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ABSTRACT

For fatigue assessment of ships and offshore structures, load sequence should be
generated so that it can emulate the changing nature of sea state in real oceans. Storm
model developed by Tomita et al. (1995) (the 1% generation, 1G model) and its
refinement proposed by Kawabe (2002) and Osawa et al. (2006) (the 2" generation, 2G
model) can emulate ocean wave sequences, but these models have many drawbacks:
storm profiles cannot be determined automatically; 1G model cannot be coupled with
seakeeping analysis; they cannot simulate the variation of storm duration; storm profile
configurations were determined only for North Pacific Ocean's GWS data with 2 hours
observation period. In order to overcome these drawbacks, a new generation (the 3rd
generation, 3G) storm model is developed so that: 1) storm profile is fully-automatically
configured; 2) it can simulate the variation of storm duration; 3) it generates the
equivalent sea state history from data with different observation period. The effectiveness
of the proposed model is demonstrated by comparing the changing nature and the
statistical characteristics of simulated sea state histories with those of the source
oceanographic data. The 3G and 2G storm models, developed in this thesis, posses
following capabilities: (i) Storm profiles can be determined fully automatically, and it is
easy to prepare storm profile database for numerous seas areas and seasons. (ii) It can be
coupled with seakeeping theory. (iii) Long-term joint probability density of Hw and T
of the source data can be reproduced. (iv) Stochastic characteristic of storm duration can
be emulated (the mean value only for 2G, both the mean and the variance for 3G). (v)

The relation between, Hwmaxstorm and the storm's occurrence probability (frequent



distribution of storm class) recorded in the source data can be emulated and (vi) long-
term probability of wave-induced stress, which is experienced by a ship on the given

route, can be emulated.

KEY WORDS: Storm model; Wave scatter diagram; Long-term Weibull distribution;

Storm duration; Observation period; Loading sequence.
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CHAPTER 1. INTRODUCTION

1 INTRODUCTION

1.1 Background to research

The ship's size has been rapidly increased in recent years. Consequently, many
aspects of ship structural safety assessment have been concerned in design stage. In order
to enhance the structural safety of ships and reduce the risk of environment pollution, the
International Maritime Organization (IMO) has required in Goal Based Standard (GBS)
to consider the fatigue strength as one of the functional requirements (IMO resolution
287(87), 2010, Improper fatigue assessment may cause fatigue crack initiation in
early of design life resulting in serious troubles, such as oil leakage and brittle fracture.
Generally, fatigue assessment in maritime industry is conducted by using a simplified
method, in which Palmgreen-Miner formula of cumulative fatigue damage (CFD) and S-
N curves are used. In this method, the assessment procedure and calculation conditions
are determined by classification societies (CS)'s rules. It is well known that there are
times when fatigue cracks are observed in early stage of a ship's service life even though
the ship passed the fatigue assessment in design approval (SR219 1996%%), Storhaug et al,
200753,

Figure 1-1 shows an example of the observed crack on the 2800TEU Container
Ship (Storhaug et al, 20075%). Fricke et al (2002)™* conducted a comparative study on
CS's rules, and they found that predicted fatigue lives varied widely. This indicates that

the accuracy of CS's fatigue assessment procedure based on CFD approach might be
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inadequate for cases where structural member is subjected to complicated random

loadings such as ocean wave-induced load.

Crack i.w.0, FR 305~306 { Port side U.DK.PSG)
Deck head 3rd Longi frm Shipside.{ L=170mm)

(a) a crack on upper inner side longitudinal (b) a crack in deck longitudinal
Figure 1-1 Cracks were observed in 2800TEU's Container Ship, which sailed on North

Atlantic route (Storhaug et al, 20075%).

1.1.1 Fatigue crack propagation analysis

In recent years, fatigue life prediction based on fatigue crack propagation (FCP)
analysis is applied in fatigue assessment of ship structural members. Crack growth law is
one of the most significant research topics in this analysis. Crack growth laws widely
used in FCP analysis includes Paris-Elber's rule (Radaj et al, 2006, Suresh 1998E4).
The crack growth under constant amplitude loading condition can be predicted accurately
by using this rule. However, it causes significant fatigue life estimation errors under
random loading conditions. This error results from Paris-Elber's rule's shortage of ability
to simulate retardation and acceleration of crack propagation due to load amplitude
variation.

Many researchers tried to develop crack growth laws which can simulate

retardation and acceleration behavior. Huang et al (2008)™**! proposed an engineering
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formula for crack growth under variable amplitude loading by modifying Wheeler's
model (Wheeler, 1972*") so that the effect of stress ratio on the plastic zone size can be
evaluated. Cui et al (2011)" proposed a unified fatigue life concept. However,
effectiveness of these engineering formulas are verified in limited conditions, and they
cannot be applied for real random loading which is experienced by ocean-going ships.

Newman Jr (1981)! introduced crack closure concept in FCP analysis. In his
method, crack closure level is calculated by analyzing non-uniform plastic deformation
in the advanced crack's wake by using modified Dugdale model. This model was
developed for a center cracked plate under uniform remote stress. Lately, this model was
applied to various cracks subjected to variable amplitude loadings. Newman's crack
closure model was implemented in computer program FASTRAN and FASTRAN 111252,
Toyosada (1994, 1997, and 20041**)) proposed a crack growth model based on the
residual plastic wake model with the re-tensile plastic zone generated (RPG) load
criterion. The applicability of Toyosada's model was demonstrated by comparing
simulated and measured propagation behaviors of fatigue cracks in weld under variable
amplitude loading conditions. RPG load criterion was implemented in computer program
FLARP.

Sumi et al (2008, 2011%" **) developed a FCP analysis program CP-system in
which Toyosada's RPG load criterion is implemented. They demonstrated the
effectiveness of CP-system by calculating fatigue crack propagation under random
sequence of clustered loading. They also reported that crack propagation life strongly
depends on load sequence.

Earlier studies mentioned above show that the accuracy of FCP analysis hinges

on the appropriateness of loading sequence used in the simulation. For fatigue assessment
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of ship structural members, the loading sequence should be generated so that it can
emulate the changing nature of short-seas (significant wave height, Hy, and mean periods,

Tw) in real Oceans.

1.1.2 Ocean wave modeling

Short-sea sequence and its modeling have been studied by many researchers.
Those studies are based on various wave data, such as buoy data, hind-cast and onboard
observation. Tromans et al (1995)1“4 proposed a prediction technique of rough wave and
load experienced by offshore structures. Tromans’s method was derived from statistical
characteristics of individual wave in North Sea. He proposed a complete long-term
probability distribution of storms from the convolution of the 'sort-time' scale statistics
and that of 'long-time'. Short-time scale statistics is a uncertainty model of the extreme
wave within a storm, and long-term one is a probability distribution to which the most
probable extreme wave in a whole data is fitted. Forristall et al (2008)"% presented the
Borgman integral method for the maximum wave height's long term distribution which is
combined with short-term distribution. He showed that the result derived from his
method exactly matched with that obtained by Tromans's model. Soares et al (2004)1*%
proposed a long-term prediction technique of the extreme wave height.

Baxevani et al (2008, 2009)*® proposed a stochastic model called Spatio-
temporal wave model. This model can simulate significant wave height sequence by
using satellite wave data. This model was adopted to calculate fatigue damage prediction
of ship structure (Mao 2010)*?%. In order to determine wave spectrum in certain wave

period, Mao used approximation formula to derive mean period of simulated significant

wave height. This means that the arbitrary mean period may not be consistent with that of
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the wave scatter diagram. Minoura et al (2004, 2006)?2%*] showed yet another stochastic
model which can simulate sea state (significant wave height, mean period, wave
direction) sequence.

It is necessary to generate load sequence consists of both rough and calm seas in
order to simulate retardation and acceleration of crack propagation accurately. Such
sequence cannot be generated by using sea state models proposed by Tromans, Forristall
and Soares because they were developed for the extreme wave estimation alone.
Stochastic models proposed by Baxevani and Minoura can generate sea state sequences
which can be used for FCP analysis. In Baxevani's and Minoura's models, the stochastic
nature of storms (ie. Storm duration and various maximum wave height of storm) are not
clearly distinguishable. Thus, complicated cross-correlation analysis at numerous
oceanography data point is required in the application of these models. Such analyses
require unacceptable man-hours for practical ship design. It is needed to develop a simple
load sequence generation method, which does not need statistical processing at each data
point.

Tomita et al (1992, 1995)2"3 proposed 'storm model’ in order to simulate load
sequences in the real oceans. In this model, the ocean conditions are classified into either
calm-sea or storm. Storms are modeled as crescendo-de crescendo amplitude waveform,
while calm-seas are modeled as time-independent random waveform. Hereafter, 'storm
profile' is the sea state information consisting of the (individual or significant) wave
height sequence in a storm and the occurrence probability of storms with various
maximum wave heights. The wave height sequence is determined uniquely by using
following parameters: number of individual waves or short-seas in a storm; the frequency

distribution of wave height in each storm. Tomita's storm profiles are configured based
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on the long-term distribution of individual wave height in North Pacific Ocean, and
statistical processing at each data is not required. Tomita's model does not take into
account the correlation between significant wave height Hy and mean period T,
consequently, this model can not be coupled with sea keeping analysis (e.g. Fatilsen,
1990™)). In order to take into account the correlation between Hy and Ty, Kawabe (2002,
2003)17%8 proposed a modified storm model by using wave scatter diagram (joint
probability of Hy and Ty). Kawabe's storm profiles were configured by using a single

(average) wave scatter diagram. Osawa (2006)%

reported that calculated crack
propagation lives might become shorter than those derived from a single averaged scatter
diagram when the scatter diagram was changed in each GWS sea area. It is preferable
that crack propagation analysis is performed by switching the storm profiles in response
to the change of sea area and season. In Kawabe's model, storm profiles were configured
by using trial and error manner, and it was difficult to configure storms for numerous sea
areas. Tomita's, Kawabe's and Osawa's model assumed that storm duration remains
unchanged (3.5 days for North Pacific Ocean) and storm profiles were configured from
oceanographic data with 2 hours observation period. In fact that, the storm duration
always fluctuate, the assumption may undermine the accuracy of estimation. The
oceanographic data, which is used to assembly wave scatter diagram, is available with

various observation periods. It is preferable to develop a storm profile configuration

technique, which is effective for arbitrary observation period.

1.2 Scope of Work

The goal of this work is to develop a practical load sequence generation method

for fatigue assessment of ship structural member. This objective is accomplished by
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developing an advanced storm model, which overcome the drawbacks of the existing
(Tomita's, Kawabe's and Osawa's) storm models. This advanced model is developed so
that: 1) storm profile is fully-automatically configured; 2) it can simulate the variation of
storm duration; 3) it generates the equivalent sea state history from data with different
observation period.

The present work is structured as follows. Chapter 2 discusses about
oceanography data sources. The brief review of oceanography data available (buoy data,
onboard measurement, hind-cast, etc.) is presented. Wave sequences of various data are
examined, and JWA (Japan Weather Association)'s hind-cast data is chosen as the source
data. From this data, wave histories (significant wave height Hy and mean period Tw)
are generated, and wave scatter diagrams are determined. The long-term exceedance
probability of significant wave height p(Hw) is determined from this diagram by
performing Weibull fitting using mid-to-high wave data.

Chapter 3 describes the development of fully-automated 2G storm (constant
storm duration) profile configuration system. Only discrete values of Hy in 1m steps are
considered. It is assumed that waves twice higher than overall mean (Hw mean) does not
occurs in calm seas. Storms are classified according to the maximum Hy in it. The
crescendo-decrescendo amplitude Hy waveform of storm is determined so that the
frequent distribution of Hy in each storm is similar to the tail of p(Hw). A formula,
which can resolve the incompatibility in short sea numbers caused by round-off error, is
developed. This makes it possible to develop a fully automated storm profile
determination system. The effectiveness of the developed system is demonstrated by
comparing Hw sequence emulated by the automatically configured 2G storm model and

those of the source data.
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Chapter 4 describes the development of a storm model, which can emulate the
variation of storm duration (the 3rd generation, 3G storm model). The statistical nature of
storm duration in is examined by analyzing wave sequence of the source hind-cast data.
It is found that there is not much correlation between storm duration and the maximum
Hw in each storm, and the duration obeys normal distributions. The storm profiles of a
3G model is determined by expanding or contracting the time axis of 2G storm's
waveforms. The applicability of the developed storm profile determination method for
various observation periods is examined. It is found that the storm wave sequences for
different observation period have about the same waveforms while the maximum Hyy
becomes higher with the decrease in the observation period. This means that the
proposed method can generate almost equivalent wave histories from data with different
observation period.

