. Fig. 4a

¢ of mid section

shows the mean and standard deviation of time t associated with
crack length a,, and PDFs of time for a,=10, 20, 30, and 40 mm.
From this figure, it can be seen that the crack length increases at
a very high rate after reaching 1.0 mm. In this study, the crack
length of 1.0 mm serves as the crack damage criterion. Therefore,
Qmin in Eq. (5) is 1.0 mm. The maximum crack length a,,, in Eq.
(5) is assumed to be 50 mm. Fig. 4b shows the PDF of fatigue
damage occurrence time (i.e, time for crack length to reach
1.0 mm) obtained from Monte Carlo simulation and the best fit-
ted PDF (ie., Generalized Extreme Value (GEV) PDF). The GEV

PDF is
L ST 2oT9) W I RN 1\
fr(t) - ¥ (1 + ) exp (1 +aT)
1+ax—-{)/p>0 (11)

B

where « is the shape parameter; § is the scale parameter; and { is
the location parameter. The values of parameters «, f§ and { are
0.15, 1.65 and 3.21, respectively, as shown in Fig. 4b. This GEV
PDF is used to formulate the expected damage detection delay in
Eq. (9). Based on this PDF, t; and t., are obtained as 0.51 and
21.95 years, respectively (see Eq. (10)).
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m ]
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B ]
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Loading and unloading
lin a longitudinal direction [ U
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: — ]

Loading and unloading |~
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: 5 = — .
B —
DETAIL = ] K ]
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11 @17777 1737773333311 7 1 J

Fig. 3. Schematic representation of the mid-ship section of a ship and the assumed location of cracks.

Table 1
Variables for crack growth model.

Random variables Notation Units Mean *Cov Type of distribution
Initial crack size 0, mm (in) 0.5 (0.02) 0.2 Lognormal

Annual number of cycles Nan Cycles/year 0.8 x 10° 0.2 Lognormal

Stress range N MPa (ksi) 40 (5.81) 0.1 Weibull

Material crack growth parameter C 3.54 x 107" (1.77 x 107%)® 0.3 Lognormal

2 COV: coefficient of variation.

b 1,77 x 10 °: material parameter for do/dN and AK in units of injcycles and ksi v/in, respectively (see Eqgs. (1) and (2)).
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Fig. 4. (a) Time-dependent crack length with PDFs of times when a;= 10 mm, 20 mm, 30 mm, and 40 mm; (b) GEV PDF of fatigue damage occurrence time.

5.2, Optimum inspection plans to minimize the expected damage
detection delay

The type of maintenance/repair generally depends on the out-
come of inspection [23,10,11,21]. The type of fatigue repair can
be determined according to the results of inspection such as degree
of crack damage and estimated cause of crack [9]. Therefore, in or-
der to apply a timely and appropriate maintenance/repair action to
a deteriorating structure, the damage should be detected with
minimum delay [16].

After fatigue damage has occurred, the crack length grows so
that the probability of detection will increase. Therefore, as the
damage detection delay increases, the probability of detection in-
creases. Since the variables associated with the crack growth mod-
el are not deterministic, the probability of detection in terms of

- 1.0
Q
'—
O
Eo8f
L
a
L
O
t 06|
=
o
o
o 0.4
1
a
a SN AR A e B S
Hoo2f &, 5 = Damage intensity at which the
o inspection method has 50%
& | probability of detection
w 2 . i !
0
0 3 6 9 12 15
TIME AFTER CRACK DAMAGE
OCCURRENCE (YEARS)

Fig. 5. Expected probability of detection versus time after crack damage occurrence
for 805 =0.01, 605 =0.03, and 55 = 0.05.

crack length a, at time t is random. In order to formulate the ex~
pected damage detection delay E(t4.) in Eq. (9), the expected prob-
ability of detection using Eq. (6) is applied herein. Fig. 5 shows the
expected probability of detection over time after crack damage
occurrence (ie., time for crack length a; to reach am;,) for three
inspections with g5 = 0.01, 0.03, and 0.05. As indicated in Eq. (8)
and Fig. 2, t4. is associated with the time when the damage can
be detected with perfect detectability. In this study, t,4. is defined
as

tge =t +1p (12)

where ¢, is the upper-bound of damage occurrence time as indi-
cated in Eq. 10(b), and t,, is the time interval during which the ex-
pected probability of damage detection is at least 0.999. When
the inspection method with Jo5 =0.01 is used, t, will be 9.74 years
when the damage is detected with the expected probability of
detection of 0.999 as shown in Fig. 5. Therefore, t4, for 3¢5 =0.01
is 31.69 years, since the upper-bound of damage occurrence time
t. is 21.95 years as mentioned previously.

In this study, inspection planning is formulated as an optimiza-
tion problem by minimizing the expected damage detection delay
E(t4e) in Eq. (9) with given number n of inspections as follows:

Find t3={tq1,ta2,... tas, ... tan} (13)
to minimize E(t4:) (14)
such that tg; —tgiq > 1 year (15)
given n,dos, f1(t) (16)

where tq4 is the vector consisting of n design variables of inspection
times t44,..., Lan Laiis the ith inspection time (years); and §¢ 5 is the
damage intensity at which the given inspection method has 50%
probability of detection. The objective is to minimize the expected
time delay E(t4.) from the crack damage initiation to time for the
crack to be detected by inspections. The time interval between
inspections is assumed to be at least one year (see Eq. (15)). The
times tq0 (for i=1)and g4 (for i=n+ 1) are t; and t, respectively,
as indicated in Eq. (9). The number of inspections, g5 representing
the quality of inspection, and PDF of the damage occurrence time
fi{t) in Fig. 4b are given (see Eq. (16)). The optimization toolbox
(ie., constrained nonlinear minimization) provided in MATLAB®
version R2009a [20] was used to solve this problem.
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Fig. 6 shows the effects of (a) number of inspections and (b) to-
tal inspection costs on minimum expected damage detection delay
E(tge1) for 695 = 0.01, 505 = 0.03, and ¢ 5 = 0.05. The total inspection
cost Cripsp is computed as

n
C;

Cr: Al insp 17

Tinsp ,'E_‘l ‘_——(] T T)t‘” ( )

where r is the discount rate of money, and Gy, is the cost of an
inspection. Considering quality of an inspection method, the cost
of an inspection is estimated as [23}

Cinsp = C‘(insp(‘l | 0750.5)20 (] 8)

where o, is 5. It should be noted that the inspection associated
with time t;,, when the damage can be detected with perfect
detectability, is not accounted in the number of inspections.

The optimal inspection plans associated with the number of
inspections n =1, 3, and 5 are shown in Fig. 7. If a single inspection
with dg5 = 0.03 is used to detect fatigue crack damage, the inspec-
tion has to be performed at 11.90 years as shown in Fig. 7a. The
associated E(tg;) and Cyinsp are 9.74 years and 3.27, respectively
(see Fig. 6). If the number of inspection increases three times
(i.e., the number of inspection n = 3), the inspections should be ap-
plied at 7.66, 10.62, and 16.67 years (see Fig. 7b), and E(t4.;) will be
5.66 years (see Fig. 6a). Furthermore, if three inspections with
dos = 0.01 instead of 85 = 0.03 are used, E(tz) will be reduced by
36% (i.e, from 5.66 to 3.62 years), but the total inspection cost Crinsp
will increase by 33% (i.e, from 9.81 to 13.03), as shown in Fig. 6.
The associated optimum inspection times will be 5.64, 8.35, and
13.51 years (see Fig. 7b). From these results, it can be seen that
reduction of the minimum E(tzy) results from increase in the
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Fig. 6. Effects of (2) number of inspections and (b) total inspection costs on
minimum expected damage detection delay for dps=0.01, 8ps=0.03, and
80,5 =0.05.

number and/for the quality of inspections. Through comparison
among the optimum inspection times associated with §¢5=0.01,
0.03 and 0.05, it can also be seen that the inspection with higher
quality (i.e., smaller value of do5) has to be applied earlier than
the inspection with lower quality (i.e, larger value of g 5), in order
to minimize E(tg.).

5.3. Optimum balance of cost and expected damage detection delay

In order to reduce the expected damage detection delay, it is
necessary to increase the number of inspections and/or quality of
inspection method. This leads to additional financial resources.
Therefore, well-balanced inspection planning should be considered
as a solution of a two conflicting criteria optimization problem by
simultaneously minimizing both the expected damage detection
delay and the total inspection cost. In this paper, optimum bal-
anced inspection planning is obtained, when (a) same type and
(b) different types of inspections are used. Non-Dominated Sorting
in Genetic Algorithms (NSGA-I11) program developed by Deb et al.
[6} is used, in order to find the Pareto optimal solution set of this
bi-objective optimization problem.

5.3.1. Optimum balance when same type of inspection is applied

When same type of inspection (ie., constant §gs) is applied
n-times, the bi-objective optimization problem for inspection plan-
ning is formulated as

Find g = {td,l,td,z, vevsldise. o, td‘n}, and ég5 (]9)
to minimize both  E(ts) and Crinsp (20)
such that t4; —tz;., = 1 year (21a)
ta; < 20 years (21Db)
0.01 < 8g5 <01 (21¢)
given n,fr(t) (22)

In this bi-objective optimization problem, the objectives are mini-
mization of both the expected damage detection delay E(t4.) (see
Eq. (9)) and the total inspection cost Crins, (see Eq. (17)). The design
variables are the vector of inspection times tq4, and 3g 5 representing
the quality of inspection in Eq. (6). As indicated in Eq. (21), time
interval between inspections should be at least one year, and appli-
cation of the first inspection is required within 20 years. The value
of 805 has to be in the interval 0.01-0.1. fi{t) in Fig. 4b and number
of inspections n are given as indicated in Eq. (22).

Through the genetic algorithm (GA) process with 200 genera-
tions, a Pareto set of 100 solutions for n =1 is obtained as shown
in Fig. 8a. The relations between design variables (i.e, first inspec-
tion time t44 and dq5) for solutions A;~As are also illustrated in
Fig. 8a. The expected damage detection delay E(t4.) of solutions
A1-As decreases from 13.21 to 7.09 years with decrease of both
dos (from 0.1 to 0.01) and t4; (from 15.27 to 9.35), respectively.
Accordingly, the associated total inspection cost Crys, increases
from 1.17 to 4.35. Fig. 8b shows Pareto optimum solution sets for
n=1-5.

In order to find the final Pareto front considering the number of
inspections 1 as a design variable, e-constraint approach, based on
the Pareto solution sets for n=1-5 in Fig. 8b, can be used. In this
approach, multi-criteria optimization problem is transformed into
a single objective optimization problem by selecting one of the
objectives to be minimized and treating other objective functions
as constraints [13]. The general formulation of &-constraint ap-
proach is [2]

Minimize f; (23)
subject to f; < g forallj=1,2,... kj=i (24)
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Fig. 7. Optimum inspection plans for number of inspections (a) n=1; (b)n=3; (c)n=5.

where i € {1, 2, ..., k}. The number of objective functions k is equal
to 2; fi= fi is the expected damage detection delay E(ty.); and fj=f>
is the total inspection cost Cripg. By changing the value of ¢; from
the minimum value of f, (ie, 1.17) to the maximum value of f,
(ie, 21.72), the final Pareto front of the Pareto solution sets for
n=1-5 in Fig. 8b is obtained as shown in Fig. 8c. The optimum
inspection times for solution By, B, B4, and Bs in Fig. 8c are provided

in Table 2 and Fig. 8d. For Pareto point B, in Fig. 8¢, the associated
E(tger) and Crinsp are 4.55 years and 8.69, respectively (see Table 2).
The inspection plan for solution B4 requires two inspections with
do.5 = 0.01 as shown in Fig. 8d. If Pareto solution Bg instead of solu-
tion By is selected as an inspection plan, the number of inspections
has to increase twice (i.e, from 2 to 4), Crsp should also increase
twice, but E(tgr) will be reduced from 4.55 to 3.15 years (see
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Fig. 8. (a) Pareto solution set and design space of t4; and g, for given n = 1; (b) Pareto solution sets for design variables ¢y and o, and given n = 1-5; (c) final Pareto solution
set; and (d) optimum inspection plans for solutions By, B, B4, and Bg in (c).

Table 2). It should be noted that solutions Bs, Bs and B; in Fig. 8¢ are n=3; 505=0.01 in Fig. 7b, and n=5; J05=0.01 in Fig. 7c,
the same as the solutions associated with n = 1; 6o 5 = 0.01 in Fig. 7a, respectively.
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Table 2

Design variable and objective function values associated with Pareto optimum solutions in Fig. 8c.

