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Environmental Contour Lines: A Method for Estimating Long Term Extremes by a Short Term Analysis S. Haver1 and S.R. Winterstein2 1: [email protected]



2: [email protected] Design of offshore structures involves the calculation of reliable estimates for loads and responses corresponding to annual exceedance probabilities of 10-2 and 10-4. In order to do so, all sources of inherent randomness must be accounted for, i.e. the short term variability of say the 3-hour extreme value in a given sea state should be combined with the long term variability of the sea state characteristics. This calls for some sort of a long term analysis. For linear or nearly linear problems this can easily be done, while such an analysis becomes more complicated and time consuming for strongly non-linear response problems. The difficulties are greater if a major part of the environmental load is of an on-off nature. This paper illustrates an approximate approach, the environmental contour line method, for obtaining proper estimates of long term extremes utilizing a short term analysis. Examples are also included.



KEY WORDS: Description of sea state characteristics; Environmental contour lines; Long term response analysis; Extreme response.



TARGET RESPONSE QUANTITIES In connection with design of marine structures, governing rules and regulations will often require that target characteristics for design should correspond to a specified annual exceedance probability, q. In the following we will refer to a response corresponding to an annual exceedance probability of q as the qprobability response. For offshore structures at the Norwegian Continental Shelf, PSA (2001), NORSOK (2007) requires that the loads/responses to be used for the ULS (Ultimate Limit State) design control shall correspond to values which are exceeded with an annual probability of q = 10-2. At the Norwegian Continental Shelf we are also required to consider environmental loads in connection with an ALS (Accidental Limit State) design control. In this connection characteristic responses/loads shall correspond to an annual exceedance probability of q = 10-4. Usually the ULS control, with a typical load factor, will govern the design of offshore structures regarding environmental loads. However, if the load pattern changes abruptly in a worsening sense for annual exceedance probabilities between 10-2 and 10-4, see Fig. 1, the ALS control may govern design. For a well behaved problem, a typical load safety factor (e.g., 1.3) will bring the design load to a level corresponding to an annual exceedance probability of about 10-4 or lower. On the other hand, for a badly behaved system, the common load safety factor may not be sufficient to ensure a robust design. In such a case ALS loads may also govern the environmental loads. Such a load pattern change may be the case if a severe wave impacts
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the deck on fixed platforms or for green water loads on ships. To accurately predict characteristic loads as defined above (i.e. loads with specified annual exceedance probabilities) all sources of inherent randomness impacting the loads need to be included. This can be done by performing a full long term analysis.
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Fig. 1 Illustration of a load problem with an abrupt change of pattern for an annual exceedance probability of less than 10-4.



LONG TERM RESPONSE ANALYSIS In the following we will consider the extremes of wave-induced response. For such a purpose it is convenient to select the largest response/load during a stationary condition of duration d as the target random variable, Xd. For environmental conditions experienced at the Norwegian Continental Shelf (NCS), d = 3 hours seems to be a proper choice, while for a hurricane governed area, e.g. Gulf of Mexico (GoM), d = 0.5 hour may be more adequate. In the long term the sea states are therefore
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modeled as a step function where each step of duration d is modeled as a stationary sea state. The short term distribution of Xd, i.e. the conditional distribution of Xd given the sea state characteristics, significant wave height, Hs, and spectral peak period, Tp, is denoted FX d | H sT p ( x | h, t ) .



•



The long term distribution of the wave conditions, f H s T p ( h, t ) .



•



The short term distribution of the d-hour maximum response/load given the sea state conditions, F X d | H s T p ( x | h, t ) .



From this notation it is seen that there are two distinct sources of randomness affecting the variable Xd: •



The inherent randomness associated with the sea state characteristics, Hs and Tp.



•



The inherent randomness of the d-hour maximum given the sea state characteristics.



The randomness associated with the sea state condition is by far the most important source of randomness, but the short term variability can generally not be neglected if proper estimates of the q-probability response (with annual exceedance probability q) are to be achieved. The marginal distribution of Xd is obtained as a weighted sum of the exceedance probabilities of all short term sea states. The weights are the probabilities of occurrence for the various sea states. In terms of the exceedance probability 1- FX d (x) , the long term distribution of Xd is given by:



LONG TERM DESCRIPTION OF WAVE CONDITIONS In order to obtain an accurate estimate for the q-probability long term extreme value, we need to account for the effects of nonobserved sea states. This can be done by fitting a joint probabilistic model to simultaneous observations of Hs and Tp. For the purpose of fitting a joint probability function to available data, the joint distribution is conveniently written:



f H sT p (h, t ) = f H s (h) f T p | H s (t | h)



