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Abstract 

Recently, the size of container ships has increased to improve its economic 

efficiency and reduce their environmental impact. Then, the hydro-elastic vibratory 

phenomena, recognized as whipping and springing, are more likely to be more 

important due to the effect of large bow flare which induces higher slamming loads, 

higher ship speed service, the constant increase in the ship size, and the increase of 

the fatigue damage in fatigue sensitive detail. Recently, relevant information on the 

importance of the hull vibration effect on the fatigue strength has been reported from 

full-scale measurement, numerical analysis, and fatigue testing. Various have 

reported that the increase in the fatigue damage evaluated by RainFlow Cycle 

Counting (RFCC) due to whipping, but the validity of RFCC for those stress 

waveforms have not been fully verified yet. 

This thesis presents the stochastic characteristics of hull vibration superimposed 

stress waveform (HVSSW) examined from a series of Non-Linear Hydro-Elasticity 

Analyses (NLHEA) for short seas, heading angles, and ship speeds. It is found that 

the stress waveform’s characteristics can be simplified so that the slamming impact 

occurs once in every 3 to 5 waves and the impact stress range is comparable to the 

primary wave stress range. In order to make a reasonable assessment of the structural 

influence of hull vibration on the fatigue strength, it is essential to consider both the 

structural influence of whipping vibration and the probability of the slamming load. 

The validity of RFCC is examined by carrying out fatigue tests with stress histories 

which emulate the characteristics of the simulated whipping vibration. For these 

tests, it is developed an electric-driven fatigue testing apparatus which can apply 

whipping superimposed stress waveform in high speed and low cost. 

Keywords: Fatigue, Whipping, Hydro-elasticity analysis, Electric exciter, Storm 

model, Fatigue testing.
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Chapter 1 Introduction 

One of the main driver for ordering bigger container ships is to reduce the energy 

needed to transport each individual container. In this way, it improves the 

profitability and reduces the environmental impact of global supply chains (DNVGL 

2018). Although that the slowing global world economy holds back the container 

growth in 2018, it is expected that the global volume overturns this trend over the 

next two years1, since the international shipping industry represents over the 70% of 

global trade by value2. Thus, a comprehensive framework of safety regulations needs 

continuous improvement because actual ship design methods are associated with a 

number of different uncertainties. Therefore, when it comes to the ship structure the 

aim is to ensure that all parts of the hull structure subjected to dynamic loading have 

an adequate fatigue life to avoid human life casualties, loss of cargoes and 

environmental consequences due to catastrophic or nearly catastrophic failures.  

 

1.1 Background and Motivation 

Vessels sailing in ocean-going routes are continuously exposed to the influence 

of conditions caused by weather, e.g. wind, waves and ocean currents. Knowledge 

about wave-induced loads and motions of ships and offshores structures is important 

both in design and operational studies. The evaluation of the wave-induced loads on 

ships is a challenging task. In particular, vertical accelerations and relative vertical 

motions between the ship and the waves are important responses. Accelerations are 

an important factor to seasickness, to determine loads on cargo and equipment, and 

a significant effect on many marine applications, for example, subsea lifting 

                                           
1IHS Markit: Trends in the World Economy and Trade report 
2United Nations Conference on Trade and Development 
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operations, aircraft landing on vessels, hydrographic seabed mapping, oil 

exploration, and drilling vessels, among others. Large vertical accelerations are 

caused most frequently by heavy and pitch motions. An important cause of large 

pitch motion, especially in head seas, is whipping response to slamming impact and 

water on deck. For ships is imperative to avoid slamming as well as water on deck 

due to the possibility of local damage to the structure. Ocean waves are random in 

terms of both time and space. Therefore, the encountered waves are usually 

described by the stochastic random processes. The variability of the wave-induced 

loads leads to structural fatigue in ships. An example of the wave-induced load 

variability is the alternating sagging and hogging condition that causes repeated 

loading and unloading to the ship structure, accumulating fatigue damage since the 

ship is launched.  

Fatigue has been an important design criterion in the shipbuilding industry for a 

long time, especially with the extensive use of higher tensile strength steel (HTS-

steels) from the middle of the 1980s. The complexity of ship structures creates 

problems during the proof of sufficient fatigue strength, typically in the joint 

connecting ship and offshore structural members. When a material is subjected to 

cyclic loading, fatigue damage and fatigue cracks are progressive processes. The 

probability of fatigue-induced failure can conceptually be estimated using a series 

system description: a geometry (i.e. structural member assembly) is as weak as its 

weakest material link, introducing the statistics of extremes to the fatigue damage 

criteria formulations. Moreover, the structural analysis also involves the ultimate 

strength assessment. The evaluation of the ultimate capacity of ships is a very 

important issue on the structural design of the ship. It is associated with a global 

failure of the hull and the final results are normally the loss of the ship, its cargo and 

human lives.   
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For ships, classification societies mostly stipulate a simplified approach for the 

fatigue load determination by providing a set of simplified load cases defined in 

guidelines which provide expressions related to the principal arrangement of the ship 

navigating in various loading conditions for a given design wave environment. 

Recently, the drastic changes in ship type, size and complexity, and the use of new 

higher strength materials trigger the concerns about the adequateness of these 

guidelines for ships.  

It is well known that ships at sea are not only subjected to wave-induced stresses. 

The ship is also subjected to hydro-elastic hull vibrations referred as ‘whipping’ and 

‘springing’. Whipping is known as a transient vibratory phenomenon due to wave 

impacts, called slamming, and ‘springing’ as a resonance of hull vibration, 

consequence of the oscillating wave loads. Nowadays, these hydro-elastic vibratory 

phenomena are more likely to be more important for larger container ships due to 

large bow flare which induces higher slamming loads, higher ship service speed, the 

increase in the ship size that reduces the natural frequencies, an increase of the 

fatigue damage in fatigue sensitive detail, etc. These as been observed on full-scale 

measurements as reported by Moe et al. (2005), Storhaug et al. (2007), Ogawa et al. 

(2012), among others. However, the classification society guidelines were developed 

to account for wave frequency loads and are unlikely to consider the effect of 

whipping/springing for safety assessment, due to the limited experience (see DNV-

GL 2015; Almar Naess 1985). 

As a result, one of the main repercussions are the fatigue cracks that have been 

known to occur in welded ships for several decades. These fatigue cracks sometimes 

start at a very early stage in the ship’s service and the fatigue problem becomes more 

imminent (Moe et al. 2005; Storhaug et al. 2007). Figure 1.1 shows examples of 

fatigue cracks found in a double hull Very Large Crude Carriers (VLCC) reported 
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in the SR245 (2000). Therefore, a generalized methodology to manage fatigue life 

is definitely still open for further improvement. For ship owners and operators, the 

topic is of great interest due to the economics aspect associated with it (for example 

the repairing costs, maintenance or even expenses from environmental pollution or 

the increase of the insurance policies). 

 
(a)  fatigue cracks in way of the longitudinal cutouts. 

 
(b) fatigue cracks in the base of the strut. 

Fig. 1.1 Examples of fatigue cracks in a double hull VLCC. Adapted from 
(SR245 2000). 
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Furthermore, the severe environments encountered by ships may lead to an 

increase in extreme responses of ship structures during long-term sailing. It can 

cause structural failures due to local ultimate strength and buckling. Therefore, it is 

essential to get accurate long-term sea environmental data for the ship trade areas. 

In addition to the wave scatters provided by different classification societies, more 

realistic wave information for ship design and operation can be accessed from 

various sensors launched to collect wave data, e.g., onboard observations, buoy data, 

satellite measurements, and hindcast data (also known as reanalysis data), etc. 

Meanwhile, in all industrial sectors, there is a strong drive towards increases 

asset life in order to reduce whole-life costs. Despite the great advance in the 

computational power, measurement and prediction of damage development during 

life and methods of accelerated testing to be able to predict performance and remnant 

strength after perhaps several decades of operation are necessaries. Then, the effect 

of repair strategies can be comprehensively understood.  

In the recent past, a great number of fatigue failures occurred in ship structures. 

However, there are limited information and no formal database of structural or 

mechanical failures or near-miss events of ships in operation with enough and 

accurate background information. Due to the lack of a knowledge database, and 

uncertainties in design factors including human factors (captain decisions), the risk-

based design has hardly been applied historically to ship structures. Hence, marine 

structures including offshore structures are designed for safe-life, but the still the 

environmental loads are often not well-understood.  

1.1.1 Hydroelasticity of ships 

The hydroelasticity of the ship is in the form of wave-induced vibrations, 

referred to as whipping and springing. Among other ship structural problems, they 

tend to aggravate extreme and fatigue loads of very large commercial ships. The 
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impact of the wave-induced vibrations on the ship structural strength depends on 

sizes, types and operational conditions of ships.  

Recent studies have emphasized that wave-induced vibrations significantly 

increase design loads. Therefore, wave-induced vibrations should be considered in 

the ship design. For running container carriers, the effect of wave-induced vibrations 

was investigated with full-scale measurements (Storhaug et al. 2003; Storhaug et al. 

2007; Drummen et al. 2008; Fukasawa et al. 2014; Storhaug et al. 2015; Ki HG et 

al. 2015). For a new design of ultra-large containerships, numerical methods have 

been applied for prediction of design loads (Im et al. 2015; Oberhagemann et al. 

2015; Hwang et al. 2015; Kim et al. 2018). Wave-induced vibrations should be 

predicted via nonlinear hydro-elastic analysis methods because whipping and 

springing are mainly induced by nonlinear wave loads. The wave-induced vibrations 

can be predicted by either a numerical simulation or a model test. While the model 

test is considered a reliable method to represent real phenomena, the main obstacles 

are the high costs and problems handling errors. To the contrary, the resources 

needed to perform numerical simulations are much lower than that for the model 

test.   

Furthermore, recently, for seakeeping analysis, various hydro-elastic methods to 

consider nonlinearities have been proposed (Jensen et al. 1996; Malenica et al. 2008; 

Kim et al. 2009). In addition, to establish reliable procedures for hydro-elastic 

response and fatigue analyses, the effect/characteristics of the wave-induced 

vibrations were examined by Non-Linear Hydro-Elasticity Analyses (NLHEA) for 

various wave conditions (Hirdaris et al. 2003; Iijima et al. 2008; Hirdaris et al. 2009; 

Tuitman 2010; Kim et al. 2014; Kim et al. 2015; Kim et al. 2016). A numerical 

method generally consists of three parts (Kim et al. 2015):  
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1) A fluid solver for the seakeeping problem: there are various methods utilized 

by fluid solvers, including the 2-D strip theory method, 3-D panel method, and 3-D 

CFD method.  The 3-D panel method is presently considered to be the most practical 

for time-domain simulation; the 3-D CFD method is still too heavy for extended 

simulation; 

2) A structural solver for the rigid-body and flexible motions: for the structural 

solver, either a 1-D beam model or a 3-D FE model can be used depending on the 

purpose. When considering structural discontinuity, a 1-D beam model exhibits 

almost the same structural behaviors as a 3-D FE model, including in the torsional 

response (Kim et al. 2014).  

3) A slamming solver for calculating slamming loads (Kim et al. 2015): the 

slamming load acting on the bow flare, bottom, or stern should also be considered 

when the linear potential theory is used for the seakeeping problem; it is 

automatically included in the 3-D CFD method (Oberhagemann et al. 2012). 

Although a 3-D slamming model is desirable because a ship slamming is basically a 

3-D problem (Korobkin et al. 2006), the theoretical study on the slamming of 3D for 

arbitrary body shape is no available at this moment. Further, although CFD can be a 

candidate for this purpose, its practicality and accuracy are very limited.  

1.1.2 Ship slamming occurrence  

Slamming event occurs when a ship experiences sufficiently large heave and 

pitch motions such that the bow emerges from the water and re-enters with a heavy 

impact or slam. The slamming loading is characterized by a rapid increase during 

water re-entry followed by high-frequency transient vibration in the structure, called 

whipping, which decays rapidly (Dessi et al. 2013). This type of slamming often 

occurs with smaller ships and increases with the ship’s speed. For larger vessels, 

bottom slamming is more likely to occur in a ballast condition and in extreme sea 
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states. Several reports had shown that ships, especially sailing in the head waves 

with high forward speed, have suffered from local structural damage due to 

slamming loads (MAIB 2008; Boesten 2006). Therefore, the frequency of slamming 

occurrence is an important factor for a shipmaster to reduce the speed or to change 

the heading. 

In order to improve understanding of the influence of slamming in the fatigue 

life, the slamming occurrence has been studied statistically since the ship motions 

and the free surface elevation in a sea state are both random in nature. Pioneer works 

on statistical characteristics of slamming were published by Tick (1958) and Ochi 

(1964). The general criteria of these works are based on a) relative vertical motion 

between the structure and the sea surface; b) the relative vertical velocity; c) the 

angle between the cross-structure and free surface. Further studies have been 

accepted considering the first two criteria for probabilistic slamming models 

(Faltinsen 1993; Wang et al. 2016a, 2016b).  

Furthermore, various the slamming occurrence models concerning the fatigue 

life have been proposed based on the identification of slam event from full-scale 

measurements as shown in Ogawa et al. (2012), Toyoda et al. (2012), Magoga et al. 

(2014), and including full-scale experiment as in Thomas et al. (2011), French et al. 

(2015). Thomas et al. (2011) proposed a slamming identification technique by 

defining two slamming event criteria: a threshold center bow load and the change 

rate of the load. Additionally, French et al. (2015) identify slamming event using the 

presence of peak value in full-scale experiment data. On the other hand, Ogawa et 

al. (2012) investigated the effect of the whipping on the fatigue damage and the 

probability of whipping occurrence using full-scale measurements, while Toyoda et 

al. (2012) studied the effect of the difference of sea state on the occurrence 

probability of stress on the hull due to whipping using long term prediction and 
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hindcast data. An investigation into different approaches to identify slamming events 

using full-scale measurements in a high-speed craft was presented in Magoga et al. 

(2014). The characteristics of the slamming event were used to assess the importance 

of structural integrity assessment.  

As French et al. (2015) reported, a slamming criterion was not necessary due to 

the large spike load found in the full-scale experimental data in the event of water 

impact, and only a peak detection method was required to identify peak pressure and 

thus slamming events. Therefore, slamming identification can be used to establish a 

practical approach to account for slamming loads in ship structural assessment.  

Despite the great number of researches on the slamming load, currently, there is 

limited knowledge and data on the influence of occurrence frequency and loads with 

respect to sea conditions and speed in a systematic investigation. Therefore, 

analytical investigation on the slamming occurrences and severity may provide 

insight to designers and operators with valuable information and provide a basis for 

considering possible mitigation strategies.  

1.1.3 Fatigue assessment of ship structures 

Ship structural members are often found to have failed under the action of 

repeated or fluctuating stresses called fatigue failure. The actual maximum repeated 

stresses are well below the ultimate strength of the material and quite frequently 

evens below the yield strength. Generally, fatigue failures begin with a small crack, 

often developed at high-stress gradient area. To evaluate the cumulative damage in 

the design stage, the distribution of the stress rages and the total number of stress 

cycles N are usually used. A number of studies were performed by the International 

Association of Classification Societies (IACS) members in order to develop a 

unified requirement for fatigue design loads, but no conclusion has been made in 

this regard. Thus, the IACS (2006), provides the distributions of the stress ranges 
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usually from empirical functions for different types of ships. The stress cycles should 

be obtained by an accepted procedure in the American Society for Testing and 

Materials (ASTM) standard for cycle-counting method. Different procedures for 

cycle counting can be found in the literature ASTM (1985), for example, level-

crossing counting, peak counting, simple-range counting, rainflow counting and 

their respective methods in each class. Although the rainflow counting method is not 

based on an exact physical concept to account for fatigue damage accumulation, it 

may well be expected to give a more realistic representation of the severity of load-

time histories. Therefore, the rainflow cycle counting method proposed by Matsuishi 

et al. (1968) is the most widely accepted method in the engineering field for fatigue 

life prediction.  

