
 

1 
 

Statistics of extreme hydroelastic response for large ships 1 

Oleg Gaidai1), Gaute Storhaug2), Arvid Naess3) 2 
1) Jiangsu University of Science and Technology, Zhenjiang, China 3 

2) DNV-GL, Oslo, Norway 4 
3) Norwegian University of Science and Technology, Trondheim, Norway 5 

 6 

1 Abstract		7 
 8 
For the safety of crew, ship and cargo, it is essential to assess all aspects of the wave loading to ensure that ships 9 
are designed to endure extreme events.  This paper describes a practical method for prediction of extreme stresses 10 
using as an example measured strain in the deck amidships of a container vessel operating in the North Atlantic. 11 
The focus is placed on the whipping structural response, which refers to transient vibratory response of the hull 12 
girder due to wave impacts occurring mainly in the bow area.  13 
Due to non-stationarity and complicated nonlinearities of the wave induced loads, as well as the human factor in 14 
operation of ships, reliable numerical prediction of extreme response, including whipping, is challenging even 15 
though significant advances have been made in developing hydro-elastic computational tools in recent decades. 16 
Moreover, laboratory tests and numerical simulation tools may not fully reproduce the critical conditions that take 17 
place in reality, and these conditions may not even be well understood. Therefore, measurements on real ships 18 
provide an opportunity for unique insights into the structural responses when the vessel is at sea.   19 
In addition, a discussion of the ACER (Average Conditional Exceedance Rate) method is provided. It is shown 20 
that this method is suitable for practical prediction of extreme values of structural stresses. Unlike methods based 21 
on asymptotic extreme value theory, the ACER method explores pre-asymptotic statistics. The latter is of great 22 
practical importance for engineering and design. This method opens up for the possibility to predict simply and 23 
efficiently both short-term and long-term extreme response statistics, which may also be useful for the captain on 24 
board. 25 
The last, but not least is data clustering issue. Whipping process possesses clustering due to its resonance nature; 26 
therefore conventional and widely used Poisson assumption is no more valid. ACER method effectively accounts 27 
for data clustering, leading to more accurate extreme response estimate, than Poisson assumption methods.  28 

Keywords 29 
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clustering. 31 
 32 
2 Introduction 33 
 34 
This paper studies measured hydroelastic response of large container vessel. Hydroelastic loads are represented 35 
here with whipping and springing (Bishop & Price, 1979).  36 
The Post-Panamax container ship MSC Napoli broke in January 2007. Another Post-Panamax container ship, 37 
MOL Comfort broke in June 2013. Although these two ships may not have been designed and approved according 38 
to current safety practise resulting in substandard collapse strength compared to other similar ships, both ships 39 
broke because of hull girder overloading. MSC Napoli was broken in way of the engine room bulkhead and MSC 40 
Napoli was broken amidships in way of a pillar bulkhead. These severe accidents affected the industry, in 41 
particular the container ship industry. The latter two cases have been intensively followed up by thorough 42 
investigations (MAIB, 2008; ClassNK, 2014). Investigation reports focus on the estimate of the three main load 43 
components that may contribute to break such ships in two: 44 

• Still water vertical bending moment due to the ballast and cargo loading 45 



 

2 
 

• Wave induced vertical bending moment due to the sea state and relative vessel heading 46 
• Wave induced vibration, i.e. whipping due to bow flare slamming, contributing to increase the vertical 47 