Chapter 5 describes numerical examples of FCP analyses based on the developed
storm models. FCP analyses of a surface crack in a weld of a bulk carrier are carried out
by using 2G and 3G storm models and two propagation laws: modified Paris-Elber rule
and FASTRAN Il program. As results, followings are found: the stochastic
characteristics of wave induced load which is experienced by a ship sails on North
Pacific and North Atlantic Oceans can be emulated by the developed storm models; b)
fatigue crack propagation lives estimated by using 2G and 3G storm models have almost
the same accuracy under the condition chosen; c) the fatigue crack propagation lives
estimated by using the developed storm models becomes shorter with the decrease in the
observation period of the source oceanography data.

In Chapter 6, conclusions with a summary of the main findings and an outlook on

possible improvements and future tasks are proposed.
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In Appendix 1, 2 and 3, the stress RAO, the formulas of stress intensity factors
and the classification society rule used in the numerical examples are presented.

In Appendix 4, the load sequence experienced by a 2,800TEU’s Containership,
which sails in North Atlantic route is simulated by using the developed advanced storm
model. The simulated sequence and the calculated fatigue damage are compared with
those derived from Baxevani's stochastic model. As results, it is found that the statistical
characteristics of the wave and/or load sequence generated the proposed storm model
almost agrees with those derived from Baxevani's model, and the fatigue damages
calculated using two wave models agree very well. This also demonstrates the

effectiveness of the developed storm model.
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2 OCEANOGRAPHY DATAANALYSIS

The success of sea state sequence simulation depends on the applicability of
oceanography data source. Actual Ocean condition can be specified accurately from
oceanography data source. In this chapter, various kinds of oceanography data are

examined and the numerical modeling for long-term prediction is discussed.

2.1 Environment Data Sources

In the marine structure’s (ship, offshore platform, etc) design stage, it is needed to
prepare an appropriate environmental (oceanography) data for a specific sea area. These
data, for ship's design, can be provided from the classification society rules. Because the
scope of these rules is marine structures all over the world, the assumed statistical nature
of the environmental data may differ from that of the target area.

Various kinds of oceanography data, e.g., visual observation, instrumental
observation, hind-cast data, are available. Visual observations are performed onboard or
from coastal station in onshore. The procedure and reports of onboard observations are
under supervision of World Maritime Organization (WMO)"®. Some of these data are
available to the public. The most well known onboard observation data in maritime
industry is ‘Global Wave Statistics, GWS' (Hogben et al, 19901*%).

Oceanographic data are also provided from instrumental measurements on sea
(e.g. buoy, wave radar) or off sea (satellite). Buoys are operated by various organizations
(public institutions such as National Oceanic and Atmospheric Administration, NOOA,

universities, oil companies, etc.). Some of these data are available to the public, which

10
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includes NOOA National Data Buoy Center, NDBC (www.ndbc.nooa.gov)*. The most
massive instrumental observation is performed by using weather satellites. They can
generate wave radar image of sea area or foot print, which could cover typical
dimensions of several kilometers. Some of these data are available to the public by space
agencies which operate those satellites. They include GEOSAT (1985-1989),
Topex/Poseidon (1991~ 2005), ERS-1 (1991~ 2000), ERS-2 (1995~ 2011) and Jason 1
(2001 ~), and Jason-2 (2008 ~) (WMO, 199818},

In recent years, hind-cast data are available as a substitute of measurement data.
Hindcasting usually refers to a numerical model integration of a historical period where
no observations are recorded. Since surface waves are generated by the wind, wave
hindcasting is considered adequate for generating a reasonable representation of the wave

climate. Many climatology data include the wave data generated by hindcasting.

2.2.1 The comparison of significant wave data

Before investigation in following sections, the significant wave, Hyy, data of
different data sources are compared. Two grid points are chosen in North Pacific Oceans.
The locations and data period are presented in Table 2-1. Hy data are provided from the
ERS-2 satellite, Japanese Weather Association (JWA)® hind-cast, Europe Centre for
Medium-Range Weather Forecasts (ECMWF)!1? hind-cast and National Oceanic and

Atmospheric Administration (NOOA) National data buoy center (NDBC)?*® buoys.

! JWA hind-cast data is used by permission from Research Initiative on Ocean Going Ship (RIOS) Osaka

University.

2 ECMWF hind-cast is owned by ECMWEF, and it is accessed from http://data-
portal.ecmwf.int/data/d/interim_full_daily/

¥ NDBC data is accessed from ‘http://www.ndbc.noaa.gov/".

11
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Table 2-1 Chosen locations of Hy, measurement (Mao et al, 201312%),

Point | Latitude | Longitude Period of Measurement
Pts-1 | 46°N 131°W January 1, 2000 ~ December 31, 2010
Pts-2 | 41°N 66°W January 1, 2000 ~ December 31, 2010

Hw's probability density function (p.d.f.) of different sources are compared in

Figure 2-1. It is shown that Hy's p.d.f of all sources almost match each other for high

wave region (Hw > 4m). The satellite data's p.d.f. is smaller than that of JWA and

ECMWEF hind-cast data in mid wave region (Im<Hw<4m) at Pts 2, while JWA hind-cast

shows higher p.d.f. than that of ECMWEF at Pts-1. Above results show that the difference

between buoys, hind-casts (JWA and ECMWF) data are not significant.
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Figure 2-1 Probability density function of Hy measured from different sources at the

locations described in Table 2-1 (Mao et al, 2013[2°)).

In the following analyses, JWA's hind-cast data is chosen as data source in this

study because it has the longest record period in data examined in this study.
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2.2 Wave Scatter Diagram
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Figure 2-2 JWA hind-cast area on North Pacific (a) and North Atlantic (b) Oceans.

In the present work, JWA hind-cast data is chosen as the source data. The wave
scatter diagram, the joint distribution of significant wave height and mean periods, is
determined from this hind-cast data at each grid point. North Pacific area is between
30°N ~ 60°N and 110°E ~ 110°W (Figure 2-2(a)), and North Atlantic area 30°N ~ 60°N
and 80°W ~ 10°E (Figure 2-2(b)). For each grid point, wave scatter diagrams are also
assembled separately for each season.

Once a wave scatter diagram is assembled, the joint probability density of Hy
and Tw, p(Hw,Tw) can determined. p(Hw,Tw) is determined by fitting the data with the

conditional log-normal distribution proposed by Wan and Shinkai (1995)1*! given as:

13
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p(HW’TW): p(HW) p(TW | HW)
p(TW |HW)ZEXP{W} a(Ty Hy),

2z

a(Ty Hy)=—"—, u= E{ln(Tw (Hy ))}’ o’ :Var{ln(TW (Hu ))}

 2xT,0

(2.1)

in which, p(Hw) is the marginal probability distribution of Hy, and p(Tw|Hw) is the

conditional distribution for Ty, given Hy.

2.3 Modeling of Environmental Data

Hereafter, F(Hw) and P (Hw) be Hw's cumulative probability distribution and

its exceedance probability. It is well known that long-term probability distribution of Hy

can be approximated by Weibull distribution. For a Weibull distribution, F(Hw) is given

by[8]

F(Hy) :1—exp{—(H7ij}

and, its p.d.f. is given as

Sanitl

where, k and A are the Weibull's shape and its scale parameters.

14
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Figure 2-3 Weibull plot of severest season on GWS Area 15 (a), 29 (b) and 30 (c).

F(Hw) of the GWS data at severest season in GWS area 15, area 29 and area 30
are examined. GWS area 29 is chosen as an example of the calm-sea area, area 15 of
severe sea area in North Atlantic Ocean and area 30 of severe area in North Atlantic
Ocean. Figure 2-3 shows the Weibull plot of F(Hw) in chosen areas. The relation
between In(Hw) and In(In(1/(1-F(Hw)))) can be represented by a straight line, and
Weibull's shape and scale parameters can be identified by using least square method.
Figure 2-4 shows the comparison between P (Hw) of original data and that of the fitted
Weibull distribution. This figure shows that P (Hw) of the fitted distribution matches

with that of the original data.
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Figure 2-4 P« (Hw) of severest season on GWS area 15 (a), 29 (b), and 30 (c). The

regressed data based on Weibull distribution is compared with that of the original one.
F(Hw) of JWA hind-cast data points, No. 1018 (35°N145°E), No. 1064
(40°N160°E), No. 1134 (52.5°N175°W), No. 2140 (52.5°N40°W) and No. 2193
(50°N30°W) are examined. Let Hy mean be the overall average of Hy. The Weibull plot
of the severest season of points No. 1018, 1064 and 2140 are presented in Figure 2-5. In
this figure shows the contrary with GWS that the correlation of In(Hw) and In(In(1/(1-
F(Hw)))) cannot be represented by a single straight line. However, they approximately
show a linear relationship in the mid to high Hy region (Hw<Hwmean). Because the
number of short-seas with low Hyy has relatively small effect on the crack propagation
lives, F(Hy) of JWA hind-cast diagram are determined by performing Weibull fitting for

mid to high Hw (Hw>Hw mean) data.
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Figure 2-5 The Weibull plot of severest season on JWA hind-cast points No. 1018

(35°N145°E), No.1064 (40°N160°E) and N0.2140 (52.5°N40°W).
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Figure 2-6 Comparison of Hy long-term exceedance probability between regressed
Weibull distribution and that of JWA hind-cast in local location (a. 1018; b. 1064 and c.

2140)
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Figure 2-6 shows Hyy long-term exceedance probability for point 1018, 1064 and
2140. These figures show that the regressed Weibull approximations show fair agreement
with that of original wave source, except point 1064. Point 1064 shows that the regressed
Weibull approximation is slightly smaller than the original data for mid range of Hy (5m
< Hw < 7m), however, this difference can be neglected.

Finally, it can be concluded that the Hw's long term probability distribution can
be approximated by Weibull distributions. For GWS data, Weibull can be fitted by using
Hw in whole range. For JWA hind-cast, Weibull fitting can be performed using only mid
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3 STORM MODEL DEVELOPMENT WITH

AUTOMATIC CONFIGURATION

The wave scatter diagram is assembled from the source oceanographic data
chosen in the previous chapter. From this wave scatter diagram, the joint probability
distribution of Hw and Tw, and Hy’s long-term probability distribution are determined.
In this chapter, the fully automated procedure to configure storm profiles is developed.
These storm profiles consist of the waveform in a storm and the occurrence probability of
storms with various maximum wave heights. In addition, Hy's frequency distribution in

calm-sea is also determined.

3.1 Storm Models

In the first generation (1G) storm model proposed by Tomita et al. (1992,
1995)B7% it is assumed that ocean is divided into calm-sea and storm conditions. The
storm duration is assumed to be 3.5 days (= 302,400 sec.) and it remains unchanged. In a
storm consists of 48,000 individual wave height caused the mean wave period is 6.3 sec.
Storms are modeled by crescendo de crescendo amplitude individual waveforms. Let Aw
be the individual wave height. Discrete values of /4w in Im steps are considered. Storm
profiles are determined by considering that 4w's storm be a stationary short-term random
process, so the frequency distribution of 4w in a storm follows Rayleigh distribution. In
storm condition (Aw>5m), Ay increases with time until it reaches the maximum, then
decreases gradually, as shown in Figure 3-1. The storms are classified in five storm

classes based on maximum 4w in a storm (see Table 3-1). This model cannot be coupled
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with sea keeping theory because it is impossible to determine 7w for given hw. The
relation between the stress response and the sea state (Hw and 7Tw) cannot be analyzed

accuracy by using Tomita’s model.

mazximutm Ay (m)

storm duration, days

M
W

Figure 3-1 Tomita's storm model

Table 3-1 Maximum /Ay of Calm-sea and storm conditions of Tomita's storm model

Sea condition Maximum /w (m)
Calm-sea Condition 5.0
Storm A 6.0
Storm B 7.0
Storm C 8.0
Storm D 9.0
Storm E 11.0
Storm F 15.0

Kawabe (2002, 2003)!""*! proposed the second-generation (2G) model in which
storms are modeled by short sea sequences with crescendo de crescendo amplitude Hw
waveform. Let Hw maxjstorm D€ the maximum Hyw in each storm waveform. This model can
be coupled with sea keeping theory because Tw for given Hy can be determined by using

a wave scatter diagram. Storm profiles of Kawabe’s 2G model were determined by using
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an averaged wave scatter diagrams. Discrete values of Hw in Im steps are also
considered and storm profiles are determined so that the frequency distribution of Hyw in
a storm is similar with the tail of Hw’s long-term distribution. Wave statistics depends on
sea area and season, however, the effect of these changes on the crack propagation
behavior is neglected in Kawabe’s model. In this model, storm profiles are needed to be
adjusted in trial and error manner so that the overall Hy’s frequency distribution of
whole ship’s life agrees with the long-term distribution and the number of storm
increases with the decrease in Hw maxjstorm- The adjustment process takes considerable
man-hours and it is dependent on individual skill.