Pareto optimum Objective function values

Design variables

solution

Expected damage detection delay, E(ts;)  Total inspection cost, Number of Optimum inspection times (years) So5
(years) Crinsp inspections, n ™ tan tas H G
B, 13.21 1.17 1 1527 - - - - 0.10
B, 9.66 234 2 11.73 1850 - = = 0.10
B; 7.09 4.3s 1 93s - - - - 0.01
B, 4.55 8.69 2 667 1185 - - - 0.01
Bs 3.62 13.03 3 564 835 1351 - - 0.01
Bs 3.15 17.38 4 507 694 960 1476 - 0.01
B; 2.86 21.72 5 471 615 793 1060 1575 001
(a) 5.3.2. Optimum balance when different inspection types are applied
15 , When different inspection types are applied (i.e., do5 is not the
Number of inspections n = 2 ‘Qbeciives same), the formulation of the bi-objective optimization problem is
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Fig. 9. Comparison between Pareto solution sets based on same type and different
types of inspections for number of inspections (a) n=2; (b)n=3.

Table 3

As indicated, the constraints and given condition of this problem are
identical with those in Egs. (21) and (22). A Pareto set of 100 solu-
tions is obtained after 500 generations. The discount rate of money r
in Eq. (17) is assumed to be zero. Fig. 9 shows Pareto solution sets
based on both same type (i.e., case 1 in Fig. 9a and case 3 in Fig. 9b)
and different types (i.e., case 2 in Fig. 9a and case 4 in Fig. 9b) of
inspections. Optimum values of design variables and the associated
E(t401) and Cringp for Pareto solutions in Fig. 9 are provided in Table 3.
Solutions Cy, C4, and Ds in Fig. 9 are the same as B,, B4, and Bs in
Fig. 8¢, respectively. As shown in Table 3 and Fig. 9a associated with
number of inspections n = 2, solutions C5 of case 1 and C; of case 2
have the same E(t.) (i.e., 7.92 years), but if solution C, instead of G,
is selected as an inspection plan, the total inspection cost can be re-
duced by 16% (i.e., from 4.93 to 4.13). Similarly, in Fig. 9b associated
with n = 3, solutions D; (of case 4) and D), (of case 3) have the same
E(tae1), but D5 requires less cost than Dj. From these comparisons
between Pareto solution sets of cases 1 and 2 (or cases 3 and 4),
it can be seen that the inspection plan based on different inspection
types will require less cost than the inspection plan based on the
same type of inspection for given expected damage detection delay.
As indicated in Table 3, Pareto solutions C; and C3 have dg5; = 0.10
and 0.01, respectively, while having the same Jo52=0.10. The
values of &g for solutions C3 and C,4 are the same (i.e,, 0.01), but
da.52 for C3 and C4 are 0.10 and 0.01, respectively.

Furthermore, the Pareto solution sets of the bi-objective optimi-
zation problem for n=1, 4, 5 are obtained. The e-constraint ap-
proach (see Eqs. (23) and (24)) based on Pareto solution sets for

Design variable and objective function values associated with Pareto optimum solutions in Fig, 9a and b.

Pareto optimum Objective function values

Design variables

solution Expected damage detection delay, E(tg,) Total inspection cost, Number of Optimum inspection dos
(years) Crinsp inspections, n times (years)

taa 42 43 dos51 9052 dosa
[ 9.66 234 2 11.73 1850 - 010 010 -
C, 7.92 413 9.78 1880 - 037 010 -
G 7.92 493 10.00 1634 - 005 005 -
Cy 6.07 $.49 842 1974 - 001 010 -
Cy 4.55 8.69 6.67 1185 - 001 001 -
D, 8.46 3.51 3 1044 13.68 2070 010 0.10 0.10
D, 717 517 913 1421 2232 004 010 010
D) 717 6.58 918 1228 1891 0.06 006 0.06
D; 5.24 6.68 815 1540 1875 0.01 010 010
D, 432 9.87 659 11.13 2147 001 001 0.10
Ds 3.62 13.03 564 835 1351 001 001 001
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Fig. 10. Pareto solution set of bi-objective optimization problem with design
variables tg, 505, and n (a) without discount rate of money; (b) with discount rate of
money r = 3%/year.

n=1-5 provides the final Pareto front as shown Fig. 10a. Values of
objective functions and design variables for solutions E,-E; are
provided in Table 4. As indicated in this Table, values of objective
functions and design variables for solutions E;, Es and Es in
Fig. 10a are identical to those of solutions By, B, and By in Fig. 8c,
respectively. In the final Pareto front, solution E; needs the lowest
total inspection cost Cyinsp 0f 1.17, but leads to the largest expected
damage detection delay E(t4.) of 13.21 years. In contrast, solution

Table 4
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E requires the highest inspection cost Cringp of 17.38, while results
in the least expected damage detection delay E(ty.;) of 3.15 years. It
should be noted that there is no solution associated with n=5.
When the discount rate of money r=3%/year for the total inspec-
tion cost in Eq. (17) is applied, the final Pareto front is presented
in Fig. 10b. Table 4 provides values of objective functions and de-
sign variables for solutions F;-Fs. Solution F, in Fig. 10b has the
same expected damage detection delay (ie., E(tg.)=4.55 years)
as that of solution Es in Fig. 10a. However, the total inspection cost
Crinsp associated with solution Fy is less than that of solution Es as
indicated in Table 4 and Fig. 10. It can be seen that for given ex-
pected damage detection delay, the inspection plan considering
discount rate of money requires less cost than that without consid-
ering it. Among the final Pareto solution set with r = 3%/year, solu-
tion Fs requires the highest inspection cost Criys, of 11.53, leading
to the least expected damage detection delay E(ty,;) of 3.63 years.

6. Conclusions

This paper presented an approach for optimum inspection plan-
ning of ship hull structures subjected to fatigue. The optimization
problem was based on the minimization of expected fatigue dam-
age detection delay. In order to formulate this delay, uncertainties
related to inspection method and damage occurrence/propagation
were considered. The relation between the inspection cost and the
expected damage detection delay was investigated. A well-
balanced inspection plan was considered as the solution of a
bi-objective optimization problem by simultaneously minimizing
both the expected damage detection delay and the total inspection
cost. A comparison of the cost-effective inspection plans based on
same type and different types of inspections was carried out. The
effect of the discount rate of money on the inspection plans was
also studied.

The following conclusions can be drawn:

1. Increase in the number of inspections and/or inspection quality
can lead to reduction of the expected damage detection delay.
However, this increase requires additional financial resources.
Therefore, in order to establish cost-effective inspection plan-
ning, an optimization problem based on minimization of both
expected damage detection delay and inspection cost has to
be solved. The result of this optimization provides the Pareto
solution set. Based on this set, structure managers can select
the appropriate inspection planning considering also the impor-
tance of the structural component or system inspected.

Design variable and objective function values associated with Pareto optimum solutions in Fig. 10.

Pareto optimum Objective function values

Design variables

selition Expected damage detection delay, Total inspection Number of Optimum inspection times So.s
E(t01) (years) cost, Crinsp inspections, n (years)

a1 a2 tas a4 d051 d052 das3  osa
E: 13.21 1.17 1 1527 - - - 010 - - -
E> 11.22 234 1 1333 - - - 005 ~ - -
Es 9.66 234 2 11.73 1850 - - 010 010 - -
Es 7.09 435 1 935 - - - 001 - - -
Es 4.55 8.69 2 6.67 11.85 - - 001 001 - -
E¢ 3.62 13.03 3 5.64 8.35 1351 - 001 0.01 0.01 -
E; 3.15 17.38 4 5.07 6.94 9.60 1476 0.01 001 0.01 0.01
F 13.88 0.70 1 17.28 - - - 010 - - -
F, 11.77 1.18 2 1496 3478 - - 010 010 - -
F3 6.08 4,05 2 805 2027 - - 001 010 - -
| 4.55 6.63 2 667 1185 - - 0.01 001 - -
Fs 3.63 11.53 4 564 724 8.36 1351 001 0.07 001 001
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2. For a predefined expected damage detection delay, an optimum
inspection plan based on different inspection types is more eco-
nomical than that based on the same type of inspection.

3. The probabilistic approach presented in this study was applied
to a ship hull structure subjected to fatigue. If the relation
between the damage intensity and probability of damage detec-
tion of an inspection method can be appropriately quantified,
this approach could be extended to include a wide range of
structures under different deteriorating processes such as cor-
rosion and cracking in steel and concrete structures.

4. The optimum inspection planning presented in this paper is
affected by the accuracy of assumed variables and the models
related to the probability of damage detection and time-
dependent crack growth. For instance, the geometry function
to predict the crack propagation (see Eq. (2)) is assumed 1.0;
this limits the application of the method. Also, for ship struc-
tures, the load spectrum could be highly variable and, conse-
quently, load sequencing effects have to be considered in
crack growth. Therefore, further studies considering the vari-
ability of load spectrum in fatigue damage detection delay of
ship structure are necessary.

5. Inspection results can be used to update the existing inspection
schedule. The updating process after each inspection will lead
to a more reliable inspection schedule, Therefore, further stud-
ies are necessary to establish the inspection planning consider-
ing updating.

6. Finally, it is emphasized that the proposed approach should be
extended to cost-effective lifetime management strategies by
considering the effects of maintenance and repair [29].
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Initiation and propagation of fatigue cracks in steel structures induced by repetitive actions are highly random
due to both aleatory and epistemic uncertainties related to material properties, loads, damage, modelling and
other factors. For this reason, a probabilistic approach is necessary to predict the fatigue crack growth damage.
This study presents a probabilistic approach for combined inspection/monitoring planning for fatigue-sensitive
structures considering uncertainties associated with fatigue crack initiation, propagation and damage detection.
This combined inspection/monitoring planning is the solution of an optimisation formulation, where the
objective is minimising the expected damage detection delay. Furthermore, this formulation is extended to a
bicriterion optimisation considering the conflicting relation between expected damage detection delay and cost.
A set of Pareto solutions is obtained by solving this bicriterion optimisation problem. From this set, a solution
can be selected balancing in an optimum manner inspection and monitoring times, quality of inspections,
monitoring duration, and number of inspections and monitorings. The proposed approach is applied to a naval
ship and a bridge subjected to fatigue.
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Introduction

Onc of main deterioration processes of steel structures
is fatigue, defined as the process of initiation and
growth of cracks under repetitive loads. In general, the
fatigue evolution is affected by uncertainties associated
with the location and size of initial crack, stress range
near the initial crack, number of cycles, and material
and geometric properties (Fisher et al. 1998). For this
reason, a probabilistic approach is necessary to predict
the fatigue crack growth damage for inspection and
monitoring planning. During the last decades, several
probabilistic approaches have been developed and
applied to steel structures including ships and bridges
subjccted to fatigue (Madsen and Serensen 1990,
Madsen er al. 1991, Ayyub et al. 2002, Moan 2005,
Kwon and Frangopol 2010). These studies were
extended into cost-effective inspection and mainte-
nance planning considering probability of fatigue
damage detection (Garbatov and Soares 2001, Chung
et al. 2006, Moan 2011).

The probability of fatigue damage detection has
been generally formulated by including the uncertain-
ties in crack size and inspection quality. In order to
incrcase the probability of fatigue damage detection,

advanced damage detection techniques, including
structural health monitoring (SHM), have been devel-
oped and applied. The objectives of these develop-
ments include effective and timely repair actions. The
probability of crack detection was defined as the
conditional probability that the crack is detected when
it has a specific size (Chung et al. 2006). Ideally, the
probability of damage detection has to be 1.0.
However, even in this case, there will be still time
lapse from the damage occurrence to the time when the
damage is detected (Kim and Frangopol 2011a).
Therefore, in order to reduce this time lapse and repair
delay, inspection planning should consider, in a
rational way, the uncertainties associated with both
inspection quality and prediction of damage occur-
rencc. Kim and Frangopol (2011b) proposed a
probabilistic approach to establish the optimum
inspection planning of ship structures based on
minimisation of the expected damage detection delay.
However, the effect of SHM on the expectcd damage
detection delay was not investigated.

In this study, a probabilistic approach to establish
optimum combined inspection/monitoring planning
for fatigue-sensitive structures is presented. In order
to compute the expectcd damage detection delay, the
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probabilistic approach considers uncertainties asso-
ciated with fatigue crack initiation, propagation and
damage detection. The combined inspection/monitor-
ing planning is the solution of an optimisation
formulation, where the objective is minimising the
expected damage detection delay. Furthermore, this
formulation is extended to a bicriterion optimisation
consisting of minimisation of both (a) expected
damage detection delay and (b) expected total inspec-
tion and monitoring costs. The cost estimation
includes costs associated with the type of inspection
(i.e. inspection quality), monitoring duration, number
of inspections and monitorings, and discount rate of
money. For a given number of inspections and
monitorings, all the possible combinations of inspec-
tion and monitoring are considered, and the associated
bicriterion optimisation problems are formulated
and solved. Each bicriterion problem has its own
Parcto solution set. Based on thesc Parcto sets, thc
final Pareto set is obtained. This procedure is extended
to determine the optimum-balanced number of inspec-
tions and monitorings. The proposed approach is
applied to a naval ship and a bridge subjected to
fatigue.