bending moment 48 
The investigation reports (MAIB, 2008; ClassNK, 2014) analyzed the collapse strength that has been determined 49 
by nonlinear FEM (finite element analysis). The collapse strength must exceed potential loading, but in the two 50 
accidents it was clearly not the case. There are many possible elements that could have made the collapse strength 51 
dangerously weak. For MSC Napoli, the transverse stiffening without redundancy was a critical element, while 52 
for MOL Comfort double bottom bending and reduced buckling strength due to bi-axial buckling was critical.  53 
It can be concluded, that uncertainties are of big importance both on the capacity and the loading side. Especially 54 
on the loading side there are big uncertainties, exemplified by the deterministic versus the probabilistic assessment 55 
on MSC Napoli, where one appendix of the report (MAIB, 2008) suggests that whipping was a key contribution, 56 
while another appendix suggests that it is likely contribution, but not necessary an only collapse cause. On MOL 57 
Comfort there were significant uncertainties to both the still water bending moment, and to the wave bending 58 
moment and whipping. The latter was exemplified also by the assumptions on significant wave height, which was 59 
increased from 5.5 meter reference to an interim report (ClassNK, 2014) to 7.5 meter.  60 
The International Association of Classification Societies (IACS) has issued recently (as a consequence of these 61 
two accidents) new unified requirements for longitudinal strength standard for container ships, URS11A (IACS, 62 
2015) as well as new unified requirements for functional requirements on load cases for strength assessment of 63 
container ships by finite element analysis, URS34 (IACS, 2015). These requirements address the hull girder 64 
loading and collapse strength, and URS11A now is including functional requirements to whipping to be addressed 65 
on Post Panamax container ships. The latter requirements should be implemented by all class societies, and in 66 
some cases the scantlings (steel weight) may increase, but some class societies consider already whipping in the 67 
approval. Other class societies have also updated guidelines for whipping, but the different class societies do not 68 
have similar or harmonised procedures or tools, therefore the results can differ.        69 
From the above it can be concluded that uncertainties are present and important. One of the major uncertainties is 70 
related to the hull girder loads. The latter is the focus of this paper, i.e. the wave loading and the whipping, while 71 
the still water loading has not been considered. Rather than using numerical calculations, real stress measurements 72 
of a 2800TEU container ship operating in North Atlantic have been considered. Each voyage (crossing) represents 73 
a new random process, taking place in different seasons in the years 2007-2010. Assembling all different voyages 74 
into one single time process introduces additional non-stationarity.  Different authors have being studying 75 
statistics of whipping of the same 2800TEU container ship, see for example (Mao, Ringsberg & Rychlik, 2010). 76 
Although ship stress statistics in irregular waves can be accurately determined in a well-designed model test, 77 
obtaining reliable estimates for the extreme response is challenging. Due to nonlinearity of the response in steep 78 
sea states, data from many realizations of a given sea state are often required to obtain robust estimates. In model 79 
tests, this is a time consuming and costly process. In many cases only one or a few 3-hour realizations are therefore 80 
simulated in the model basin or towing tank (head sea only), and the assumptions regarding sea states, loading 81 
condition, heading, speed, wave energy spreading and model representation introduce significant uncertainties. 82 
Thus, the real operational data are of great importance, if available. In case the measured dataset is representative, 83 
but contains only limited amounts of crossings, the natural question can be asked is how to extrapolate the statistics 84 
towards extreme response levels, which have not been crossed by the measured time series. Therefore, there is a 85 
substantial need for new statistical approaches to be able to utilize limited non-stationary data sets, and give 86 
reasonable prediction of the probability of extreme events. There is also a significant need to investigate the 87 
statistical robustness of these estimates in more detail, and, if possible, develop and establish new methods to 88 
improve the estimates obtained from a limited data set. The approach adopted in this paper was previously 89 
benchmarked in various applications; see (Naess, Gaidai & Haver, 2007; Naess et al. 2009; Naess & Gaidai, 90 
2008). A further development of this method was published in (Naess & Gaidai, 2009; Naess, Gaidai & Batsevych, 91 
2010; Gaidai, Stansberg & Naess, 2014; Gaidai & Krokstad, 2014).  92 
An important study was done, based on full-scale measurements obtained from a one year monitoring campaign 93 
onboard the Victoriaborg, a general cargo/container vessel. (Aalberts & Nieuwenhuijs, 2006) report extreme 94 
distribution tail of whipping stress and its low and high pass components which are of similar qualitative tail shape 95 
as presented in this study, compare Fig. 5－Fig. 7 and cumulative distribution of vertical hull girder bending 96 
moments plot in (Aalberts & Nieuwenhuijs, 2006). 97 
The authors have previously applied the ACER method to ship whipping data (Gaidai, Storhaug & Naess, 2010; 98 
Andersen & Jensen, 2014, and Storhaug & Andersen, 2015), but the current study analyses significantly larger 99 
datasets, enabling deeper insights into the extreme value statistics and the importance of whipping versus design 100 
rules. The presented approach assesses the extreme response by employing the ACER function combined with an 101 
efficient optimization procedure that allows prediction at extreme response levels. The latter is a novel state of art 102 
approach and is benchmarked against what is considered to be a robust state-of-the-art method. The main objective 103 
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of this paper is to come up with improved methods for assessment of extreme response, with special emphasis on 104 
whipping. 105 
A typical loaded container TUE ship is presented in Fig. 1. The stress is measured amidships in the longitudinal 106 
direction on a flat bar below upper deck. At this location the stress is dominated by vertical bending and whipping. 107 
The measurements cover an effective period of two years. Further explanation of the hull monitoring system can 108 
be found in Storhaug, Moe & Lopes (2007). 109 
 110 

 111 
 112 

Fig. 1  An example of a loaded Post Panamax container vessel.  113 

 114 
 115 
 116 
3 The whipping phenomenon  117 
 118 
Fig. 3 presents an example of a whipping episode. Whipping starts in sagging and decay slowly due to low 119 
damping of deck midship port (DMP) stress. Mean stress have been removed. The vibration (whipping) begins in 120 
the sagging part of the cycle when the deck is in compression, see Fig. 3. Sagging stress has negative sign 121 
(compression in deck), while hogging stress has positive sign (tension in deck). 122 
This happens normally when the bow is diving into a steep wave, which consequently causes a bow flare impact 123 
with water spray, water on deck level and green water in extreme cases. Because of low damping the vibration 124 
continues also into the WF hogging cycle. The hogging part of the cycle is often of interest, because the dynamic 125 
hogging is added to the static hogging from the still water loading, a condition considered as a major reason for 126 
the collapse of the container vessel MSC Napoli (MAIB, 2008). 127 
Note that Fig. 3 exhibits narrow band oscillation pattern, which is one of the kinds of clustering – see further down 128 
in this paper about issue of de-clustering of measured data. 129 
 130 