Osawa et al (2006)?*! proposed a modification of Kawabe's model so that the sea
area/season wave statistics can be taken into account in crack propagation analysis. The
storm profile is determined by using the local wave scatter diagram for each sea area
and/or season. In Osawa's model, it was assumed that Hyw increased or decreased linearly
with time. This assumption makes storm profile easy to determine, therefore, the number
of storms does not decrease monotonically with the increase in Hw maxstorm- 1his
unnaturalness needs to adjust by using trial and error manner. The adjustment process
dependent on individual skill and makes considerable additional man-hours while storm
profiles configure for numerous sea areas. The emphasis to automate in the adjustment
process is needed. Storm profiles of Kawabe's and Osawa's 2G models were determined
by using GWS database with 2 hours observation period. It was also assumed that storm
duration remained unchanged (=3.5 days).

Hereafter, Tomita's individual wave based storm model is called the 1G (1st

generation) storm model. Kawabe's and Osawa's model based on significant wave height
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data are called the 2G (2nd Generation) model. In this chapter, the automatic short sea

number adjustment technique for 2G storm model is developed

3.2 Automatic Storm Profile Configuration for Constant storm

duration (2G Storm profile)

3.2.1 Automatic waveform determination

3.2.1.1 Background method

Let p(Hw) be the long-term probability density of Hw. Because we assume
discrete values of Hy in 1m steps, p(Hw) can be calculated as p(Hw) = F(Hw) - F(Hw -1).
p(Hw) follows a Weibull distribution with the scale parameter A, and shape parameter «.
Figure 3-2 shows the typical Pe(Hw) of Weibull distribution and its tail of p(Hw). The
relative frequency distribution of Hyw, p'(Hw) is also plotted and it is similar with tail of
p(Hw). This figure shows slightly difference between p'(Hw) and P(Hw). This
difference is the ratio between p'(Hw) to Pex(Hw) as shown in Figure 3-3, that is Ruiu(Hw).

Reii(Hw) can be approximated as the equation below:
R, (Hy,)=a(H,);a=—c=k-¢ (3.1)

where, C varies with the sea area and season. For the source data chosen in this chapter, it

is found that the exponent ¢ of equation 3.1 is nearly independent of sea areas and
seasons. Let Z be the mean value of C. Z is 0.65 regardless Iog under the condition

chosen.

23



Dissertation for the Doctor Degree of Engineering, Graduate School of Engineering, Osaka University
CHAPTER 3. STORM MODEL DEVELOPMENT WITH AUTOMATIC CONFIGURATION

Weibull parameters: P o(Hw)
S
(log scale)
7
% o p'(Hw) —o— Pex(Hw) - 0.1
é é g g g < Tail of Weibul distrbution | .
é é é é % 'f v - 0.001
% / 7 Z f f f - 0.0001
7 9999 7
11
f f % % % / / - 0.00001
% g 2 2 g é é 241 0,000001
1 2 3 4 6 7 b 8 @) 9 10 11 12 13 14 15
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3.2.1.2 Profile of Storms with constant storm duration (2G)
2G storm profiles with automatic adjustment process are configured by following
procedure:

1. It is assumed that ship will be sailed for whole design life; Lp. Lp is dependent on
design requirement, such as 20, 25 or 30 years. Discrete values of Hy in 1m steps are
considered.

2. Let Iop be the observation interval of sea state data (i.e. on-board measurement, hind-
cast or buoy data). It is assumed that storm duration, d remains unchanged to be 3.5
days as the same as 1G and 2G model’s assumptions. Because 1G and 2G model
were configured from oceanography data with 2 hours observation period, Ios be 2
hours.

3. The total number of short-sea in whole ship's life, N, 1S given as

N,

t

_in {365x24xLD [years]} a0
I [Hr ]

and the number of short-seas in each storm sea, Nss, is given as

_ .| dldays]x24
NSS_IH{—IOB[HL] } (3.3)

4. The p(Hw), is given as the marginal probability distribution in which have correlation
with Hyw of p(Hw,Tw) given by equation (2.1). p(Hw) is approximated by obeying a
Weibull distribution. Weibull parameters are identified from wave scatter diagram,
while Hyw is chosen source dependency as described in chapter 2.

5. In the same manner as Tomita (1995), it is assumed that 2Hw mean is the maximum
Hy in calm seas. Storms are classified according to Hw maxjstorm- W max|storm ranges

from 2Hw meant1[m] to Hw ext, Where, Hw ex 1s that the extreme Hyw occurs once in a
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ship's life. The probability of exceedance of Hwext is 1/Notal. Hereafter, a storm class
with Hw maxjstorm=Hw ex—1+1[m] is called 'the i-th storm class'. The number of short

seas with Hy in ship's life, N(Hw), is given as

1 Iy [Hr]
N(Hy. )=1;1-F(H,.,)= - 3.4
(o) (o) Nya 365x24x L, [years] 34
P (Hy,-10)-P (H L 365x24
N(H,)=Int U (Hy ~10)= . (Hy )Ly [years] 365« (3.5)

I [Hr]

6. In the same manner as Kawabe (2002, 2003)!'"'® the crescendo de crescendo
amplitude Hw waveform of the a i-th storm class is determined so that the frequent
distribution of Hw in each storm is similar to the tail of p(Hw). The maximum
number of Hyw levels in a storm, jenq is given by Eq.(3.6), where k and A are the scale

and shape parameters of the Weibull distribution.

(ln (ln (N, )) —In (%1))
k

(3.6)

Jona = Int| exp

7. A crescendo de crescendo waveform starts from Hyw=min(1.0, Hw ex—i—jenat1). When
Hw maxjstorm Of 1-th class storm is smaller than 2Hw meantjend, Hw in beginning of
crescendo de-crescendo waveform, Hw=Hw ext—i—jenat1 1S also smaller than 2Hw mean.

8. The frequent distribution of Hy in a clam sea, pcam(Hw), is determined from the
numbers of short seas with Hw<2Hw mean, Which do not appear in storms.

9. Let n” be the number of occurrence of the i-th class storm in the ship's life.
Hw maxjstorm Of the 1st (severest) class storm is Hw ex, and a ship encounters this storm

M

only once in a lifetime. That is, #n*’ is one. Hw maxjstorm Of the 2nd severest short sea is

Hy ex—1 and the number of occurrence of the short sea with Hw=Hw exi—1, Nexi—1, 1s
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given as

N

ext—1

= Int[Ntotal {F(Hw,ext ) _F(HW»@“ B 1)}:|

3.6
= Int |:Ntotal {Pex (HW,ext - 1)} - n(l):| ( )

Let Ngs be the number of short seas in one storm, and N*..; be the number of short-
seas with Hw=Hwx—1 in the 1st storm class Hy distribution. In general, Ney.; >
N*i.1. The number of 2nd severest short seas which not used in the 1st storm class,
Next-1—N*ext.1, becomes the number of 2nd storm class, n?. By repeating this
procedure, numbers of storms in all classes, n 1=3,4,..., can be determined. The
index i of the lowest Hw maxjstorm 18 fend=INt(Hw ext — 2HwW mean). The total number of

(storm)

storms in ship's life, n , 1s the summation of nY from i equals 1 to ieg. The

number of calm seas in ship's life, 7™ can be determined by subtracting n®*™
from the total number of short seas as
n(StOHH) = Zie:mli n(l) s iend = Intl:HW,ext - HW,mean]

3.7)

n(calm) _ Ntotal _ n(storm)

NSS

3.2.1.3 Waveform Determination

The waveform determination as described in procedure no.6 above is detailed below:

a)

b)

Let Hw maxjstorm b€ Hw ex—1+1[m]. This is the i-th storm class. The number of short
seas in this storm is Ngss. Let j be the sequential of Hw in descending order in this
storm (j=1 for Hw ex—it1, j=2 for Hwyex—1, ...), and Nj; be the number of short sea
with Hw=Hw max—]t1=Hw exr—1—j+2[m].

The first approximation of Nj; (j=1,2,3,...), Ni’i(o), are determined tentatively by

following equations:
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© .| 24xd[days] » ~
N, =Tnt AT [P (Hyoa—i+1)} =1

N Ot &[days].{pex(HW,ext —i)}—Nl,i(O)} (3.8)

> | I, [Hr]

[ 24xd([d
N3,i(0) = Int _%'{Pa (HW,ext _i_l)} _(Nl,i(O) + Nz,i(O) )}

The summation of Ni’i(o) should be equal to Ngs, however, this requirement is not met
for some cases because the round-off errors.

c) ]\]j,i(o) of equation (3.8) can be adjusted so that the summation is equal to Ngg by the

equation given as

Ny, =N, b Int| Ry (Hy = j+1)x Ay X P (Hyy o = j+D) |

Jst Ji
(Hymo =i +1) "

R (HW,max —Jj+ 1) = P ; (3.9)

Y
(HW,max —J +1) ;ASS _ NS _Z] N(O)

y) j=jend = Joi

P.(H

ex W ,max

—j+D)=expy—

in which, k and A are the shape and scale parameters of Weibull distribution. The
right hand side of Eq.(3.9) consists of two main part, the one is formula related to
Rui(Hw) and the other is that related with Pex(Hw). It is confirmed that Nj; is similar
with tail of p(Hw). jend in Eq. (3.9) is determined by Eq.(3.6) so that the difference
between Ny and the summation of Nj,i(O) is minimized.

d) The sequence of Hy waveform in the i-th storm class is determined as shown in
Table 3-2. The sequence Hw in a calm sea is determined by random number

selection using peaim(Hw).
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Table 3-2 Significant wave height waveform in the i-th storm class.

J Hw Num. of repeat
* ook
Jend Hw exi—1—jendt1 0.5 N}'end,i Int(0.5 ]Vjend,i)
Jend-1 Hw ext—i—Jend 0.5 Niend-1,i Int(0.5 Njend-1,1)
2 Hyw exi—i—1 0.5 Ny, Int(0.5 N2.)
1 HW ext_i Nl,i:1 N]al:l
2 Hy ex—i—1 0.5 Ny, Nai~Int(0.5 Na,)
j end‘l HW,ext_i_j end 0.5 ]vjend-l,i ]Vv,'end-l,i —Int(0.5 ]v/'end-l,i)
j end HW,ext_i_j end 1 0.5 ]Vjend,i ]V,'end i—Il’lt(O.S ]V}end, ,-)

*. For Nj; is the even-number case. **. For N;; is the odd-number case.

3.2.2 Validation of automatic configuration

0.0001 T —¥— Non-adjusted = = Adjusted
54,0
2 ln
i 3
0.001 3
1
0

14 13
HW,max\storm [m]

f (log scale)
(e)
2

0.1 + | H W, maxstorm=15m, n @ of "Non-adjusted' is 0 (zero)

1 } 1\ } T T T T T T T T

17 16 15 14 13 12 11 10 9 8 7 6 5
H W ,maxstorm [1’1’1]

Figure 3-4 Comparison occurrence probabilities of storm classes in which derived from
Eq.(3.8) and Eq.(3.9).

Figure 3-4 shows comparison of occurrence probabilities of storm classes (ratio
of n™ to n®™°™ derived from Eq.(8) ('not adjusted’) and Eq.(9) (‘adjusted') profiles.

Hw maxjstorm ranges from 16m to 6m. For 'adjusted' profile, n increases smoothly with the
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decrease in Hw maxstorm and the changing nature is smooth. However, for non-adjusted

profile, n” shows considerable fluctuation. This shows that the unnatural in 'non-

adjusted' profile can be eliminated by the proposed adjustment technique.