Once the stress cycles are obtained, the ship fatigue life assessment can be 

evaluated. High-cycle fatigue is recognizing as the fatigue failure of the ship 

structure that usually requires more than 104 cycles. For high-cycle fatigue life 

assessment of welded joints, the material behavior is generally described by the 

characteristic S-N curves approach. The characteristics S-N curves, also known as 

Whöler diagram, are available in different design codes for various structural details 

in the ship, and offshore structures. The Whöler curve shows a log-linear dependence 

between the stress cycle range Δσ and the number of cycles to failure N as shown in 

Eq. 1.1 

log(𝑁) = 𝛼 − 𝑚𝑙𝑜𝑔(𝛥𝜎)                                              (1.1) 

where the parameters 𝛼 > 0 and 𝑚 ≥ 1 depend on the properties of the 

material, structural details and the stress ratio R. For fatigue assessment of ship 

structures, 𝛼 and 𝑚 are obtained from fatigue tests and categorized based on the 

properties of structural details.  
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For the shipbuilding industry, S-N curves are widely used with a single slope and 

two slopes depending on the application. For low-stress amplitudes, the S-N curve 

exhibited a lower limit which implies that fatigue failures did not occur after high 

numbers of load cycles. This is called the fatigue limit. The fatigue limit is of 

practical interest for many structures which are subjected to millions of load cycles 

in service while fatigue failures are unacceptable. The design S-N curves are based 

on the mean-minus-two-standard-deviation curves for relevant experimental data. 

Thus associated with a 97.6% probability of survival. Some classification societies 

use 90%. Classification societies provide the material constants for the S-N curves 

depending on material and weld type, type of loading, geometrical configuration 

and/or environmental conditions (air or sea water). Examples of the S-N curves 

provided by the classification societies are shown in Fig. 1.2. These figures S-N 

curves used in the DNV-GL (2015) and BV (2016), where the magnitude of a stress 

range (Δσ) is plotted against the logarithmic scale of cycles to failure (N). 

       
 (a)   BV (2016)                               (b) DNV-GL (2015) 

Fig. 1.2 S-N curves of different structural details provided from various class 
rules. 

When the cycle load level varies during the fatigue process, a cumulative 

damage model is often hypothesized. Fatigue damage accumulated during each 

stress cycle can be calculated through the S-N curve. Thus, in the evaluation of the 

total accumulated fatigue damage, a cumulative damage hypothesis is assumed. 
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Palmgren (1924) and Miner (1945) published the hypothesis which is now generally 

known as the Palmgren-Miner rule or the linear cumulative damage hypothesis. 

According to Palmgren (1924) applying ni times a cycle corresponding to the ith 

block of constant stress amplitude σa,i in a sequence of a blocks and a corresponding 

fatigue life Ni is equivalent to consuming a portion of ni/Ni of the fatigue life. Failure 

occurs when one-hundred percent of the fatigue life is consumed. Then, Miner 

(1945) introduced the idea that fatigue damage is the consequence of work absorbed 

by the material which was assumed to be proportional to the number of cycles. If the 

damage parameter is denoted by D, Eq. 1.2 shows the linear cumulative damage rule 

that states that failure would occur when:  

𝐷 = ෍
𝑛௜

𝑁௜

௔

௜ୀଵ

= 1                                                            (1.2) 

Moreover, although that the mean level of the imposed fatigue cycle is known 

to play an important role in influencing the fatigue behaviors of engineering 

materials, in this thesis this effect has not been considered for the fatigue analysis on 

ship structures. However, early studies can be found on the effect of the mean stress 

effects on fatigue life (Gerber 1874; Goodman 1899; Soderberg 1939; Smith 1942; 

Morrow 1968; Dowling 2004, among others). 

1.1.4 Fatigue testing of ship welded joints  

The assessment of the service durability of components and structures has 

become more important in maritime technology, with regards to the increasing trend 

toward light-weight constructions and greater demands concerning costs, product 

safety and reliability. In order to fulfill these demands, numerical and experimental 

methods must be applied for effective development and proof of designs. Material 

testing standards assist our understanding of how materials behave under fatigue 
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loading situations and provide the basis for improvements in designs. Fatigue 

loading in structural components is variable amplitude and not constant amplitude. 

However, extensive majority of the material testing is conducted at constant 

amplitude and all of the current testing standards on fatigue methodology deal only 

with constant amplitude loading (for example American Society for Testing and 

Materials – ASTM, Association Francaise de Noemalisation – AFNOR, British 

Standards Institution – Bsi, Institut fur Normung – DIN, European Committee for 

Iron and Steel Standardization – ECISS, and International Organization for 

Standardization – ISO) (Hopkins et al., 2005).  Nonetheless, to understand correctly 

variable amplitude fatigue effects, constant amplitude fatigue behavior must first be 

understood.  

In the ship design, higher frequent stresses due to vibrations induced by wave 

impact, called whipping, are typically not considered in design according to previous 

longitudinal strength assessment procedures (IACS 1978). However, the 

examination on a large ore carrier shows that the wave-induced vibration shares 

between 41-73% of the total fatigue damage (Storhaug et al. 2006). After that, 

similar results were reported on a large container ship (Storhaug et al., 2007) and an 

LNG carrier (Heggelund et al., 2010).  

Therefore, recently, in order to have a better understanding of the high-frequency 

stress effects on the fatigue strength of ship welded joints, various researches have 

been conducted (Yamada 2006; Sumi et al. 2012; Kitamura et al. 2012; Gotoh et al. 

2012; Fricke et al. 2012, 2014; Kahl et al. 2015; Osawa et al. 2013, 2015a, 2015b).  

To investigate the behavior of the crack propagation under variable amplitude 

loading containing different frequency components, studies compared the classic S-

N approach with the re-tensile plastic zone generating (RPG) load criterion that can 

emulate load sequence effect on the fatigue life (see Sumi et al. 2012; Kitamura et 
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al. 2012). They stated that the higher frequency component with smaller amplitude 

superimposed on the first-order wave has no significant effect, but only the 

enlargement effect of the total amplitudes is effective. A similar finding was reported 

by Gotoh et al. (2012) that performed fatigue tests with stress containing 

superimposed stresses and noted that the RPG load criterion based on fracture 

mechanics was superior in considering load sequence effects on the fatigue life 

compared to that evaluated by the traditional S-N approach.  

Another approach can be found in the literature in which fatigue tests were 

carried out using simplified stress histories with superimposed stress cycles with 

different frequencies in order to simulate the low-frequent wave loading and higher 

frequent whipping stresses (see Fricke et al. 2012, 2014; Kahl et al. 2015). The 

principal outcome was that almost the whole fatigue damage is caused by the low-

frequent stress cycles enlarged by whipping, whereas the additional small whipping 

cycles can be neglected. Also, the commonly accepted approach using rainflow 

counting and Palmgren-Miner rule is appropriate to evaluate the fatigue assessment 

for ship-typical stress histories considering the low-frequent stress cycles enlarged 

by whipping.  

Osawa et al. (2013) proposed to perform fatigue tests with a special fatigue 

testing machine using motors with eccentric mass which emulate the high frequency 

superimposed wave loading effect on out-of-plane gusset welded joints. The results 

confirmed that for both springing and whipping superimposed loading tests, the 

fatigue lives can be estimated with acceptable accuracy by using the rainflow 

counting method. The results show that the enlargement effect of the total stress 

range has a dominant influence on fatigue strength under the conditions chosen. 

Moreover, Sumi et al. (2014) and Osawa et al. (2015a) stated that further 

researches are still needed for the occurrence probability of vibratory responses, such 
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as whipping, to improve the fatigue strength assessment of marine structures. Also, 

examine fatigue testing that emulates the intermittent occurrence is needed. 

 

1.2 Problem Statement 

Since the first publications on the wave-induced vibrations, valuable 

investigations in the numerical simulations, scaled tests, and in-service full-scale 

measurements have been made. As a ship is getting longer, it is more easily exposed 

to wave-induced vibrations due to its low natural frequency. The underestimation of 

the fatigue load can lead to frequent maintenance, contributing to the decrease of the 

profit for the ship owners and questioning the reputation of the operators. The 

influence of wave-induced vibrations on the structural strength highly depends on 

types, sizes, and operational conditions of ships. It is well known that whipping is 

not constant in real ships. The occurrence of whipping greatly depends on an 

operational condition. A voluntary speed reduction can minimize an occurrence of 

slamming by a reduction of relative vertical motion of the bow flare.  

The existing numerical methods considering ship responses in waves have been 

validated against experimental data, compared with other computational programs 

and applied on different designs, but still, there are no consents for a methodology 

that can reliably predict the whipping and springing response for a general design. 

Further, various studies have proposed techniques to consider the occurrence 

probability for slamming induced vibrations. However, it is unclear the effect of the 

vessel operation, such as voluntary and involuntary speed reduction or course 

change. Hence, some uncertainties exist regarding the real fatigue damage under 

typical stress histories containing wave loads and wave-induced vibrations. On the 

other hand, practical procedures are needed for the design of ship structures, and 
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fatigue testing provides a valuable understanding of how the material behaves under 

wave loads and wave-induced vibrations.  

Many researchers reported the increase in the fatigue damage evaluated by 

RainFlow Cycle Counting (RFCC) taking account of whipping, but the validity of 

RFCC for those stress waveforms has not been fully verified yet. The characteristics 

of whipping vibration can be simulated by Non-Linear Hydro-Elasticity Analyses 

(NLHEA). The validity of RFCC should be examined by carrying out fatigue tests 

with stress histories which emulate the characteristics of the simulated whipping 

vibration. However, most of the investigations have focused on simplified testing 

conditions due to the limitation in the conventional hydraulic-type fatigue testing 

machines leading to unrealistic stress histories to emulate the occurrence of 

whipping. For these tests, it is needed to develop a fatigue testing apparatus which 

can apply whipping superimposed stress waveform in high speed and low cost. 

The objective of this thesis is to presents a fatigue assessment method for ship 

structures considering the stochastic characteristics of the whipping vibration. This 

research focus on the clarification of the characteristics of whipping waveform; the 

development of a fatigue testing system for whipping superimposed loadings; and 

the verification of RFCC for those cases. 

 

1.3 Framework of the Thesis 

The background and motivation were covered in this chapter. The present thesis 

is structured as follows: 

Chapter 1 briefly gives a background on the fatigue assessment of ship 

structures, uncertainties in fatigue life prediction, the actual procedures for fatigue 

testing of ship’s welded joints and their challenges. A review of literature on the 
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whipping vibration and the wave environmental description is also conducted. The 

challenges, objective and structure of this thesis are also addressed. 

Chapter 2 describes preliminary methodologies and theories of RFCC, NLHEA, 

weather routing, and storm wave load modeling. These are the basic background of 

the works in this doctoral thesis.  

Chapter 3 presents a description of the main assumptions and calculation 

conditions for a series of NLHEA.  

Chapter 4 shows a detail description of the proposed methodology for slamming 

and whipping prediction. As results, the characteristics of whipping waveform 

experienced by the target ship, which follows weather routing, can be simplified as 

a) the slamming impact occurs once in every 4 to 5 primary wave (PW) cycles; b) 

the maximum stress range due to slamming impact can be comparable to the PW 

stress range; c) the whipping superimposed waveform show approximately similar 

waveform regardless of significant wave height. Based on these results, the 

‘reference whipping superimposed waveform’ has been proposed. 

Chapter 5 provides detail information about fatigue testing experiments. An 

electric exciter (EE)-driven plate bending vibration (PBV) fatigue testing machine, 

which can apply various whipping loads is newly developed. The developed 

machine can apply the ‘reference waveform’ to out-of-gusset welded joint 

specimens with good linearity between load and strain at high speed. It is found that 

the fatigue life of welded joints subject to constantly and intermittently whipping 

superimposed loadings can be predicted with fair accuracy by RFCC. It is also 

shown that RFCC leads to conservative estimates, and it is likely that the fatigue 

damage up to the failure of intermittently superimposed cases is larger than that of 

constantly superimposed cases under conditions chosen. 
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Chapter 6 summarizes the contributions and major findings of the study. 

Suggestions for future work are also given. 

Finally, the publications submitted during the doctoral course are listed. 
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Chapter 2 Basic Theoretical Background and Models 

This chapter briefly describes some preliminary methodologies and theories, as 

the basis of the work in this thesis. First, the generals of the rainflow cycle counting 

method (RFCC) for fatigue analysis on ship structures is given. Then, the fatigue 

damage accumulation approach is explained. Section 2.3 describes the numerical 

computation of the hydrodynamic loads on ships. After that, the heavy weather 

avoidance concept is introduced. The last subsection briefly introduces the 

established statistical storm wave model partially considered in this thesis. 

 

2.1 RainFlow Cycle Counting Method - RFCC 

The mechanical stress cycles cause fatigue in materials. These stresses may 

result from vibration, shock, or thermal gradients within the material. Usually, 

fatigue life models (Basquin’s law, Engelmaier’s model, Coffin-Manson) require the 

information about the load cycles, for example, amplitude and the cyclic mean of 

the load cycle. This will lead to the assumption that the load conditions are constant. 

However, structures experience complex load patterns that can be parameterized in 

a single cyclic mean and amplitude. The transformation of complex load histories to 

a set of simple stress reversals can be achieved through “cycle counting”. 

The rainflow cycle counting method, also known as the pagoda-roof method, 

originally proposed by Matsuishi et al. (1968) is widely recognized and standardized 

with various other counting algorithms as found in the literature (ASTM 1985). 

Matsuishi et al. (1968) developed this counting method by relating the stress reversal 

cycles to streams of rainwater flowing down a Pagoda. Assume that a stress time 

history is composed of a sequence of peaks and troughs. Then,  
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 The time history is turned clockwise 90°, and the time axis in vertically 

downwards with the lines connecting the peaks are imagined to be a series of 

pagoda roofs (see Fig. 2.1). Rain is injected at each point of stress reversal in order 

and flows by gravity subject to the following rules:  

 For rain moving toward the left and down, the flow disappears if it 

comes opposite to a reversal point farther to the right than, or equal to, the one 

from which it started.  

 For rain moving toward the right and down, the flow disappears if it 

comes opposite to a reversal point farther to the left than, or equal to, the one from 

which it started.  

 The flow disappears to avoid meeting rain from a roof above. The 

rainflow finish when reaches the end of the time history.  

Figure 2.1 shows an example of the rainflow cycle counting method. The 

rainflow starts from A (trough), B (peak), C (trough), and so on, respectively. The 

first rainflow, starting from A, drops down at B and stops, because the following 

trough C is more negative than A. Thus, the segment A-B is identified as a half cycle. 

The next rainflow starting at B stops at C since the next cycle D is more positive 

than B. Then, B-C is counted as another half-cycle. For the example in Fig. 2.1 a 

total of 6 half-cycles are shown. The six half-cycles are A-B, B-C, C-D, D-G, G-H, 

and H-I. Additionally, the only full cycle is path E-F.  
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Fig. 2.1 Rainflow cycle counting method. 

 

2.2 Fatigue Damage Accumulation Approach 

In this study, a linear cumulative damage hypothesis is assumed. The fatigue 

damage accumulation is given by the Palmgren-Miner law, which defines the 

damage produced on a generic material as the fraction of spent life (in terms of 

energy) for the particular load level as presented in section 1.1.3. The relationship 

between Δσ and N is approximated by the Basquin’s law given in the following form 

as,  

∆𝜎 = ቊ
𝐶𝑁ି௠;  ∆𝜎 ≤ 𝐶 ∙ (10଻)௠

𝐶ᇱ𝑁ି௠ᇲ
;  ∆𝜎 > 𝐶ᇱ ∙ (10଻)௠ᇲ                                         (2.1) 

with parameters given in Table 1. N: predicted number of cycles to failure for 

stress range Δσ, Δσ: stress range, m: the negative inverse slope of the S-N curve. 
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Table 2.1 Properties of S-N employed in this research. 

S-N Curve 
N ≤ 107 N > 107 

C (MPa) m C’  (MPa) m’ 

 1.1494e+04 -3.3333e-01 1.3405e+03 -0.2000e-01 

 

2.3 Analysis of Hydrodynamic Loads 

The prediction of wave-induced motions and loads is of vital importance for the 

design of marine structures. Recently, focusing on the seakeeping problem, ship 

motions and loads analysis, theoretically, can be evaluated using a wide variety of 

techniques ranging from two-dimensional (2D) strip theory, three-dimensional (3D) 

panel theory to extremely complex fully nonlinear unsteady Reynolds Averaged 

Navier Stokes (RANS) computations (Hirdaris et al. 2014). Although that the 

computational fluid dynamics (CFD) tool, which is on the bases of solving RANS 

equations has been incorporated into the methodology of hydroelasticity, the 

immensity of time cost still makes it stay at an early stage and far from most practical 

engineering applications (Jiao et al. 2019). Therefore, the potential flow theory 

constitutes an invaluable tool in the prediction of ships hydroelastic responses.  