 

4 
 

 131 
(a) PSD, log scale [rad/s] 132 

 133 

 134 
(b) PSD, Hz 135 

Fig. 2 PSD of measured DMP stress. 136 

Fig. 2 (a), (b) present the power spectral density (PSD) of the DMP stress 𝜎(𝑡) in rad/s and Hz, respectively. It 137 
exhibits a response peak at a high frequency (HF) in Fig. 2 (a), approximately equal to 4.6 rad/s (i.e. about 0.73 138 
Hz or 1.37 seconds). The total measurement time 𝑇 is about 2 years, which is the duration of the global time series, 139 
obtained by gluing together all individual time series. The mean stress value, equal to 12.5 MPa, was subtracted 140 
from this global stress time series. 141 
Smaller higher-order vibration has also been observed at about twice this frequency. The first frequency peak (4.6 142 
rad/s) in Fig. 2 (a) is related to the vertical 2-node vibration, which is the governing vibration mode, while the 143 
second peak at 9.5 rad/s is possibly the horizontal 2-node vibration mode.  144 
At the same time the WF spectrum peak for this case has a sharp peak which is located at about 0.3 rad/s (i.e. 145 
0.048 Hz or 20.9 seconds) in Fig. 2 (a). The WF peaks represents the encounter frequency which depends on the 146 
heading and speed of the vessel, i.e. the wave period would differ. This first sharp peak could come from following 147 
sea in forward speed and the real wave period would then be lower. There is also a second peak at about 0.7 rad/s 148 
(i.e. 0.11Hz or 9.0 seconds), which is more likely coming from head seas in forward speed, and the real wave 149 
period would then longer.  150 
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Assuming the speed would be 19 knots towards North America and 0.7 rad/s comes from head sea, then the wave 151 
period is about 13 seconds. If the vessel goes at 15 knots to North Europe and the sea is following, then the first 152 
peak would also correspond to a wave period of 13 seconds. It is known that the waves tend to go from North 153 
America to North Europe on this North Atlantic trade. However, swell could affect this as well as heading 154 
distribution and possible warping stress from torsional response that is related to roll period which is often in the 155 
order of 20 seconds also for this vessel, corresponding to the first peak. In any case two peaks should be expected 156 
in the WF response even without swell due to the “Doppler” effect explained above.   157 
It should be noted that high-frequency whipping usually happens in head seas. For these two lower frequency  158 
peaks discussed above, at about 0.3 rad/s and about 0.7 rad/s in Fig. 2 (a), one peak could be due to following seas 159 
while the other could be swell. 160 
 161 

 162 
Fig. 3 Whipping starts in sagging and decay slowly due to low damping of deck midship port (DMP) 163 

stress. Mean stress have been removed. Hogging is positive, sagging is negative. 164 

 165 
Fig. 4 presents layout of mid ship cross section, with measurement position indicated. 166 
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 167 
 168 

Fig. 4 Layout of mid ship half cross section, with measurement position indicated by the red circle. 169 