3.2.3 Stress history generation

In the same manner as Osawa’s model, a stress history is generated by taking into

account the change in loading condition, sea area/ grid point and season. In a chosen sea

area/ grid point and season, randomize short sea sequence is generated by using a local

storm profiles as described in section 3.2.2 and following the procedure below:

a)

b)

d)

Storm or calm sea is decided by random number selection. The occurrence

probability of a storm and calm seas, Pgiorm and Peam, are given as:

(storm) n(calm)

p =—r_ _p - (3.10)

storm n(storm) +n(calm) >~ calm n(storm) +n(calm)

For a calm sea case, generate a random sequence of Hw which obeys peaim(Hw).

For a storm sea case, the storm class is decided by random number selection. The
occurrence probability of the i-th storm class is determined as the ratio of n" to
psom),

For the i-th storm class, generate a crescendo de-crescendo sequence of Hw as
presented in Table 3-2.

Once we determine Hy, the mean period Tw is determined by random number

selection using the conditional probability of 7w given Hy as in equation 2.1.

A sequence of storm and calm sea is generated by sampling with replacement. Once sea

state sequence (Hw and Tw) is determined, stress range in each individual wave height, S,,

is calculated in which the calculation conditions are:

a)

The heading angle of the ship is determined by using all-heading model.
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b) The stress response amplitude operator (RAO) of the wave-induced stress in which
acting on the structural member can be derived by performing ship’s sea keeping and
structural analyses.

¢) In each short-sea (Hw and Tw), the individual wave height is generated by assuming
the individual wave height obeys Rayleigh distribution whose energy spectrum is
given by International Ship structure Congress (Warnsink, 1964*)). The wave

energy spectrum is given as

g 4 -4
(‘;’):0.11x DLy ) s expl—0.44 ”ij 3.11)
H 2 2

where, ® and S(w) are the wave’s angular frequency in rad/s and that specified wave

spectrum (m’s). The cumulative probability distribution function of S, is assumed to

obey Rayleigh distribution'® and given by the equation below:

S 2
F(S,)=1-exp| —— 3.12
( a) Xp[ 2R2 J ( )
where, R is the standard deviation of the stress response.

3.3 Short-sea sequence generation

The short-sea sequences are generated by using the 2G storm profile configured
by using the proposed procedure. The storm profile is configured using the wave scatter
diagram assembled from JWA hind-cast data as described in chapter 2. A hundred
random short sea sequences are simulated in a point of North Pacific Ocean, that is point

No. 1228 (45°N 167.5°W).
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3.3.1 Exceedance probability of Hyw

15 years short-sea sequences are generated at the chosen point. P (Hw) of the
simulated short-sea sequences is plotted in Figure 3-5. In this figure, P(Hw) of the
regressed Weibull distribution and the source hind-cast data are also presented. This
figure shows that P(Hw) of the simulated sequence agrees well with JWA hind-cast
data and the regressed Weibull distribution. This result shows that the statistical
characteristics of the short sea sequence generated from the 2G storm profile almost

agrees with those derived from the joint probability distribution of Hw and Tw.

Point 1228 (45°N 167.52W)

Hw (m)

— — JWA hindcast

O Automatic storm configuration

—— Weibull approximation

1E-09 1E-08 1E-07 1E-06 0.00001 0.0001 0.001 0.01 0.1 1
1-F (log scale)

Figure 3-5 Long-term exceedance probability of Hyw at point 1228 (45°N 167.5°W).

3.3.2  Occurrences frequency of storm classes

The comparison of the occurrences frequency of storm class of the simulation
result and that of the source of hind-cast data is compared in Figure 3-6. The frequencies

of hind-cast data are calculated by analyzing Equivalent Triangle Storm (ETS) explained
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in Chapter 4. This figure shows that the frequency of simulation result is about the same
as that of source hind-cast data. This demonstrates that the 2G storm profile configured
by the proposed method can emulate the relation between the storm's maximum wave

height and storm's occurrence probability of the source data.

Point 1228 (45°N 167.5°W)
35 1
JWA hind-cast
307 —/— Automatic storm configuration
25
>
2 20
Q
=
S
= 15 7
10 -
5 —
0
11.5 12.5 13.5 14.5 15.5 16.5
H W ,maxstorm [1’1’1]

Figure 3-6 Occurrence frequency of storm classes at point 1228 (45°N 167.5°W). Storms

occurrence derived from source hind-cast and storm model generation are compared.
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4  STORM MODEL DEVELOPMENT WITH

VARIATION OF STORM DURATION

In the previous chapter, a fully automatic storm profile configuration technique is
developed. In 1G (Tomita model) and 2G (Kawabe and Osawa models) storm models, it
is assumed that storm duration remains unchanged, 3.5 days. This assumption is in
contradiction with the real ocean condition, where storms duration varies substantially.
This may deteriorate the accuracy of fatigue life estimation based on storm model. In this
chapter, the statistical nature of storm duration is investigated in North Pacific and North
Atlantic Ocean. The statistical characteristics of storm duration are modeled and new (the
3rd generation, 3G) storm model, which can simulate variable storm duration, is
developed. The effectiveness of the developed 3G storm model is examined by
comparing the stochastic characteristic of short sea sequences derived from the

developed model and the source hind-cast data.

4.1  Storm Duration Investigation

The stochastic characteristics of storm/rough sea duration, d, can be examined by
using the oceanographic data in which wave sequence is recorded. In Chapter 1, it is
shown that the difference in Hw sequences recorded in various sources is small. In this
work, JWA hind-cast data in North Pacific and North Atlantic Oceans is chosen as the
source data. Boccoti (2000)!"! proposed a simplified model of the short-sea sequence in
rough seas, "Equivalent Triangular Storm (ETS)". In ETS, it is assumed that Hy exceeds

1.5Hw mean and it does not fall below this threshold in a certain period. Here, d can be
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defined as this period. The Hyw's threshold is sea area dependency. In study on 1G storm

model, Tomita presented that the threshold can be set at 2Hw mean by analyzing the

onboard wave data in which ships sailed on North pacific (1976~1989), and Indian -

Japan Ocean (1976~1989). In the present work, 2Hw mean 1S chosen as the threshold. Hy

history is prepared based on JWA hind-cast data and according to the following

procedure:

1) The design life, ship speed, sailing routes, ratio of the total navigation time of each
route to the whole life are determined.

i1) The route and the departure date and time of the maiden voyage are chosen in random
manner.

ii1) During the voyage, the ship location is determined in the observation intervals (1)
of chosen oceanography data by calculating travel distance from the departure port,
and Hy at the ship location of the source data is appended to the Hy history.

iv) The following route is determined by random number selection when the maiden
voyage is done, and the process iii) is repeated in the second voyage.

v) The process iii) and iv) are repeated up to the end of the ship's life, and the Hy's
history of the first trial is established.

vi) The different route and departure of the maiden voyage from those of process ii) are
chosen randomly, and the processes iii) ~v) are repeated in order to prepare Hw

histories of successive trials.
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(b) Fictitious route is between Boston to Rotterdam.
Figure 4-1 Fictitious routes in North Pacific and North Atlantic Oceans.

In the present investigation, Hyw histories are prepared for ship routes as shown in
Figure 4-1(a) (North Pacific, Kobe - Portland route) and (b) (North Atlantic, Boston -
Rotterdam route). The ship’s sailing time set up to 15 years because JWA hind-cast data
from 1994 to 2009 are chosen as the source data. Then, Hy’s histories are smoothed by
using moving average method. The period of ETS, d, is determined by analyzing those of

Hw histories as in the following procedure:
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a) Find the ETSs (certain periods in which Hwmax(>2Hwmen) and number in
consecutive order (j=1,2,3,...).

b) Determine the local maximum of Hy in the j-th ETS, Hw max) as the crest of a storm.

¢) Find the time of the local minimum of Hw which appears just before the j-th ETS
occurs, tg; and that the local minimum just after the j-th ETS occurs, tg;.

d) The duration of j-th ETS, d is determined as tgj — tgj. The procedures a) to c) are

described in Figure 4-2.

Hw (m)

Figure 4-2 Definition of equivalent triangular storm (ETS) and its duration.

Figure 4-3(a) shows the correlations dj, and Hw,maxm in which derived from Hw's
histories in North Pacific (Kobe to Portland) route. Figure 4-3(b) and (c) shows the
scatter plot d(j) of Hw's histories in North Pacific (Kobe to Portland) and North Atlantic
(Boston to Rotterdam) routes. Figure 4-3(a) shows there is not much correlation between
dg) and Hwmax. Consequently, it is needed a tool so that d” can be modeled for
practical engineering and can fluctuate in time domain. We assumed that the variation of

d can be approximated by using a normal distribution regardless of Hw maxi). The mean
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value p and the variance o are p=3.398 days and 6°=1.446 for the North Pacific route,
and p=3.988 days and 6°=1.822 for the North Atlantic route. In 1G and 2G storm models,
it is assumed that d remains unchanged to be 3.5 days for North Pacific Ocean. This fixed
duration approximately agrees with the mean value of North Pacific route analyzed in
this section, while the mean storm duration of North Atlantic is longer than that of
assumed duration.

Figure 4-4(a) and (b) show the frequency distribution of dj, for North Pacific and
North Atlantic routes. The probability density function of the regressed normal
distribution and the relative frequencies are compared in those figures. These figures
show that the fitness of d with the regressed normal distribution is reasonable. These
results show that according to variation of storm duration the load sequence simulation
can expand its application not only in North Pacific as studied in 1G model, but, it also
be applicable for severe Ocean such as North Atlantic Ocean. In this study, we assume

that d is 3.5 days regardless Ocean for numerical simplicity.

ek P Lo
S = BN
T T 1

Storm duration (days)

S = N W B U O 9 0 O
T

H W maxj) (m)

(a) Relation between dj) to Hw max() for North Pacific Ocean.
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(b) dgj) of Hw's histories in North Pacific route.

North Atlantic Ocean
13 — = Average (3.988 days) storm duration 3.5 days storm duration
12 o Bg o o o o oo
11
— 10
g 9
g 8
.45 7
=)
2 5
E .
2 3
2 g
1
0

(c) dij) of Hw's histories in North Atlantic route.
Figure 4-3 dj of Hw's histories in North Pacific and North Atlantic Oceans derived by

using modified Equivalent Triangular Storm (ETS).
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North Pacific JWA hindcast
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(b) North Atlantic route.

Figure 4-4 Frequency distribution of dg for North Pacific (a) and North Atlantic (b)

routes. The probability density function of regressed a Normal distribution and relative
40
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4.2  Storm Profiles with Variation Storm Duration (3G Storm Profile)

4.2.1 2G Storm profile configuration for arbitrary observation period

Recently, various oceanography data with different observation period are
available. For example, the observation period lop is 1 or 6 hours for JWA hind-cast data,
6 hours for ECMWF hind-cast, 0.5 or 1 hour for satellite data, and 2 hours for GWS.
Beside log, the short-sea duration, that is period in which Hy remains unchanged, lsy, is
considered. In this study, storm profiles are configured for JWA hind-cast data with

log=1, 2 and 6 hours.

Hw [m]
25 e e e e e e e e

20— —— — — — — — — —

s ———————— e

10 -

—— Pex( Hw)

0 T T T T T T T 1
1 0.1 0.01 0.001 0.0001  0.00001 0.000001 1E-07 1E-08
1-F (log scale)

Figure 4-5 The comparison Pex(Hwext) of lop=6 and that of log=2 hours plotted in

Pex(HW) of IOB:1 hOllI'S.

Figure 4-5 shows an example of the relation between Hyw and P (Hw)=1-F(Hw)

for the case with lpg=1 hour. The occurrence probabilities of the once-in-life extreme
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short sea, Px(Hw.ext) for lop=2 and 6 hours are also plotted in this figure. No for 1og=6
hours is 36525 and that for log=2 hours is 109575. This figure shows that larger lop
gives lower Hyy ex.

For the cases with arbitrary log, Eq. (3.2), (3.3), (3.4), (3.5), (3.8) are modified

and given as:

.| 365%24x L, [years] .| d[days]x24
Nroa = > ;Ngg =int| ———— 4.1
Total 11’1t|: IOB[Hr-] }: SS 11’1t|: ISM [HI’] ( )
Iz [Hr.
N(Hy,ext) = L1=F(Hy ) = 365><2:B><[L []years]
D
4.2)
N(H, )= In {PEX(HW—1.0)—PEX(HW)}><LD[years]x365><24X los [Hr]
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Hereafter, 2G storm profiles are configured by applying the procedure as described in

section 3.2 and the modified equations in section 4.2.1.