Prediction of crack growth

Various types of steel structures including bridges,
offshore structures and naval structures are sensitive to
fatigue cracking induced by repetitive loads (Fisher
et al. 1998). It may not be possible to avoid initial
fatigue cracks because the cracks may be pre-existing
from fabrication. These initial cracks may be propa-
gated into macro-cracks resulting in structural failure.
The rate of crack growth depends on the size of initial
crack, stress range near the initial crack, number of
cycles associated with thc stress range, and material
and geometry properties of the steel detail (Fisher
1984). Paris’ equation (Paris and Erdogan 1963),
among other empirical- and phenomenological-based
crack propagation models, has been generally used
(Fatemi and Yang 1998, Schijve 2003, Mohanty et al.
2009). The ratio of the crack size increment to cycle
increment is (Paris and Erdogan 1963)

da m
= C(K) (M

where a=crack size, N =number of cycles and AK=
strcss intensity factor. C and m are material crack
growth parameters. The stress intensity factor AK is
expressed in terms of crack size a and stress range S,
as (Irwin 1958)

AK = S;. - G(a)-V/na (2)

where G(a)=geometry function. Based on Equations
(1) and (2), the cumulative number of cycles N
associated with crack size ay can be predicted as
(Fisher 1984)

N=

- S,, / e W_) (3)

where a,=initial crack size. Furthermore, the time ¢
(years) associated with the occurrence of the crack size
ay 1s predicted by considering the annual number of
cycles N,, and the annual increase rate of number of
cycles r. as (Madsen et al. 1987)

'“[HNM Coyp I +re): / (G(a),r—‘)n GaJears
In(1+7c)

forre>0 (4a)

=

t=

sda forre=0

Nan - C Sre / (G(a)\/_)
(4b)

Probability of fatigue damage detection

Probability of fatigue damage detection is defined as
the conditional probability that the crack is detected by
an inspection method, when the crack exists with a
specific size (Chung et al. 2006). Probability of damage
detection associated with an inspection method has
been quantified in terms of crack size (or defect size)
and inspection quality (Packman et al. 1969, Berens
and Hovey 1981, Madscn et al. 1991, Mori and
Ellingwood 1994a, Frangopol et al. 1997, Chung
et al. 2006). The representative relations between
probability of detection Py, and crack size a (or defect
size) are:

(a) Shifted exponential form (Packman et al. 1969):

a — lmin

Pus=1~ exp(— 5 ) for a > anin ~ (5)

where a,;, =smallest detectable crack size and A=
characteristic parameter for inspection quality. The
value of this parameter ranges from 0 to co, and 4
decreases with increasing the quality of inspection.
(b) Log-logistic form (Berens and Hovey 1981):

exp[y + ¥ In(a)]
1 +exply + x In(a)]

Pins = (6)

where ¥y and k are statistical parameters. These
parameters can be estimated using the maximum
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likelihood method for a specific inspection method
(Chung et al. 2000).

(c) Normal cumulative distribution function (CDF)
form (Frangopol ez al. 1997):

Pips = d)(ﬂ) (7)

g5

where ®(-)=standard normal CDF; § =damage in-
tensity; 8y s = damage intensity at which the inspection
method has a probability of detection of 0.5 and
os=standard deviation of &ps. The value of §gs
represents the quality of inspection. A higher quality
of inspection is associated with a smaller value of g s.
In this article, the normal CDF form in Equation (7) is
used, and the coefficient of variation of g s is assumed
as 0.1 (ie. 65=0.1-855). The damage intensity & is
defined as (Kim and Frangopol 2011b)

6=0 fora< appn (8a)

a — Qnpin

5= for amin < @ < Gmax (8b)

Amax = Qmin

=1 fora?> amax (8¢)

where anin and apn., are the minimum and maximum
detectable crack sizes when the result of the detection is

uncertain (i.e. if @ < amin and a > a,,x the probability
of detection is 0 and 1, respectively).

Expected damage detection delay

Expected damage detection delay whea inspection is
used

The time lapse from the damage occurrence to the time
for the damage to be detected by an inspection method
is referrcd as damagc detection delay (Huang and Chiu
1995). When the damage occurs at time 7z and is
detected at time r;,, by an inspection after time ¢, the
damage detection delay 74 is £;5s — 2. The formulation
of 14 considering probability of detection and number
of inspections is based on an event tree model (Kim
and Frangopol 2011a, 2011b). For example, if inspec-
tions are used at time f;,5; and f;s2, and the damage
occurs in the time interval 1, to 1., there will be three
possible cases according to damage occurrence time as
follows: (a) case 1: 1, <1 < 5,15 (b) case 2: £, <1 <
Iins2s and (c) case 3: £y <t <. For case 1 (ie.
1<t < s 1), there are three branches as shown in
Figure 1. The gray circle node in Figure 1 is a chance
node at every inspection where there are two mutually
exclusive events (i.e. detection and no detection).
The probabilities associated with these two events are
Pi,s (ie. detection) and 1 — Pj,s (i.e. no detection),
respectively. Branch 1 in Figure 1 represents the event
of damage detection at the first inspection. The

DAMAGE
OCCURRENCE
1 1 INSPECT!ON 2+ INSPECTION
I E E’ ——TIME
l_, t ‘ins.1 ‘ms.z ‘a tp,e

Branch 1: P,

Chance node

| EVENT TREE ] _

Branch 2: (1-P,, ) x P,

(> No detection °
© Detection @) Branch 3: (1-P,_ ) x (1-P,, )
Branch 1:¢,,,—¢
——————o
DAMAGE | Branch2:t,. -t
DETECTION | &
DELAY, tyy Branch 3:1,,—t

Figure 1. Damage detection delay when damage occurs in the time interval between t; and tiyg (i.e. 7, <1 < tiyg)-
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corresponding expected damage detection delay is
Pinst X (tins, — 1. The expected 14, for branch 2 is
(I — Pins1) X Pins2 X (tins2 — 1). In this manner, the
expected damage detection delay for each case can be
formulated. Furthermore, considering the time 7 for
damage to occur as a continuous random variable, the
expected damage detection delay F(144) for Nj inspec-
tions is formulated as (Kim and Frangopol 2011b)

Ni+1
E(14q) = Z {

=1

[ [Blss)e -fr(t)]dt} ©)

’ms, J—1

where f7{(f)=probability density function (PDF) of
damage occurrence time and FE(fgep)case,j= €xpected
damage detection delay for case j (i.e. finsj—1 <
1< ’ins,j)-

Linso forj=1and tjps v 41 forj=N;+1are t;and 1,
respectively. 1, in Figure 1 is associated with the time
when the damage can be detected with perfect detect-
ability (i.e. probability of damage detection is 1.0). In
this study, 1,. is defined as 1,.=1.+1, where 1=
upper bound of the damage occurrence time, and
1, = time interval during which the expected probability
of damage detection is at least 99.9%. The lower and
upper bounds of damage occurrence time (i.e. t; and t.)
are defined as (Kim and Frangopol 2011b)

= F;l[q)( i q)] (108)
te = F7'[®(q)] (10b)

where Fr'(.)=the inverse CDF of the damage
occurrence time 7. The value of ¢ is assumed 3.0 herein.

Expected damage detection delay when monitoring
is nsed

SHM data allow updating the information on the
structural performance. The quality of the information
is related to the monitoring duration, the location of
sensors and the number of sensors installed. If there is
no damage detection delay during monitoring duration
!md> and monitoring is applied N,, times with the same
duration f,4, the expected damage detection delay
E(14.) based on Equation (9) becomes

Nm+l1
E(’dcl) = Z [

Imon,j
/ (tmon,j — 1) - fr(n)de| (11)
j=1 Imon,j-1+1md
where 10, ;=/jth monitoring starting time. 500,04 fmd
for j=1 and Imon . Nm+1 for j=Nm+1 are 1, and ls;
respectively.

Expected damage detection delay when combined
inspection|/monitoring is used
When combined inspection/monitoring is used to
detect damage, the expected damage detection delay
E(14¢) can be formulated using Equations (9) and (11).
For instance, if one inspection and one monitoring
are used, and the inspection is applied before monitor-
ing (i.e. Imon,1 > lins,1) as shown in Figure 2, there will
be four possible cases according to damage occurrence
time: (a) case 1: 1,<1 < fip515 (b) case 2: #j55, <1 <
Imon,15 (€) case 3: tmon1 < < tmon,1 + Ima; (d) case 4:
Tnon,1 + tmd <1 < t.. The associated expected damage
detection delay is formulated as

fins,1
E(tdcl) = / [Pins,l : (’ins,l - ’) SF (1 ’_Pins,l)
4

(tmona = )] o041+ [ (tmons — 1)

fins,1
fe

-fT(t)dt+/ (tpe = 1) -fr(t)dr ~ (12)

Imon,11+!ind

It should be noted that case 3 is not considered in
Equation (12) because it is assumed that there is no
detection delay during monitoring duration 1,4 (i.c.
probability of damage detection is 1.0).

On the contrary, when the inspection is used to
detect damage after monitoring (i.€. fmon,1+ fmd <
Iins,1), the expected damage detection delay is

’mon,l
E(tgq) = f (tmont — 1) - fr{1)dz
is
fins,|
2,
’mon,l+’md

(tpe = 1)] -fT(t)dt+/

fins,1

[Pins,l d (’ins,l y ’) ahd (1 - Pins,l)

le

(toe — 1) - fr(1)ds
(13)

Inspection and monitoring cost

The inspection cost is related to the quality of an
inspection method. In general, inspection methods
associated with a higher quality (i.e. higher probability
of damage detection) are more expensive (Frangopol
et al. 1997). In this study, the cost Cj,s associated with
an inspection method is expressed using dgs in
Equation (7) (i.e. damage intensity at which the
inspection method has a probability of detection of
0.5) as (Mori and Ellingwood 1994b)

Cins = ains(l e 0-750.5)20 (14)
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where o, is a constant (i.e. oj,=35). The total
inspection cost Cris for Nj inspections is computed as

C AZ Cins (15)
Tins = (1 +r)""‘~’

where r =discount rate of money, #s ;= jth inspection
time.

The monitoring cost includes initial design, instal-
lation, operation and repair cost of the monitoring

(a)

917

system (Frangopol and Messervey 2009). The mon-
itoring cost Cr,on can be estimated as

Caon = Cmon,ini + tmd X Cuion,ann (16)
where 7,4 =monitoring duration (years), Cyonini=
initial cost of monitoring system consisting of design
and installation cost of the monitoring system and
Cliron,ann = annual cost related to operation and repair

of the monitoring system. In this article, Cpon,ini
and Cponann are assumed 10 and 20, respectively.

CASE|

INS

INS MON

INS - INS

CASEl

MON
INS

MON

INS: INSPECTION
MON: MONITORING

INS — MON

CASE It
MON — INS

CASE IV
MON — MON

(b) [pARETO OPTIMAL SOLUTION SETS l
OO FINAL PARETO OPTIMAL
. SOLUTION SET
CASE IV " )
[ o %,
w w ", /
3 : g f
o CASE Il [ : > Y
Z "~/ 2
5 | CASEI 7 ed _CASE! o Moy,
h ’”m"””m,,
EXPECTED DAMAGE EXPECTED DAMAGE
DETECTION DELAY DETECTION DELAY

Figure 3.

(a) Four possible cases for number of inspections and/or monitorings N=2; (b) Pareto optimal solution sets

associated with four possible cases, and final Pareto solution set for N=2.

Table 1. Design variables associated with each case in Figure 3(a); N; + N = 2.
Number of Number of

Case inspections N,  monitorings Ny, Objective functions Design variables

I INS — INS 2 0 E(taer) (see Equation (9)); Crins  fins.t lins2  Gos -

I INS — MON 1 1 E(Idcl) (see Equation (12)), Tins.1 Imon,1 50.5 Timd
C'Tins + C'Tmcm

I MON — INS 1 1 E(14e) (see Equation (13)); Linsi  Imong 05  Ima
CTmon + CTins =

Iv  MON — MON 0 2 E(134) (see Equation (11)); Imon,1  Imon2 - find

Tmon

Note: INS, inspection; MON, monitoring.
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s

Choose the maximum aumbcer of
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N=1

v
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—
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hd
Biobjective optimisation problem for case n
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+ Formulate two conflicting objectives:
Minimizing both:
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- Total cost of inspections and/or monitorings, ./
* Define constraints

* Solve the biohjective optimisation problem

v

Find and save
Parcto solution set S, , consisting of
* Qualitics and times of inspections
« Monitoring durations: and time of monitorings
cE(1.).C

Based on Parcto solution sets S,
find and save Pareto solution set $, consisting of
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* Qualitics and times of inspections
* Monitoring durations; and time of monitorings
cE() Coan
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* Scquence of inspections and‘or monitorings
* Qualitics and times of inspections
* Monitoring durations; and time of monitorings

cEW, ) Couy

Figure 4. Flow chart to find the final Pareto optimal
solution set S.