In this research, the structural responses are evaluated by a direct motion-load 

simulation system shell stress oriented dynamic analysis code (SSODAC) originally 

proposed by Iijima et al. (2008). The methodology has been validated by conducting 

a tank test with a hydroelastically scaled model (Iijima et al. 2009). Further, the 

validity has been confirmed comparing with other numerical simulation codes 

(Fukasawa et al. 2011; Takami et al. 2017). Moreover, this numerical code can take 

into account the wave-induced vibrations and it has been used to examine the effect 

of the wave-induced vibrations on the fatigue damage for various applications 

including ships and offshore structures (Iijima 2011; Iijima et al. 2011).  
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Generally, rigid body motions of ships can be represented by Euler’s equation. 

Rigid body motions of ships including translational and rotational motions can be 

expressed by references to its center of gravity as presented in Eq. 2.2. 

𝑴ä =  𝑭(𝒂,ȧ,ä, 𝑡)                                                       (2.2) 

where M is a mass matrix, a is a displacement vector, and F is a force vector. 

This equation may be extended to describe the motion of flexible modes by applying 

the modal method. Then, the vector represents a generalized coordinate vector 

consisting of the coordinates of rigid body motions and flexible modes. Nonlinear 

load properties can be accounted for by integrating the pressure up to the 

instantaneous surface of waves. A frequency-domain three-dimensional (3D) panel 

method based on linear potential theory is employed to evaluate the pressure field 

(Iijima et al. 2008). For adopting the potential theory, such assumptions as inviscid, 

incompressible, and irrotational fluid have been made. The fluctuating potential 

around the ship must satisfy the Laplace equation and boundary conditions. The 

boundary conditions are a kinematic and kinetic condition at the free surface, 

radiation condition at infinity, sea bottom condition, and hull surface condition. 

Then, a simplification is made on the condition with a forward speed by introducing 

the so-called encounter frequency correction (Papanikolaou et al. 1992). Then, the 

boundary condition on the free surface becomes identical to the free surface 

condition with zero forward speed and encounter frequency ωe. In this manner, 

Green function with zero speed is extended to forward speed case. Once the potential 

around the ship is obtained, the hydrodynamic pressure is given in by using 

Bernoulli’s theory. The impact loads are also evaluated and accounted for in the 

present calculations. They are evaluated on 2D strips and integrated by using a 

classical von Karman’s momentum theory (The von Karman 1929).  
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The motions and structural deformation are evaluated by using the modal 

superposition. In this research, the vertical bending moment is evaluated by using 

the modal superposition, and the stress is obtained by dividing by the sectional 

modulus. It is expected that the stress value converges even when we consider the 

first few modes of deformation if we refer to the stress at deck side where the effect 

of local pressure distribution is negligible.  

 

2.4 Heavy Weather Avoidance  

Maritime trades are highly dependent on the environmental conditions 

experienced by the vessel in her sailing. The great-circle route (GCR) is known as 

the minimum distance route between two points measured on the surface of a sphere. 

When planning, usually it is assumed that the ship navigates without course change, 

but the ship speed is reduced according to the ship speed performance curve. 

However, several factors affect this assumption and the operational performance of 

the ship during sailing, e.g. meteorological conditions (waves, wind, current), vessel 

traffic, ship performance, ship response, the experience of the shipmaster, among 

others. Therefore, weather routing plays an important role in various transportation 

systems (Soares et al. 2015). Ship weather routing may be defined as the 

development of an optimum sea-route planning of ocean voyages based on forecast 

of weather, ship’s individual characteristics and sea conditions for a demanding 

sailing route (Mao et al. 2009; Sen et al. 2015; Simonsen et al. 2015; Vettor et al. 

2016). The principal benefits of the ship weather routing systems are primarily in 

time and cost reductions while increasing safety and crew comfort. Other factors are 

considered such as the minimum greenhouse gas emissions, risk, etc. The savings in 

operating costs are derived from reductions in-transit time, fuel consumption, cargo 
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and hull damage, heavy weather encounters, and more efficient scheduling of 

maintenance activities.  

Ship and cargo characteristics have a significant influence on the application of 

ship weather routing. Ship size, speed capability, and type of cargo are an important 

consideration in the route selection process prior to sailing and the surveillance 

procedure while underway. Furthermore, environmental factors of importance to 

ship weather routing are elements of the atmosphere and ocean that may produce a 

change in the status of a ship transit. In ship routing, consideration is given to wind, 

seas, ice, ocean current and fog. Although all of the environmental factors are 

important for route selection and surveillance, in optimum routing is normally 

considered if the effects of wind and seas can be optimized. In weather routing, three 

methods are mainly considered in the development of numerical tools: the 

isochrones method (James 1957; Hagiwara 1989; Tamaru et al. 1999; Szlapczynska 

et al. 2007), dynamic programming (Lundgren et al. 2010; Shao et al. 2012) and 

calculus of variations (Haltiner et al. 1962; Perakis et al. 1989). An isochrone is 

defined as a line on a map or diagram connecting places from which it takes the same 

time to travel. 

In this research, a weather routing algorithm based on analyzing the isochrones, 

called minimum time route (MTR), is considered based on Tamaru (2016). The 

isochrone methods can be summarized as follows:  

 Isochrones are constructed with a given time limit from the departure 

point. The isochrones have different physical length, in nautical miles, due to the 

variance in resistance for the different ship headings.  

 The engine power is assumed constant and the velocity will vary with 

resistance.  
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 New isochrones are again constructed at the endpoints for the previous 

isochrones.  

 The isochrones are constructed in the same manner until the destination 

is reached.  

 When the first isochrone meets the destination point, the optimal route 

has been found. 

The MTR method is optimized by a spatiotemporal distribution of sea states to 

decide the minimum time between two destinations. An example of the isochrones 

construction is presented in Fig. 2.2. The relationship between ship speed loss, 

significant wave height, and the relative heading angle are considered in the model, 

and the spatiotemporal sea state data was generated from Japan Weather Association 

(JWA) hindcast data.  

 

Fig. 2.2 Construction of isochrones according to Tamaru (2016). 

 

2.5 Statistical Storm Wave Load Model  

The wave environment description aims to determine the environmental 

conditions in which a ship or offshore structure may experience during its service 
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life based on past observations. Short-sea sequence and its modeling have been the 

focus of extensive researches due to the importance of the fatigue assessment and 

extreme analysis of ship structures. Ocean waves are described as a sequence of sea 

states (stationary periods). Then, for each sea state, the wave elevation is described 

as a random process. Generally, the short-sea state is characterized by the significant 

wave height Hs and the mean zero-up cross period Ts and is assumed their duration 

from 30 minutes to various hours. Classification societies provide the environmental 

information in the form of wave scatter (Hs,Ts) diagram and fitter distribution of 

seas states (for example DNV-GL 2014). The wave scatters reflect the long-term 

distribution of waves encountered by all ships sailing at these specific areas. 

However, it has been reported that due to the increasing use of systems to help the 

ship navigation, e.g. weather routing systems, the vessel can avoid harsh wave 

conditions without difficulties by optimizing the sailing path. Therefore, the effect 

of weather routing can be significant and the assumed wave conditions can differ 

from the wave environment encountered by the ships (Olsen et al. 2005; Mao 2010a; 

Mao et al. 2013). 

Furthermore, to provide more realistic wave information for ship design and 

operation various statistical wave models have been developed to model wave 

environments along arbitrary shipping routes (for example Tomita et al. 1995; 

Baxevani et al. 2009; Minoura et al. 2004, 2006) based on a large database of wave 

environment records from various wave data sources, i.e., buoy data, onboard 

observations, satellite measurements, and hindcast data, etc. These wave models can 

be used to generate wave conditions encountered along a ship’s actual sailing routes. 

Then, that generated wave information can be useful for ship fatigue design and 

extreme loading predictions.  
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For the safe and reliable assessment of the fatigue life of ship, the first-generation 

storm model (1G-storm model) was proposed by Tomita et al. (1995) to emulate real 

random significant wave height time histories and examine fatigue crack growth 

behavior under random loading, based on collected wave data of ships that sailed on 

the Pacific Ocean. The model presumes that the wave oceanography phenomena is 

possible to divide mainly into two conditions: calm sea and storm conditions as in 

Fig. 2.3. Furthermore, sailing in calm sea condition the encountered sea state history 

can be modeled as a time-independent random process, and in the storm condition 

the significant wave height increase over time and reaches a maximum value at one 

point only before decreasing gradually. Thus, encountered significant wave height 

in a storm condition is a time-dependent process. These two conditions appear 

alternately in random order as in Fig. 2.3. Kawabe (2002) proposed a modified 

version of the 1G-storm model. This model considered the correlation between Hs 

and Ts by using the joint probability of Hs and Ts, also known as wave scatter 

diagram. Both of Tomita and Kawabe model is derived from a single wave scatter 

diagram by using a trial and error manner. Further, the 3G-storm model that applies 

automatic storm configuration, consider the fluctuation of storm duration on the 

short-sea history and generate equivalent sea state history from the data with various 

observation period was proposed by Prasetyo et al. (2012).  

 
Fig. 2.3 Idealized encountering wave condition (Tomita et al. 1995). 

Let Hsavg be the Hs for the whole ship life average, Hsext is the maximum Hs that 

occurs once in the whole ship’s lifetime, and Hsmax
(i) is the maximum Hs in i-th storm 

class S(i). Thus, the storm is classified based on Hsmax
(i) and its range between Hsext 



Chapter 2 Basic Theoretical Background and Models 

29 

to Hsavg. First, the generation of Hs time history needs a “storm profile” 

configuration. Details can be found in Prasetyo (2013). The storm profile is the sea 

state information consisting of the significant wave height sequence and the 

occurrence probability of storms with various maximum wave heights. The storm 

profile is configured based on assumptions such as the ship’s target design life is 25 

years, the duration of the storm is varied with 3.998 days’ average and 1.822 days’ 

deviation, and is composed by: 

 the probability density of the storm, Pstorm, and calm sea, Pcalm;  

 the probability density of the Hs in a calm sea, Pcalm(Hs); 

 the probability density of the i-th storm class S(i), Pstorm
(i);          

 the Hs profile for each storm class n(Hs)i. 

The long-term distribution of Hs is assumed to follow the Weibull distribution 

and joint probability distribution of Hs and Ts is refitted by obeying the conditional 

of the lognormal distribution of Ts given Hs (Wan et al. 1995). Thus, the parameters 

of the Weibull distribution (shape parameter Xwb; scale parameter mwb) are identified 

from wave measurement along the ship routes. The Hs profile in a storm n(Hs)i is 

determined based on the assumption that this profile is distributed by the following 

the tail of the Weibull distribution and n(Hs, Hs_max (i)) is unity: 

𝑛൫𝐻௦,௝൯
௜

= 𝑛൫𝐻௦,௝൯
௜,଴

+ 𝑛௔ௗௗ൫𝐻௦,௝൯
௜
                                    (2.3)  
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                     (2.4) 

where, n(Hs,j)i,0 is the initial n(Hs)i, Δss is the difference between total initial 

n(Hs)i with that of the number of short sea in a 3.5 days storm. Based on long term 

Hs distribution n(Hs) and n(Hs)i, the i-th storm class density, N(i), is determined by 
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satisfying the condition that: (a) N(i) ≤ N(i+1),  (b) all Hs distributions with Hs > Hs_avg 

are completely used. Since the severest storm class S(1), N(1) is unity, and existing 

long term Hs distribution after used with S(1) n(Hs)1' are n(Hs) - N(1)×n(Hs; Hs = 

Hs_max
(i) ~ ... )i. The density for the 2nd severe storm class S(2), N(2) is n(Hs; Hs = 

Hs_max
(2))1'. By repeating this procedure, the following storm classes (i=3,4,...) can be 

determined. 

The Hs history in position p and at time t, Hs(p,t), is modeled by using the storm 

profile configuration as described above. The position p and the time t are related to 

the existing wave data point (herein called “point”) and season. For the chosen point 

and season, random Hs is generated as follows: 

 Decide between the calm and storm sea condition by random number 

selection, considering the occurrence probability of storm seas and calm seas, 

Pcalm and Pstorm. 

 For a calm sea condition, a random sequence of Hs is generated by 

obeying Pcalm(Hs).  

 For a storm sea condition, decide the storm class by random number 

selection. The variation of the duration of the storm, dvar, is chosen so it fits the 

single Normal distribution. For the storm class S(i), generate a crescendo-

decrescendo sequence of Hs as presented in Table 2.2. 
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Table 2.2 Significant wave height waveform in the i-th storm class. 

j Hs 
Num. of repeat 

* ** 
jend HS,extijend+1 0.5 Njend,i Int(0.5 Njend,i) 

jend-1 HS,extijend 0.5 Njend-1,i Int(0.5 Njend-1,i) 

    
2 HS,exti1 0.5 N2,i Int(0.5 N2,i) 
1 HS,exti N1,i=1 N1,i=1 
2 HS,exti1 0.5 N2,i N2,iInt(0.5 N2,i) 

    
jend-1 HS,extijend 0.5 Njend-1,i Njend-1,i Int(0.5 Njend-1,i) 

jend HS,extijend+1 0.5 Njend,i Njend,iInt(0.5 Njend,i) 
  *. For Nj,i is the even-number case. **. For Nj,i is the odd-number case. 
 

 Once Hs is determined, the mean period Ts is determined by random 

number selection using the conditional probability of Ts given Hs proposed in 

Wan et al. (1995), as presented in Eq. (2.5): 

𝑝(𝑇ௌ|𝐻ௌ) = exp ቆ−
(𝑙𝑛(𝑇ௌ) − 𝜇)ଶ

2𝜎ଶ
ቇ 𝛼(𝑇ௌ, 𝐻ௌ)                          (2.5) 

𝛼(𝑇ௌ , 𝐻ௌ) =
1

√2𝜋𝑇ௌ𝜎
,    𝜇 = 𝐸[ln(𝑇ௌ) |𝐻ௌ],    𝜎ଶ = 𝑣𝑎𝑟(ln(𝑇ௌ) |𝐻ௌ) 

where p(Ts|Hs) is the conditional probability density for Ts given Hs. The joint 

probability distribution p(Hs,Ts) is calculated by Eq. (2.6): 

𝑝(𝐻𝑠, 𝑇𝑠) =  𝑝(𝐻𝑠)𝑝(𝑇𝑠|𝐻𝑠)                                       (2.6) 

A sequence of the storm and calm sea conditions are generated by sampling with 

replacement. Figure 2.4 shows an example of a time history of significant wave 

height with variable storm duration generated by storm model simulation. 
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Fig. 2.4 Significant wave height time history with variable storm duration 
generated by storm model simulation. 
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Chapter 3 Analysis Conditions 

Nowadays the ship routes are motivated by the time of delivery, trade request 

and fuel consumption. Occasionally, the routes can be modified using weather 

routing systems due to heavy weather conditions. Generally, in the design stage, the 

environmental conditions for ships and marine structures are supposed to be 

continuously operating in the North Atlantic Ocean. However, this conservative 

assumption can be mitigated by the fact that the crew may modify the route 

according to the meteorological forecast condition.  

A description of the assumptions and calculation conditions for a series of 

nonlinear hydro-elastic simulations are presented in this chapter. Then, the short sea 

conditions for the non-linear hydro-elastic analysis (NLHEA) are chosen. Finally, 

the numerical model and the main particulars of the subject ship for the nonlinear 

hydro-elastic simulations are introduced. Assumptions concerning the numerical 

simulations are also presented.  

 

 3.1 Oceanographic Data Source 

Fatigue is dominated by loads of relatively low amplitude but high frequency of 

occurrence. Moreover, ship performance (e.g. maneuvering and seakeeping) 

degrades under various environmental factor, mainly driven by waves (wind, tide, 

and current conditions) due to hull resistance and undesirable vessel motions. 

Therefore, it of vital importance a reliable description of the oceanographic 

conditions that the marine structure will be exposed. The classification society rules 

provide representative environmental conditions for ship design as standard loads 

(e.g. DNV-GL 2014). Hence, the relationship between the design loads and sea states 

actually experienced by ships appear to be poor.  



Chapter 3 Analysis Conditions 

34 

Alternatively, other sources of oceanographic data are available, i.e. buoy, visual 

observations, instrumental observation, hindcast data, among others. The most well-

known onboard observation data in the marine industry is the Global Wave Statistics 

– GWS (Hogben et al. 1990). Oceanographic data from the buoy, wave radar and 

satellite are considered as instrumental measurements and are operated by various 

organizations, i.e. National Oceanic and Atmospheric Administration – NOOA, 

universities, oil companies, research institutes, space agencies, etc. Weather satellite 

is widely used to monitor weather and climate of the earth. Some of them are capable 

to generate radar images ranging from small sea areas to several kilometers.  