 170 
 171 
4 Sea state statistics 172 
 173 
The global wave statistics is based on North Atlantic (NA) and World Wide (WW) scatter diagrams (DNV 2005b), 174 
(Storhaug, Moe & Lopes 2007).  175 
The whipping stress time series, analyzed in this paper, can be regarded as the ship dynamic system output 176 
(response), while the wave load is a stochastic input. Therefore, each sea state represents a short term stationary 177 
part in the long term (total voyage) response time series. Port time intervals are neglected. One needs to assume 178 
that the measured dataset is representative on both a short and long term scale. The latter assumption can be 179 
justified by taking a large number of single voyages and assuming that global trends (as for example global climate 180 
change) can be neglected. It is important to mention that the most severe seas with the highest waves are not 181 
necessarily the most extreme for the whipping response, which can be more substantial when the vessel speed is 182 
high. For the higher sea states in head seas, the vessel speed decreases, and at around 10 to 12 meters significant 183 
wave height, the vessel will not be able to maintain steering capacity and forward speed in head seas. That is also 184 
one reason for avoiding the severe storms in head seas, and it will affect the routing as the estimated time to arrival 185 
(ETA) will be delayed significantly.   186 
 187 
5 The statistical approach  188 
 189 
The statistical predictions given in this paper, are only valid for a given vessel with the given cruise route and 190 
period. Still, the proposed statistical method is general, and it highlights the mechanical nature of the whipping 191 
stress distribution in the extreme tail. The latter is of practical importance for a large variety of container ships 192 
and voyage routes.  193 
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Since statistics of the encountered sea states and extreme responses can be affected by applied routing system and 194 
captains decisions, it is worth mentioning that voyages analyzed in this paper correspond to a similar routes, 195 
therefore route deviation bias was not analyzed. 196 
The ACER method (Naess & Gaidai, 2009) is applied to analyze the measured data in order to assess the extreme 197 
value statistics. The major advantage of the ACER method is that it utilizes the full non-stationary data set. 198 
Moreover, this method accounts for data clustering, inherent in the whipping phenomenon.  199 
Obviously, some of the 70 voyages contain transient whipping processes in clustering, and these processes are of 200 
different levels of whipping in terms of the severity of stormy seas, direction and speed of vessels. Hence, even 201 
assuming that these whipping processes are homogeneous in hydrodynamics and structural dynamics without 202 
accounting for nonlinearities, their levels of ergordicity are different. However, none of statistical method is 203 
universal and each one has its own assumptions and limitations. The paper was an attempt to properly analyze a 204 
unique  data set, which was not previously analyzed to the extent of over 2 years total duration.  205 
Let 𝑀(𝑇) = max	{ 𝑍(𝑡): 0 ≤ 𝑡 ≤ 𝑇} be the extreme value of the response process 𝑍(𝑡) over a long-term time 206 
interval with length	𝑇. The stress response process 𝑍(𝑡) is obviously non-stationary, because of different sea 207 
states, headings and loading conditions apply during the voyages. In order to draw statistical conclusions from the 208 
measured data, one needs to assume some form of ergodicity locally. The latter means that (since only one time 209 
series of data is available) the statistical information one needs, can only be drawn from time averages obtained 210 
from this single time series. The process of extracting statistical information from the total measured time series 211 
available would be to consider the environmental conditions met by the vessel during the voyages as a sequence 212 
of stationary 3 hour sea-states. Assuming that the vessel speed and heading is kept constant during each sea-state, 213 
the response time history during each of the 3 hour sea-states can be used to extract short term statistical 214 
information under an ergodicity assumption. The required long term statistics, including the effect of the vessel’s 215 
loading condition, is then obtained by a second time averaging process.  216 
Still, it worth noting that for harsh conditions with large whipping loads, the ergodicity assumption may not be 217 
accurate within a 3 hour period. The remedy is then to use a large number of independent voyages, each one about 218 
one week duration, then ergodicity can be captured locally on that larger (weekly) time scale. This paper analyses 219 
over 70 trans-Atlantic voyages, which may be regarded as sufficient to treat the dataset as locally ergodic even 220 
for extreme whipping events. Note that the ACER method does not rely on the choice of the short term duration, 221 
given that the dataset is large enough.  222 
 223 
The actual time series 𝑋3  that is used to represent the response process 𝑍(𝑡) for the specific analysis carried out, 224 
can be different from the process itself. Since our focus in this paper is on the extreme response, we may choose 225 
to analyze either the sampled response process itself or the time series of extracted peak response values (by 226 
“peaks” authors mean local maxima in the response time series). Whichever time series is used, the long term 227 
extreme value distribution of 𝑀(𝑇) , based on the ACER function of order 𝑘 , can now be expressed in the 228 
following manner  229 
 230 

 𝑃6(𝜂) ≈ exp	( − (𝑁 − 𝑘 + 1)𝜀6̂(𝜂))  (1) 

where  231 

 𝜀6̂(𝜂) =
1

𝑁 − 𝑘 + 1
B𝑎63

D

3E6

(𝜂) (2) 

𝜀6̂(𝜂) represents the empirical ACER function of order k. Note that the total number of data 𝑁 depends on the 232 
time series used; with 𝑎63(𝜂) = 𝔼[𝐴63(𝜂)]  where 𝐴63(𝜂) = 𝟏K𝑋3 > 𝜂, 𝑋3NO ≤ 𝜂,… ,𝑋3N6QO ≤ 𝜂R , 𝑗 =233 
𝑘, … ,𝑁, 𝑘 = 2, 3,… 234 
Beacause the extreme value distribution based on the concept of mean level upcrossing rate may be more familiar 235 
than the one based on the ACER functions, it is expedient to tie the connection between the two concepts. The 236 
long term extreme value distribution of 𝑀(𝑇) based on the assumption of a nonhomogeneous Poisson process for 237 
the upcrossings of high response levels is given as  238 

 239 

 Prob(𝑀(𝑇) ≤ 𝜂) ≈ exp	( −Z 𝜈Q
\

]
(𝜂; 𝑡)	𝑑𝑡) = exp	( − 𝜈Q(𝜂) 𝑇) 