4.2.2  Storm profile configuration with variation storm duration (3G storm profile)

In chapter 3 and section 4.2.1, the storm profile is configured assuming that the
duration of rough sea/storm remains unchanged (3.5 days). This assumption is in
contradiction with the real ocean condition, and it is needed to configure storm profiles

taking into account the variation of storm duration. Hereafter, storm model, which can
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simulate the variation of storm duration, is called the 3rd generation, 3G, storm model.

3G storm profile is configured according to the following procedure:

1)

2)

3)

4)

Decide the tentative storm profiles, which is identical with 2G storm profiles with the
given p(Hw). 2G storm profile is configured by assumed that d equals to 3.5 days for
North Pacific nor North Atlantic Oceans and according the procedure as described in
section 3.2. The 2G storm profile is n®, pistorm) - py(calm) Peam(Hw), Nj;i. Let Nj’iZG be
this tentative.

Let dya be the variable storm duration. In a load sequence simulation, dy, of each
storm is determined by random number selection so that dy, follows the normal
distribution determined in section 4.1. The parameter of normal distribution is ocean
dependency. The load sequence is generated by following procedure as described in
section 3.2.3.

N;;i of a class storm with dyar, N j’i3G, is recalculated by expanding or contracting the
time axis. The process is described by the following equation:

NGi (i=1)
36

_ 4.4
b Int{%Ni?} (j>1) ¢4

Hyw's sequence in the i-th class sorm with dvar is determined from N;;*° and Table

3.2 (which N;;*9 #N;;*9).

An example of Hw’s waveform for the case with Hw maxstorm=8m and variable

storm duration is presented in Figure 4-6. In this case, storm duration ranges from 3.0 to

4.0.
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§ o S o ___ = = dvar=3.0 days _
—¢— dvar=3.5 days
—A— dvar=4.0 days

Hours

Figure 4-6 An example of Hyw’s waveform with difference storm duration.

4.3  Application Storm Model and Variation of Storm Duration

The appropriateness of proposed storm models (2G and 3G) is examined by
simulating the loading sequences in North Pacific and North Atlantic Ocean routes. The
load sequences on chosen routes are simulated by using 2G and 3G storm profiles
described in section 4.2. Simulations are carried out by using storm profiles with lop=2
hours and 6 hours. Let 2G-storm be short-sea sequence simulated by using 2G storm
profiles and 3G-storm that simulated by using the 3G storm profile. In this simulation,
the storm profile is configured by using the wave scatter diagram assembled from JWA
hind-cast data from 1994 to 2009 with log= 6 hours. The hind-cast's area is between
30°N ~ 60°N and 110°E ~ 110°W for North Pacific Ocean. North Atlantic Ocean is
between 30°N ~ 60°N and 80°W ~ 10°E. The data point grid interval is 2.5 degree in

longitude and latitude direction.

44



Dissertation for the Doctor Degree of Engineering, Graduate School of Engineering, Osaka University
CHAPTER 4. STORM MODEL DEVELOPMENT WITH VARIATION OF STORM DURATION

4.3.1 Short-sea history generation

Short-sea sequences are simulated in several locations in North Pacific and North
Atlantic Oceans. For North Pacific Ocean, point 1064 (40°N 160°E) is chosen as an
example of moderate sea, point 1018 (35°N 145°E) of calm-sea and point 1134 (52.5°N
175°E) of severe sea. For North Atlantic Ocean, point 2140 (52.5°N 40°W) and 2193
(50°N 30°W) are chosen as example of severe sea. Short-sea sequences experienced by a
ship, which sails two fictitious routes Kobe to/from Portland (Figure 4-1(a)) and Boston
to/from Rotterdam (Figure 4-1(b)), are also simulated. In these simulations, 62 sequences
are generated randomly in each point and route by following those routes. Hereafter, 2G-
storm be short-sea sequence are simulated by using 2G storm profiles and 3G-storm is
that of 3G storm profiles. The example of generated Hw sequences is shown in
Figure 4-7. Figure 4-7 (a) and (b) shows the simulated short-sea sequences at point 1134
in which generated from 2G and 3G storm profiles when ships sails after about 1.6 years
voyage. These figure shows that crescendo de-crescendo of Hyw's sequence of 1og=2 hour
(thin lines with marks) and 6 hours (thick lines with marks) are symmetrically according

to Table 3.2.
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1134 (52.5°N 175°E); Wave history (2G-Storm)

=== 6 hours short-sea
—— 2 hours short-sea

I T e Y WISy SR
O—NWEAUAIRROO—NWEA UV JI0O

. hours
1

14100 14150 14200 14250 14300

(a) Hw's sequences generated by using 2G storm profile at point 1134 (52.5°N 175°E).

1134 (52.5°N 175°E); Wave history (3G-Storm)
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(b) Hw's sequences generated by using 3G storm profile at point 1134 (52.5°N 175°E).
Figure 4-7 the example of generated Hw's sequences based on 2G and 3G storm profiles

in a certain period at Point 1134 (52.5°N 175°E).
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4.3.1.1 Hy histories with different log

Figure 4-8(a) and (b) show the comparisons of Hy waveforms of storms derived
for different log. They are the sequences of the 2nd and 3rd class 2G-storms determined
for 1og=2 and 6 hours. For cases with log=6 hours, ¢ of Eq. (3.1) is set at 0.65, which is
the same as that for lop=2 hours. Figure 4-8(a) and (b) show that Hw maxjstorm for log=2
hours (=15.5m) is higher than that for lop=6 hours (=14.5). Eq. (4.2) shows that
P(Hw.xt) becomes larger with the increase in log. This makes the Hw exi=Hw max|storm Of
the 1st class storm for log=6 hours be lower than that for lopg=2 hours. The 1st
approximation of the number of short seas with Hy max-j in the i-th class, Nji(o) is given
by Eq. (4.3). In this equation, larger log leads to smaller Nji(o). The smallest time unit in
which Hy is constant is proportional to lpg. This makes the duration of the period with
the same Hy for |og=6 hours be not so different from that for lopg=2 hours. Accordingly,
the waveforms of the same class storm for different log becomes about the same shape.
This is the explanation of the difference in Hw maxjstorm and similarity of the waveforms in
mid-to-low Hw region in Figure 4-8 (a) and (b). Figure 4-8(c) and (d) show the
comparison of 3G-storm waveforms. In the storm profile determination, ¢ is set at 0.65
again. In the same manner for 2G-storm cases, Hw maxjstorm fOr 1og=6 hours is lower than
that for lop=2 hours, and similarity of the waveforms in mid-to-low Hw region is
calculated. In summary, it is shown that the proposed storm profile determination
technique can generate equivalent sea state histories from data with different observation

period by using the same ¢ (=0.65).
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1134 (52.5°N 175°E); 2nd storm class (2G-Storm)

=== 6 hours short-sea —A— 2 hours short-sea
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(a) 2nd storm class generated by using 2G storm profile.

1134 (52.5°N 175°E); 3rd storm class (2G-Storm)

=== 6 hours short-sea —A— 2 hours short-sea

Hw [m]

O—=NWAUVAAJO\O
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(b) 3rd storm class generated by using 2G storm profile.
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1134 (52.5°N 175°E); 2nd storm classes (3G-Storm)

—=— 6 hours short-sea —A— 2 hours short-sea

Hw [m]
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InS | (-
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(c) 2nd storm class generated by using 3G storm profile.

1134 (52.5°N 175°E); 3rd storm classes (3G-Storm)

—=— 6 hours short-sea —A— 2 hours short-sea

T Hours
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(d) 3rd storm class generated by using 3G storm profile.
Figure 4-8 Hyw sequence of a chosen storm class simulated by using 2G and 3G storm

profiles at point 1134 (52.5°N 175°E).
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4.3.1.2 The exceedance probability of Hy

15 years short-sea sequences experienced by ship which sails on the chosen
routes are generated. P.(Hw) of simulated short-sea sequences based on 2G and 3G
storm profiles with 1og=2 hours and =6 hours are plotted in Figure 4-9. Figure 4-9 (a),
(b), and (c) show P (Hw) for point 1018 (35°N 145°E), 1064 (40°N 160°E) and 1134
(52.5°N 175°E). Figure 4-9 (d) and (e) are for point 2140 (52.5°N 40°W) and 2193 (50°N
30°W). The relative frequency of local JWA hind-cast data and the regressed Weibull
distribution are also plotted. Those figures show that P (Hw) shows reasonable
agreement with JWA hind-cast data and those Weibull approximation regardless storm
model generation and log. This result means that 2G and 3G storm profiles satisfy long-

term joint probability distribution of Hw and Ty.
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1E-11 0.000000001  0.0000001 0.00001 0.001 0.1
log(1-F)

(a) Point 1018 (35°N 145°E)
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Figure 4-9 Hy's exceedance probability at the chosen points in North Pacific and North

Atlantic Oceans.
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4.3.1.3 Occurrences frequency of storm classes

The comparison of occurrences frequency of storm classes of simulations and the
local source data are shown in Figure 4-10 and Figure 4-11. Figure 4-10 (a), (b), (¢), (d)
and (e) show data at point 1018 (35°N 145°E), 1064 (40°N 160°E), 1134 (52.5°N 175°E),
2140 (52.5°N 40°W) and 2193 (50°N 30°W). Figure 4-11(a), (b) and (c) show occurrence
frequency of storm classes for Kobe to/from Portland (see Figure 4-1(a)) and Boston
to/from Rotterdam (Figure 4-1(b)) routes. Simulation results for both 2G-storm and 3G-
storm in which log=2 hours and 6 hours are used to configure storm profiles, are plotted
in these figures. The frequencies of the hind-cast data are calculated by classifying ETS
as described in section 4.1. These figures show that the frequency occurrences of 2G-
storm and 3G-storm are about the same with those of hind-cast data. It is also shown that
the difference in simulation results with different storm model generation and lop are
negligible. This means that 2G and 3G profiles satisfy occurrence frequency of storm

classes.

1018 (35°N 145°W)

C—J JWA hind-cast
60 7 —0 = 3G-storm; 6hrs
- /5 - 2G-storm; 6hrs
==& -+ 3G-storm; 2hrs
---©-- 2G-storm; 2hrs

Frequency

105 1L.5 125 135 145 155 165

H W,maxstorm [m]

(a) Point 1018 (35°N 145°E).
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(c) Point 1134 (52.5°N 175°E).
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(d) Point 2140 (52.5°N 40°W).
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(e) Point 2193 (50°N 30°W).
Figure 4-10 Occurrence frequency of storm classes at chosen points in North Pacific and

North Atlantic Oceans.

55



Dissertation for the Doctor Degree of Engineering, Graduate School of Engineering, Osaka University
CHAPTER 4. STORM MODEL DEVELOPMENT WITH VARIATION OF STORM DURATION

Route 1
300
P’ N

250

200
> — 2G-storm; 6 hrs
< .
2150 F A 3G-storm; 6 hrs
g — — 2G-storm; 2 hrs
H

O  3G-storm; 2 hrs

—_

S

=]
T

(4]
=]
T

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
storm class with H w maxstorm (m)

(a) Kobe to/from Portland route 1.
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(b) Kobe to/from Portland route 2.

56



Dissertation for the Doctor Degree of Engineering, Graduate School of Engineering, Osaka University
CHAPTER 4. STORM MODEL DEVELOPMENT WITH VARIATION OF STORM DURATION

North Atlantic (Boston - Rotterdam-Boston) route
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(c) Boston to/from Rotterdam route.
Figure 4-11 Occurrence frequency of storm classes for North Pacific (Kobe to/from

Portland) and North Atlantic (Boston to/from Rotterdam) routes.