Recently, hindcast data are available to access to the long-term history of 

accurate measurements of extreme storm generated winds, waves, currents and 

storm surge to estimate the probability distribution for design loads on ships or 

marine structures (Cardone et al. 1976; Ward et al. 1978; ISSC 2012, 2015). The 

hindcast refers to atmospheric and ocean response models for a historical period 

(typically several decades-long) in order to develop the specification of climate and 

extremes for an application. Wave hindcasting is considered adequate for generating 

a reasonable representation of the waves climate since surface waves are generated 

by the wind. 

The comparison of the different wave data sources is presented in Fig. 3.1. The 

probability density function (PDF) of the significant wave height, Hs, for the North 

Atlantic is shown. The latitude and longitude ranges for the hindcast data are as 

follows: 30ºN ~ 60ºN and 80ºW ~ 10ºE. Hs data are provided from the Japanese 

Weather Association (JWA) hindcast, Europe Centre for Medium-Range Weather 

Forecasts (ECMWF) hindcast, the recommendation No. 34 of the International 

Association of Classification Societies (IACS) for the North Atlantic, and the 

recommendation of DNV-GL (2014) for the North Atlantic.  
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Fig. 3.1 Probability density function of Hs from different sources. 

In Fig. 3.1 it is shown that the Hs probability density function of all sources 

almost agree with each other for waves larger than 4m. The PDF recommended for 

the North Atlantic given by the DNV-GL is smaller than that of the JWA and 

ECMWF hindcast in the low-mid region (0.5 m < Hs < 4 m), while JWA shows 

larger PDF than that of ECMWF. The above comparison shows that the differences 

between the JWA and ECMWF hindcast are not significant. Therefore, JWA 

hindcast data3 is selected as a source wave data, which correspond to the longest 

environmental data examined in this research.  

 

3.2 Wave Environments  

The loads in the ship design process have to be representative of the environmental 

and operational conditions encountered through the entire life of the ship, ensuring 

the integrity of the hull structure.  

                                           
3 JWA hindcast data is used by permission from the Research Initiative on Ocean-Going Ship (RIOS) Osaka         

University. 
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This section is, therefore, structured to present the procedure to select the short sea 

conditions for the NLHEA based on a statistical storm wave model simulation. First, 

the working sea area considered is presented. After that, a detail explanation of the 

differences in the short sea characteristics due to ship operation based on weather 

routing is given, including the effect of weather routing on fatigue damage. The short 

sea sequences generated by storm model simulation. Finally, the short sea conditions 

for the numerical NLHEA are given.  

3.2.1 Sailing area  

The wave scatters diagrams are recognized as the summarized description of the 

average wave environment in a specific region. Typically, are presented as the joint 

probability distribution of Hs and Ts during the time period they are encompassing. 

The wave scatter diagrams are assembled for marine routes in the North Atlantic 

Ocean between Bishop Rock (Lat. 50° N, Long. 5° W) and Boston (Lat. 35° 30’ N, 

Long. 72° 40’ W) adopting the short sea sequences from Tamaru’s weather routing 

algorithm (Tamaru 2016). Japan Weather Association (JWA)’s hind-cast data on the 

North Atlantic Ocean is chosen as the source data (see sec. 3.1). The North Atlantic 

area is Lat. 30° N ~ 60° N, Long. 80° W ~ 10° E. Hindcast data were calculated from 

January 2000 to December 2009 with the time interval of 2 hours. The gridpoint 

interval is 2.5 degrees in latitude and longitude directions. Figure 3.2 shows the JWA 

hindcast area in the North Atlantic Ocean. 
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Fig. 3.2 JWA hindcast area in the North Atlantic Ocean. 

3.2.2 Marine routes 

In order to examine the effect of weather routing on fatigue damage, it is 

assumed that 10 years of voyage routes are simulated based on the JWA hindcast 

data. The sea state (significant wave height Hs, mean period Ts and wave direction 

) sequence experienced by the ship is determined by those at the nearest JWA 

hindcast data grid point. Figure 3.3 presents examples of the westbound/eastbound 

minimum time routes – MTRs (black lines) between Europe and the West coast of 

the United States (US). In addition, the great circle routes – GCRs are presented for 

the same routes (red lines). The criteria for route selection reflect a balance between 

the captain’s desired levels of safety, speed, comfort, and considerations of 

operations such as fleet maneuvers, towing, fishing, etc. While sailing the captain 

evaluate course changes or speed reductions according to his judgment. In Fig. 3.3 

it is observed that the eastbound voyages nearly follow the great-circle route 

compare to that seen in the westbound voyages. In the westbound routes, it is 

inferred that the larger changes in the ship course around the great-circle route are 

to avoid heavy weather conditions that could exceed the safety levels. The changes 

in the forward speed associated with various heading angles sailing in the MTR 

routes are presented in Fig. 3.4.  



Chapter 3 Analysis Conditions 

38 

 

 
a) Eastbound voyages 

 
b) Westbound voyages 

Fig. 3.3 An example of minimum time routes between the US west coast and 
Europe. Adapted from Tamaru 2016. 

According to Tamaru (2016), Fig. 3.4 represents the average ship performance 

curve examined from various operational ship data obtained from ship records, 

interviews with shipmasters, log-books for similar container ship size (6000 TEU). 

All vessels considered in the examination used weather routing systems to avoid 

severe sea conditions. The main criteria for speed reduction and/or change of ship 
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headings according to the shipmaster’s judgment were to avoid loss of cargo and 

crew seasickness. It is observed from Fig. 3.4 that the ship speed progressively 

decreases while Hs is increasing (involuntary speed reduction, mainly due to added 

resistance). Then, according to the shipmaster’s judgment, based mainly on the 

frequency of slamming, bow acceleration, propeller racing and/or water on deck, for 

waves larger than 6 m the operational limit is relevant and the ship speed start to 

continuously decrease. It is noted that the average performance curve considering 

operational judgment (Fig. 3.4) is in relatively good agreement with findings 

reported by Prpić-Oršić et al. (2014), where stated that all shipmasters that 

participated in the study, according to their judgment, indicated that heavy weather 

conditions start when significant wave height reaches 6-8 meters. For smaller waves, 

the involuntary speed reduction due to added resistance in waves and wind 

determines the reduction in ship speed at full engine power. It is considered that the 

ship cannot have an effective forward speed sailing with waves over 12 m. Ships 

found in such extreme conditions are exposed to the high risk of structural damages 

or losing cargo. Therefore, the captains, as a rule, try to avoid any heavy weather by 

changing the ship course or waiting for the storm to pass (Prpić-Oršić et al. 2014). 

A sample of the changes in the significant wave height of the sea state 

encountered each hour on each route are shown in Fig. 3.5 and Fig. 3.6. It is observed 

in Fig. 3.5 that the wave height exceeds 6 m several times in the GCR (Bishop Rock 

– Florida) voyages compared to that in the MTR for the same period. This is 

considered because as observed in Fig. 3.3b (westbound voyages) the captain tends 

to divert from a specified course more often compared to that eastbound voyages.  

In addition, in the US west coast – Bishop Rock voyage shown in Fig. 3.6, the wave 

height remains below 6m most of the time.  

 



Chapter 3 Analysis Conditions 

40 

 
Fig. 3.4 The ship performance curve of the target ship (Tamaru 2016). 

Furthermore, the changes in ship speed on each route are presented in Fig. 3.7 

and Fig. 3.8. It is assumed that for the GCR, the ship strictly sails following the 

great-circle route considering the ship performance curve presented in Fig. 3.4. It is 

understood from Fig. 3.7 and 3.8 that the ship speed decreases greatly at the timing 

when the wave height rises on the GCR, while the ship speed slightly decreases in 

the MTR. This is because the ship speed is greatly reduced when encountering a high 

wave height, but by maneuvering so that the ship speed is partially reduced by 

changing the relative angle between the ship and the wave from the head waves to 

the oblique waves. In the MTR, navigation time is shortened because navigation is 

performed to avoid high wave height and not reducing the ship speed. 
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Fig. 3.5 Change in wave height every one hour in a Bishop Rock to Florida 

voyage (From January 18th, 2003). 

 
Fig. 3.6 Change in wave height every one hour in a Florida to Bishop Rock 

voyage (From December 20th, 2009). 
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Fig. 3.7 Change in ship speed every one hour in a Bishop Rock to Florida 

voyage (From January 18th, 2003). 

 
Fig. 3.8 Change in ship speed every one hour in a Florida to Bishop Rock 

voyage (From December 20th, 2009). 
Scatter diagrams are summarizing the wave climate and are typically 

representing the joint probability of (Hs, Ts) combinations during the time period 

they are encompassing. In this thesis, the wave scatter diagrams have been computed 

summing up all the sea states encountered in each route. The wave scatter diagrams 

obtained for the GCR and MTR routes are presented in Fig. 3.9 and Fig. 3.10, 

respectively. It is observed that on the GCR, it is likely that the ship encounters 
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severe sea state with large waves, for example, 16.5 m waves. However, such severe 

seas are found a few times during the total ship life. On the other hand, in the MTR 

due to the avoidance of heavy weather conditions, it is observed in the wave scatter 

that the severest seas found are with 11.5 m waves. This shows that from the 

operational perspective on the MTR, the head seas are avoided to minimize the 

reduction of the ship speed. This also could be confirmed from operational data on 

the MTR routes.  

 
Fig. 3.9 Wave scatter diagram obtained for GCR. 

 

 
Fig. 3.10 Wave scatter diagram obtained for MTR. 

3.2.3 Weather routing effect  

For the realistic modeling of encountered wave conditions, herein is presented a 

more advanced statistical storm wave model called “4G-storm model”, that 

considers the occurrence probability distribution of the wave direction to evaluate a 

Hs (m)\Ts (s) 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0.5 0 23 12764 74135 81025 32951 6603 1318 334 86 19 15 0 1 3
1.5 0 0 1277 52494 117286 91889 45916 15709 4229 1239 415 117 32 23 3
2.5 0 0 0 628 35354 73170 51467 30363 11566 3400 865 225 61 22 1
3.5 0 0 0 0 289 21996 46764 28052 15065 5441 1374 278 75 14 5
4.5 0 0 0 0 0 250 14467 26710 13235 5241 1931 516 99 19 12
5.5 0 0 0 0 0 0 268 10181 13394 5419 1797 840 170 39 7
6.5 0 0 0 0 0 0 1 417 6968 6331 1756 661 192 80 12
7.5 0 0 0 0 0 0 0 2 683 3987 2108 574 245 59 35
8.5 0 0 0 0 0 0 0 0 16 779 1995 690 194 44 7
9.5 0 0 0 0 0 0 0 0 0 62 729 854 270 46 8

10.5 0 0 0 0 0 0 0 0 0 0 72 543 346 82 1
11.5 0 0 0 0 0 0 0 0 0 0 2 132 283 121 17
12.5 0 0 0 0 0 0 0 0 0 0 0 7 101 112 27
13.5 0 0 0 0 0 0 0 0 0 0 0 1 28 89 17
14.5 0 0 0 0 0 0 0 0 0 0 0 0 2 24 15
15.5 0 0 0 0 0 0 0 0 0 0 0 0 0 1 24
16.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3

Hs (m)\Ts (s) 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0.5 24 310 13093 73170 80513 32423 6304 1233 285 77 18 16 0 1 3
1.5 0 133 1906 52475 116196 91302 45995 15859 4264 1209 408 119 42 21 2
2.5 0 2 84 1026 35628 71764 50810 30401 11750 3461 841 231 63 18 1
3.5 0 0 1 57 459 21121 45041 27664 15101 5591 1412 298 61 17 5
4.5 0 0 0 3 25 292 14047 26134 13145 5638 2208 612 123 28 10
5.5 0 0 0 0 0 8 318 9754 12814 5278 1947 880 285 42 11
6.5 0 0 0 0 0 0 3 383 5107 4341 1386 614 304 83 16
7.5 0 0 0 0 0 0 0 3 547 2409 1283 413 251 61 30
8.5 0 0 0 0 0 0 0 0 5 447 1044 394 204 53 10
9.5 0 0 0 0 0 0 0 0 0 26 448 468 222 51 3

10.5 0 0 0 0 0 0 0 0 0 0 59 287 223 43 8
11.5 0 0 0 0 0 0 0 0 0 0 2 31 132 59 9
12.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
13.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
14.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
15.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
16.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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ship’s stress response. It means that the change of relative heading angle during the 

sailing period can be simulated. This 4G-storm model is based on the statistical 

model proposed by Prasetyo (2013). First, the wave scatters diagram for the GCR 

and MTR voyage routes are assembled. Then, following the 3G-storm model 

simulation procedure presented in section 2.5, the sea state sequences are generated. 

Figure 3.11 shows the significant wave height time history with variable storm 

duration generated by storm model simulation in the GCR and MTR routes. It is 

observed that the storm model can well describe the variations of the significant 

wave height in arbitrary routes. In addition, it is noted that the severe waves are 

found in the GCR compare to that in the MTR for the same period.  

 
Fig. 3.11 Significant wave height time history with variable storm duration 

generated by storm model simulation in the GCR and MTR routes. 
Moreover, for the structural stress computation, the heading angle of the ship 

could be determined considering the occurrence probability distribution of the wave 

direction. Assume that θ, α, and χ is the wave direction, the ship’s heading angle, 

and relative heading angle. The classical ship’s fatigue design procedures assume 

that the relative headings angle has an equal probability of occurrence when 

evaluating the stress response. This approximation is called ‘all-headings model’. 

Concerns arise that this assumption might deteriorate the fatigue strength calculation 
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of ship structural members for being inadequate to reflect the changes in the 

operational conditions, e.g. relative heading changes during heavy weather 

avoidance. In the 4G-storm model, the stress response is calculated considering the 

relative headings angle occurrence probability. Herein this model is called ‘real-

headings model’. θ is determined by random number selection considering θ’s 

occurrence probability fθ, and χ is calculated by Eq. (3.1) each time.  

χ = 𝛼 − 𝜃       (3.1) 

 
Fig. 3.12 Relative heading. 

 
Ships are under constant impact of waves that influence with a particular relative 

angle each time. In order to consider the stochastic variations of the relative angle in 

the stress response evaluation, the real-heading model is considered in this 

calculations (Eq. 3.1). 𝑓ఞ is the χ occurrence probability determined by analyzing the 

generated χ sequence. Let 𝑓ఞ,஺ு be the 𝑓ఞ derived from all-headings model, and 𝑓ఞ,ோு 

be that derived from the hindcast’s wave direction. Figure 3.13 and Fig. 3.14 show 

the comparison of 𝑓ఞ,஺ு and 𝑓ఞ,ோு in the GCR and MTR voyages, respectively. It is 

shown that 𝑓ఞ,஺ு is nearly uniform, while 𝑓ఞ,ோு shows substantial variations. Both 

routes shows sharp peaks around χ=330 deg This is due to the large variance in the 

ship’s heading angle in these routes and the strong directivity of the wave direction 

on these routes.  
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Fig. 3.13 Probability density function of the variation of the relative angle in the 

GCR voyages.  

 
Fig. 3.14 Probability density function of the variation of the relative angle in the 

MTR voyages. 
Once the waves environments are generated, a ship’s structural stresses in a 

specific sea state can be estimated by combining the wave spectrum and transfer 

function of stresses (RAOs) at various regular wave conditions (Fricke et al. 2002). 

ΔσHS denotes the hotspot stress range. Once sequences of (Hs,Ts,θ) is given, ΔσHS 

sequence can be generated by following linear spectrum analysis. The RAO for this 

study is given in appendix 1 (see Fig. A1.1). Let PEX,Δσ be the stress range’s 
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exceedance probability. Let PEX,Δσ|GCR and PEX,Δσ|MTR be PEX,Δσ of storm model stress 

sequences for GCR and MTR routes. A comparison of PEX,Δσ|GCR and PEX,Δσ|MTR is 

presented in Fig. 3.15. It is shown that the difference in the encountered wave 

condition shows that the difference in the stress exceedance probability becomes 

visible around ΔσHS > 150MPa, and the difference becomes slightly larger with the 

increase in ΔσHS. Even though considerable differences in the wave statistics were 

found between the GCR and MTR routes, a partial explanation for the small 

differences in the exceedance probability is given by the relative heading angle 

randomness and the variation in stress response amplitude operator associated with 

the relative angle (shown in Fig. 3.13 and Fig. 3.14). Additionally, the storm model 

does not rely on a precise description of the routes and the way the storm is 

distributed along the ship route. This means that this model is very useful at the 

design stage where the stresses are calculated at the ship design speed.  