 
(3a) 

where 𝜈Q(𝜂; 𝑡)  denotes the mean upcrossing rate of the response level 𝜂  at time 𝑡 , while 𝜈Q(𝜂) =240 
∫ 𝜈Q\
] (𝜂; 𝑡)	𝑑𝑡/𝑇 denotes the time averaged mean upcrossing rate. For the application in this paper, this can be 241 

clarified further. Let us assume that for the whole long term time series, the totality of unique stationary conditions 242 
for the ship during its voyages can be assembled in an array of parameter vectors 𝒘3 , 𝑗 = 1, … ,𝑀. Each 𝒘3  243 
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contains the parameters describing the condition for the ship during a 3 hour stationary sea state. Then equation 244 
(3a) can be expressed as follows,  245 
 246 

 Prob(𝑀(𝑇) ≤ 𝜂) ≈ exp	( − 𝑇B𝜈Q
c

3EO

(𝜂;𝒘3)	(𝑇3/𝑇))  (3b) 

where 𝜈Q(𝜂;𝒘3) denotes the constant mean upcrossing rate for condition 𝒘3 , 𝑇3  denotes the amount of time the 247 
ship is in condition 𝒘3  during the total time	𝑇. Therefore, 𝑇3/𝑇 expresses the fraction of total time that the ship is 248 
in condition 𝒘3 . Equations (3a) and (3b) are two typical ways of expressing the long term extreme value 249 
distribution based on the mean upcrossing rate, cf. (Naess & Moan, 2012).  250 
 251 
The connection between the upcrossing rate and the ACER functions is obtained by recognizing that if the time 252 
series 𝑋3  represents the sampled full response process, then the ACER function of order 2, 𝜀ẽ(𝜂), is identical to 253 
the time averaged upcrossing rate except for normalization: the upcrossing rate is per time unit, while the ACER 254 
function is per data point. In this paper, however ACER was used on the local peaks, extracted from time series, 255 
therefore in that case ACER function of order 2 differs from mean upcrossing rate in its nature.  The main 256 
advantage of using ACER function of order 2 and higher is that it enables accounting for data de-clustering, while 257 
mean upcrossing rate is relying on Poisson assumption and therefore may overestimate extreme response due to 258 
dependency of neighboring peaks (data clustering).  259 
 260 
For the purpose of estimating the extreme value distribution of the kind of data studied in this paper, it is normally 261 
convenient to focus on the time series of peak response values. The cause is that the dependence structure in the 262 
response process is more directly displayed by using the time series of peak values. Hence, in the following the 263 
discussion is limited to this time series. In this case, 𝑁 𝜀Ô(𝜂) denotes the expected number of peaks above the 264 
response level 𝜂 during the time 𝑇, where 𝑁 denotes the total number of peaks in the time series. Since there may 265 
be more than one peak between two upcrossings, it is clear that 𝜈Q(𝜂) 𝑇 ≤ 𝑁 𝜀Ô(𝜂). On the other hand, in the 266 
estimation of 𝜀ê(𝜂), a group of consecutive peaks exceeding the level 𝜂 will be counted as one exceedance. From 267 
this it follows that (𝑁 − 1) 𝜀ê(𝜂) ≤ 𝜈Q(𝜂) 𝑇. In general, (𝑁 − 𝑘) 𝜀6̂QO(𝜂) ≤ (𝑁 − 𝑘 + 1) 𝜀6̂(𝜂). In some cases 268 
(𝑁 − 𝑘 + 1) 𝜀6̂(𝜂)  is significantly less than 	𝜈Q(𝜂) 𝑇 , which means that equation (3a) may lead to overly 269 
conservative extreme value estimates. However, for the application in this paper, we shall see that equations (3a, 270 
3b) in fact lead to quite accurate estimates of the total extreme values, while there is a small deviation for estimates 271 
limited to only the whipping response. The latter is due to the fact that whipping is a strongly resonant response 272 
where the peaks are highly correlated.  273 
 274 
 275 
6 Extrapolation method 276 
 277 
This section discusses the important issue of extrapolating the chosen ACER curve towards extreme response 278 
levels with low probability. The authors apply the Naess-Gaidai extrapolation method (Naess, Gaidai & Haver, 279 
2007), which suggests the following parametric form for the tail ACER function 280 
 281 

𝜀6̂(𝜎) ≈ 𝑞 ∙ exp(−𝑎(𝜎 − 𝑏)i),  𝜎 ≥ 𝜎]                                                                (4) 282 
 283 

with 𝜎 being the response level, which is stress in the case of this paper; 𝑎, 𝑏, 𝑐, 𝑞 are suitable tail constants; 𝜎] is 284 
a suitable tail marker (𝜎] =30 MPa in Fig 8, Fig. 12), indicating the start of the fit based on equation (4). Thus by 285 
plotting ln{ln(𝜀6̂(𝜎)/𝑞)} versus ln(𝜎 − 𝑏), it is expected that almost perfectly linear tail behaviour will be 286 
obtained.  287 
It is suggested to do the optimization on the log-level by minimizing the following mean square error function F 288 
with respect to four arguments 𝑎, 𝑏, 𝑐, 𝑑 289 