Furthermore, when a structure is monitored N, times
with the same monitoring duration f,4, the total
monitoring cost is

N,
O Imd* Cmon ann

C =C ni + E == et T 17

Tmon = L“mon,in - (1 r)"‘“"‘J ( )

where ty,0n,j=jth monitoring starting time.

Bicriterion optimisation

Damage detection with less delay can lead to timely
repair actions. In order to reduce damage detection
delay, the quality and/or the number of inspections
should increase. Furthermore, when monitoring is
used to detect damage, damage detection delay
depends on monitoring duration and/or number of
monitorings. Increasing the monitoring duration and/
or number of monitorings can lead to reduction of the
damage detection delay (Kim and Frangopol 2011a).
However, in general, the limited financial resources
constrain the selection of the quality and/or number of
inspections and monitorings. Therefore, well-balanced
inspection and monitoring planning should be for-
mulated as a bicriterion optimisation with two
conflicting objectives by minimising both (a) the
expected damage detection delay and (b) the inspection
and/or monitoring cost.

If both inspection and monitoring are used to
detect damage, and the available number N of
inspection N; and/or monitorings Ny, is equal to 2
(i.e. N=N;+ N =2), then there will be four possible
cases (inspection followed by inspection (case I),
inspection followed by monitoring (case II), monitor-
ing followed by inspection (case III) and monitoring
followed by monitoring (case IV)) as shown in
Figure 3a. The event tree in Figure 3a is used to
consider all possible cases (I, I1, IIT and IV). Every case
i1s associated with its own bicriterion optimisation.
Each bicriterion optimisation has its own design
variables (see Table 1) and produces a Pareto solution
set. For example, the design variables of case I in
Figure 3a are inspection times (i.. fi5s; and £, 5) and
inspection quality represented by Jg s as indicated in
Table 1. The objective functions associated with this

Table 2. Random variables used for crack growth model of a joint between bottom plate and longitudinal plate.

Notation (units) Mean Ccov Type of distribution
Initial crack size a, (mm) 0.5 0.2 Lognormal
Annual number of cycles Nan (cycles/year) 1.0 x 10° 0.2 Lognormal
Stress range Sre (MPa) 40 0.1 Weibull
Material crack growth parameter Cc 3.54 x 107" 0.3 Lognormal

Note: COV, coefficient of variation.
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case arc the expected damage detection dclay E(744) of
Equation (9) and the total inspection cost Criy Of
Equation (15), when the number of inspections N;=2.
For this case, the total cost Cyia1 (i.€. Crins + CTmon) IS
equal to Criy, since there is no monitoring (i.e.
CTmon =0). For case IV in Figure 3a, the bicriterion
optimisation problem is formulated by selecting the
design variables as monitoring times (i.e. fyon,1 and
Imon2) and monitoring duration 7,4 (see Table 1).
The associated objective functions are indicated in
Equations (11) and (17) for N, =2. Pareto fronts
corresponding to the four cases can be obtained after
solving bicriterion optimisation problems as shown in
Figure 3b. Based on these four Pareto solution sets, the
final Pareto solution set can be determined. This
Pareto solution set Sy for N=2 will provide the
sequence of inspections and monitorings (i.e. inspec-
tion followed by inspection, inspcction followed by
monitoring, monitoring followed by inspection or
monitoring followed by monitoring) as well as inspec-
tion and/or monitoring times, inspection quality and
monitoring durations. This procedure to determine the
Pareto solution set Sy for given number of inspections
and/or monitorings N can be extended to find the final
Pareto solution set .S when the available number of
inspections and/or monitorings N ranges from 1 to
Nmax- Figure 4 provides a flow chart to find the final
Pareto solution set S. The final Pareto solution set S
will provide the number of inspections and/or mon-
itorings, the sequence of inspections and monitorings,
the inspection and/or monitoring times, inspection
quality and monitoring duration.

Application to a naval ship
Dcscription of ship lull structure subjected to fatigue

The proposed approach is applied to a naval ship hull
structure. A critical location subjected to fatigue is
assumed to be the joint between longitudinal plate
and bottom plate. The fatigue crack in the bottom
plate can initiate on the edge connected to the stiffener
in the transverse direction under repeated loading due
to the action of sea water waves. In order to predict
the crack length size, Equation (4) is used assuming
m=2.54 and using the random variables defined in
Table 2. The stress range S iIs assumed to be a
random variable with a Weibull PDF (Madsen ez al.
1991). Initial crack length a,, annual number of cycles
N,, and material crack growth parameter C are
treated as log-normally distributed random variables.
The mean value of material crack growth parameter
C is assumed as 3.54 x 10~!" for high-yield steel
(HY80) (Dobson ez al. 1983). It should be noted that
the geometry function G(a) is assumecd to be 1.0
(Madsen ¢t al. 1991, Akpan et al. 2002), and therc

is no annual increase rate of the number of cycles r,
(ie. r.=0).

In this study, the crack size of 1.0 mm is referred to
the fatigue crack damage criterion. In other words, the
minimum crack size an;, for damage intensity J in
Equation (8) is 1.0 mm. The maximum crack size ag,,,
in Equation (8) is assumed to be 50 mm. Figure 5
shows the PDF of fatigue damage occurrence (i.e.
Amin=1.0mm) time obtained from Monte Carlo
simulation with 100,000 samples and its best fitted
PDF (i.e. generalised extreme value (GEV) PDF). The
GEV PDF is defined as indicated in a study by Kim
and Frangopol (2011b). The lower and upper bounds
of damage occurrence time (i.e. #; and 7. in Equation
(10)) are 0.41 and 17.56 years, respectively.

Optimuni balance of cost and expected damage detcction
delay

When thc availablc number of inspections and/or
monitorings is N =2, there will be four cases. Each
case will have its own bicriterion optimisation for-
mulation as mentioned previously (see Figure 3 and
Table 1). The bicriterion optimisation formulations of
these four cases are formulated as

Find  fins1, fins2 @and g5 for case (18a)

tins15 fmon,1, 005 and g for cases IT and 111 (18b)

mon,1, Imon2 and tmg for case IV (18c)

w 035

O Fatigue damage occurrence time =

w ; s

% 030t time for crack length to reach «_, = 1mm

5

8 0.25 GEV PDF

8 «=0.15;$=1.32; =257

$<9 0.20¢

z

S 0.15}

8 MONTE CARLO SIMULATION

= 0.10 100,000 SAMPLES

ey / MEAN = 3.56 YEARS

S 005 ST. DEV. = 2.15 YEARS

.

o

a 4 : : .

0 4 8 12 16 20
FATIGUE DAMAGE

OCCURRENCE TIME (YEARS)

Figure 5. PDF of time for crack length to reach ag,;,.
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to minimise both  E(f34) and Cioal (19) tmon,1 — finst = 1.0 year, 0.01 < 8¢5 <0.1 and
0.3 year < g < 1.0 year forcase II  (20b)

such that  fips2 — #insy > 1.0 year,and fins,1 — Imon,t = 1.0 year, 0.01 < Jp5 <0.1 and
0.01 <5< 0.1 forcasel (20a) 0.3 year < g < 1.0 year for case 11 (20c)
(a) 60
S, = Parelo solution set of nth case when number
50 of inspections and/or monitorings is N
S,w(CASEIV) | « Number of inspections
I and/or monitorings N = 2
:, 401 « Discount rate r = 0 (%/year)
0 SRR |
8 30t e e E
9 nimize E{t,)and C
<
= 201}
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0 . 1 i n
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EXPECTED DAMAGE
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(b) 60
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3 CASE IV ] s
o 40 « Discount rale r = 0 (%/year)
= + Objeclives
8 30+ minimize E(t,.)and C_ .,
2 A2
< 2l
D 20} >
’_
A1l
10 CASE Il CASE |
0 A A A i
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EXPECTED DAMAGE
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(c) brons  tmors* tma &, ¢ = Damage intensity at which the inspection i
method has 50% probabillity of detection Ett,) Cow
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Figure 6. Number of inspections and/or monitorings N =2. (a) Pareto solution sets Sy, for cases I, II, Il and IV; (b) Pareto
solution set S; (c) combined inspection/monitoring plans for solutions A;, A; and Aj; in (b).
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fmon2 — fmon1 > 1.0 year and 0.3 year < fg < 1.0 year 111 and IV are indicated in Equations (18) and (20),

for case 1V

(20d) respectively. The objectives are to minimise both
expected damage detection delay E(z4) and total
cost Ciora. The time interval between inspections

given N=N;+ Nn =2, and f7(1) (21) and/or monitorings has to be at least 1 year, and dy s

representing the quality of inspection should be in the

The design variables and constraints of the interval 0.01-0.1. Monitoring duration t,4 has to be
bicriterion optimisation formulations for cases I, II, in the time interval 0.3-1.0 year. The GEV PDF fx(1)
(a) 40 (d) 100 :
PARETO SOLUTION SET §,, PARETO SOLUTION SET S,
= Number of inspections or 80 ‘ » Number of inspections
30} monitorings N = 1 and/or monitorings N =4
og « Discount rete r = 0 (%/year) og « Discount rate r = 0 (%/year)
= « Objectives e 60 « Objectives
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é g 40 B6
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z\ B:\
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Figure 7. Pareto solution set Sy for (a) N=1; (b) N=2; (¢c) N=3; (d) N=4 and (e) N=35, and (f) final Pareto solution set S.
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in Figure 5 indicated in Equation (21) is used to
formulate E(t4.). Non-dominated sorting in genetic
algorithms (NSGA-II) programme developed by
Deb et al. (2002) is used to find the Pareto solution
set of the bicriterion optimisation formulations in
Equations (19)—(21).

S. Kim and D.M. Frangopol

The genetic algorithm process with 500 generations
provides the Pareto sets for cases I, II, III and IV
shown in Figure 6a. Sy, denotes a Pareto set of nth
case when available number of inspections and/or
monitorings is N. For example, S;; in Figure 6a is
the Pareto solution set of case I (INS — INS case in

Table 3. Pareto optimum solutions in Figure 7: values of objectives and design variables.
Objectives Design variables
Pareto optimum E(ta) Optimum inspection or monitoring Monitoring
solution (years) Ciatal times (years) dos duration f,,4 (years)
B, 5.67 4.35 1 tins.1 0.01 -
747
Bz 3.64 8.69 2 tins,l tl'ns.z 0.01 r
5.34 9.48
B3 2.90 13.03 3 Lins1 tins,2 tins3 0.01 =
451 6.82 10.82
B, 2.49 17.38 4 Tins,1 lins,2 Lins,3 tins,4 0.01 -
4.11 5.61 7.73 11.81
B;s 1.45 27.69 3 e onil Lmon.2 tins,1 0.01 0.33
3.03 5.68 11.49
B6 0.99 33.90 4 tmon, 1 Ymnn,2 Imon.3 tins, 1 0.01 0.33
2.58 421 6.68 12.59
B, 0.74 39.44 S foson. | tinon,2 fmon 3 mond Zins.1 0.01 0.31
2.19 3.50 5.10 7.79 13.46
Note: N, total number of inspections and/or monitorings.
rmm.: rmm.v" rmd
o 2= 3.50 INS: INSPECTION
fon1 =210 f 00350 £ 2779 fy,=1346 CTToMITORNG
i ' S
B; 1 ] MON —» MON —
INS
foon =258 8, ,=421 . =668 tes= 12,50
6, [l : yores o=
6 | . MON - INS
- taar=3.03 o7 = 5.68 toe = 11.49
Z g \ : MON — MON —
©) 5 INS
'—
=) oo r= 411 1,561 £,3=773  f,,=11.81
6 B it : 2: ;3 ‘1 INS —» INS -» INS
8 4 - INS
E s ,=4i51 tos ,|=6.82 r,,uf 10.82
< B () (] (] INS — INS -» INS
a
lposrr = 5i34 tpis= 9i48
B, 1 1 INS — INS
rf-s = 7i47
B, { INS
t,=0.41 year t,= 17.56 years
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TIME (YEARS)

Figure 8.

Combined inspection/monitoring plans for solutions B;—-B; in Figure 7f.
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Table 4. Random variables used for crack growth model of a cover plate.