 
Fig. 3.15 The comparison of stress range’s exceedance probability, PEX,Δσ, 

generated by storm model simulation for GCR and MTR routes. 
After evaluating the stresses response, the effect of the weather routing on the 

cumulative fatigue damage is evaluated by the Palmgren-Miner rule. It is considered 

that the total damage experienced by the structure may be expressed by the 
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accumulated damage from individual load cycles at different stress levels. Further, 

it is assumed that the cumulative damage is calculated for a butt weld in the upper 

deck for 10 years, D10years. The cumulative fatigue damage of the target welded joint 

for a given sequence is calculated by the Eq. 2.1. The thickness effect is not 

considered and the mean stress is assumed to be zero. 

Table 1 shows the cumulative fatigue damage results over 10 years. It is 

observed, that the cumulative damage in the MTR is about 15% smallest than that 

found in the GCR. This means weather routing systems optimize a route contributing 

to reducing the total accumulated fatigue damage, by considering proper operational 

conditions, such as ship’s speed and course in order to avoid severe weather 

conditions (see Fig. 3.7 and 3.8).  

Table 1 Comparison of the cumulative fatigue damage 
Item Storm Model 

Route GCR MTR 
D10years 0.3694 0.3223 

Lf (years) 27.07 31.03 
As shown above, the optimum sea-route planning of ocean voyages based on the 

forecast of weather has become imperative for ship operations, especially for its 

contribution to the safety in navigation, cost reductions and more efficient 

maintenance coordination’s. Therefore, the short conditions for the NLHEA are 

chosen based on the short seas experienced by the target ship on the MTR voyages 

which considers a more realistic representation of the operational profile of ocean-

going ships, as presented above. 

The NLHEA is evaluated for various conditions, including short seas, heading 

angles, and ship speeds. The sea states are describing by the combinations of Hs and 

Ts. For the purpose of fatigue and the development of a probabilistic model for 

whipping occurrence, 73 sea states in head seas (180 deg) and 30 sea states in oblique 
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seas (120 deg) are examined. It is important to select these states to cover the 

dominating fatigue damage from both the conventional wave frequency and high-

frequency loading. The selected target sea states and vessel speeds are listed in Fig. 

3.16 and 3.17 for head seas and oblique seas, respectively.  

 
Fig 3.16 Examined sea states and ship speeds in head seas. 

 
Fig 3.17 Examined sea states and ship speeds in oblique seas. 
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3.3 Subject Ship and Numerical Model  

A 6000 TEU class container ship is selected as the target ship in this research. 

The total displacement is about 110,000 tons. The main particulars of the ship are L 

x B x D – d (L – length, B – breadth, D – depth, and d – draught) = 280 x 42.5 x 25.5 

– 14 m. The hydrodynamic mesh model has 3004 nodes and 2820 elements on the 

surface of the hull. For the structural modeling, the whole ship is discretized into 24 

beam elements. The sectional properties of the beam are given based on the mass 

and rigidity distribution of a prototype ship. Figure 3.18 shows the panel model for 

the 6000 TEU class container ship adapted in this study from Iijima et al. (2019). 

 
Fig. 3.18 Panel model for 6000TEU class container ship. Adapted from (Iijima 

et al. 2019).  
Table 2 shows a summary of the first three natural frequencies of the ship. The 

first natural frequency of the ship corresponds to the two nodded vertical bending 

mode. The lowest natural frequency (dry mode) is found at 0.747 Hz. It is also to be 

noted that the accuracy of the results may be degraded for the higher modes due to 

the assumption of Bernoulli–Euler beam and the element subdivision number 24 of 

the whole ship. However, in the following simulations, the dominating contributions 

come from the first to the third modes, and the accuracy of the eigenvalue-analysis 
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results up to the third is believed to be sufficient. Even though it is commonly known 

that the lowest natural frequency of container ships is the torsional mode, the 

antisymmetric modes including the torsion are out of the scope of the present 

research. 

Table 2 Summary of natural frequencies 
Mode Frequency (Hz) Note 

1 0.7467 2 node VB 
2 1.6159 3 node VB 
3 2.6574 4 node VB 

 

The numerical method employed in this research explains the hydro-elastic 

vibration characteristics to a certain extent considering the following: 

1. Only the symmetric modes are the subject of this research. In general, 

it is considered that the shell FE model is necessary to represent the symmetric 

and antisymmetric modes. The beam representation adopted in the present 

research may is not sufficient for modeling the antisymmetric modes (Iijima et al. 

2009).  

2. The recommended sea spectra assumed is given by the ISSC 

(International Ship and Offshore Structures Congress) spectral formulation for 

fully developed seas.  

3. The ship forward speed is constant. Is set to the maximum achievable 

speed considering voluntary and/or involuntary ship speed. The ship performance 

curve adopted in this research is presented in Fig. 3.4. 

4. It is assumed that the target ship always navigates in head seas (180 

deg) or oblique seas (120 deg).  

5. The ship’s structural damping is not clear. It is assumed less than 2% 

critical damping for the respective flexible modes. 
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6. The assessment of the stresses is at the deck of the amidships section.  

 

3.4 Summary 

In this chapter, it is presented the conditions for the NLHEA which include 

various short seas, heading angles, and ship speeds. The conditions are chosen based 

on the effect of the weather routing on the fatigue cumulative damage examined by 

4G-storm model simulation.  Finally, a description of the numerical model of the 

target ship and main assumptions for a series of NLHEA are given. The results of 

the NLHEA are converted into deck stress for the amidships section and adopted in 

chapter 4 to demonstrate the principles of the proposed probabilistic model for 

whipping occurrence. 
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Chapter 4 Principles of the Probabilistic Model for Whipping 

Occurrence 

In this chapter, a description of a methodology proposed to examine the 

characteristics of the hull vibration superimposed stress waveform (HVSSW) is 

given. The stochastic characteristics of HVSSW experienced by 6000 TEU class 

container ship deck longitudinal are examined based on the results of a series of 

NLHEA for various conditions (short seas/heading angles/ship speeds). The 

application of the proposed model is verified with an onboard record measured in a 

9000 TEU class container carrier. Finally, the characteristics of whipping HVSSW 

experienced by the target ship are simplified to define a representative HVSSW for 

high-frequency effect fatigue tests. 

 

4.1 Slamming Impact Detection Methodology 

Slamming occurrence and severity for different operating conditions (wave 

height, encounter frequency, speed, and heading) are essential to consider safe 

environmental conditions for ship operators and in providing long-term estimates of 

structural load statistics (Magoga et al. 2014). As presented in chapter 1, recent 

studies have focused on the effect of whipping vibration on extreme load and fatigue 

damage accumulation. However, these studies did not necessarily clarify the relation 

between the occurrence probability of a slamming induced vibration and sea state, 

vessel operation (voluntary or involuntary speed reduction) or course change. Given 

that no universally accepted criterion for identification of slamming event exists in 

the open literature, the topic is definitively open to further discussion and 

improvement. Model tests or full-scale measurements for the slamming loads are not 

practical for all of the ships in different sea states (Wang et al. 2017). Hence, it is 
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more reasonable to examine the slamming occurrence based on numerical 

simulations.  

This section presents the development of the slamming impact detection 

methodology. The results of the numerical simulation are used to detect a whipping 

event. All the vertical bending moments (VBM) has been converted into deck stress 

for the amidships section. The primary wave (PW), also known as wave-frequency, 

the response is obtained bypass filtering the HVSSW time histories to include only 

the energy at frequencies in the primary wave range. The upper cutoff frequency is 

0.30 Hz. After the primary wave stress is obtained, by high-pass filtering the original 

signal the hull vibration (HV) stress component is obtained. The upper cutoff 

frequency for PW stress filtering is the same as the lower cutoff frequency for HV 

stress filtering. Responses above 1.0 Hz are also removed. Figure 4.1 shows an 

example of HVSSW, HV and PW stress time histories experienced by 6000 TEU 

class container ship (Hs=6.5m, Ts=10.5s, head waves). It is noted that hogging 

condition is positive, with slamming in sagging. 

Once the hull vibration stress waveform (the blue line in Fig. 4.4) is obtained, 

let ‘peak stress’ σHV-PK and ‘valley stress’ σHV-VL be the peak and valley of the i-th 

HV waveform, and ‘peak-valley range’ σPK be the difference between σHV-PK and 

σHV-VL (see Fig. 4.2). To neglect the smallest stress ranges, the only σPK whose ratio 

is larger than 0.20 is considered. The slamming peaks are detected according to the 

following procedure: 

a)  Create sequence lists of σHV-PK, σHV-VL, and σPK (the orange line in Fig. 

4.4). and calculate the standard deviation of σPK, sRng.  

b) Let σCREST
i be the crests of the i-th σPK sequence’s skyline. Detect 

σCREST
i from the sequence of σPK by Savitzky-Golay filtering (Savitzky et al. 
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1964) (kernel k=2 and half-width n=3). The i-th σCREST
i is considered if σCREST

i+1 

- σCREST
i > 0 (see Fig. 4.3). 

  

 

 
Fig. 4.1 An example of HVSSW, HV and PW stress signals experienced by 

6000 TEU class container ship (Hs=6.5m, Ts=10.5s, head waves). 
c)  A threshold THRES is established in Eq. 4.1 to extract the σPK as a 

whipping vibration due to the slamming impact. Remove σHV-PK from the sequence 

according to Eq. 4.2 (the green dashed line in Fig. 4.4):  

 THRES= a  sRng      (4.1) 

 

σPK-VL,Rng > THRES        (4.2) 

where a is a non-dimensional factor. The remaining sequence of σPK (the red 

marks in Fig. 4.4) gives the sequence of the slamming stress ranges. For THRES in 

procedure step c), a=1.5. The a parameter was chosen as an appropriate indicator so 

the frequency ratio of the hull vibration to the period of the hull vibration 

superimposed stress waveform nearly become identical to the reported in the Toyoda 

et al. (2012). 
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d) The sequence of the times at which σHV-PK occurs responsible for the 

σPK-VL,Rng in the remaining list gives the sequence of the slamming occurred 

times. The sequence is examined each short-sea duration tssdur (in seconds). 

The importance of considering the σPK instead of the σHV-PK to recognize the 

whipping vibration is to minimize the uncertainties associated with the recognition 

of a spike load of a whipping event, especially in the lower Hs. 

 
Fig. 4.2 An example of the “peak-valley range” stress calculation procedure. 

 
Fig. 4.3 An example of the “crests” selection procedure from the “peak-valley 

sequence”. 
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Fig. 4.4 An example of slamming impact detection procedure. 

 
4.2 Occurrence Frequency of Whipping Vibration 

The occurrence frequency of whipping vibration is examined by counting the 

number of slamming impact in the hull vibration stress component during tssdur. Let 

nslm, fPW and fslm be the numbers of slamming impact, the frequency of the primary 

wave cycles and the frequency of the slamming impact during each tssdur. nslm is 

determined once the SPK sequence is obtained. The average fslm is determined as the 

ratio of nslm to tssdur. Then, the average fPW can be approximated by the inverse of TS. 

The dimensionless coefficient of whipping interval Cwh is given by Eq. (4.3): 

Cwh = fslm / fPW      (4.3)    

It is noticed that slamming occurs more frequently when Cwh is increasing. If the 

Cwh coefficient reaches 1.0, slamming occurs every primary wave.  
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4.3 Numerical Simulation Results 

The whipping characteristics (occurrence frequency of whipping vibration, 

slamming impact stress range and the effect of the whipping vibration on the fatigue 

cumulative damage) are investigated using NLHEA. Different short sea conditions, 

ship speeds, and wave conditions (head waves – 180 deg and oblique waves – 120 

deg) are evaluated. Table 4.1 and Table 4.2 shows the sea states examined in head 

and oblique waves, respectively.  It is considered that the target ship follows the 

performance curve presented in Fig. 3.4. Samples of the numerical results time 

histories of HVSSW for head wave are presented in Fig. 4.5 and Fig. 4.6, while for 

oblique waves samples are shown in Fig. 4.7 and Fig. 4.8. 

 
Fig. 4.5 An example of HVSSW experienced by the 6000 TEU class container 

ship (Hs=5.5 m, Ts =10.5 s, Vs= 21 kt, head waves). 
 

 
Fig. 4.6 An example of HVSSW experienced by the 6000 TEU class container 

ship (Hs=7.5 m, Ts =11.5 s, Vs= 13 kt, head waves). 
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Table 4.1 Sea states evaluated in head wave condition. 

  
 

 

Sea State No. Hs (m) Ts (s) Vs (kt) Sea State No. Hs (m) Ts (s) Vs (kt)
1 1.5 4.5 22 36 6.5 12.5 19
2 1.5 5.5 22 37 6.5 13.5 19
3 1.5 6.5 22 38 6.5 14.5 19
4 1.5 7.5 22 39 7.5 7.5 13
5 1.5 8.5 22 40 7.5 8.5 13
6 1.5 9.5 22 41 7.5 9.5 13
7 2.5 4.5 22 42 7.5 10.5 13
8 2.5 5.5 22 43 7.5 11.5 13
9 2.5 6.5 22 44 7.5 12.5 13

10 2.5 7.5 22 45 7.5 13.5 13
11 2.5 8.5 22 46 7.5 14.5 13
12 2.5 9.5 22 47 8.5 8.5 11
13 3.5 8.5 22 48 8.5 9.5 11
14 3.5 9.5 22 49 8.5 10.5 11
15 3.5 10.5 22 50 8.5 11.5 11
16 3.5 11.5 22 51 8.5 12.5 11
17 3.5 12.5 22 52 8.5 13.5 11
18 3.5 13.5 22 53 9.5 8.5 9
19 4.5 8.5 21 54 9.5 9.5 9
20 4.5 9.5 21 55 9.5 10.5 9
21 4.5 10.5 21 56 9.5 11.5 9
22 4.5 11.5 21 57 9.5 12.5 9
23 4.5 12.5 21 58 10.5 8.5 9
24 4.5 13.5 21 59 10.5 9.5 9
25 5.5 8.5 21 60 10.5 10.5 9
26 5.5 9.5 21 61 10.5 11.5 9
27 5.5 10.5 21 62 10.5 12.5 9
28 5.5 11.5 21 63 10.5 13.5 9
29 5.5 12.5 21 64 11.5 8.5 8
30 5.5 13.5 21 65 11.5 9.5 8
31 6.5 7.5 19 66 11.5 10.5 8
32 6.5 8.5 19 67 11.5 11.5 8
33 6.5 9.5 19 68 11.5 12.5 8
34 6.5 10.5 19 69 11.5 13.5 8
35 6.5 11.5 19
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Table 4.2 Sea states evaluated in oblique wave condition. 

 
 

 

 

Sea State No. Hs (m) Ts (s) Vs (kt)
1 2.5 5.5 22
2 2.5 6.5 22
3 2.5 7.5 22
4 3.5 5.5 22
5 3.5 6.5 22
6 3.5 7.5 22
7 4.5 7.5 22
8 4.5 8.5 22
9 4.5 9.5 22

10 5.5 9.5 22
11 5.5 10.5 22
12 5.5 11.5 22
13 6.5 9.5 22
14 6.5 10.5 22
15 6.5 11.5 22
16 7.5 9.5 21
17 7.5 10.5 21
18 7.5 11.5 21
19 8.5 9.5 21
20 8.5 10.5 21
21 8.5 11.5 21
22 9.5 11.5 17
23 9.5 12.5 17
24 9.5 13.5 17
25 10.5 11.5 15
26 10.5 12.5 15
27 10.5 13.5 15
28 11.5 12.5 15
29 11.5 13.5 15
30 11.5 14.5 15
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Fig. 4.7 An example of HVSSW experienced by the 6000 TEU class container 

ship (Hs=5.5 m, Ts =10.5 s, Vs=21 kt, oblique waves). 

 
Fig. 4.8 An example of HVSSW experienced by the 6000 TEU class container 

ship (Hs=11.5 m, Ts =13.5 s, Vs=15 kt, oblique waves). 
 

4.3.1 Occurrence frequency of whipping vibration 

The statistical prediction of the whipping vibration can be achieved by assuming 

that the phenomenon is a sequence of events occurring in time. It may often be 

necessary to know the time or cycles to the primary wave interval between 

successive slam impacts or the time elapsed before the next severe impact occurs.  

Figure 4.9 shows the calculated Cwh in head sea conditions for various short seas. 