𝐹(𝑎, 𝑏, 𝑐, 𝑑)=Z 𝑤(𝜎)
pq

pr
{ln(𝜀6̂(𝜎)) − ln 𝑞 + 𝑎(𝜎 − 𝑏)i}e𝑑𝜎 

(5) 

where  𝜎O is a suitable data cut-off value, i.e. the largest response value, where the confidence interval width is 290 
still acceptable. The weight function 𝑤 is defined as 𝑤(𝜎)={ln𝐶Q(𝜎)− ln𝐶N(𝜎)}Ne with t𝐶N(𝜎), 	𝐶Q(𝜎)u being 291 
a 95% CI (confidence interval), empirically estimated from measured data.  292 
 293 
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It is shown that the Naess-Gaidai extrapolation (4) is a robust and efficient extrapolation tool for a wide variety 294 
of random processes in maritime and offshore engineering, see  (Naess, Gaidai & Haver, 2007; Naess et al., 2009; 295 
Naess & Gaidai, 2008; Naess, Gaidai & Batsevych, 2010; Gaidai, Stansberg & Naess, 2014; Gaidai & Krokstad, 296 
2014, Storhaug & Andersen, 2015). In (Gaidai, Storhaug & Naess, 2010) the authors have already validated the 297 
ACER method, applied to whipping data, versus other relevant statistical methods, such as the Gumbel and 298 
Weibull fit. It was shown that ACER extrapolation provides more accurate prediction in terms of confidence 299 
intervals, than other conventional methods. 300 
 301 
 302 
7 Response statistics 303 
 304 
This section presents results of the statistical analysis of the measurements of the deck stress on the port side 305 
amidships (DMP), taken from over 70  North Atlantic voyages in the period 2007-2010. The Naess-Gaidai fit (4) 306 
is applied to the 𝜀ê(𝜎) functions, since 𝜀6̂(𝜎) has converged to 𝜀ê(𝜎) for 𝑘 > 2.  307 

The mean value varies with loading conditions and also during a voyage due to de-ballasting, and the mean value 308 
should be removed. However it is slightly wrong to filter away the mean value instead of removing the still water 309 
bending stress. The mean value at any time record, i.e. half hour, was removed before the long term time series 310 
was merged. Then removing the mean by filtering implies that the asymmetry in the response and also the forward 311 
speed effect giving a steady small sagging moment contribution is removed. This forward speed effect is a 312 
stochastic process and it should be included in the dynamic part. Removing mean per for example, voyage is not 313 
OK.   314 

It is seen from Fig. 2 that significant response PSD is located at about 0.3 rad/s and 0.7 rad/s, while the smaller 315 
peak around 4.7 rad/s indicates whipping (and springing). The width of the whipping and springing peak is 316 
affected by different loading conditions on the east and west bound voyages and thereby different natural 317 
frequencies.    318 

The mean up-crossing rate 𝜈Q and the ACERe (which is ACER second order function) curves are plotted for 319 
comparison in Fig. 5 - Fig. 7, and Fig. 9 - Fig. 11. By multiplying 𝜈Q	with the total time duration 𝑇 and ACERe 320 
with total number of peaks N, one can scale the y-axis to the 25 year exceedance probability levels. This is done 321 
in Fig. 5 - Fig. 12, therefore the y-axis (vertical) value of 1 corresponds to the 25 year return period level. 322 
Predicting response levels with 25 years return period is particularly important for ship design. The DMP stress 323 
response 𝜎(𝑡) is measured in MPa. Sagging stress has negative sign (compression in deck), but for plotting in 324 
section 7.1, the negative sign was swapped to positive.  In order to study whipping in more detail, high and low 325 
pass filtering was performed, with cut-off frequency at 0.4 Hz. Therefore, the high pass signal contains whipping, 326 
while the low pass signal does not, see Fig. 2 (b). 327 
 328 

7.1 Sagging stress statistics 329 
 330 
Fig. 5 presents sagging stress statistics, specifically the mean up-crossing rate and the ACER2 second order 331 
function on the log scale. Both mean up-crossing rate and the ACER2 function are multiplied by N, and denoted 332 
𝑁Q(𝜎). N is chosen to be the total number of local peaks in 25 year period. The latter gives the target level for 333 
extrapolation equal to 10] = 1, see Fig 8 and Fig. 12. 334 
 335 
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 336 
Fig. 5 Sagging stress up-crossing (--) and ACER2 (−) with whipping included. 337 