Random variables Notation (units) Mean Ccov Type of distribution
Initial crack size a, (mm) 0.5 0.2 Lognormal
Annual number of cycles Nan (cycles/year) 1.62 x 10% 0.2 Lognormal
Annual increase rate of number of cycles re (%) 2 0.1 Lognormal
Stress range Sre (Mpa) 13.78 0.1 Weibull
Material crack growth parameter C 2,024 x 10713 0.25 Lognormal
Weld size Z (mm) 16 0.1 Lognormal
Note: COV, coefficient of variation.

Figure 3 and Table 1). A Pareto set Sy, consists of 100 (a) 0.35

populations. The final Pareto solution set S, based on Eatigue damage occurrence time =

the Pareto solution sets for n=I-IV in Figure 6a, is 0.3g | L_time for crack length to reach a,,, = 1mm
obtained using the ¢-constraint approach by minimis-

ing the selected single objective function, while other 0.25 GEV PDF

objective functions are treated as constraints (Haimes
et al. 1971) as follows

Minimise f; (22)

subject to fi<gforallj=1,2,...,4;j#1 (23)
where i€{l,2,...,4} and g=number of objective
functions. The final Pareto solution set S, is shown
in Figure 6b. Combined inspection/monitoring plans
of the three representative solutions A;, A; and Aj in
Figure 6b are illustrated in Figure 6c. The inspection
and monitoring plan for solution A, requires two
inspections (case I) applied at time #;,,; = 5.34 years
and t;,,,=9.48 ycars with d9.5=0.01 (see Figure 6¢),
and the associated E(t4e) and Cioea) are 3.64 years and
8.69, respectively (see Figure 6b). If Pareto solution A,
is selected instead of A;, the expected damage
detection delay E(t4y) will be reduced from 3.64 years
to 2.42 years, but an additional cost of 12.66 (i.e.
21.35-8.69) is needed as shown in Figure 6b. The
inspection and monitoring plan associated with A,
(case III) consists of the monitoring starting time
Imon,1 =4.07 years with monitoring duration t,4q=10.3
year and the inspection at time t,,;=10.02 years
with 8gs=0.01 (see Figure 6c). It should be noted
that the discount rate of money was not considered
(i.e. r=0); the value of g 5 is assumcd to be the same
for the first and second inspections associated with
case I, and the same monitoring duration t,,4 is used
for the first and second monitorings associated with
case IV.

In a similar way, the Pareto sets Sy for N=1-5 are
obtained as shown in Figure 7a—e. The final Pareto set
S considering N as a design variable is also found by
using the e-constraint approach based on the Pareto
solution sets Sy. The detailed procedure to find the
final Pareto set S is provided in Figure 4. Figure 7f
shows the Pareto set S. The optimum values of design

a=0.14; =133, {=269
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Figure 9. PDF: (a) time for crack length to reach ay;,; (b)
time for crack length to reach apn,, and time interval betwcen
reaching apm,x and ag,.

variables and objective functions of the seven repre-
sentative solutions B;—B; in Figure 7 are provided in
Table 3. Combined inspection/monitoring plans for

138



924 S. Kim and D.M. Frangopol
(a) 120
PARETO SOLUTION SET S
100 p - Discount rate r = 3 (%/year)
3 | » Objectives
t_’. 80 \ cs minimize E(t,,)and C,,
0
8 6ot
2 C5
<
5 40
~ C4
o O3 C2
20} B e’ o
N‘?&mm
0 h n 7
0 1 2 4
EXPECTED DAMAGE
DETECTION DELAY, E(t,,) (YEARS)
) toons  loops* togs  INS: INSPECTION
MON: MONITORING
loont® 1.93 1,0,,%3.93 1,,,,%6.02 4, %798 t,. .=11.60
MON = MON —
Ce MON — MON —»
=365 MON
ot = 2.14 Lon 3 = 4.99 rm‘-sgo tnon 5= 10.78
| MON - MON —
s ::‘l:‘:i - ; oy st
! 1 MON
(%) tmon 1 =303 loon2=5.23 Ly =931 2= 16.09
& c.lt= ) ‘ } } - MON - MON —»
B 4 / INS — INS
- |
5 | lon 1345 tyon 2= 6.56 fpe 1= 14.83
® } \I Z | MON —» MON —»
o C3 L I L ] INS
’_
s s T il =11.40 s = 1681
< } ' INS - INS - INS
o C, L 1 i () - INS - INS
i =4i42 ’“277 ot '“T 10.97
C, ) ) INS - INS 5 INS
t,=0.49 year {,=17.09 years
0 5 10 15 20
TIME (YEARS)
Figure 10. (a) Final Pareto solution set S and (b) combined inspection/monitoring plans for solutions C;—Cg in (a).

solutions B;—B; are illustrated in Figure 8. Solutions
B; and Bs in Figure 7f are found in the Pareto solution
set S3 in Figure 7c. Solutions B4 and Bg in Figure 7f
are associated with the Pareto set S, in Figure 7d.
Solution Bg requires three monitorings with the same
duration 1,4=0.33 year and one inspection with
805=0.01, and the corresponding E(t4) and Cioral
are 0.99 year and 33.90, respectively (see Table 3).
Monitoring times fmon1, !mon,2> Tmon3 are 2.58, 4.21,
6.68 years, and inspection time #;,s,  is 12.59 years as
shown in Figure 8. In order to reduce the total cost
Ciotal, solution B, consisting of four inspections with

d0.5=0.01 can be selected. As a result, Cia can be
reduced from 33.90 to 17.38, but E(ty.) will increase
from 0.99 to 2.49 years.

Application to an existing bridge

Descriptiou of an existing highway bridge subjected

to fatigue

The proposed approach is applied to an existing
highway bridge, the Yellow Mill Pond Bridge located
in Bridgeport, Connecticut, USA. In this application,
critical location is assumed to be the end of the cover
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plate weld. Detailed information is available in a study
by Fisher (1984). In order to predict the time for the
occurrence of a given crack size at this critical location,
Equation (4) is used. The geometry function G(a) in
Equation (4) is defined as (Fisher 1984)

G(a) = Ge(a) - Go(a) - Gu(a) - Gela)  (24)

where G(a) =crack shape factor =0.952; G (a) =front
face factor=1.211 - 0.186 - \/a/c; G,(a) = finite width
factor =1.0 and Gy(a)=stress gradient factor = K, -
[146.79 - (a/t9***) ™!, where a=depth crack size;
c=width crack size; fr=flange thickness; Ky,=
stress concentration factor= —3.54-In(Z/t;)+1.98 -
In(z.p/te) + 5.80; Z = weld size; 1, = cover plate thickness.
The relation between depth crack size a and width
crack size ¢ is assumed as ¢=35462 x a"'®. The
deterministic parameters used are the flange thickness
t¢=32.0 mm, the cover plate thickness f,,=31.8 mm
and the material parameter n1=3.0 (Shetty and Baker
1990). All random variables necessary to predict crack
growth of this critical location are provided in Table 4.

Figure 9a shows the PDF of time for the crack size
to reach ap;,=1.0 mm assumed as the fatigue crack
damage criterion. Through comparison with Monte
Carlo simulation with 100,000 samples, best fitting
PDF (i.e. GEV PDF) with «=0.14, f=1.33 and
{=2.69 is obtained as shown in Figure 9a. If the
maximum crack size g, for damage intensity defined
in Equation (8) is assumed to be 25 mm, the time for
damage intensity to reach 1.0 will have the mean value
of 30.29 years and the standard deviation of 11.00
years 4s shown in Figure 9b. Furthermore, the PDF
associated with the time interval between damage
occurrence (i.e. crack size a=ay;,) and full damage
(i.e. crack size a=an,,) is shown in Figure 9b. In

general, damage should be detected and repaired before
the time when the crack size reaches a,.,. Since crack
size will increase from an;, to a (see Equation (8b))
during the damage detection delay, the damage detection
delay has to be less than the time associated with
(ax — Gmin. Therefore, the time interval between damage
occurrence and full damage in Figure 9b can provide an
upper bound of the damage detection delay.

Optinuun balance of cost and expected damage detection
delay

The general formulation of the bicriterion optimisation
problem for a given number of inspections and/or
monitorings N is

Find = {finsits Bus2s - - - » bimei }5
Imon = {tmon,lytmon,ly ey tmon,.’\',,,};
twa = {tmd 1, tmd2y -+ tma N, } @nd

805 = {0051,0052, ..., 005n;,} (25)

to minimise both  E(t4q) and Cioa (26)

such that tis; — tinsj—1 > 1.0 year;
0.01 < 50.5,}' <0.1 Imon,j — Imon,j-1
> 1.0year; 0.3 year < tnq; < 1.0 year and
[tmon — tins| > 1.0 year (27

given N = N;+ Ny; and f7(1) (28)

The design variables are the vectors of inspection
times f;,s, monitoring times fp,on, monitoring durations
tma and quality of inspections 8y 5. The time intervals
between inspections and/or monitorings have to be at

Table 5. Pareto optimum solutions in Figure 10(a): values of objectives and design variables.

Objectives Design variables
Pareto optimum  F(14.) Optimum inspection and/or do.s and/or monitoring duration 1,4
solution (years)  Cigal monitoring times (years) (years)
G 2.40 1041 3t Tins2  lins3 dos51  Gos2  Jos3
442 .01 10.97 0.01 0.01 0.01
C2 200 1795 ) tins.l tins,2 tms 3 Iins,4 tms S 50.5 1 50.5.2 50.5.3 50.5.4 50.5 5
3.73 5.17 7.31 11.40 1 0.01 0.01 0.01 0.02 0.10
C3 1.64 21.61 3 tmon,l tmon.Z tms.l tmd 1 tmd.2 50.5.1
3.45 6.56 .83 0.32 0.30 0.08
Cs 1.22 2602 4 tmont  Mmon2  linsd fins2 Imat  tma2  Oosy  dosp
3.03 523 31 16.09 036 030 .01 0.07
CS 060 1 795 5 tmon.l Imon,Z mon,3 Imon 4 Imon,S Imd.l Tmd2 Imd,3 Imd,4 Imd,S
2.14 3.65 4.99 6.90 10.78  0.51 030 030 030 030
C6 0.40 68.70 5 ’mon.l ’mon.l ’mon.3 ’mon.4 ’mon.S ’md.l Imd.2 Imd,3 tmd,4 tmd.S
1.93 3.93 6.02 7.98 11.60 100 098 034 030 031

Note: N, total number of inspections and/or monitorings.
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least 1 year. Constraints for #,,4 and 8¢ s are indicated
in Equation (27). The GEV PDF f4(#) in Figure 9a is
used to formulate E(tg4). For given N, the total
number 2% of Pareto sets Syn can be obtained by
solving the bicriterion optimisation problems in
Equations (25)—(28). Finally, the Pareto solution set
S can be obtained through the procedure given in
Figure 4. Figure 10a shows this final Pareto set S and
six representative solutions C,—Cg. Values of design
variables (i.e. N, tins, fmon» fma a0d 8¢ 5) and objective
functions (i.e. E(tg¢) and Ciorq1) are given in Table 5. It
should be noted that the annual discount rate r is
assumed 3%. The combined inspection/monitoring
plans corresponding to solutions C;~Cg are illustrated
in Figure 10b.

Conclusions

This article presented a probabilistic approach to
establish an optimum combined inspection/monitoring
planning for ship and bridge structures subjected to
fatigue based on bicriterion approach. For given
number of inspections and monitorings, all possible
combinations of inspection and monitoring were
considered. Each combination was associated with a
bicriterion optimisation formulation consisting of two
conflicting objectives by simultaneously minimising
both the expected damage detection delay and the total
inspection and monitoring cost. Based on the Pareto
solution sets of all combinations of inspection and
monitoring for the given number of inspections and
monitorings, the final Pareto set was obtained. Finally,
this procedure was extended to deterimine the optimum
number of inspections and monitorings. The following
conclusions can be drawn from this study:

(1) Due to the scarcity of financial resources
allocated for maintaining and/or improving
the reliability of the deteriorating civil and
marine infrastructure systems, an optimisation
considering damage detection delay and in-
spection/monitoring is crucial. Along these
lines, the proposed bicriterion approach pro-
vides powerful means to optimise inspection/
monitoring planning for fatigue-sensitive struc-
tures under uncertainty.

(2) In addition, performance measures such as
system reliability, robustness and redundancy
may be integrated in the proposed approach, by
extending it to a multicriterion optimisation
formulation under uncertainty (Frangopol and
Liu 2007, Frangopol 2011). Moreover, the
optimum combined inspection/monitoring
planning approach proposed in this article can
be extended to life-cycle cost design of fatigue-

sensitive structures including bridges and naval
ships by considering initial, inspection, mon-
itoring, maintenance, repair and failure costs.