4.3.1.4 Variation in storm duration

Short-sea sequences are analyzed by collecting storm duration simulated in those
histories of the fictitious ship routes. Figure 4-12 shows the normalized frequency
distribution of the simulated storm duration for the cases all ship routes. Figure 4-12(a)
and (b) present the simulation results of Kobe to/from Portland routes and Figure 4-12(c)
is that of Boston to/from Rotterdam route. Both of regressed normal distribution
determined (dash lines) and the data of JWA hind-cast (solid lines) in the fictitious routes
are plotted. These figures show that the simulation results are acceptable agreement with

that of regressed normal distribution and JWA hind-cast data.
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The mean storm duration of simulation results for the cases of Kobe to/from
Portland routes are 3.47 days. They are approximately equal to the mean duration of
North Pacific Ocean's JWA hind-cast (3.398 days). The mean storm duration for Boston
to/from Rotterdam also show acceptable agreement with that of North Atlantic Ocean'
JWA hind-cast (3.988 days). These results show that the statistical nature of the
simulated short-sea sequences is about the same as that of original JWA hind-cast data.
The 2G and 3G storm profiles have capability to reproduce statistical nature of storm
duration in real Ocean: mean value of storm duration for 2G-storm and probability

distribution of storm duration for 3G-storm.
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(a) Kobe to/from Portland routel.
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(c) Boston to/from Rotterdam route.

Figure 4-12 Probability distribution of storm duration for all fictitious ship routes.
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4.3.2  Stress history generation

Let S, and P(S,) be the stress range on each individual waveform and its long-
term exceedance probability. S, sequences are simulated so that the stress energy
spectrum are calculated by using the stress RAO of a bulk carrier's web-stiffened
cruciform weld joint which is supplied by shipbuilding company. It is assumed that the
wave-induced load is applied on plate and the stress concentration factor on structure

detail, Kg, becomes one (1).
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(a) Point 1018 (35°N 145°E).
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(c) Point 1134 (52.5°N 175°E).
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(d) Point 2140 (52.5°N 40°W).
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(e) Point 2193 (50°N 30°W).
Figure 4-13 Long-term exceedance probability of stress-range of the locations in North

Pacific and North Atlantic Oceans.
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Figure 4-13 shows P(S,) for chosen points simulated according to the procedure
described in section 3.2. Figure 4-13(a), (b), (c), (d) and (e) are show Pgx(S,) of point
1018 (35°N 145°E), 1064 (40°N 160°E), 1134 (52.5°N 175°E), 2140 (52.5°N 40°W) and
2193 (50°N 30°W). Simulation results by using 2G and 3G storm models with |pp=2
hours and =6 hours are presented in these figures. P«(S,) calculated from the source
hind-cast wave histories and the random number selection ship's heading angle also
presented for reference. These figures show that P (S,) derived by using 2G and 3G
storm profiles are good agreement with that from the source hind-cast data regardless of
loB.

From all results, it can be conclude that the 2G and 3G storm models developed in these

report posses following capabilities:

1) They can be coupled with the sea keeping theory;

ii) Long-term joint probability of Hw and Tw of the source data can be reproduced,

ii1) Statistics characteristics of distribution of storm/rough sea duration (mean value of
storm duration for 2G model only and the mean storm duration and its probability
distribution for 3G model);

iv) Relation between, Hw maxsiorm and the storm's occurrence probability (frequent
distribution of storm class) recorded in the source data can be emulated.

v) Long-term probability of wave-induced stress, which is generated by a ship on given
route, can be reproduced.

vi) Equivalent short-sea sequence can be generated from the data with arbitrary

observation period.
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5 STORM MODEL IN VARIOUS APPLICATIONS

The capability of storm model is advanced by taking into account the variation of
storm duration in which the storm profiles are configured with different Iog and the
detailed procedures are confirmed in chapter 4. The advanced (new generation) storm
model is improved by examined the observed wave data provided by Japan Weather
Association (JWA). Two types’ storm profiles are configured, (a) with constant storm
duration (2G storm profile, 2G-storm) and (b) with variation storm duration (3G storm
profile, 3G-storm). An example of fatigue assessment is demonstrated on a surface crack
in a weld of a bulk carrier, which sails in North Atlantic Ocean. Two different
approaches in fatigue assessment are utilized; 1) fatigue crack propagation analysis, and
2) Cumulative fatigue damage S-N approach. Crack growth in fatigue crack propagation

analysis use two laws: a) modified Paris-Elber rule and FASTRAN Il program.

5.1 Fatigue assessment of a ship structure member

As discussed in chapter 4, the new generation (3G) storm model is developed. 3G
storm model is validated against the source hind-cast data and its predecessor in the
emulated capability to reproduce loading sequence as in real Ocean. The effect of those
loading sequence in fatigue assessment based on fatigue crack propagation analyses can
be described based on that used in simulations.

The fatigue assessment based on fatigue crack propagation analyses of a surface
crack in a bulk carrier’s web-stiffened cruciform weld joint at bottom of a lower stool

(see Figure 5-1) is conducted by using the stress sequence experienced by a ship which
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sails on the Boston to/from Rotterdam route (see Figure 4-1(b)). Following two types of
stress sequences are used in the simulations: a) S, sequence derived from the source
hind-cast wave sequence (Hw and Tw), JWA hind-cast; b) S, sequence derived by using
2G storm (2G) and 3G storm (3G) profiles. Simulations are carried out by using storm
profiles with 1og=2 hours and 6 hours. In this analyses, the stress's energy spectrums are
calculated by using the stress RAO of the weld joint, which was determined in Japanese
Ship research Panel 219 research project (SR219, 1996)%% (see Figure Al.1). The crack
propagation analyses are proceed until the crack depth exceeds the main plate thickness,

t=20mm.

Lower ztonl

Irmer bottom

plate
e
Lower stonl — ’ i fane
== T crack
i
II'
.Y

Irmer bottaon
rlate

Figure 5-1 Target ship structure for fatigue assessment.
Figure 5-2 shows the comparison of Pe(Sa) for the chosen route and chosen
periods (5.5 years) derived from 2G and 3G storm profiles with 1og=2 hours and 6 hours.

Pex(Sa) derived from source hind-cast data is also presented in this figure. This figure
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shows that Pe(S,;) of source hind-cast data has good agreement with that of storm

profiles regardless log. Let h, and s, be normalized individual wave height and

normalized stress amplitude. These values are normalized by the once-in-(128) trials

values of hy and S,. Figure 5-3 shows the relative frequency of h, and s, of each trial
calculated by using 3G-storm with 1og=6 hours. It is shown that the difference ins,'s
frequency of individual trial is much smaller than that ofh, . It is supposed that this

difference arises from large variance in stress RAO shown in figure Al.1.

250
200 -
E 150 +
=
«
9 100 - —o— North Atlantic route_3G-storm (6)
--©-- North Atlantic route_3G-storm (2)
—aA— North Atlantic route_2G-storm (6)
50 —8— North Atlantic route_2G-storm (2)
- - - - JWA hind-cast
0 ‘ ‘ ‘ ‘ ‘ ‘
1 0.1 0.01 0.001 0.0001 0.00001 0.000001
log(1-F)

Figure 5-2 5.5 years S,'s exceedance probability experienced by a ship which sails in

Boston to/from Rotterdam route.
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Figure 5-3 The relative frequency of normalized hy and S, of each trial (128 trials)
calculated by using 3G-storm with 1og=6 hours.

Fatigue crack propagation is simulated by applying two different crack growth
laws: the modified Paris-Elber rule and FASTRAN Il program, which is based on
modified Dugdale model (Newman, 1981, 19922}y Hereafter, the modified Paris-

Elber rule is called ‘conventional law' given as:

da m m

PTVI {(Kmax ~Kqp) = (8K ), } (5.1)
-30.6 K, < -31.5MPam"

Ko =40.75%K 1, =7 -31.5 MPam"< K < 38.5 MPa.m" (5.2)
21.9 K, >38.5MPam"

SIF =K.M,.(S,.F, (c.at)+S,.F,(cat))/za (5.3)

where, C and m are the material parameters. Kmax and Kop are maximum stress intensity
factor and crack opening stress intensity factor. Ko, are obtained by using engineering

formula proposed in Japanese Ship Research panel 245 Project (SR245, 2001°%).
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(AKesf)n 1s the effective stress intensity factor. K is the stress concentration factor of
structural detail, and it can be calculated by finite element direct calculation or by using
the engineering formula provided by classification society rules. My, F, and F, are
correction factor for weld base and finite plate size, and they are presented in SR219
report (1996)°1. S and S, are applied stress and its stress range. In FASTRAN II

program, crack growth is formulated as:

2
1_[ AK, j
AK
da m eff
m:C(AKeﬁ) TR (5.4)
1— max
)]
Smin
AK, =(AK ) [1—C4><S—j (5.5)
AK,r = (K —K(Sy)) (5.6)
S, S, >S .
SX — 0 ‘0 min (5'7)
Smin S0 S Smin
where,

C4 is the threshold constant of the effective SIF, it is equal to zero;
C5 is cyclic fracture toughness or limiting value of maximum SIF;
Kmax and K(Sx) are SIF at Syax and SIF at applied load Sy;
Smax and Spn are the maximum and minimum applied load,;
So is the crack opening stress.
A semi elliptical surface crack with 0.2mm depth, a, and 0.4mm length, c is setup
as the initial condition. In the same manner of conventional laws, SIF of surface crack for

FASTRAN Il program is calculated by using modified Newman-Raju formula (see
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Appendix 2). Material properties are shown in Table 5-1 and they are used in both
propagation laws. These properties were determined by measuring the propagation rate
of fatigue cracks in the weld residual stress field (SR219, 1996)%%. K is set at 2.0 in
accordance with DnV CN 30.7 (2010)P!). Ks=1.9 for cruciform joint (grounded) is
modified due to the stress concentration caused by the web stiffener on the back-face.
The loading condition is full ballast condition, and the mean stress is set at 25MPa in
order to avoid FASTRAN Il calculation error.

Table 5-1 Material parameters.

C 1.45e-11m/cycle
M 2.75
(AK, ) 2.45MPa.m"?

eff Jin

Let L, be the crack propagation life, and D the fatigue damage accumulated
before L,. Table 5-2 and Table 5-3 show the statistical data of crack propagation life
calculated by the conventional law and FASTRAN I1. Table 5-4 shows the statistical data
of D. In damage calculation, S-N data of DnV CN.30.7 (2010)™ is used (see Appendix 3).
Figure 5-4 shows the mean calculated crack propagation lives and its standard deviation
(which presented with error bars) for various calculation conditions (different of crack
growth laws, type of stress sequences generation, log). Figure 5-5 and Figure 5-6 show
frequency distributions of crack propagation lives for various conditions. Figure 5-7,
Figure 5-8 and Figure 5-9 show comparison of crack propagation lives for various crack

growth laws with different type of stress sequence.
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Table 5-2 Crack propagation lives of North Atlantic route perform by using Modified Paris-Elber rules.

Crack Propagation Lives Modified Paris-Elber rules

. 2G Storm | 3G Storm 2G Storm | 3G Storm

Hind-cast — —
log=6 hours log =2 hours

Longest life 1.4739 years 1.5007 years | 1.4835years | 1.4913 years | 1.4888 years
Shortest life 1.3647 years 1.3640 years | 1.3530 years | 1.4119years | 1.4137 years
Average life 1.4191 years 1.4294 years | 1.4273 years | 1.4486 years | 1.4525 years
Coefficient of variance (C.V) 1.48% 1.75% 1.73% 1.18% 1.23%
Ratio of 2G to 3G -- 1.001 0.997

Table 5-3 Crack propagation lives of North Atlantic route perform by using FASTRAN Il (Based on modified Dugdale model).

FASTRAN I1
Crack propagation Lives . 2G Storm \ 3G Storm 2G Storm \ 3G Storm
Hind-cast
log =6 hours log =2 hours
Longest life 3.7788 years 44124 years | 4.2829 years | 3.5975years | 3.5705 years
Shortest life 3.3220 years 3.4767 years | 3.5416 years | 3.0782 years | 3.1517 years
Average life 3.5224 years 3.8785 years | 3.8521 years | 3.3932 years | 3.4049 years
Coefficient of variance (C.V) 2.77% 6.08% 5.02% 3.38% 2.52%
Ratio of 2G to 3G - 1.006 0.997
Table 5-4 Cumulative Fatigue damage and fatigue life perform based on DnV CN.30.7.
. 2G Storm | 3G Storm 2G Storm | 3G Storm
Hind-cast - -
log =6 hours log =2 hours
. . n.
Cumulative fatigue Damage, D= ZWI 1.979 1.782 1.766 1.707 1.710
- L, [ years]
Fatigue life, FL=———= 12.62 years 14.03 years 14.15 years 14.02 years 14.62 years
Ratio of 2G to 3G -- 1.009 0.998
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Figure 5-4 Comparison the mean calculated propagation lives that derived by modified

Paris-Elber rule and FASTRAN Il program.
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Modified Paris-Elber Rules
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(b) 1o equals to 2 hours (0.025 years/range).
Figure 5-5 Histogram of calculated crack propagation lives performed by modified Paris-
Elber rule with stress sequence generated based on 2G and 3G storm profiles with 1og=2

and 6 hours.