 338 
Fig. 6 presents ACER and crossing rate functions, based on the low-pass (LP) filtered sagging. LP filtering was 339 
done at a cut-off frequency of 0.4 Hz (=2.5 rad/s), having the purpose of removing whipping (and springing).  Fig. 340 
7 presents high-pass (HP) filtered sagging; HP filtering was done at a switch-on frequency of 0.4 Hz.  341 

 342 
Fig. 6 Low pass filtered sagging stress ACER2 and up-crossing (dashed line).343 
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 344 
Fig. 7 High pass filtered sagging stress ACER2 and up-crossing (dashed line). 345 

 346 
Fig 8 presents extrapolation (NG) of ACER2 function for sagging; it is seen that ACER extrapolation fits well 347 
over the wide data range. 95% Confidence Interval (CI) is indicated by dashed lines and its extrapolation by dotted 348 
lines. The data tail is cut near stress value about 105 MPa, since confidence bands have exceeded the 349 
corresponding ACER value, making those data points unusable for extrapolation. Horizontal dotted line indicated 350 
25 year return period of interest. 351 
In Fig 8, Fig. 12 both dashed (CI) lines are cut off at the response level, when CI width exceeds the expected value 352 
itself, since then log gets negative argument. Note that for the CI (as well as for the ACER function itself) 353 
extrapolation, the very tail part was not taken into account, due to its high inaccuracy; instead the up-tail data 354 
(with much more narrow CI) was used as a base for extrapolation.  355 
 356 

 357 
Fig 8 Tail extrapolation for sagging, see Fig. 5, including whipping. 95% CI is indicated by dashed lines 358 

and its extrapolation by dotted lines. 359 

 360 
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7.2 Hogging stress statistics 361 
 362 
Fig. 9 presents hogging stress statistics, specifically the mean up-crossing rate and the ACER2 function on the log 363 
scale. Fig. 10 presents the mean up-crossing rate and the ACER2 function based on low-pass (LP) filtered hogging. 364 
LP filtering was done at a cut-off frequency of 0.4 Hz (=2.5 rad/s), having the purpose of removing whipping (and 365 
springing). See Fig. 11. 366 
 367 

 368 
Fig. 9 Hogging stress up-crossing (--) and ACER2 (−) with whipping included. 369 

 370 

 371 
Fig. 10 Low pass filtered hogging stress up-crossing (--) and ACER2 (−). 372 

 373 
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 374 
Fig. 11 High pass filtered hogging stress up-crossing (--) and ACER2 (−). 375 

 376 
Fig. 12 presents extrapolation of the ACER2 function for hogging; it is seen that ACER extrapolation fits well to 377 
the wide data range. The 95% Confidence Interval (CI) is indicated by dashed lines and its extrapolation by dotted 378 
lines. The data tail is cut where confidence bands are exceeded, at the stress value about 90 MPa. The horizontal 379 
dotted line indicates the 25 year return period of interest. 380 
 381 

 382 
Fig. 12  Tail extrapolation for hogging, see Fig. 9, including whipping. 95% CI is indicated by dashed 383 

lines and its extrapolation by dotted lines 384 

 385 

7.3 Statistical summary 386 
 387 
The proposed extrapolation method, based on equation (4), already proven in a wide range of applications to be 388 
quite accurate in predicting extreme values, has been applied. As shown in Fig 8 and Fig. 12, a significant part of 389 
the tail statistics is well captured, enabling robust prediction towards higher response levels. The only underlying 390 
assumption for the proposed method is regularity of the statistical tail. The proposed extrapolation formula fits 391 
well with the measured data. The 25-year return period stress values for sagging and hogging, with and without 392 
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whipping are given in Table 1. The whipping-induced stress is removed if the low-pass filtering is used, and is 393 
included if the high-pass filter is applied.  394 
 395 
Table 2 presents comparison of the 25 years design values (i.e. 25-year return period stress values), based on the 396 
IACS URS11 vertical bending moment values with those estimated by the ACER method. Given that the ACER 397 
extrapolation seems to be accurate, Table 2 suggests that the URS11 (older standard) sagging moment was non-398 
conservative. This suggests therefore that the URS11A (newer standard) is better; however the new sagging 399 
moment in URS11A appears overly conservative. The latter conclusion seems reasonable, knowing that some of 400 
the software tools tend to produce very high nonlinear sagging moments, and these tools have been used by IACS 401 
in development of the new URS11A. It should however be pointed out that some asymmetry in the nonlinear 402 
signal may be lost when the time series is filtered to remove the mean. I.e. the sagging values becomes slightly 403 
smaller and the hogging values slightly larger. Still the URS11A sagging moment is dramatically above these 404 
measurements. The fact that the ACER sagging results is larger than URS11 is not strange, since the 141.3 includes 405 
whipping and URS11 does not. It should be noted that the criticism of URS11A sagging in this case is based on 406 
measurements of only one container ship. It is therefore necessary to repeat this on more container ships.    407 
Regarding IACS URS11 and URS11A results, with respect to the ACER method predictions. The 25-year largest 408 
vertical bending moment (obtained from the ACER method for the bending moment measurements) was used to 409 
obtain the stress at the target location and then compare it with the 25-year stress obtained using ACER for stress 410 
measurements. IACS URS11 and URS11A were using the same nonlinear structural analysis, since the same 411 
structural analysis method should be used when applying statistical extrapolation method, like ACER. 412 