(3) In general, fatigue damage can be detected with
less delay by using monitoring than inspection.
However, monitoring is usually more expensive
than inspection. Therefore, combined inspec-
tion/monitoring planning provides an optimal-
balanced solution. Damage detection delay
leads to repair delay. This delay increases the
probability of failure.

(4) The fatigue damage occurrence and propaga-
tion are random processes involving intermit-
tent growths and dormant periods. In order to
consider these evolutionary features, Markov
chains, jump process models and stochastic
differential equations have been developed
(Sobczyk 1987). The scheduling of inspection
and monitoring can be affected by the time
evolution model of fatigue cracks. Therefore,
further studies are nceded to incorporate such
advanced stochastic modellings into the ap-
proach proposed in this article.
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Introduction

The modeling, assessment, and performance prediction of ship structures over time
is, by its very nature, complex and uncertain. Uncertainty in modeling of structures
and randomness in loading phenomena dictate the use of probabilistic methods in
life-cycle analysis. Since models that treat this issue are very sensitive to changes in
their input parameters, structural health monitoring (SHM) provides a powerful and
necessary mechanism to reduce uncertainty, calibrate, and improve structural assess-
ment and performance prediction models. Ultimately, optimal decisions are to be
made that ensure the continuous safety during lifetime of naval ships with minimum
associated expected life-cycle cost. Only a properly integrated probabilistic frame-
work can yield such optimum decisions.

Figure 1 shows the typical time-dependent profile of a structural performance
index of a ship (or any other structure) along the life-cycle. After an initial period
during which the performance index (e.g., the reliability index) is approximately
constant, the effects of material aging, deterioration, corrosion, fatigue, and other
stressors begin to negatively affect the performance. If no actions are taken, this trend
eventually brings the performance index below a minimum acceptable threshold.

To avoid this event, preventive (i.e., before reaching the threshold) or essential (i.e.,
when reaching the threshold) maintenance actions should be applied. Unfortunately,
the parameters of the performance model (e.g,, initial value), of the deterioration
model (e.g., time of initiation and deterioration rate), and of the maintenance effects
(e.g., improvement in the performance, temporary reduction of the deterioration
rate) are uncertain. These uncertainties propagate during the service life of the inves-
tigated ship. Therefore, the service life itselfis uncertain.

Along this line, the U.S. Office of Naval Research supports a project at Lehigh
University focused on the development of an integrated life-cycle framework for
maintenance, monitoring, and reliability of naval ship structures. Several results have
been obtained and published in international peer-reviewed journals [1-6]. Even
though each paper can be seen as an individual contribution to the advancement of
the research, they collectively belong to the same framework. Frangopol et al. [7] pre-
sented a qualitative overview of the proposed approach where each of the individual
contributions is contextualized. The matrix represented in Figure 2 is meant to fulfill
the same task.

NAVAL ENGINEERS JOURNAL

mIn the field of Naval Engineering, the use
of life-cycle analyses associated with the
concept of aging and time-dependent
reliability has recently gained momentum.
In this regard, the US. Office of Naval
Research supports a project at Lehigh
University focused on the development of
an integrated life-cycle framework for ship
reliability assessment, redundancy estima-
tion, damage detection, and optimum
inspection planning.

This paper presents some of the results
abtained at Lehigh University within this
project, with emphasis on structural health
monitoring and life-cycle analysis under
uncertainty.
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FIGURE 1 Time-
dependent profile of
a performance index
(eg. reliability index)
along the life-cycle.
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FIGURE 2
Matrix of paper topics
and applications.

The papers indicated in Figure 2 collectively
deal with four applications. The first one is the
HSV-2 high speed naval craft, wave piercing
catamaran [1, 8]. The second applicationisa
joint high-speed sealift ship (JHSS) [ 4, 5]. Data
for this application were collected on a scaled
down model [¢]. The third application is a typi-
cal mono-hull tanker section [3, 6, 10]. Finally, a
sample hull was used to demonstrate the method-
ology presented in paper [2]. The main research
topics that have been addressed are reliability,
redundancy, structural health monitoring, fatigue,
damage detection, and optimization.

The matrix in Figure 2 provides a graphical
representation of the topics covered and
applications presented by each article developed
within the previously mentioned research proj-
ect. In the reminder of this paper, some of the
results that have been obtained are summarized
not only from a qualitative point of view, but
also with the numerical results obtained for
each application.

SHM DATA PROCESSING

Reliability of naval structures can be assessed at key
locations using monitoring data. These locations

(1) [4. 5] [31 [21
REDUNDANCY' [4] [31
i SHM T 1 [4,5] [61

90 W MARCH 2012 ® No. 124-1

should be identified based on finite element analy-
sis and engineering judgment. A high speed naval
craft, HSV-2, was instrumented with various types
of sensors, placed throughout the ship, to monitor
and evaluate its response and performance [ 8].
The HSV-2 is a high speed, wave-piercing catama-
ran. During sea trials, the ship was operated in a
manner such that data were collected at specific
speed, heading, and sea state combinations. A

total of 16 strain gages were dedicated to measure
responses due to primary (global) wave loads.
Okasha et al. [1] performed reliability analysis and
damage detection of HSV-2 using the monitoring
data collected by six of these sensors (T1-5and T1-8
on Frame 24; T1-6 and T1-9 on Frame 46; T1-7 and
T1-10 on Frame 61).

The reliability of HSV-2 was quantified in
terms of the strains induced by the global longi-
tudinal bending moments recorded during the
rough sea trials. Due to the speed of the ship,
whipping strains caused by slamming impacts
were also considered. The limit state equation at
a predetermined key location in terms of the
strain can be expressed as

g=x8.-x,(e,+ke )=0 (1)

where g is the performance function; & is the
resisting strain; €, and €, are the strains produced
by the wave-induced bending moment and the
dynamicload effects, respectively; xz is the model
uncertainty associated with the resisting strain;
x,,is the model uncertainty associated with the
wave-induced load effect prediction; and k;is the
correlation coefficient between wave-induced
moment and dynamic load effects.

The recorded monitoring signals include the
combined effects of the high-frequency waves
due to slamming and the low-frequency waves. In
order to perform the reliability analysis using the
limit state in Eq. (1), the low-frequency and high-
frequency strains need to be filtered. Figure 3(a)
and (b) illustrate the hypothetical time history of
the combined strains and filtered low-frequency
and high-frequency strains, respectively.

The peak strains from filtered low-frequency
and high-frequency signals in both sagging and
hogging were extracted using a peak extraction
algorithm. Kolmogorov- Smirnov tests were
performed in order to find the best statistical
distributions that fit these peak strain values. It

NAVAL ENGINEERS JOURNAL
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was concluded that the Rayleigh distribution
and the exponential distribution provide a good
fit for the low-frequency and high-frequency
peaks, respectively.

For the reliability analysis, the maxima among
the peak values — in other words, the upper tail
behavior of these distributions — is of interest.
'Therefore, the obtained results were extrapolated
using extreme value statistics. The largest values
of both the Rayleigh and exponential distribu-
tions asymptotically converge to the Type I
extreme value distribution

fo (D= emtexp[-et] (o)

where u_is the characteristic largest value
of the initial variate L, and o, is an inverse mea-
sure of the dispersion of L,. The parameters of
the Type I extreme value for the Rayleigh distri-
bution (low-frequency peak strains in sagging
and hogging ) and exponential distribution
(high-frequency peak strains in sagging and hog-
ging) were obtained. The resisting strain, €z, was
assumed to follow a lognormal distribution with
a mean value of 870 pin/in [8] and coefficient of
variation of 0.10.

'The reliability analyses of the ship structure
at various speeds, heading angles, sea states,
and locations were carried out using the second
order reliability method. Figure 4(a) presents
the variation of the probability of failure with
respect to speed and sea state with heading angle
of o° at frame 24 in sagging. The margin between
the probabilities of failure in different sea states
tends to increase with the higher vessel speed.
Figure 4(b) illustrates the variation of probabil-
ity of failure with respect to heading angle and
sea state with speed of 20 knots at frame
24 in sagging. The lowest probability of failure
is obtained for a heading angle of 90°, where
the vessel is parallel to the waves, since the
effects of longitudinal bending moments are less
significant in this case. Figure 4(c) shows the
variation of probability of failure with respect to
frame position for speed of 20 knots, sea state 3,
and heading angle o° in sagging. Probability of
failure increases when the key location is closer
to the mid-hull region (around frames 25-45).
This is expected since the limit state consid-
ered is in terms of strains due to longitudinal
bending moments.
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FIGURE 3

(a) Hypothetical time
history of the combined
strains, and (b) filcered
low-frequency and
high-frequency signals,
adapred from [1].

PROBABILISTIC HULL STRENGTH

Classical incremental-curvature method based
on the International Association of Classification
Societies (IACS) guidelines or simple progres-
sive collapse method developed by Hughes [11]
(in which failed stiffened panels do not carry
any loads and are progressively removed), can
be adopted for the probabilistic assessment of
the hull strength. However, these techniques
are computationally demanding. Indeed, these
approaches lead to a high computational time,
especially when dealing with a large number

of generated samples associated with the basic
random variables. For this reason, Okasha and
Frangopol [2] proposed a new optimization-
based technique able to significantly reduce the
computational time and to provide results that
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FIGURE 4

Variation of probability
of failure with respect
to (a) speed and sea
state with heading
angle of o° at frame 24
in sagging, (b) heading
angle and sea state
with speed of 20 knots
at frame 24 in sagging,
and (c) frame position
for speed of 20 knots,
seastate 5 and heading
angle o0° in sagging.
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are as accurate as the ones of the incremental-
curvature method.

In summary, the proposed approach treats the
moment-curvature relationship as a non-linear
implicit function to be optimized. Any given
curvature « is associated with a corresponding
flexural capacity M(x) that is evaluated by apply-
ing the method recommended by IACS. Hence,
the value of the curvature, that maximizes its
associated bending moment, is found by applying
an optimization search algorithm. Indeed, among
a large number of discrete values of curvature, in
few steps, M(x) is evaluated in order to deter-
mine which of such discrete values provides the
maximum bending moment. The clear difference
is that instead of obtaining a complete moment-
curvature curve, only few values are evaluated and
the procedure ends when the maximum moment
is found.

The method proposed by Okasha and Fran-
gopol [2] has been validated by investigating the
ultimate flexural capacity of a box girder analyzed
by considering both the incremental-curvature
method and the optimization approach. Figure 5
shows the complete moment-curvature relation-
ship for the box girder and the steps required to
find the ultimate flexural capacity by the opti-
mization technique. It was demonstrated that
the great reduction in time fully justified the use
of this advanced technique for the probabilistic
strength assessment. More detailed explanations
about this topic can be found in [2]. Subsequent
studies successfully applied such technique to
existing ship cross-sections [3, 4].

LIFE-CYCLE RELIABILITY
AND REDUNDANCY

Safety of ship structures must be ensured over their
entire life. In this context, life-cycle analyses must
account for the evaluation of ship performance
over time. Maintaining an adequate level of ship
reliability and structural redundancy becomes
the main issue in order to ensure satisfactory ship
performance over its operational lifetime.
Reliability of ship structures is a topic that
has been extensively investigated over the last
decades. Generally, reliability is investigated with
regard to ultimate flexural failure of the midship
section [12,13].
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The ultimate collapse of a ship hull occurs
only when its ultimate flexural capacity has
been reached. This usually involves the failure
of multiple components. However, collapse of
redundant ship structures is preceded by the failure
ofa sequence of stiffened panels. In this context,
the evaluation of the reliability associated with the
occurrence of the first failure within the box girder
becomes of critical importance in order to evaluate
redundancy [3]. Indeed, the range between the
capacity at which the first failure occurs and the
ultimate capacity can be used to quantify structural
redundancy [14], which provides warnings before
failure. Moreover, a high level of redundancy can
prevent sudden failure and mitigate the effects
generated by unpredictable events.

Performance prediction requires the time-
dependent assessment of reliability and redun-
dancy [3]. Over time, the hull flexural capacity
decay is mainly due to corrosion effects that
reduce the thickness of plates throughout the hull

girder. The corrosion model used is [12]
r(t)=C(t - t,) (3)

where r(t) is the thickness loss (mm); t, is the
initiation time depending on coating life (years);
C, is the annual cotrosion rate (mm/years); C, is a
constant; and ¢ is the time expressed in years.

Time-variant reliabilities with respect to the
first and ultimate failures have been assessed. The
limit state function associated with the flexural
failure mode is [15]

g(t)=a M(t)-x M -x M =0 (4)

where g(t) is the time-variant performance
function; M(t) is the time-variant resisting bend-
ing moment (associated with first or ultimate
failure for sagging or hogging); M., is the still
water bending moment; M, is the wave-induced
bending moment; xy is the model uncertainty
associated with the resistance determination; x,,
is the model uncertainty related to the still water
bending moment prediction; and x,, is the model
uncertainty associated with the wave-induced
bending moment prediction.