FASTRAN Il

Fo [0 2G-storm (6) 3G-storm (6)
R RGRELTCERFETTERFEE N SEFRELRRS 0O JWA hind-cast

o
(o))
|

o
ol
|

relative frequency
o o
w B
| |

o
N
|

©
=
|

o

3.150 3.300 3.450 3.600 3.750 3.900 4.050 4.200 4.350 4.500
Years

(@) los equals to 6 hours (0.15 years/range).

72



Dissertation for the Doctor Degree of Engineering, Graduate School of Engineering, Osaka University
CHAPTER 5. STORM MODEL IN VARIOUS APPLICATION

FASTRAN I
0.6 rerrre e 8 2G-storm (2)
i 3G-storm (2)
0.5 oo N : O JWA hind-cast

20

2
7.

relative frequency

7%

Z
2

o

3.150 3.300 3.450 3.600 3.750 3.900
Years

(b) log equals to 2 hours (0.15 years/range).
Figure 5-6 Histogram of calculated crack propagation lives performed by FASTRAN Il
with stress sequence generated based on 2G and 3G storm profiles with 1og=2 and 6

hours.
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(a) Stress sequences derived by using 2G storm profiles with 1og=6 hours.
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(b) Stress sequences derived by using 2G storm profiles with 10g=2 hours.

Figure 5-7 Crack propagation lives in which stress sequences derived from 2G storm

profile.

3G storm; 6 hours

0.025 T

0.02 -

0.015 +

0.01 1

Crack length (m)

0.005

(a) Stress sequences derived by using 3G storm profiles with 1o5=6 hours.
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(b) Stress sequences derived by using 3G storm profiles with 1og=2 hours.

Figure 5-8 Crack propagation lives in which stress sequences derived from 3G storm

profile.
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Figure 5-9 Crack propagation lives in which stress sequences derived from source of
JWA hind-cast wave history.
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From those tables and figures, it is found that:

(a) Fatigue damage calculated by using 2G and 3G storm profiles demonstrate good
agreement with that of derived from source hind-cast data wave sequence. The
difference fatigue damage between 2G and 3G storm profiles can be negligible.

(b) From the same stress sequences, FASTRAN Il leads to longer calculated crack
propagation life than the conventional law. The lives coefficient of variance for
FASTRAN II results is significantly larger than that of the conventional law cases.

(c) The crack propagation lives of the source hind-cast wave histories is in the variation
range of storm profiles (2G and/or 3G) simulation results regardless applied crack
growth laws.

(d) In either the conventional laws and FASTRAN Il analyses, the difference in crack
propagation lives statistics for (2G or 3G) storm profiles with the same log is
negligible, and the crack propagation lives for log =6 hours are larger than that of
los=2 hours. The difference in average crack propagation life is about 2% for the
conventional laws, and 12% for FASTRAN 11 analyses.

In former research, Sumi et al (2008, 2013%" %)) carried out fatigue crack
propagation analyses of a cracked base metal and a ship structure member in which the
clustered loading cases based on 1G storm model. They employed two different crack
propagation laws in their analyses. The first one is based on the conventional (Paris-
Elber) law and the other is based on the strip yield model with the Re-tensile plastic zone
generation (RPG) that calculated by using CP system (Sumi, 2008%") and FLARP
(Toyosada, 20041“2*%ly program. They reported that crack propagation lives calculated by
using conventional law becomes shorter than (about one third of) that calculated by CP

system or FLARP. They considered that the difference in crack propagation life is in
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consequence of the poor emulation capability by the conventional laws for retardation of
crack propagation after the overload case. It is pondered that the difference results in (b)
is caused by the same mechanism. In can be confirmed that the conventional law leads to
over conservative estimates of fatigue crack propagation life.

The good agreement in fatigue damage and crack propagation life calculated from
the storm models and source hind-cast data wave sequence reported in (a) and (c) shows
that 2G and 3G storm profiles proposed in this work can emulate the changing nature of
the stress sequence which is experienced by actual structural member of ocean going
ships. The result (d) shows that the fatigue crack propagation life estimated by using 3G
storm profile has almost the same accuracy with that based on 2G profile, although d is
assumed to be 3.5 days regardless Ocean (North Pacific nor North Atlantic Oceans). It is
also shown that larger log leads to longer estimates propagation life. The difference in
propagation life is considered because the smaller Hw maxsorm fOr larger log case as
discussed in section 4.3.1.1.

This chapter can be summarized as following:

1) Fatigue crack propagation lives estimated by using proposed storm models with
larger log leads to longer (non-conservative) estimation due to smaller maximum
Hw in storm profiles for larger log.

2) Fatigue crack propagation lives estimated by using 2G and 3G storm models have
almost the same accuracy. However, 3G storm model is recommended to reproduce
wave induced loading sequence, because 3G storm model takes into account

variation storm duration.
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3)

4)

Additionally, the application of new generation storm model is also conducted by
comparing two different wave models in fatigue assessment of Container ship, which
sails in EU to USA trade route. The discussion of result is presented in Appendix 4.

It should be note that these numerical analysis is conducted in the condition in which
the change in wave statistics without considering weather routing. Further
investigation is needed to develop a 3G storm model, which can be applied to cases

with weather routing.
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6 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The following conclusions are made in relation to the developed and validated the
advanced storm model.
® Hy/'s long-term probability distribution can be approximated by obeying Weibull
distribution. Weibull parameters are fitting dependent with local wave scatter
diagram. For GWS diagram, Weibull fitting is determined for all Hy range, while
JWA hind-cast's scatter diagram is fitting from mid to high Hyw (Hw >Hw mean) data.
® The variation rough sea (storm) duration can be predicted following a normal
distribution regardless maximum Hyy in a storm.
® Fully automatic storm profile configuration is developed, and it is easy to configure
storm profile for numerous sea areas and seasons.
® The advanced storm models are developed and it compares with the source hind-
cast data. The advanced storm model (2G and 3G) developed in this thesis possess
following capabilities:
i) Can be coupled with seakeeping theory.
i) Long-term joint probability of Hy and T of the source data can be reproduced.
iii) Stochastic characteristics of rough sea/ storm duration can be emulated (mean
value for 2G storm model only and the mean value and its variance for 3G

storm).
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iv) The relation between the storm's maximum Hyy and its occurrence probability
(frequent distribution of storm class) recorded in the source hind-cast data can
be reproduced.

v) Long-term probability of wave-induced stress, which is experienced by a ship
on specific route, can be emulated.

vi) Equivalent short-sea sequence can be generated from the data with arbitrary
observation period.

® 2G and 3G storm models for various oceans can be determined by assuming that
the mean storm duration is the same as that of North Pacific Ocean (=3.5 days).
The following are found in relation with application of developed storm models to
calculate fatigue crack propagation:
® The storm models (2G and 3G) developed in this thesis are demonstrated that their
results have the same accuracy.
® Fatigue crack propagation lives estimated by using larger observation periods leads

to longer (non-conservative) estimation.

6.2 Recommendations & Future works

The following recommendations are made in relation with storm models and observation
period of source data:

® Because the longer observation period leads to smaller Hw, maxistorm (Maximum wave

height in a storm), it is recommended to choose shorter observation period when

various observation periods are available from single source data.
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® Although 2G and 3G storm models demonstrate the same accuracy when used to
generate loading sequence, it is recommended to apply 3G storm model so that can
generate loading sequence with emulated sea state as in real.
This thesis is conducted in the condition in which wave loading sequence is generated
without considering weather routing. The sea state sequence experienced by a ship
without weather routing may differ significantly from that routing case and it may
deteriorate the preciseness of emulated wave loading sequence. Future work is needed in
order to develop the advanced storm model in which can be applied to cases with weather

routing.
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APPENDIX 1 STRESS RESPONSE AMPLITUDE

OPERATOR OF ABULK CARRIER'S STRUCTURAL

MEMBER

Stress response amplitude operator (RAQ) a bulk carrier's web stiffened cruciform weld
joint at the bottom of lower stool determined for Japanese Ship research Panel 219
research project (SR219, 1996%%°)) are used in this work. The stress RAO's curves are

shown in Figure Al.1.
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18 - —=— Heading angle = 30°
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Figure Al1.1 Stress response amplitude operator of a bulk carrier’s web stiffened

cruciform weld joint of Figure 5-1.
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APPENDIX 2 SURFACE CRACK'S STRESS INTENSITY

FACTOR

Stress Intensity factor, SIF of a surface crack is determined by using modified Raju-

Newman formula (SR219, 1996*")) given as below:

SIF=(S,-F,+S, F,)vbz (A2.1)

0, O
AR

P amm—
i
|
| 7
|
|
|
| _ Y
| b’ =< X T A
| 24 =
|
I | B P
| 2W ) B
| 2a
JE— S 1
Figure A2.1 a surface crack dimension.
where:
F F
F="F=H.--2% A2.2
"= o (A2.2)
b b
F,=<M,+M, ? +M, ? f¢-g-fW (A2.3)
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H =H1+(H2—H1)sinp¢;p=0.2+9+0.6(%j (A2.4)
a
2
Hl=1—0.34$—0.1192;H2=1+GI$+GZ($j (A2.5)
a
b b 0.75 b 1.5
G =-122-0.12—;G, =0.55-1.05| — +047| — (A2.6)
1 a’ ’ a a

) ar[o]4]]"
f¢:{sin2¢+[%} COSZ¢} ;fwlsec{w[?} H (A2.7)

for0<b/a<l,

b 1.65 %
CI):{1+1.464[—} } (A2.8)
a
M, :1.13—0.09{9}M2 _ 054428 (A2.9)
a 0.2+0
a
1 b 24
M, =0.5——+14(1.0——j (A2.10)
0.65+b/ a
b o
g=1+10.1+035| 2| ((1-sing) (A2.11)
for 1 <b/a<2,
a 1.65 %
cb:{l+1.464{ﬂ } (A2.12)
JA 4
MI:[E} (1+0.04EJ;M2=0.2-FJ (A2.13)
b b b
a 4
M, 2—0.11[6} (A2.14)
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g =1+{0.1+0.35E}{ﬂ }(l—silwﬁ)2 (A2.15)

Stress intensity factor for a surface crack at a weld joint is determined given as

below:

Mga = KKWZ
_ Kus
Mge = K

KWA:{Mk}A KA
Kyo = (M.} -K (A2.16)

WB — kig B
IMd =M HIM (A2.17)

b B
{Mk}f@{;} (A2.18)
{Mk}(A_B) = 1.15-exp(—9.74><$j (A2.19)
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Kwa and Kwg are SIF's of longest and deepest a surface crack at weld joint. Ko and Kp
are SIF's of longes and deepest a surface crack for smooth plate.

Table A2.1 Definition of a and f.