Table 1. Predicted response corresponding to 25-year return period, [MPa], mean stress 12.5 MPa 413 
subtracted 414 

 Total stress 
unfiltered 

Low Pass 
filtered 

High Pass 
filtering 

Sag 141.3 115.5 65.6 
Hog 108.0 90.7 63.7 

 415 

Table 2. Total unfiltered stress comparison, [MPa] 416 

 ACER URS11A URS11 
Sag 141.3 217.2 121.9 
Hog 108.0 110.6 103.6 

 417 
Since the slamming and whipping occur normally in sagging condition (see Fig. 3), the increase of sagging 418 
moment then is larger than hogging. Therefore Table 2 indicates the significance of whipping, since the predicted 419 
sagging stress by ACER is about one third larger than the hogging stress.  420 
 421 
 422 
 423 
 424 
Note that reference to IACS values in Table 2 is not based on any specific statistical method, like e.g. ACER, 425 
Weibull or Gumbel methods, or computed through nonlinear structural analyses. IACS values are simply based 426 
on the IACS prescriptive formula, developed by IACS (IACS, 2015). The point is that IACS offers its 427 
recommended design value, and the measurements indicate that this is not necessarily a best hit for a ship actually 428 
operating in the North Atlantic, which is IACS's intended design area when looking at IACS Rec. 34 as it defines 429 
a North Atlantic scatter chart, while, in fact, URS11 does not actually specify the North Atlantic. How the IACS 430 
has actually derived its recommendations is a discussion beyond the scope of this paper. In our paper we simply 431 
take notice of the fact that IACS URS11 and URS11A are the most relevant references for extrapolation. 432 
 433 
 434 
 435 
8 Conclusions 436 
 437 
This paper studies measured stress time series for a container vessel during her 70 voyages across the North 438 
Atlantic during the period 2007-2010. Extreme value statistics of stress was analyzed with and without 439 
hydroelastic effects (whipping and springing). 440 
The ACER method was used to extrapolate the distribution tail to the 25-year return period. The ACER method 441 
is implemented by expressing the extreme value distribution in terms of the conditional exceedance rate. By fitting 442 
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a parametric function to the empirical exceedance rate, it is shown that the tail behaviour of the empirical extreme 443 
value distribution can be accurately captured. The fitting is based on a procedure that puts more weight on the 444 
empirical estimates the more accurate they are. This implies that large “outliers” will not influence very much the 445 
fitted exceedance rate functions. It is also noted that the obtained extreme value distribution may deviate somewhat 446 
from a Gumbel distribution, indicating that the observed extreme values are not large enough to accurately fit the 447 
asymptotic Gumbel form. The ACER method has been validated by application to a wide range of simulation 448 
models with satisfactory predictions (Naess and Gaidai, 2008). 449 
This study found that 450 

• The ACER method captures extreme tail statistics well for both sagging and hogging.  451 
• The ACER method accounts for data clustering, unlike the mean upcrossing rate approach, which is 452 

based on the Poisson assumption. In whipping data, clustering plays an important role and must be 453 
accounted for.      454 

• With whipping, the deck stresses under sagging are larger than those under hogging.  455 
• Without whipping, the deck stresses under sagging and hogging are close.  456 
• For the investigated vessel, the extrapolated 25-year return period level is 16% higher in sagging and 457 

4% higher in hogging compared with design values specified in IACS URS11 (older standard). This 458 
suggests that the older standard may underpredict stresses. 459 

• The newer standard URS11A predictions are 54% higher in sagging and 2% higher in hogging, 460 
compared to extrapolated values, suggesting that URS11A is on the conservative side. The method also 461 
suggests that clustering is important for this vessel, especially at lower response levels.    462 
 463 

When it comes to validation of the ACER method based on short term statistics, in order to validate use and 464 
accuracy of the ACER method for the long term statistics, reference is made to (Naess, Gaidai & Haver, 2007). 465 
In this reference, the latter study was carried out for the Naess-Gaidai method, which is a simplified version of 466 
the ACER method, for synthetic data. Generating similar, stationary short-term measured data for the situation in 467 
this paper is difficult, as one cannot easily confirm that one has the same vessel speed, heading and sea state.  468 
 469 
PLEASE REWRITE THIS: 470 
Note also that there is no analysis other than data analysis of measurements behind (what? IACS rec values?). 471 
There is no advanced analysis behind the IACS values, apart from just using recommended IACS design values 472 
(these two last sentences do not quite match, and compare with the first also).   473 
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