Results are plotted by different color/mark for each ship speed Vs. In Fig. 4.9, 

presented data includes data for Vs beyond the performance curve of the target ship 

(Fig. 3.4), which is not experienced in actual practice. Hs increases from left to right 

for each Vs. It is shown that Cwh ranges from 0.16 to 0.60, and it becomes smaller as 
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Hs becomes larger. Also, it is noted that Cwh increases with Vs. These results show 

that the variations of Cwh are more sensitive to the changes in Vs than that found for 

Hs. 

  
Fig. 4.9 The variation in the coefficient of whipping interval Cwh for short sea 

with various significant wave heights and ship speeds– head seas. 
Let ‘limit speed’ Vlim(Hs) be the maximum Vs achievable for a given Hs, which 

can be determined by the performance curve (Fig. 3.4). The voluntary (mainly as a 

result of operational judgment from the captain) and involuntary (mainly due to 

added resistance) speed reduction is considered in this analysis. Let Cwh,lim (Hs) be 

Cwh for Vlim(Hs). The relation between Hs and Cwh,lim (Hs) is shown in Fig. 4.10. In 

this figure, it is shown that Cwh,lim (Hs) has a decreasing tendency with the increase 

in Hs, and it ranges between 0.18 and 0.35 for cases with Hs >5.5m. This means that 

it can be approximated that a slamming impact happens once in every 3 to 5 primary 

wave under conditions chosen. Moreover, it is considered that the high Cwh,lim (HS) 

with Hs < 4.5m is the result of the linked effect of whipping and springing, where 

an important role plays the sea states with shorter since the linear or higher-order 

harmonics of wave loads are more likely to meet the natural frequency of the 

structure.  
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Furthermore, Fig. 4.11 shows the changes of Cwh,lim (HS) with the increase of the 

ship speed for head waves condition. It is noted that: a) Cwh,lim (HS) gradually increase 

with an increase if ship’s forward speed; b) Cwh,lim (HS) shows slight increase with 

an increase of Vlim(HS) between 8-11 kt; and c) Cwh,lim (HS) shows a linear increasing 

tendency with an increase of Vlim(HS) between 11-22 kt. Similar findings are reported 

in the available literature in terms of the vertical bending moment and pitch motion 

(Iijima et al. 2019).  

 
Fig. 4.10 The relation between significant wave height HS and coefficient of 

whipping interval at the limit speed Cwh,lim (HS) head seas. 
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Fig. 4.11 The relation between the maximum VS achievable for a given Hs, 
Vlim(Hs), and coefficient of whipping interval at the limit speed Cwh,lim (Hs) 

head seas. 
The occurrence frequency of whipping vibration for a wave encountering angle 

of 120 deg are presented herein. The effects of the hull vibrations are expected to be 

larger when the ship sails in head waves. As can be seen in Fig. 4.12, similar to the 

results in head seas, with the increase of the ship forward speed, the relative velocity 

of the wave surface and ship’s bow increase. Then, the slamming loads become more 

frequently. The results show that the target ship experienced more frequently 

whipping vibrations per regular waves under the influence of 4.5m waves at a ship 

speed of 22 kt. A similar tendency is reported from the fatigue damage perspective 

(Iijima et al. 2011). Figure 4.13 presents the relation between Hs and coefficient of 

whipping interval at the limit speed Cwh,lim (Hs) in oblique waves. It is noted that 

Cwh,lim (Hs) decreases with the increase of Hs, while the average Cwh,lim (Hs) is around 

0.23. This suggest that, in oblique wave condition, a slamming impact happens once 

in every 4 to 5 primary waves regardless of the variations of Hs. This outcome shows 

the importance to consider the effect of the slamming impact not only in head sea 

waves but also from oblique seas. However, it is unclear whether similar tendency 
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result appears for a beam or following seas, and additional study should be done in 

order to clarify the probability of occurrence of whipping vibration. 

 
Fig. 4.12 The variation in the coefficient of whipping interval Cwh for short sea 

with various significant wave heights and ship speeds– oblique seas. 

 
Fig. 4.13 The relation between significant wave height Hs and coefficient of 

whipping interval at the limit speed Cwh,lim (Hs) oblique waves. 
4.3.2 Slamming impact stress range 

For estimating the magnitude of the slamming impact, let σPW be the stress 

range of the primary wave stress waveform, and σPK,lim, and σPW,lim be the average 

values of σPK and σPW for Vlim(HS). σPK is analyzed in the slamming detection 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0 5 10 15 20 25 30

C
w

h

Sea State No.

Relation btw. Cwh and Sea state No.
Vs= 14 kt Vs= 15 kt Vs= 17 kt
Vs= 21 kt Vs= 22 kt

0.00
0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5

C
w

h

Hs (m)

Relation btw. Cwh and Hs
Vs= 14 kt Vs= 15 kt Vs= 17 kt
Vs= 21 kt Vs= 22 kt



Chapter 4 Principles of the Probabilistic Model for Whipping Occurrence 

66 

analysis of section 4.1, and σPW is calculated as the range of the low-pass filtered 

stress. The variation of the slamming peak stress range σPK for short sea with 

various significant wave heights and ship speeds under a head wave is presented in 

Fig. 4.14. The relation between HS and σPK,lim is shown in Fig. 4.15, and that 

between HS and σPW,lim is shown in Fig. 4.16. In all figures, HS increases from left 

to right for each VS.  

 
Fig. 4.14 The variation of the slamming peak stress range σPK for short sea 

with various significant wave heights and ship speeds –head seas-. 
Figure 4.14 shows that σPK ranges between 25-120 MPa, while the σPK levels 

constantly increase with the increment of Hs. Along with the changes with Hs, it is 

noted variations during each constant Vs. These variations correspond to the 

variations on Ts during each constant Vs. For more severe sea states, the slamming 

of the ship’s fore end and, occasionally, of the aft end can induce whipping with 

higher amplitude than those occurring during springing events (Liao et al. 2015). 
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Fig. 4.15 The relation between significant wave height HS and slamming peak 

stress range at the limit speed σPK_lim (Hs) –head seas-. 
Furthermore, in Fig. 4.15 it is shown that σPK,lim is almost linearly in proportion 

to Hs. It is reasonable that σPK increases for larger significant wave heights since 

the nonlinear loads are more important in high waves. Similar to the findings in SPK 

results, σPW,lim is found to change almost linearly in proportion to Hs (see Fig. 4.16), 

and the σPW,lim ranges between 55-245 MPa. In addition, the ratio of σPK,lim to 

σPW,lim ranges from 0.4 to 0.7. However, the ratio of σPK to σPW (not the average) 

can be up to 1.0 in some cases, as shown in Fig. 4.17. Finally, σPK stresses for Hs 

< 4.5m is about 75% lower than those found for higher waves, for example, Hs=9.5 

m. This means, that even though Cwh,lim (HS) shows a high frequency of slamming 

impact for lower HS (i.e. Hs < 4.5m) the results show that the stresses are relatively 

lower compared to those found in the higher waves.  
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Fig. 4.16 The relation between significant wave height HS and primary stress 

range at the limit speed σPW,lim (HS) –head seas-. 

 
Fig. 4.17 An example of HVSSW and primary wave comparison experienced by 

6000 TEU class container ship (Hs=6.5m, Ts =10.5s, head waves). 
The stress range results of the slamming peak stress range and that of the primary 

wave stress waveform are presented for oblique waves -120 deg- from Fig. 4.18 to 

Fig. 4.20. As mentioned previously, it is expected that the ship stresses when the 

heading angle tends to be oblique, becomes lower than that for head seas. The 

variation of the slamming peak stress range σPK for short sea with various 

significant wave heights and ship speeds is presented in Fig. 4.18. Hs increases from 
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left to right, while the Vs decreases from left to right. It is observed that σPK 

constantly increase with an increment of Hs. Further, the variations of σPK increase 

while increasing Hs. Figure 4.19 introduces the relation between HS and slamming 

peak stress range at the limit speed σPK_lim (HS) for oblique waves. It is noted that 

the average distribution of the per sea state in oblique seas – 120deg seems to follow 

a similar tendency founded in the head sea cases. σPK_lim (HS) increase has small 

variations for Hs < 4.5 m, while the stresses remain below 10 MPa. Moreover, 

σPK_lim (HS) almost linearly increase for Hs > 5.5 m. Further, the results show that 

the variations on the slamming peak stress range are more sensitive to the changes 

on Hs than that of Vs. Furthermore, it is observed that the average stress levels are 

comparable to those found in the head wave cases, ranging between 5-135 MPa. 

Finally, the relation between HS and primary wave stress range at the limit speed 

σPW_lim (HS) –oblique waves- is presented in Fig. 4.20. It is observed that equivalent 

stress ranges to that observed in the slamming peak stress range are found.  

 
Fig. 4.18 The variation of the slamming peak stress range σPK for short sea 

with various significant wave heights and ship speeds –oblique seas-. 
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Fig. 4.19 The relation between significant wave height HS and slamming peak 

stress range at the limit speed σPK_lim (HS) –oblique waves-. 

 
Fig. 4.20 The relation between significant wave height HS and primary wave 

stress range at the limit speed σPW_lim (HS) –oblique waves-. 
4.3.3 Effect of the whipping vibration on the cumulative damage 

The effect of the wave-induced vibrations on fatigue damage is measured by the 

Cvib factor: 
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where DHVSSW is the fatigue damage from the stress including the primary wave 

and hull vibration components while DPW is the fatigue damage due to the primary 

wave stress. The factor is defined by the respective short-term sea state. The ship 

design life is assumed to be 20 years. The cumulative fatigue damage calculations 

are based on the recommendation given by DNVGL-CG-0129 (DNVGL 2015) (see 

Appendix 2). First, the results for head wave condition are presented. It is considered 

that this assumption may overestimate the effect of the hull vibrations, since the 

effect of the wave-induced vibrations is considered to the largest in head waves.  The 

variations of the Cvib for short sea with various significant wave height and ship 

speeds in head waves is presented in Fig. 4.21. The results show that the variations 

of the Cvib per each Hs are larger for Hs < 6.5 m than that for Hs > 7.5 m. The Cvib 

varies between 1-13. Figure 4.22 shows the scatter diagram distribution of factor Cvib 

for the respective short sea. Small quantities are represented in green, whereas larger 

values are shown in red. As stated above, the resulting vibration due to resonance 

phenomenon, springing, may increase the fatigue damage even in moderate sea 

states. It is considered that Cvib shows larger variation for Hs < 6.5m since the 

forward speed may contribute to the springing phenomenon, especially in head seas 

where the forward speed increases the wave encounter frequency to the level of the 

hull girder Eigen frequency. 
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Fig. 4.21 The variations of the Cvib for short sea with various significant wave 

height and ship speeds -head waves-. 
Figure 4.23 shows the fatigue damage contributions from the respective short 

sea, obtained for HVSSW stress. It is noticed that the largest contributions come 

from mild to rough sea states with significant wave height larger than 6.5 m. In 

addition, Fig. 4.23 shows that although high Cvib are presented in the low significant 

wave height region (Hs < 4.5 m), the contribution of those seas states to the HVSSW 

fatigue damage is considerably small compared to that found for mid-high waves 

(Hs > 5.5 m). Furthermore, Fig. 4.24 presents the fatigue damage contributions from 

the respective short sea, obtained for the primary wave stresses. Based on these 

results, it is reasonable that the fatigue damage contribution for the respective short-

term sea is higher for larger significant wave heights since the nonlinear loads are 

more important in high waves as shown in Fig. 4.14.  
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Fig. 4.22 The variations of the Cvib for short sea with various significant wave 

height and ship speeds -head waves-. 

 
Fig. 4.23 Fatigue damage contribution from each long-term sea state, obtained 

for HVSSW stress. 

 
Fig. 4.24 Fatigue damage contribution from each long-term sea state, obtained 

for primary wave stress. 
The variations of the Cvib for short sea with various significant wave height and 

ship speeds in oblique waves is presented in Fig. 4.25. The effect of the hull 

vibrations for encountering angle 120 deg is examined by the Cvib coefficient for 

each short sea and presented in Fig. 4.26. It is observed that the Cvib coefficient is 

almost comparable and in some cases higher than that observed in head seas. This is 
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partially explained because when there is an increment of the frequency of slamming 

events sailing at head seas, the master may change the ship heading to keep higher 

ship speed in oblique waves. For the target ship, in oblique waves, the ship speed 

tends to be higher sailing in higher waves than that found for head waves. For 

example, for 10.5 m waves, the ship speed in oblique seas is 15 kt and that in head 

waves is 8 kt. The increase in the ship speed increases the contribution of the non-

linear loads and therefore it is reflected in the Cvib coefficient presented in Fig. 4.26 

for oblique waves cases. This is observed in the fatigue damage accumulated during 

each short sea shown for HVSSW and primary wave component presented in Fig. 

4.27 and Fig. 4.28. 

 
Fig. 4.25 The variations of the Cvib for short sea with various significant wave 

height and ship speeds -oblique waves-. 
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Fig. 4.26 The variations of the Cvib for short sea with various significant wave 

height and ship speeds -oblique waves-. 
 

 
Fig. 4.27 Fatigue damage contribution from each long-term sea state, obtained 

for HVSSW stress. 

 
Fig. 4.28 Fatigue damage contribution from each long-term sea state, obtained 

for primary wave stress. 
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4.4 Verification with Onboard Measurements 

The main objective of this section is to verify the validity of the slamming impact 

detection methodology presented above applied to full-scale measurements. Herein 

are presented the characteristics of the whipping occurrence probability evaluated 

from onboard records measured in a 9000 TEU class container carrier.  Records for 

6 months, between October 2014 - October 2015, were examined while sailing in a 

worldwide trading route that includes the North Atlantic Ocean as shown in Fig. 

4.29. The ship was equipped with a weather routing system to guide the ship’s 

navigation in order to avoid harsh environments. The duration of each sea state 

measured data is 1-hour. The sampling frequency is 20 Hz. All strain measurements 

have been converted into deck stress for the amidships section. Examples of 

measured stresses are shown in Fig. 4.30 during a winter voyage and Fig. 4.31 during 

an autumn voyage. The primary wave response is obtained by pass filtering the 

HVSSW time histories to include only the energy at frequencies in the primary wave 

range with upper cutoff frequency 0.30 Hz. After the primary wave stress is 

obtained, by high-pass filtering the original signal the hull vibration stress 

component is obtained. The upper cutoff frequency for PW stress filtering is the 

same as the lower cutoff frequency for HV stress filtering, see Fig. 4.32. Responses 

above 1.0 Hz are also removed.  
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Fig. 4.29 Worldwide sailing route during the full-scale measurement campaign. 

 
Fig. 4.30 An example of the measured stresses during a winter voyage.  

 
Fig. 4.31 An example of the measured stresses during an autumn voyage.  
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Fig. 4.32 Sample of HVSSW (blue line), HV (green line) and PW (red line) 

stress signals measured in the 9000 TEU class container ship. 
4.4.1 Occurrence frequency of whipping vibration 

The occurrence frequency of whipping interval is examined following the 

methodology presented in sections 4.1 and 4.2. The threshold variable a is set to1.5. 

First, Cwh is evaluated for each measured data. It is considered that the original 

measured data is organized in bins according to their wave height and wave period. 

For example, a measured data with wave height 4.7 m and wave period 8.3 s 

correspond to a bin with wave height 4.5 m and wave period 8 s, respectively. Then, 

the average Cwh is calculated for each Hs class. In this manner Fig. 4.33 is 

constructed. Figure 4.33 shows that Cwh slightly decreases for Hs < 3.5 m, while 

increase constantly for Hs ≥ 4.5 m. In general, while Hs increase the average Cwh 

becomes smaller. Further, Cwh varies between 0.20-0.40. In other words, the results 

suggest that the combined effect of the hull vibration components have much 

influence on the Cwh in the lower Hs range (Hs < 3.5 m).  Moreover, it is found that 

the average Cwh imply that whipping may happen once every 3-5 primary waves. 