Loading mode % % o ;
<00s[ L/ Losi[L " |03
Axial R 0.05[%}0‘55 0.83 ~0.15| %}0.46

<0.073 0.615 2031
>2

>0.073 0.83 0.20

< 0.03[%}0'55 0.45[%}0'21 -0.31
<1

Bending > 0-03[%}0‘55 0.68 —()_19[%}0421

<0.03 0.45 -0.31

>1

>0.03 0.68 -0.19
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APPENDIX 3 PARAMETERS USED FOR FATIGUE

DAMAGE CALCULATION

The following tables and figure are presented parameters used for fatigue damage

calculation based on DnV CN.30.7 ) given as:

D:Z%Q.O;Ni:%,\ﬂ (A3.1)
L

FatLife :E (A3.2)

Where;

Lpo=ship's design life
n;= number of stress cycles in i-th stress range block
N;=number of stress cycles to failure at constant i-th stress range block

a,M are design S-N curve fatigue parameters, and these are given by DnV CN.30.7.
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Figure A3.1 Design S-N curves (DnV CN.30.7, 2003)).
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Table A3.1 S-N parameters; air or cathode protection (DnV Table A3.3 Alternative on-slope S-N parameters (DnV CN.30.7,

CN.30.7, 20035}, 20030,
S-N curve Material N<10’ N> 10’ S-N curve Material loga M
loga M loga M I Welded joint 12.38 3.0
I Welded joint 12.65 3.0 16.42 5.0 v Base material 12.62 3.2
11 Base material | 12.89 3.0 16.81 5.0

Table A3.2 S-N parameters; corrosive environment (DnV

CN.30.7, 20035},

S-N curve Material loga M
11 Welded joint 12.38 3.0
v Base material 12.62 3.2

Table A3.4 Factor y used for fatigue damage in correlation with corrosion protection of ship structure members (DnV CN.30.7, 20035},

Ballast Tanks Cargo Oil Tank
Effective Corrosion protection period (years)
S-N Curve used for calculation of | Design life
5 10 15 20 25
fatigue damage [years]
20 2 1.7 1.3 1 - 1.7
[or III 25 2.1 1.8 1.5 1.3 1 1.7
30 2.1 1.9 1.7 1.5 1.2 1.7
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APPENDIX 4 FATIGUE ASSESSMENT OF SHIP

STRUCTURE DUE TO DIFFERENT WAVE MODELS

Here, the applicability of 3G storm model is demonstrated by comparing with
stochastic wave model in which is based on satellite and buoys data, so called as 'spatio-
temporal wave model' (Baxevani, 2009")). This wave model generates Hy at position, p
and time, t as Hw(p, t) by means of log normal distribution. In the voyage route with
position with t, p(t), while for a fixed t, the field of logarithm of Hw(p, t) is Gaussian
with the changing of its covariance on the basis of p(t) on the route. This means that

Hw(p, t) is a non stationary Gaussian process.

A4.1 Measured ship and its voyage

Voyage trades between EU to USA on first semester of 2008

60 TTTTJ—=—— " Voy20080106 4 Voy20080129 - -T—

oetene it e e X Voy20080218  x V0y20080312...5...|...'
i * Voy20080401 + Voy20080424 |
bbb, YOY20080603

W
=)
|

=_4____L___4____L_,_

...........

N
[w]
|

Latitude (degree)

-60 -50 -40 -30 -20 -10 0
Longitude (degree)

Figure A4-1 2800TEU’s voyage from EU to USA on first semester of 2008 (the arrival

date for each voyage is indicated in the legend) (Mao et al, 201012 and 201312°).
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Two wave models is utilized to simulate Hyw along the route between EU to USA
(see Figure A4-1) in which onboard measurement is conducted at 2800TEU's
Containership by using the difference source. The seven ship's voyages presented in this
figure are used for short-sea sequences, and the simulation result is compared with the
Hw obtained from measurement using ship's wave radar. The ship used in this
investigation, a 2800TEU containership, has been utilized by Mao et al (2010)!"*?%!. The
ship is equipped with ship's wave radar to measure waves along ship's sailing. It is also
equipped with strain sensors and it located in the amidships section of the ship as shown

in Figure A4-2.
P B

2 :
\
|
|
|
|
|
|
|
|
|

Strain gauge location|-

T
L

Figure A4-2 The amidships section of typical Containership and strain gauge location on

ship.
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A4.2 \Wave distribution

Hereafter, Hy generated based on 3G storm model is denoted as '3G-storm' and
Spatio-temporal wave model is 'spatio-temporal'. 3G-storm's model parameters are
identified from JWA hind-cast data along the measured route of Figure A4-1 when hind-
cast data was collected in period between 2000 to 2010. In the same routes, spatio-
temporal parameters are also prepared. Hyw along the seven routes are generated by using
3G-storm and spatio-temporal, and its probability density function (pdf) are presented in
Figure A4-3. The pdf of observed Hw in which measured along the same route and the
wave distribution of DNV recommendation (DnV RP-C205, 2010!®) are also plotted in
this figure.

It is shown that two wave models and observed wave are significantly different
with that of DnV recommendation, while shows similarity in the tails of large Hw (Hw
>6m) for spatio-temporal and in low Hw (Im< Hw <2m) for 3G-storm. The generated
wave model leads to higher Hyw probability than DnV recommendation for the cases with
Hw from 2m to 5Sm of spatio-temporal and Im to 4m of 3G-storm. Compared with
measured wave, two wave models are smaller Hy probability for Hyw less than 1.5m
while spatio-temporal gives larger Hyw probability for the cases Hw 6m than 3G-storm
and measured waves. It may be caused that waves was measured when the ships avoids
large wave by utilizing installed weather routing tools. For 3G-storm, the reason is
because the exceedance probability for the arbitrary Hw range is small. The

characteristics shown in pdf of two wave models are almost similar.
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Figure A4-3 Probability density function (pdf) of Hy from onboard measurement, the

spatio-temporal wave model and the storm model (Mao et al, 20132}

A4.3 Fatigue damage assessment

Since that the case study vessel also be equipped with strain sensor, the rain flow
counting's (Endo and Matsuishi, 19681, Rychlik, 1987"%) fatigue damage can be also
computed from converted history of stress signal (S;, i=1,2,..N). Fatigue damage of
welded ship structure of Figure A4-2 is calculated based on Palmgreen-Miner law as
described in Appendix 3 in a stationary sea state of time (T) given by Eq.A4.1 and the

expected fatigue damage so called as narrow band approximation (Mao 2010) given as

D(T):ézﬁlsﬁ” (Ad.1)
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DT:E{D(T)zL ﬁ(z uﬂ%(n%ﬂ (A4.2)

27\ 4,

where, Ao and A, are the zero and second order of spectral moment of stress spectrum
Ss(®). a and M are design S-N curve's fatigue parameter given by class rules or
recommendation. In this comparative study, a=10'>"° and M=3 are set (DnV RP-C205,
2010,

Table A4-1 Fatigue damage estimated by using Hw's generated from spatio-temporal

wave model and 3G storm model (Mao et al, 20132

Voyage Rain flow Spatio-temporal wave 3G storm model
fatigue damage E(D) C.V(D) E(D) C.V(D)

Voy20080106 0.0080 0.0077 2.54 0.078 0.326
Voy20080129 0.0057 0.0075 2.29 0.0073 0.291
Voy20080218 0.0045 0.0067 1.65 0.0063 0.261
Voy20080312 0.0014 0.0032 2.05 0.0028 0.326
Voy20080401 0.0032 0.0041 2.32 0.0030 0.478
Voy20080424 0.0027 0.0019 1.96 0.0029 0.479
Voy20080603 0.0007 0.0010 1.7 0.0026 0.364
Total damage: 0.0262 0.0321 -- 0.0325 --

Thereafter, the fatigue damage associated with wave, which is generated by using
spatio-temporal wave model, is denoted as 'spatio-temporal'. If waves are generated by
using 3G storm model, it is denoted as '3G-storm'. Fatigue damage is also calculated
from the measured time series of strain (converted stress) by using rain flow counting
method. Fatigue damage is calculated from the stress in which caused by vertical bending
only. Kg is set at 2 according to fatigue guideline (DnV CN30.7, see Chapter 5). The

numbers of wave simulations are conducted and the mean fatigue damage, E(D) and

99



Dissertation for the Doctor Degree of Engineering, Graduate School of Engineering, Osaka University
APPENDIX 4. FATIGUE ASSESSMENT OF SHIP STRUCTURE DUE TO DIFFERENT WAVE MODELS

coefficient of variance (C.V) of fatigue damage, C.V(D) is presented in Table A4-1. It
shows that two wave models give about 25% overestimation comparing with that total
rain flow damages, which is computed from the time series of recorded stress signals. In
general, for each voyage, the difference of fatigue damage is negligible except for the
voyage 20080603. The difference in total fatigue damage is due to the encountered of
lower stress histories when ship sails with the weather routing tools in order to avoid

larger storms.

A4.4 Fatigue crack propagation analysis

In the generation of wave, it consists of two components that is Hw and Tw, and
called as sea state. Sea state (Hw and Tw) histories are simulated by using 3G storm
model and spatio-temporal wave model. Once sea state obtained by using 3G storm
model, the wave induced stress can be generated in the same manner as described in
section 3.2.3. Further, once the probability distribution of Hw is given, which is
estimated by spatio-temporal wave model at a given location and time, the energy
spectrum of wave and stress response are computed by using ocean wave spectrum and
RAO. Because the sea state generated based on spatio temporal wave is assumed to
Gaussian distribution, hence, the wave induced stress is simulated by obtained stress
spectral density for each sea state. The example of simulated stress histories is shown in

Figure A4-4.
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Figure A4-4 An example of simulated stress histories of 2800TEU's containership based

on 3G storm model.

Figure A4-5 A semi-elliptical surface crack on weld toe fillet weld joint.

Fatigue crack propagation analyses of a semi-elliptical surface crack on weld toe
of weld joint (see Figure A4-5) are conducted by using the wave induced stress histories
in which simulated based on two (spatio-temporal and 3G storm) wave models. The
crack growth is computed by FASTRAN II program (for the detail see Chapter 5). In this
comparative, the initial surface crack length is 0.2 mm and the initial aspect ratio is 0.5.

Propagation analyses are continued until the crack depth exceeds 8mm or the surface
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length exceeds 10mm. The material parameters are given in Table 5-1. The wave induced
stress is simulated for 15 trials and the mean stress is set at 98.0MPa.

Table A4-2 Statistical crack propagation life in which stress histories derived by using

3G storm model and spatio-temporal wave model.

Voyage 3G storm model Spatio-temporal wave model

Crack propagation life ( x 10° cycles)
Shortest|Longest| E(L¢) |SD(L¢)|Shortest{Longest| E(Lc) |SD(Lc)
Voy20080106 782 8034| 2590 1694 137, 1768 568 498
Voy20080129 305 2244, 1019 506 99| 18807| 1805| 4794
Voy20080218 386 3030 1181 675 209| 1856 679 542
Voy20080312 2269| 37885| 11658| 8431 711 13120 2033| 4429
Voy20080401 1285] 17411 8320 4776 146 1494 438 385

Voy20080424 2769| 30086| 11537 9188 264| 56415 8218| 14740

Voy20080603 1848 | 30192| 7901| 7447 170| 54144 18215| 19633

Table A4-2 presents statistics data of computed crack propagation life. Let L¢ be
calculated crack propagation life. The longest of L¢, shortest of L¢, mean of L¢, E(Lc)
and standard deviation of L, SD(L¢) are given in this table. Figure A4-6 and Figure A4-
7 show the relationship between the crack growth rate and SIF range for the cases with
shortest propagation life as listed in Table A4-2 and its crack growth curves. From table
and figures, it is shown that 3G storm model leads to longer lives than that of spatio-
temporal model while fatigue damages computed from two wave models are almost
equal. The spatio-temporal wave model leads to rapid crack growth rate than 3G storm
model for the cases with same SIF range (14MPa.m”<SIF<17MPa.m”) as shown in
Figure A4-6. The reasons are 3G storm model produces smaller large Hw (Hw>4m) than
spatio-temporal model as seen in Figure A4-3. It is supposed that the retardation of crack

growth rate is caused by excessive load of the generated storm state in sea state histories
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in which simulated by using 3G storm model. This demonstrates that the loading

sequence of excessive load affects to crack propagation behavior.

3G Storm model i
I.OOE—OS I I I I I I I I I I I I S\IF (Mpa\m \)
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
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A Voy080218 Voy080312
E L00E.10 | X Voy080401 o Voy080424 7
gn ' + Voy080603
£ 1.00E-11 -
<
o
1.00E-12 -
1.00E-13 -
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1.00E-08 - SIEMPam )
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= o Voy080106 o Voy080129
| 00E.12 - A Voy080218 Voy080312
x Voy080401 o Voy080424
+ Voy080603
1.00E-13 -

Figure A4-6 The relation between crack growth rate and stress intensity factor performed

by using 3G storm model (above) and Spatio-temporal wave model (below).
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(b) Spatio-temporal wave model.

Figure A4-7 Crack growth in voyage of Figure A4-1 for the shortest crack propagation
life in which stress history derived by using (a) 3G storm model and (b) Spatio-temporal

wave model.
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It can be summarized that 3G storm model and Spatio-temporal model have the
same capability to produce significant wave height along specific ship voyages with
other different wave model as well as when it is used to predict the accumulated fatigue
damage and fatigue crack propagation lives. The loading sequence in which simulated in
the optimizing voyage routes by using different wave models can clearly show the effect

retardation and acceleration of crack growth.
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