Time-variant redundancy index RI(t) was
previously investigated for civil structures [16],
and its definition has been extended to the case of
ship structures [3]

NAVAL ENGINEERS JOURNAL

Pyeeu(t)-Pruru(t)

RI(t)=—535 &
where Pjyy(t) is the probability of the ultimate
failure moment of the whole hull and Pyeea(t) is
the probability associated with the occurrence of
first failure in the hull.

The time-variant reliability and redundancy
have been assessed for an existing ship structure
{3]. The results obtained are summarized in
Figure 6. Time-variant failure probabilities with
respect to first and ultimate failure for sagging
are shown in Figures 6(a), while Figure 6(b)
shows the profile of the redundancy index for
both sagging and hogging bending moments.

SHM FOR RELIABILITY AND
REDUNDANCY UPDATING

During its lifetime, a ship structure experiences
loads of different magnitudes depending on

the incurred sea state, ship speed, and heading
angle. In order to provide an accurate assessment
of the ship structural performance, SHM plays
arole of crucial relevance. SHM provides an
efficient tool for the collection of accurate field
information regarding the operational loads and
detects potential structural damage once

it occurs.

In general, useful information, such as mea-
sured strains, may be converted to global ship
responses. In this way, time-variant structural per-
formance indicators, such as reliability and redun-
dancy, can be updated by using the collected new
information provided by the installed sensors [4].
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If monitoring information is not available, design
code equations provide conservative estimations
of the wave-induced load effects. This analysis
leads to the evaluation of code-based reliability
and redundancy, forming the so-called “prior
information”. Following the collection of new
data, prior information is updated by using Bayes-
ian inference [ 4].

This specific implementation of the Bayes-
ian updating procedure is presented in [ 4],
where the performance of the JHSS has been
investigated. The model consists of a continu-
ous aluminum backspline beam connected with
shell sections in order to guarantee realistic
vibrational responses including primary and
secondary load effects (such as slam-induced
whipping). The obtained signal has been filtered
in order to evaluate the separate effects of low
and high frequency waves. The collected data,
used for the updating of the low frequency wave-
induced loads, refer to sea state 7, 35 knot speed,
and head seas, which correspond to the worst
operational conditions that the ship is expected
to encounter. With the use of SHM data, the
limit state equation associated with the flexural
failure mode becomes

g(t)=a,M(t)=x,, M, ~x (M, +kM)=0 (6)

where M_is the dynamic bending moment and
k,is the correlation coefficient between wave-
induced and dynamic bending moments.

The results obtained by the prior analysis and
the mentioned updating process are expressed
in terms of time-variant failure probability and
redundancy index. Figure 7(a) shows the time-
variant profiles of the probability of ultimate fail-
ure associated with sagging and hogging with and
without SHM. Figure 7(b) shows the time-variant
profiles of the redundancy index.

A detailed explanation of the updating proce-
dure and further explanation about the obtained
results can be foundin [ 4, 17].

FATIGUE RELIABILITY ASSESSMENT

The structural deterioration process due to
fatigue significantly diminishes the service life
of ship structures. Assessment and prediction
of the structural performance of ships subjected
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to fatigue generally include high uncertainties
associated with sea loadings and fatigue. Hence,

a probabilistic approach is well suited for fatigue
reliability assessment and performance prediction
of ship structures.

The steps for the fatigue reliability evalua-
tion are: (a) classify the details of structural
members for the S-N approach; (b) estimate the
wave-induced and slamming-induced whipping
responses by filtering at low and high frequency
levels; (c) establish stress range histograms and
probability density functions (PDF) by using
a peak counting method from the unfiltered or
filtered data at selected locations; (d) predict the
probabilistic lifetime sealoads and estimate the
cumulative number of cycles; and () perform a
fatigue reliability analysis [5].

The histogram and the best-fitted PDF of
stress range for a ship structural member under
the hurricane loading state are shown in Figure
8. Based on this histogram, individual effective
stress ranges according to given wave conditions
(which are related to ship characteristics, ship
speeds, relative wave headings, and sea states) can
be computed and used to estimate the predicted
effective stress range, considering all possible
ship operational conditions. Figure 9 shows the
number of cycles averaged daily for each test run
under the hurricane loading state. The results
from Figures 8 and g are used to estimate the
effective stress range and the cumulative number
of cycles for fatigue analysis.

The fatigue reliability index is shown in
Figure 10. From this figure, it can be seen that
the fatigue life of the ship decreases significantly
when the ship operation rate c increases. Fur-
thermore, the effect of low and high frequency
loadings on lifetime fatigue reliability can be
found [s].

Based on the probabilistic approach proposed
in [5, 18], fatigue performance assessment and
service life prediction of ship structures can be
rationally estimated using monitoring data.

OPTIMAL INSPECTION PLANNING

Repair actions are affected by inspection results.
In order to apply timely and effective repair
actions, the expected damage detection delay
should be minimized. A rational probabilistic

NAVAL ENGINEERS JOURNAL
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approach for optimum inspection planning was
presented in [6]. This planning is a solution of
an optimization problem with the objective

of minimizing the expected damage detection
delay. Formulation of the expected damage
detection delay includes uncertainties associ-

ated with damage initiation and propagation, and

inspection method.

As previously mentioned, fatigue is one of

the main deterioration mechanisms for ship
structures. The fatigue crack can be affected by

several factors such as location and length of
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initial crack, stress range near the initial crack,
number of cycles associated with the stress
range, and material and geometrical properties.

Among these factors, the selection of mate-

rial types (e.g., aluminum, high strength, or
mild steels) and frame spacing can be consid-
ered as the two primary decisions associated
with fatigue life expectancy of the hull. This is

because aluminum, used to improve the ship
operational capabilities, can be more susceptible
to fatigue cracking than steel [19], and fatigue
cracking is very common in the connections
between the transverse web frames and the lon-
gitudinal stiffeners [20]. Due to the mentioned
sources of uncertainty, a probabilistic approach

should be used to predict fatigue crack damage.

The probability of detection is determined by
the quality of the inspection method. The relation
between probability of detection and fatigue crack
size can be expressed by a detectability function.
This function has several representative forms, such
as shifted exponential distribution, logistic curve,
and normal cumulative distribution.

Figure 11 shows the event tree model when the

damage occurs before the first inspection. This
event tree includes the probability of damage
detection. Furthermore, damage occurrence time
can be treated as a continuous random vari-

able described by its PDF. Finally, the expected
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damage detection delay can be formulated as indi-
cated in [6]. The inspection planning is obtained
from an optimization problem by minimizing the
expected damage detection delay.

The relation between expected damage detec-
tion delay and total inspection cost is presented in
Figure 12. In order to find a well-balanced solution
associated with the conflicting objectives of mini-
mizing both expected damage detection delay and
inspection cost, a bi-objective optimization can
be performed. Decision makers have much flex-
ibility to select the best compromise among the
solutions provided by the Pareto set. Such a set is
presented in Figure 13.

The approach provided in [6, 21] can be
extended to optimum monitoring planning and
combined inspection / monitoring planning for
ship structures.

Conclusions

This paper has collected and summarized a

set of recent research results and applications.
Their individual use leads to enhancements in
the assessment of the conditions and planning
of maintenance for naval ship structures. More
importantly, their combination provides most of
the necessary components of a comprehensive
probabilistic life-cycle framework for mainte-
nance, monitoring, and reliability assessment.

The first contribution consists of a technique
for the effective post-processing of structural
health monitoring data to be used in reliability
analysis and damage detection of ship structures.
The second contribution is a computationally
efficient technique for the assessment of the
hull strength probability distribution. The third
original result is a methodology able to perform
the ship reliability and redundancy assessment.
Similarly, the fourth contribution exploits SHM
to update the life-cycle structural reliability and
redundancy prediction for the ship. The fifth
contribution focuses on fatigue reliability assess-
ment and residual fatigue life prediction. Finally, a
technique for the optimal planning of inspections
and monitoring has been described.

Among the further possible developments of
these methodologies and their combination is a
tool for the near real-time reliability assessment
of ship structures as a function of the current
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operating conditions (i.e., ship speed, sea state, Besides the future plans of the life-cycle
relative heading angle). Such a tool can continu-  reliability and optimization research group at
ously collect information from sensors located Lehigh University that developed all the pre-

on the ship and associate it with the ship operat-  sented tools, further integrated use is likely to lead
ing conditions. By combining this information to other scientific advancements and practical
with the methodologies previously presented, applications that are not possible to foresee.

it is possible to constantly update the reliability
estimation, and to provide the crew with plots
of the reliability as a function of the operating )

conditions. Moreover, such a system can alert 5 ~ minimize both
. 1 etk o 20 + expected damage detection delay
the crew if the reliability index down-crosses o Q « total inspection cost
a minimum acceptable threshold for a certain 9 45
cross-section of the hull and set of operating 2 ~,
oAq g . 1e1s % 10 Pareto solution set
conditions. Depending on the reliability level, z %
. . )
the crew members can decide to avoid some E
. . - ) .
particularly dangerous operating conditions = ~, FIGURE 13
indicated by the tool (e.g., reducing the speed or 0 ; e Pareto solution set for

2 4 6 8 10 12 14 optimum inspection

idi heading angl nd either
avoiding a range of heading ang es) and eithe EXPECTED DAMAGE DETECTION DELAY(YEARS) plan, adapted from [6].

continue the mission or abort it.
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ABSTRACT

The present paper collects a body of scientific results
obtained at Lehigh University, under the sponsorship of the
U.S. Office of Naval Research. The aim of the entire
research project was to build a general framework for the
probabilistic analysis of ship structures in terms of
reliability, redundancy, fatigue, material deterioration,
damage detection, monitoring, and inspection optimization.
Several articles published in international peer-reviewed
journals by the first author and his co-workers address the
previously mentioned sub-topics. This paper provides an
overview of the results, presents the integrated approach that
is being developed, and suggests future lines of research.

KEY WORDS

Life-cycle, reliability,
detection, optimization.

1.0 INTRODUCTION

In 2008, a research team led by Dan M. Frangopol at Lehigh
University started a research project aimed at developing an
integrated life-cycle framework (ILF) for maintenance-
monitoring-management of naval ship structures under
uncertainty considering multiple and conflicting objectives.
After a couple of years, several modules of the ILF have

monitoring, fatigue, damage

APPLICATIONS

been completed and the most interesting results have been
published in international journals.

The first part of this paper summarizes the general
framework and the approach that all the proposed
techniques share. Next, some results on fatigue reliability
assessment and residual life estimation are presented. Then,
a novel approach for the integration of structural health
monitoring in reliability and redundancy assessment is
described. Using monitoring data on strains under operation
at selected locations, it is possible to assess the reliability of
the ship for different speeds, sea states, and heading angles,
for both sagging and hogging. Finally, a technique for the
optimal planning of inspections is described.

Numerical applications on three existing ships are used to
present and validate the proposed techniques.

In the concluding section, some future lines of research are
also suggested.

2.0 |INTEGRATED LIFE-CYCLE FRAMEWORK

The ILF for ships is represented in Fig. 1. The starting point
is always a real application, such as a ship component or an
entire ship structure. By means of appropriate analyses, it is
possible to estimate the current reliability levels and predict
the residual life of the investigated ship or component.

OPTIMAL
DECISIONS

The application

Reliability
assessmenl and
prediction

goes through the
integrated life-cycle
framework for
maintenance,
monitoring, and

Mainlenance and
managemenl
oplimization

reliability.

Moniloring and |
prediction
updaling

Fig. 1. General scheme of the integrated life-cycle framework for ships.
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Then, the results based only on the ship design and the
deterioration models (that include aging, corrosion, and
fatigue) are combined with the information provided by
structural monitoring, whenever available. This allows
updating the initial assessment of the residual life and
obtaining a more accurate prediction. In fact, generic
deterioration models have proved to be adequate for
structures and components that do not differ too much from
those that have been used for the calibration of the model. A
much more accurate assessment can be obtained by
recalibrating the parameters of the model using data
obtained directly from the investigated structure or
component.

Next, optimization techniques can be applied to maximize
the life-cycle performance and minimize the life-cycle cost.
Decision makers can take advantage of their experience to
select maintenance and management strategies, but when
the analyzed application is very complex (such as the life-
time analysis of a ship) and multiple objectives are involved
(e.g. maximization of reliability, maximization of
redundancy, minimization of the damage detection delay,
minimization of the maintenance, inspection, and
monitoring costs), an automatic tool is necessary to have an
overall view and accurate comparison of the alternatives. In
the proposed ILF, the multi-objective optimization provides
a Pareto front (Deb 2001) of optimal solutions. Each
solution belonging to the front represents a maintenance-
monitoring-management strategy that satisfies all the
constraints of the analysis (e.g. total cost lower than the
available budget) and for which it is not possible to find a
solution that improves one of the objectives without
worsening at least another. Based on their expertise and
engineering judgement, decision makers will choose the
solution that best fits the specific application, among the
various optimal ones.