Finally, these results show the validity of the proposed methodology to evaluate the 

occurrence frequency of whipping vibration applied in onboard measurements.  
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Fig. 4.33 The relation between significant wave height HS and coefficient of 

whipping interval Cwh.  
4.4.2 Slamming impact stress range 

The relation between the significant wave height HS and stress ratio, of σPK and 

σPW, is presented in Fig. 4.34. The stress ratio σPK/σPW shows the magnitude of 

the hull vibration stress component compared to that of the primary wave 

component. The stress ratio varies from 0.47 to 0.87. It is observed that the slamming 

impact stress ranges σPK examined from the onboard measurements are nearly 

constant for waves Hs < 2.5 m, while it is almost comparable to σPW for 4.5 m 

waves. After 4.5 m, the σPK slightly decreases. This is explained to a certain extent 

by the variation of σPK with Hs examined in the operational recorded data that 

shows that the heading angle changes tended to be oblique seas for waves larger than 

4.5 m, preventing sailing in head sea condition while increasing the ship speed. 
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Fig. 4.34 The relation between the stress ratio of σPK/σPW and Hs from 

onboard measurements. 

4.4.3 Effect of the whipping vibration on the cumulative damage 

The fatigue damage for the HVSSW and that for the primary wave are calculated 

based on the onboard records. Then, the Cvib factor is examined. Figure 4.35 shows 

the variations of the Cvib for short sea with various significant wave height from 

measurements. It is observed that the Cvib varies between 2-15. Although that Cvib 

means a larger contribution of the hull vibration to the total accumulated fatigue 

damage, it is observed from Fig. 4.36 and Fig. 4.37 that the cumulate damage for 1.5 

m waves are considerably smaller than those found for waves larger, for example, 

3.5 m. Additional to the hull vibration component contribution to the cumulative 

damage in low waves (springing and whipping),  other high-frequency excitation 

sources may contribute to uncertainties in the measurements under low waves, such 

as noise,  motors, etc.  

0.47 0.48 0.49

0.69

0.87

0.61 0.63
0.71

0

0.2

0.4

0.6

0.8

1

0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5

Δ
σ

P
K
/Δ

σ
P

W
(M

Pa
/M

Pa
)

Hs (m)

Stress ratio ΔσPK/ΔσPW - Measured



Chapter 4 Principles of the Probabilistic Model for Whipping Occurrence 

81 

 
Fig. 4.35 The variations of the Cvib for short sea with various significant wave 

height. 
Furthermore, the fatigue damage contribution from each sea state recorded, 

obtained for HVSSW and primary wave stress are presented in Fig. 4.36 and 4.37, 

respectively. The red-colored cells show the sea state with the highest fatigue 

cumulative damage, while the green color represents the smallest values.  It is noted 

that the sea state that contributes the most to the total fatigue damage ranges between 

3.5-6.5 m waves and 8-11 s wave periods. Furthermore, the contribution to the total 

damage for the sea states with waves below 2.5 m is much smaller than that sea 

states that contribute the most to the total cumulative damage. The same trend is 

observed for the damage contribution from each sea state, obtained for the primary 

wave stress presented in Fig. 4.37.  

 
Fig. 4.36 Fatigue damage contribution from each sea state, obtained for HVSSW 

stress. 
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Fig. 4.37 Fatigue damage contribution from each sea state, obtained for the 

primary wave stress. 
 

4.5 Application of the Stochastic Characteristics of Whipping 

Vibration for HFE Fatigue Tests  

From NLHEA results on slamming impact’s occurrence frequency and its 

slamming impact stress range, the characteristics of whipping HVSSW experienced 

by the target ship (6000 TEU class container), can be simplified as follows when the 

ship follows weather routing which prevents the speed reduction: 

 The slamming impact occurs once in every 4 to 5 primary wave cycles; 

 The HVSSW show approximately similar waveform regardless of 

significant wave height; 

 The maximum stress range due to slamming impact can be comparable 

to the primary wave stress range. 

These findings are considered in the determination of a representative waveform 

for a fatigue test method for welded joints subjected to wave-induced loads with the 

whipping of being intermittent presented in chapter 5. 

 

4.6 Summary 
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0.5 9.34E-11 1.68E-09 7.06E-08 3.70E-07 1.32E-07 1.83E-07 1.52E-07 6.11E-08 9.72E-11 2.76E-08

Total PW damage per sea state  - 9000 TEU class container carrier
Ts (sec)
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wave, slamming’s occurrence interval, hull vibration decay time, etc.) based in 

NLHEA of a 6000 TEU class container ship. Then, the validity of the methodology 

is confirmed by examining the characteristics of the whipping occurrence probability 

evaluated from onboard records measured in a 9000 TEU class container carrier.  

The relation of the occurrence frequency of whipping vibration, the magnitude 

of the slamming impact stress range, and the primary wave stress to the short sea 

with various significant wave heights, ship speeds, and wave condition are 

presented. Finally, the principal characteristics are designated to characterize a 

representative waveform for a fatigue test method for welded joints subjected to 

wave-induced loads with the whipping of being intermittent. 
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Chapter 5 Fatigue Testing considering Whipping Vibration 

Detailed information of the new electric exciter (EE) driven plate bending 

vibration (PBV) fatigue testing machine which can carry out fast and low-cost 

fatigue tests of welded joints subject to high-frequency superimposed wave loading 

is given in this chapter. Then, the welded joint specimen and the location of the strain 

gages for the fatigue testing are shown. In section 5.3, the constant amplitude (CA) 

fatigue test results are presented to confirm the CA fatigue test results of the EE-

driven PBV apparatus. After that, the conditions and results for constantly whipping 

superimposed fatigue tests are introduced.  

Finally, the validity of the RFCC for real ship structure subject to HVSSW 

loading is examined by carrying out fatigue tests with stress histories which emulate 

intermittent occurrence of hull vibration.   

 

5.1 Electric Exciter Driven PBV Fatigue Testing Machine 

For fatigue tests of welded joints, conventional fatigue testing machines of 

closed-loop systems (for example hydraulic machines) are widely used. Drawbacks 

using these machines lies on the expensive initial and running costs. Further, when 

wave loads with high-frequency vibration are simulated, the running cost and testing 

time jump to unacceptable levels. This section shows the new fatigue testing 

machine, which can carry out fast and low-cost fatigue tests of welded joints subject 

to wave loads considering high-frequency hull vibration. The machine uses a digital 

controlled high-power EE and is designed for PBV type fatigue tests.  

The PBV welded joint specimen is excited by a rod which connects the specimen 

and the exciter’s driving shaft. The driving rod is attached to the specimen in the 

same position as the gravity center of the vibrator (motor with eccentric mass - EM) 



Chapter 5 Fatigue Testing considering Whipping Vibration 

85 

for PW excitation in the EM-driven tests. A load cell is inserted between the exciter’s 

driving shaft and the rod to measure the exciting force. Figure 5.1 shows the 

dimension of the testing machine and the set plan for fatigue loading tests. In Fig. 

5.2 it is presented the EE-driven PBV testing machine developed for this research. 

 

Fig. 5.1 Plans of the EE-driven PBV testing machine used in intermittently 
whipping superimposed loading tests. 

 

    
                 a)   EE-driven PBV testing apparatus              b) load cell 

Fig. 5.2 Photos of the EE-driven PBV testing machine.  
The main characteristics of the EE-driven PBV testing machine are:  

 The excitation force is always proportional to the input current, and this 

makes the actuator load follow the input waveform precisely;  

Rod 

Load cell 
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 User-defined arbitrary waveforms which include frequency element 

higher than 100 Hz with the nominal stress range larger than 200 MPa, which 

cause fatigue failure of the weld, can be applied;  

 It is easy to apply stress waveform with arbitrary amplitude, which is 

analogous to the applied HVSSW; 

 Excitation up to 3,920 N in a frequency range up to is 5 kHz can be 

applied. 

 

5.2 Test Specimens 

Fatigue tests are carried out for out-of-plane gusset welded joint specimens made 

from 12 mm-thickness AH32 ship structural steel plates. Size and shape of 

specimens are shown in Fig. 5.3. The left end of a specimen is fixed onto the frame 

base while the free end was excited by the EE (exciter). Fatigue cracks initiate at the 

weld toe near the main plate's centerline. The crack propagates along with the weld 

bead during a certain period, then turns and propagates into the main plate. Let  

be the nominal bending stress range and Nb be the number of load cycles at which 

the crack propagation path turns into the main plate.  

Plate surface strains are measured by 4 strain gages arranged at points Ch1~4 in 

Fig. 5.3. The responses of Ch1 and Ch2 include the local stress concentration due to 

the weld. Responses of Ch3 and Ch4 can be treated as the nominal bending strains. 
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Fig. 5.3 The out-of-plane gusset welded joint specimen (unit: mm). 

 

5.3 Constant Amplitude Fatigue Tests 

CA fatigue loading is defined as fatigue under cyclic loading with a constant 

amplitude and a constant mean load. Sinusoidal loading is a classic example of CA 

fatigue loads applied in many fatigue tests. In previous chapters, it has been pointed 

out that ocean-going ships are subjected to variable-amplitude (VA) loading, which 

can be a rather complex load-time history, see for example Fig. 4.1.  

The CA fatigue tests performed by using EM-driven PBV testing machines as 

reported in Osawa et al. (2014, 2015) are chosen as a reference for the CA fatigue 

test.  Fig. 5.4 shows the changes in strain amplitudes with loading cycles measured 

in the CA test with 98.0 MPa.  
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Fig. 5.4 Changes in strain amplitudes during a constant amplitude loading test 

(=98.0 MPa, EM-driven). Adapted from Osawa et al. (2015). 
As it is shown in Fig. 5.4 strains affected by the local stress concentration (Ch1 

and Ch2) decrease substantially with cycles after a certain period while nominal 

strains (Ch3 and Ch4) increase slightly.  is determined from the initial strain 

amplitudes of Ch3 and Ch4. As observed in this figure, Ch1 strain amplitude showed 

about 65% drop at Nb (determined by visual inspection) in all constant amplitude 

tests reported in the literature (Osawa et al. 2015). The strain decline is caused by 

crack propagation and the decrease in ligament width. As Yamada et al. (2006) 

reported, the failure lives of welded joint specimens measured by conventional 

(hydraulic) fatigue testing apparatus almost agreed with the number of cycles to the 

65% drop of host spot strain range measured in PBV fatigue tests. Further, the 

relationship between  and Nb is approximated by Basquin's law, 

∆𝜎 = 𝐶𝑁௕
௠      (5.1) 

where, C=3.443 x 103 MPa, and m= 0.293.  
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5.3.1 Fatigue test results 

The CA EM-driven PBV fatigue test results are presented as an S-N plot in Fig. 

5.5. In order to verify the CA fatigue test results of the EE-driven PBV test, results 

are also plotted in Fig. 5.5 as open round marks. It is observed that the EE-driven 

test results are within the variability range of EM-driven results. Therefore, C and m 

for EM-driven tests are adopted in fatigue damage calculation of EE-driven results. 

In the following, the CA EE-driven PBV fatigue test results are considered the 

reference results to examine the variability of the whipping superimposed fatigue 

tests.  

 
Fig. 5.5 Comparison of CA fatigue test results performed by EM- and EE-driven 

testing machines. 
 

5.4 Whipping Superimposed Fatigue Tests 

This section shows the results of the whipping superimposed loading tests 

performed by using the EE-driven testing machine developed in this study. The load 

is applied by performing Proportional-Integral-Differential (PID) control using the 

load cell’s output as the process variable. It is needed to keep high linearity between 

the load (load cell’s output) and the nominal strain (Ch3 or Ch4 strain gage’s output) 
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because the nominal strain was treated as the loading signal in previous tests 

performed by the EM-driven machine. In order to verify the linearity, preliminary 

tests are carried out, and it is found that the high linearity can be achieved when the 

waveform does not include a frequency component higher than 20 Hz.  

Furthermore, the characteristics of HVSSW numerical simulation shown in 

Section 4.5 experienced by the target 6000 TEU class container carrier are 

considered for the whipping superimposed fatigue testing conditions as shown in the 

next subsection. Moreover, the fatigue damage Drf is calculated by modified Miner 

rule, that is, the fatigue limit is not taken into account. Equivalent stress range eq,rf 

is calculated by the equations below: 

∆𝜎௘௤,௥௙ = 𝐶 ቆ
𝑁

𝐷௥௙
ቇ

௠

                                               (5.2) 

where C and m are the coefficient and exponent of Eq. (5.1), and N is the 

number of PW cycles. 

5.4.1 Testing conditions  

In order to emulate the superimposed whipping waveform under the restriction 

condition for the frequency component, the drive force’s waveform parameters listed 

in Table 5.1 are adopted. The ‘damping time’ in Table 1 is the number of PW in 

which the whipping wave’s amplitude shows a 99% drop. The waveforms of setpoint 

(SP) signal (load) and that of measured nominal strain (Ch3 strain) are compared in 

Fig. 5.6. It is observed that good linearity between load and strain is established, and 

the waveform’s characteristics are almost the same as those of the above mentioned 

simplified HVSSW. Hereafter, this strain waveform is called ‘reference whipping 

superimposed waveform’. 
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Table 5.1 Waveform parameters of the reference whipping superimposed 
waveform. 

 
 

 
(a) The setpoint waveform for the applied load, herein called ‘reference 

whipping superimposed waveform’. 
 

 
(b) Measured nominal strain waveform 

Fig. 5.6 Load (a) and nominal strain (b) waveforms of reference whipping 
superimposed load. 
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5.4.2 Constantly whipping superimposed loading tests 

Constantly whipping superimposed loading fatigue tests are carried out by using 

stress waveforms proportional to the reference waveform shown in Fig. 5.6. The 

loading conditions are listed in Table 5.2. In these tests, the number of PW cycles, 

NPW, is treated as N. The measured failure lives (Nb), fatigue damages Drf and 

equivalent stress range eq,rf is shown in Table 5.2.  

Table 5.2 Loading conditions, fatigue lives and accumulated damage of 
constantly whipping superimposed loading tests. 

 
Table 5.2 shows that the damage up to failure DUF (Drf up to Nb) for constantly 

whipping superimposed loadings ranges from 0.824 to 2.296, and the average is 

around 1.391. These constantly whipping superimposed EE-driven PBV fatigue test 

results are presented as an S-N plot of eq,rf  and Nb by open triangular marks in Fig. 

5.7. This figure also indicates the reference CA S-N curve (solid line). 

Results from the EM-driven PBV testing machine, as reported in Osawa et al. 

(2014, 2015), are similar to those found here for the EE-driven PBV testing machine. 

This means that the fatigue life can be predicted with fair accuracy by RFCC in 

which modified Miner rule and CA S-N curve are adopted. It is also shown that 

RFCC leads to a little conservative estimate of failure lives under conditions chosen. 
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CW-1 85.90 85.90 116.80 152,280 28,180 1.523 118.03
CW-2 51.54 51.54 70.08 440,020 154,080 0.824 72.23
CW-3 68.72 68.72 93.44 602,660 205,700 2.296 88.95
CW-4 77.31 77.31 105.12 159,020 22,920 0.921 100.55
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Fig. 5.7 The relation between eq,rf and Nb for constantly whipping 

superimposed fatigue tests. 
5.4.3 Intermittently whipping superimposed loading tests 

The stochastic characteristics of whipping HVSSW from the NLHEA simulation 

shows that slamming impact occurs once in every 3 to 5 PW cycles. This means that 

the whipping vibration is not constant on ships. Therefore, to emulate the variability 

of the whipping vibration, intermittently whipping superimposed loading fatigue 

tests are carried out by using the EE-driven PBV testing machine.  

To define the testing waveform, a combination of nSUP superimposed (SUP) 

cycles and subsequent nCA constant amplitude (CA) cycles called 'load set' needs to 

be defined (see Fig. 5.8). ntotal = nSUP + nCA is the total number of cycles in one load 

set. Let eq,rf in SUP cycles be SUP and that in CA cycles CA. Here, CA is 

chosen so that CA nearly equals SUP. This case is called “IF (Intermittently 

superimposed with Fixed eq)” series.  
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Fig. 5.8 Load set applied in intermittently superimposed loading tests. 

Let N0 be Nb estimated by CA S-N curve (Fig. 5.5) for the case with SUP. 

Load sets are applied repeatedly until the Ch1 strain amplitude shows a 65% drop. 

(nSUP, nCA) are chosen so that nSUP/ntotal is 0.5, and ntotal/N0 is 1/4. The loading 

conditions are listed in Table 5.3. In the same manner as the constantly superimposed 

cases, the number of PW cycles is treated as N in both SUP and CA cycles. The 

measured failure lives (Nb), DUF (Drf up to Nb) and eq,rf for SUP cycles and that 

for whole life are shown in Table 5.3. 

Table 5.3. Loading conditions, fatigue lives and accumulated damage of 
intermittently whipping superimposed loading tests. 

 
It is observed in Table 5.3 that Drf for intermittently whipping superimposed 

loadings ranges from about 1.003 to 2.172, and the average is 1.592. Intermittently 

whipping superimposed EE-driven PBV fatigue test results are presented as an S-N 

plot of eq,rf and Nb in Fig. 5.9 using open square marks. 
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Fig. 5.9 The relation between eq,rf, and Nb for intermittently whipping 

superimposed fatigue tests. 
This result is similar to those of the constantly whipping superimposed loading 

tests in section 5.3, that is, the fatigue life could be predicted with fair accuracy by 

RFCC in which modified Miner rule and CA S-N curve was adopted. It is shown 

that RFCC leads to conservative estimates of failure lives, and it is likely that the 

mean Drf of intermittently superimposed cases is larger than that of constantly 

superimposed cases under conditions chosen. Although in the mechanism of fatigue 

crack growth during each load cycle there still exist several unknown phenomena, it 

is considered that under variable loading condition, in general, a load interaction 

(e.g. retardation/acceleration of the crack growth) occurs every cycle, resulting in 

quite a different situation in the overall loading cycles. The traditional fatigue life 

evaluation method based on the S-N curve approach with RFCC has been proved to 

give reasonable fatigue life estimation when considering constant amplitude loading. 

However, under variable amplitude loading conditions, the primary factor causing 

variability of fatigue life is the sequence of load cycles.  

The preliminary results suggest that the RFCC conservative estimates of fatigue 

life under superimposed loading tests are partially explained since 
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retardation/deceleration in fatigue crack growth and variable amplitude loading 

when small stress cycles followed a high level of applied stress cycles, which is 

typical in the case of whipping after the slamming impact. The retardation of the 

fatigue crack growth is apparently lead by an increase of the thickness of the plastic 

wake on the crack surface after a large level of applied stress. Therefore, it is no 

expected the retardation effect under constant amplitude loading. On the other hand, 

there still debate on this topic since Fricke et al. (2014) reported that for a limited 

number of fatigue tests with measured stress history, which included primary wave 

and whipping vibration stress components, show that fatigue life based on the S-N 

curve approach with RFCC tends to be overestimated.  

As mentioned previously, there are still some mechanisms of fatigue crack 

growth during each load cycle that are unknown. Therefore, in order to have a better 

understanding of the effect of the whipping vibration on the fatigue life when 

considering RFCC, it is needed to perform a more large number of fatigue test that 

includes a wide range of conditions which include different stress ratios between 

superimposed stress waveform and the primary wave stress, different stress levels, 

etc. Furthermore, studies based on numerical simulation of fatigue crack propagation 

with the consideration of hull vibration superimposed stress waveforms would be of 

great interest in order to enhance the comprehension of the effect of the high-

frequency stress effect on the fatigue assessment of ship structures. 

 

5.5 Summary 

First, this chapter introduces the new EE-driven PBV fatigue testing machine 

that is adapted for intermittently whipping superimposed loading tests. Then, CA 

fatigue test results of the EE-driven PBV test are shown compared to those reported 

by Osawa et al. (2015) using an EM-driven PBV testing machine. Furthermore, it is 



Chapter 5 Fatigue Testing considering Whipping Vibration 

97 

confirmed that the intermittently whipping superimposed waveforms of driving load 

and strain generated by the EE-driven PBV testing machine showed good linearity. 

This means that the actuator load follows the input waveform precisely. After that, 

the application of the modified Miner rule to RFCC in which whipping occurs 

intermittently is presented.  
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Chapter 6 Conclusions  

6.1 Contribution and Major Findings 

In this thesis, a basic methodology for a reliable and quantitative assessment of 

the fatigue induced by whipping vibration is proposed. The method to examine the 

stochastic characteristics of hull vibration superimposed stress waveform (HVSSW) 

experienced in ship examined by non-linear hydro-elasticity analysis (NLHEA) for 

various sea conditions/ship speed/heading angle have been proposed. Based on these 

NLHEA results, the HVSSW which are applied in high-frequency effect fatigue tests 

is chosen. Then, the validity of the rainflow cycle stress counting (RFCC) for real 

ship structure subject to whipping superimposed loading is examined by carrying 

out fatigue tests with stress histories which emulate intermittent occurrence of 

whipping vibration. The following main findings may be derived from the work of 

the thesis: 

On the probabilistic model for whipping occurrence 

 The variations of the frequency of whipping vibration are more 

sensitive to the changes in the ship speed than that for the wave height.  

 

 In general, the frequency of whipping vibration linearly increases when 

the ship speed is increased from 10 kt to 22 kt, under the condition chosen. It 

is considered that the increase is associated with larger pitch motion at a higher 

speed. Then, increasing the slamming impact occurrence and finally resulting 

in an increase in the hull vibrations.  

 

 The characteristics of the frequency of whipping vibration can be 

simplified so that the slamming impact occurs once in every 3 to 5 primary 

waves cycles. 
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 The changes on the slamming impact stress range are almost linearly in 

proportion with the wave height.  

 

 The maximum stress range due to slamming impact can be comparable 

to the primary wave stress range. 

 

 The proposed method to examine the relationship between the 

occurrence probability of a slamming induced hull vibration and the sea state 

is applicable for both numerical simulation and full-scale measurements. 

 

On the fatigue testing considering whipping vibration 

 The waveform characteristics are very important for fatigue testing. An 

approach to defining a ‘reference whipping superimposed waveform’, with 

comparable waveform’s characteristics as the simplified HVSSW derived 

from NLHEA is presented. 

 

 The developed electric exciter (EE)-driven plate bending vibration 

(PBV) fatigue testing machine can apply a given whipping superimposed 

waveform’ to out-of-gusset welded joint specimens with good linearity 

between load and strain at high speed. 

 

 The fatigue life of out-of-gusset welded joints subject to constantly and 

intermittently whipping superimposed loadings could be predicted with fair 

accuracy by RFCC in which modified Miner rule and constant amplitude S-N 

curve were adopted. 
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 It was shown that the RFCC led to conservative estimates of failure 

lives, and it was likely that the fatigue damage up to the failure of intermittently 

superimposed cases was larger than that of constantly superimposed cases 

under conditions chosen.  

 

6.2 Recommendations for Future Works  

The following recommendations related to this thesis are: 

 It is known that the container ships are more prone to the wave-induced 

vibrations. However, the wave-induced vibration phenomenon is experienced 

by another type of vessels. Therefore, more studies are recommended to 

examine the statistical characteristics of wave-induced vibrations and wave-

induced stresses of another type of vessels in order to complement the 

knowledge and improve the assessment of the structural influence of whipping 

on the fatigue strength.  

 

 The structural rigidity of ultra-large container ships, having a carrying 

capacity of over 10,000 TEU, may become relatively smaller than that of the 

majority of ships currently in operation due to the increased size, and increased 

length in particular. Then, it is recommended apply the proposed model to 

bigger ships, especially large-container ships which are more susceptible to 

wave-induced vibrations.  

 

 Most research studies focused on the effect of whipping on both the 

extreme load and fatigue damage accumulation. Recently, however, only a few 

investigate the effects of the whipping vibration on the mechanism of fatigue 

crack propagation. Studies to investigate the effect of the whipping vibration 
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on the mechanism of fatigue crack propagation would greatly enhance the 

understanding of the effect of whipping on the fatigue strength of marine 

structures.   

 This thesis tested a limited number of specimens. It is unclear whether 

similar results can be found in generality of cases. Thus, it is recommended to 

continue and carry out numerous fatigue tests under various wave loading 

cases considering the high-frequency vibration.  
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Appendix 1: Stress Response Amplitude Operator of a 

Container Carrier’s Structural Member 

The stress amplitude operator, also known as RAO, of a container ship’s butt 

weld on the upper deck, is considered in this study. The RAO presented in Fig. A1.1 

is determined by the Japanese Ship Research Panel 219 (SR219 1996).  

 
Fig. A1.1 Stress response amplitude operator of a container ship’s butt weld on 

the upper deck for different heading angles. 
 

0

5

10

15

20

25

30

0.00 0.20 0.40 0.60 0.80 1.00 1.20

St
re

ss
 (M

P
a)

Omega (1/s)

0° 30° 60° 90° 120° 150° 180°



Appendix 2 Parameters used for Fatigue Damage Calculation 

103 

Appendix 2: Parameters used for Fatigue Damage 

Calculation 

In this research, the fatigue damage calculations are based on the 

recommendation given by DNVGL-CG-0129 (DNVGL 2015) curve D. 

𝐷 = ෍
𝑛௜

𝑁௜

௡೟೚೟ೌ೗

௜ୀଵ

                                                                                                                  (A2.1) 

𝐹𝑎𝑡𝐿𝑖𝑓𝑒 =
𝐿஽

𝐷
                                                                                                               (A2.2) 

where:  

𝐿஽ = ship’s design life 

𝑛௧௢௧௔௟ = total number of stress range blocks 

𝑛௜ = number of stress cycles in i-th stress range block 

𝑁௜= number of stress cycles to failure at constant stress range block 

i = stress range block index 

 
Fig. A2.1 Design S-N curve (DNVGL 2015). 
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Table A2.1 S-N parameters for air (DNVGL 2015). 
 

S-N 
Curve 

Reference 
stress at 

2·106 cycles 
(FAT) 

Reference 
stress at 107 

cycles 
(knuckle), 

Δσ 

Structural stress 
concentration 

embedded in the 
detail and taken 
at 2·106 (107) 

cycles 

N ≤ 107 N > 107 

 N/mm2 N/mm2 - log K2 m log K2 m+Δm 

B1 160 107 0.56 (0.49) 15.118 4 19.176 6 

B 150 100.31 0.60 (0.52) 15.005 4 19.008 6 

B2 140 93.62 0.64 (0.56) 14.886 4 18.828 6 

C 125 78.92 0.72 (0.57) 13.64 3.5 17.435 5.5 

C1 112 70.72 0.80 (0.74) 13.473 3.5 17.172 5.5 

C2 100 63.14 0.90 (0.83) 13.301 3.5 16.902 5.5 

D 90 52.63 1.00 (1.00) 12.164 3 15.606 5 

E 80 46.78 1.13 (1.13) 12.01 3 15.35 5 

F 71 41.52 1.27 (1.27) 11.855 3 15.091 5 

FAT X 0.585·X 90/X (90/X) 6.301+3·log(X) 3 7+5·log(0.585·X) 5 
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Appendix 3 Sensitivity Analysis 

A3.1 Uncertainties 

Structural performance prediction of ships under sea loading is subjected to 

uncertainties inherent in the load conditions, material properties, damage 

propagation, and cross-sectional dimensions. In this section, part of the sensitivity 

study results as for the wave spectrum, threshold THRES to extract the σPK as a 

whipping vibration due to the slamming impact are given.  

To examine the influence of the wave spectrum and THRES on the various 

parameters (coefficient of whipping interval Cwh, slamming impact stress range 

σPK, and primary wave stress range σPW), rough short-sea states that have a large 

contribution to the fatigue damage are considered. It is assumed that the significant 

wave heights change from 7.5 m to 11.5 m every 2 m, while the mean wave period 

change from 8.5 s to 11.5 s, every 1 s. Further, the sensitivity analysis is examined 

for the numerical simulation results in head wave condition, and three ship speeds 

are used. 

A3.2 Wave Spectrum 

It assumes that we can describe the sea as a stationary random process. Herein 

the influence of the JONSWAP (Joint North Sea Wave Project) spectral formulation 

on the Cwh, σPW, and σPK is examined compared to those results obtained using the 

ISSC wave spectrum.  The peak enhancement factor γr was set to 10. Figure A3.1 

shows the relationship between significant wave height HS and the average 

coefficient of whipping interval Cwh for the JONSWAP and ISSC wave spectrum 

results. It is observed that in general there are small variations between the 

JONSWAP and ISSC results for Cwh coefficient. In most cases, the Cwh generated by 
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using the JONSWAP wave spectrum tends to decrease compared to that obtained by 

using the ISSC spectral definition.  

 
Fig. A3.1 The relation between significant wave height HS and coefficient of 

whipping interval Cwh. 
In Fig. A3.2 it is presented the variation of the average slamming peak stress 

range ΔσPK for short sea with various significant wave heights and ship speeds in 

head sea condition. It is shown that the difference in ΔσPK increment with Hs when 

comparing the two wave spectrum results. An increment in the slamming peak stress 

range up to 30% increment can be expected when using the JONSWAP spectrum 

compared to that of the ISSC spectrum for the same short-sea state, especially in 

rough seas (for example at 11.5 m waves), under the condition chosen. Furthermore, 

Fig. A3.3 presents the variation of the average primary wave stress range ΔσPW for 

short sea with various significant wave heights and ship speeds in head seas 

generated by the JONSWAP and ISSC spectrums. As expected, there are slight 

differences in the primary wave stress range ΔσPW since the wave spectra are 

different. These results show that the change in the wave spectra has a limited 

dependency on the primary wave component. Under the condition chosen, the 

differences in ΔσPW are at most 10% (e.g. 7.5 m case). These results indicate the 
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importance of the wave spectra on the hull vibration components which depend more 

on the spectrum assumed than Cwh or ΔσPW. 

 
Fig. A3.2 The variation of the average slamming peak stress range ΔσPK for 
short sea with various significant wave heights and ship speeds –head seas-. 

 

 
Fig. A3.3 The variation of the average primary wave stress range ΔσPW for short 

sea with various significant wave heights and ship speeds –head seas-. 
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A3.3 Structural Damping 

In this thesis, it is assumed less than 2% critical damping for the respective 

flexible modes, and only the symmetric modes are considered. In order to examine 

the effect of different damping coefficient on the coefficient of whipping interval, 

slamming impact stress range and primary wave stress range, the percentage of 

damping coefficient is changed as follow: 2.4%, 3%, 4%, and 5% for the respective 

flexible modes. The sea state considered for this examination is the following 

Hs=5.5m, Ts=9.5s, in head waves. Figure A3.4 shows the relation of the coefficient 

of whipping interval with various percentage of structural. It is noted that the 

probability of whipping slightly decrease, and if are considered changes to the 

structural damping for the order of 4% and 5% are expected small increment. In Fig. 

A3.5 it is shown the relation of the stress ratio ΔσPK/ ΔσPW with various percentage 

of structural damping. It is observed a continuous decrease in the effect of the 

slamming impact stress range on the primary wave stress range as expected. The 

results showed in this section are under the condition chosen (only symmetric 

modes) and it may derive a different tendency if damping of antisymmetric hull 

distortion are considered since these motions entail horizontal bending and 

simultaneous twisting of the ship hull. 
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Fig. A3.4 The relation of the coefficient of whipping interval with various 

percentage of structural damping (Hs=5.5m, Ts=9.5s, head waves). 
 

 
Fig. A3.5 The relation of the stress ratio ΔσPK/ ΔσPW with various percentage of 

structural damping (Hs=5.5m, Ts=9.5s, head waves). 
 

 

A3.4 Threshold to Slamming Impact Detection 

The non-dimensional factor a varied from 1.0 to 2.0 to examine the sensitivity 
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to the factor used in this thesis as presented in Section 4.1 and highlighted in Table 

A3.1. Two wave conditions are examined for significant wave height of 6.5 m and 

7.5 m and mean wave period 10.5s. In Table A3.1 it is presented the variation of the 

coefficient of whipping interval Cwh with a for short sea with various Hs, and Vs in 

head seas. The larger a means that less slamming impact peaks are detected, 

according to the definition in Eq. 4.2. Further, in general, it is observed that with the 

increase of the ship speed the Cwh variation increases. For 6.5 m waves, Cwh is more 

sensitive to the variation of a than that found for 7.5 m waves. Cwh varies from 0.13 

to 0.41 for 6.5 m wave cases, which suggest that whipping may happen once every 

2 to 7 primary waves. While for 7.5 m the variation on Cwh suggest that whipping 

may happen 3 to 6 primary waves. Moreover, it is observed the importance of 

threshold to the slamming impact detection on the coefficient of whipping interval.  

As natural concluded, it is possible that a different threshold would produce different 

results.  

Table A3.1 The variation of the coefficient of whipping interval Cwh with the 
non-dimensional factor a for short sea with various significant wave heights and 

ship speeds –head seas-. 

  

Hs  (m) Ts  (s) Vs(kt) a Cwh Slamming per primary wave

1.00 0.4153 2
1.20 0.3022 3
1.50 0.2053 5
1.70 0.1692 6
2.00 0.1353 7
1.00 0.3500 3
1.20 0.2963 3
1.50 0.2275 4
1.70 0.2053 5
2.00 0.1692 6

10.56.5

10.57.5

19

13
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