Finally, the optimal decisions are applied to the investigated
ship or component, so that the ILF can actually be effective
and improve the quality of management and the
performance of the fleet substantially. Fig. 1 represents the
framework as a loop that starts and ends with a realistic
application. The loop can be repeated multiple times across
the life-cycle of a ship, updating the previous decisions
based on the new information obtained through subsequent
monitoring sessions.

The following sections present some of the results that have
been obtained for individual modules of the described ILF.

3.0 RELIABILITY AND REDUNDANCY
ASSESSMENT AND PREDICTION UPDATING
BY MEANS OF STRUCTURAL HEALTH
MONITORING

Okasha & Frangopol (2010) proposed a technique for the
assessment of the ultimate capacity of a ship hull section
subject to sagging and hogging moments. With respect to
previous approaches based on the incremental curvature
method (IACS 2008), the proposed technique produces a
significant improvement of the computational efficiency. In
fact, the incremental curvature method is based on repeated
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structural analyses for many values of the curvature to find
the one that yields the highest bending moment. This is
intrinsically an optimization problem and can be solved
proficiently using techniques from operational research. In
this way, rather than evaluating the bending moment of the
cross-section for all the curvatures, it is evaluated at a very
limited subset of values. In the case of complex ship hulls
with many stiffeners and for analyses that include also the
instability of the individual stiffeners, each moment-
curvature computation is a demanding task. Therefore, the
reduction of the number of moment computations from
several hundreds to a few units results in a dramatic
reduction of the CPU time.

This increase in the computational efficiency has enabled
the use of simulation-based techniques for probabilistic
analysis and reliability assessment. Otherwise, these
techniques would have been computationally too demanding
and impractical for real applications.

In particular, this technique was used by Okasha et al.
(2010) and Deco et al. (2011) for the probabilistic
characterization of the ultimate failure moment. In Okasha
et al. (2010), a technique used Bayesian updating to
combine the prior information on lifetime loading effects
provided by IACS (2008) with structural health monitoring
(SHM) data. Raw strain data measured in sea state 7
conditions by several sensors on the ship were processed to
extract the information. First of all, the strain signal is
decomposed into a high frequency component (that is
associated with the slam impacts) and a low frequency
component (associated with the wave induced moment).
Then a peak extraction algorithm determines the number of
cycles and the maximum values of the moments due to
sagging and hogging, for both the low frequency and high
frequency components. With these data, the probability
density function (PDF) of the bending moments can be used
to update the prior information. Once the PDFs of the
external loads and of the capacity (e.g. ultimate moment,
first yielding moment) are available, it is possible to
perform a reliability analysis. Okasha et al. (2010)
computed the reliability indices associated with first
yielding and ultimate failure for a Joint High-Speed Sealift
Ship (JHSS), based on SHM data collected on a scaled
down model (Devine 2009) and using the second order
reliability method (Liu et al. 1983) combined with Latin
hypercube sampling (McKay et al. 1979).

In addition, by computing the probability of first yielding Py,
and ultimate failure P,,along the life-cycle of the ship, it is
possible to compute also the time-dependent redundancy
index RI, defined as

Pg ()= P, (1)

Py ()
where parameter 7 indicates time.

RI(t) = 1

Plots over time of the reliability index and redundancy index
of the ship structure are very useful to plan inspections,
maintenance, SHM sessions, and, in general for the
allocation of the available management budget. For
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instance, Fig. 2 shows how redundancy varies over time
differently for sagging and hogging bending moments. It
was found that, depending on the ship geometry and
accounting for the effects due to corrosion, redundancy may
degrade, remain the same or even increase over time (Deco
et al. 2011). The use of periodic prediction updating based
on SHM data ensures that the deterioration models are
constantly recalibrated to accurately represent the actual
condition of the ship.

LOW FREQUENCY WAVES
5,000 SAMPLES

SAGGING MOMENT'/

REDUNDANCY INDEX, Rl —»

LIFE-CYCLE —»

Fig. 2. Time-dependent redundancy index.

4.0 RESIDUAL-LIFE PREDICTION BASED ON
FATIGUE AND RELIABILITY

The studies presented in the previous section dealt with the
first two modules of the framework shown in Fig. 1 (i.e.
reliability assessment and prediction; monitoring and
prediction updating). Similarly, Kwon et al. (2011) provided
a technique that covers the same two modules, but with a
deeper insight on the effect of fatigue. In particular, a
methodology for fatigue reliability assessment and service
life prediction of high-speed ship structures based on the
probabilistic lifetime sea loads estimated from model test
data has been developed.

The classic S-N approach applied to selected structural
details is used to estimate the structural capacity of the ship
in terms of fatigue.

Then, model test SHM data are used to determine the stress
range bin histogram by means of a peak counting method. A
theoretical PDF is fitted to the stress range bin histogram by
using the maximum likelihood method (the PDF family is
selected by using the Kolmogorov-Smirnov goodness of fit
test). Also in this case, the effects of low frequency wave-
induced and high frequency slam-induced whipping
loadings are investigated separately by using a signal
filtering technique applied to the raw data. Ultimately, SHM
data provide a probabilistic estimate of the lifetime sea loads
in terms of load effects.

The approach is illustrated using data collected on the scaled
JHSS monohull that was mentioned previously (Devine
2009). Several numerical results and sensitivity analyses
have been performed and are presented in Kwon et al.
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(2011). For instance, Fig. 3 shows the evolution over a 20
year long life-cycle of the fatigue reliability index. As
expected, if the annual operation rate o increases, the
reliability index decreases. In any case, after a certain
amount of years, that is accurately assessed by the proposed
methodology, the reliability index down crosses a threshold
that represents the minimum acceptable level. Before the
occurrence of this event, maintenance actions should be
applied to avoid failures. Fig. 4 shows the importance of
combining low frequency wave-induced and high frequency
slam-induced whipping loadings. In fact, if only one of the
two load components is considered, the reliability index can
be overestimated, thus being on the unconservative side.

CONSIDERING ONLY LOW FREQUENCY
WAVE-INDUCED STRESS

o =90%

FATIGUE RELIABILITY INDEX, § ——»

LIFE-CYCLE ——>

Fig. 3. Fatigue reliability index evolution along the life-
cycle of the ship. For different annual operation rates o, the
value of the reliability index and the time when the
minimum acceptable reliability Py is down crossed are
different.

o =50%
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& {FILTERED)
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s (UNFILTERED)
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Fig. 4. Fatigue reliability index evolution along the life-
cycle of the ship. Different effects induced by the low
frequency waves alone and the combined low and high
frequency stressors, for a fixed annual operation rate
o =50%.
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Fig. 5. Variation of reliability index at a point with respect
to ship speed at different sea states at constant heading
angle.
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Fig. 6. Variation of reliability index at a point around mid-
section with respect to heading at constant speed.

This detailed analysis on fatigue reliability can be repeated
along the life-cycle of the ship to recalibrate the model
using new SHM data. Moreover, it can be combined with
the more general reliability study presented in the previous
section to plan maintenance and inspection.

5.0 DATA PROCESSING AND DAMAGE
DETECTION

The raw data processing and filtering technique that has
been mentioned previously, is described in more detail in
Okasha et al. (2011). In that paper, SHM data collected on
the high speed naval craft HSV-2 during rough water trials
(Brady 2004) has been used to assess the reliability of the
ship structure and present a damage detection technique.

The results of the application on the HSV-2 reinforce the
pre-existing belief that the probabilistic approach for
analysis of structural safety is far superior to any determinis-
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Fig. 7. Variation of reliability index with respect to the
distance from mid-section of the ship at constant heading
angle and sea state.

tic approach. In fact, neglecting uncertainties could lead to
inconsistent and misleading results.

Sensitivity analyses to several operational condition
parameters (e.g. sea state, ship speed, heading angle) have
provided quantitative validations of what was qualitatively
expected. Fig. 5 shows the variation of reliability index at a
point with respect to ship speed at different sea states while
the heading angle is kept constant. For instance, for a given
sea state (i.e. 4) and a heading angle (i.e. 0°) the reliability is
strongly affected by the ship speed, with the reliability index
that drops from 9.2 for a speed of 15 knots to 8.4 for a speed
of 30 knots. Fig. 6 illustrates the variation of reliability
index at a point around mid-section with respect to heading
angle, while the speed is kept constant. For heading angle
equal to 90° (waves orthogonal to the ship) the ship
operating speed does not affect the relative velocity of ship
and waves. Therefore, in this case the reliabilities associated
with different sea states are very close to each other. Fig. 7
represents the variation of reliability index with respect to
the distance from mid-section of the ship while the heading
angle and sea state are kept constant. It is verified, by means
of a probabilistic approach, that mid-section is the most
critical cross-section along the ship.

In addition, a damage detection technique based on a vector
autoregressive model has been proposed. The same strain
measurements have been used to assess the probability of
having structural damage in the ship structures. Moreover,
knowing the locations of the strain gauges, it is possible to
locate the area of the ship that is most likely to be damaged.
To this purpose, a damage sensitivity factor was introduced,
that provides an easy to use and interpret metric to the
analysts and the crew.

6.0 OPTIMIZATION OF INSPECTION AND
MONITORING STRATEGIES

Kim & Frangopol (2011) provided an automated
methodology for the assisted decision making process in
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terms of inspection and monitoring. This module covers the
last step of the framework in Fig. 1.

Kim & Frangopol (2011) proposed a multi-criteria
optimization technique based on the concept of damage
detection delay, which can be defined as the time-lapse from
the damage occurrence to the time for the damage to be
detected by inspection. The value of the time laps is a
random variable affected by uncertainties associated with
the damage occurrence and propagation and uncertainties
associated with the quality of the inspection that may or
may not detect an existing damage (see Fig. 8).

Uncertainties associated
with damage occurrence
and propagation

Formulation and
A of
Damage
Detection Delay

Optimum Inspection
and Monitoring
Planning

Uncertainties associated
with quality of the
inspection method

Fig. 8. Flowchart of the proposed approach for damage
detection delay minimization.

A fully probabilistic methodology has been developed to
address this issue. Uncertainties associated with damage
occurrence and propagation are modelled using the classic
fatigue crack growth approach, but with initial crack size,
annual number of cycle, stress range, and material crack
growth parameter described by probability distributions,
rather than deterministic values.

Combining all the uncertainties with a comprehensive event
tree Monte Carlo simulation, Kim & Frangopol (2011)
assessed in a probabilistic sense, the damage detection delay
associated with a given inspection strategy (i.e. schedule
and type of inspections along the life-cycle of the ship). As
expected, more frequent and accurate inspections provide
lower damage detection delays. However, these inspections
are also associated with higher costs. To assist the decision
making process, a bi-objective optimization can be
performed, aimed at minimizing the inspection cost and the
expected damage detection delay. In this way, it is possible
to determine the Pareto fronts of optimal schedules and
accuracies for given numbers of inspections. Then,
combining the front for several numbers of inspections, a
general front of Pareto optimal inspection strategies is
generated as shown in Fig. 9. Decision makers will select
the strategy to be implemented based on the available
budget and the desired level of expected damage detection
delay.

Further studies are being performed to include also
monitoring sessions in the framework proposed for
inspection planning.
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Fig. 9. General front of Pareto optimal inspection strategies.

7.0 CONCLUSIONS AND FUTURE WORK

Several modules belonging to an overall framework for the
integrated life-cycle maintenance-monitoring-management
of naval ship structures under uncertainty considering
multiple and conflicting objectives have been presented.
Even though each module can be considered as a separate
methodology that can be employed as standalone technique,
these modules have been developed to eventually converge
into the described ILF. One of the most important future
steps for the research along this line will be to make the
integrated use of these modules automatic. In this way, a
self-contained software package will be made available to
analysts and crews for the assessment of the fleet condition
and the optimal decision making.

Simultaneously, further enhancements of the individual
modules are investigated. For instance, as previously
mentioned, the technique for optimal inspection planning is
being extended to account also for SHM sessions.

Finally, based on the results obtained, a tool for the near-
real time reliability assessment of a ship based on the
operating conditions can be developed. This tool will be
able to collect monitoring data from strain sensors on the
ship, combine these data with the information on the
operating condition of the ship provided by the navigation
system (e.g. speed) and constantly update the reliability
assessment for the ship. Moreover, it will be able to alert the
crew in near real-time whenever the reliability index
associated with any operating condition down crosses an
acceptable threshold. Therefore, the crew will be able to
safely take the ship to a harbour using the operating
conditions (e.g. speed and heading angle) that are still
reliable and have the ship repaired.
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