The marginal density function for the significant wave height, f H s (h) , is modeled here by a hybrid model, Haver and Nyhus (1986), i.e.:



f H s ( h) =



1 − FX d ( x ) =



∫ ∫ (1− F



⎧ (ln h −θ )2 ⎫ exp⎨− ⎬ , for h ≤ η 2α 2 ⎭ 2π α h ⎩ 1



(5)



X d | H s , Tp



(2)



( x | h, t ) ) f H sTp (h, t ) dtdh



h t



β ⎛h⎞ f H (h) = ⎜⎜ ⎟⎟ ρ⎝ρ⎠ s



It should be noted that this is the long term exceedance probability of level x in an arbitrary sea state of duration d. In order to estimate the target characteristic properly, one must either determine the distribution function of the annual maximum response or calculate the exceedance probability per d hours corresponding to an annual exceedance probability of q. Here we will select the latter approach. Denoting the expected number of d-hour sea states per year as md, the value with an annual probability of being exceeded equal to q, xq, can be estimated by solving:



1 − FX d ( x q ) =



(4)



q md



(3)



where



θ



and



α2



β −1



⎧⎪ ⎛ h ⎞ β ⎫⎪ exp⎨− ⎜⎜ ⎟⎟ ⎬ , for h >η ⎪⎩ ⎝ ρ ⎠ ⎪⎭



denote the mean and variance of the variable



lnH s . In practice, the fitting process is started by fitting a lognormal distribution to all the observations of Hs. The parameters of the Weibull tail are thereafter estimated by requiring the hybrid model to be continuous in both density function and distribution function at h = η . The transition point η is finally varied until a best possible fit is obtained. Due to this requirement of continuity, the hybrid model is to be considered a 3-parameter model. Another frequently used model for Hs is the 3-parameter Weibull model.



If all 3-hour sea states per year are considered, md = 2920. If a peak over threshold approach is used and the expected accumulated duration per year above the threshold is t0, md = t0/d.



The conditional density function is modeled here by a lognormal model. For moderate and high values of Hs, this model is found to describe the conditional variability of T p quite well.



It is seen from Eq. (2) that to obtain a distribution function from which a consistent estimate of the target characteristic can be obtained we need:



For the lowest values of Hs, it may not be that adequate due to the difficulty of fitting both the wind sea period band and the swell sea period band by a single mode density function, i.e. a mixed population problem. However, the lowest sea states are typically not of much concern regarding practical problems and
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the single mode model is used in most cases. The log-normal model is given by:



Marginal model for Hs versus data Weibull probability paper scale 4



⎧ (ln t − μ (h) )2 ⎫ f T p | H s (t | h) = exp⎨− ⎬ 2σ (h) 2 ⎭ 2π σ (h) t ⎩



Eq.(5) + Table 1
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1



(6) ln(-ln(P(Hs>h))



The parameters, μ (h ) and σ (t ) , are the conditional expected value and conditional standard deviation of the variable lnTp given Hs. The parameters are estimated from data of Tp belonging to given ranges, or classes, of Hs. In order to extrapolate beyond the range of observations, the point estimates are fitted to smoothed functions of the following form:
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μ (h) = a1 + a 2 h a
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(7)



σ (h) 2 = b1 + b2 exp{− b3 h}



(8)



The parameters involved in the formulas given by Eqs. (5 - 8) obtained for the Northern North Sea are given in Table 1, Johannessen and Nygaard (2000). The fitted marginal distribution function for Hs is compared to data in Fig. 2. The conditional mean period and the conditional 90% range for the spectral peak period are shown in Fig. 3. The empirical estimates of these quantities are shown in the same figure. In this paper we will illustrate the contour method when considering all sea states. Alternatively, the convolution, Eq.(2), could have been carried out by only accounting for storm sea states. This will be more reasonable when applying the method in an area where extremes are governed by the occurrence of some few hurricanes. This will of course require that a joint density function between Hs and Tp valid for Hs > h0 is established. Furthermore, the expected number of short term sea states above threshold must be determined, see text following Eq. (3). An illustration of a similar modeling for a peak over threshold consideration is given in Haver (2007).



Table 1 Parameters of the joint probability density function of H s and T p for the Northern North Sea. Parameter Parameter



α



θ



η



β



ρ



0.573



0.893



3.803



1.550



2.908



a1



a2



a3



b1



b2



1.134



0.892



0.225



0.005



0.120
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Fig. 2 Fitted marginal distribution function for Hs.
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b3 0.455



SHORT TERM DESCRIPTION RESPONSE QUANTITIES



OF



LINEAR



Regarding the long term description of sea characteristics, the major challenge is often the availability of good quality data. This part of the work is independent of the response problem under consideration. For some problems, however, the major challenge lies in estimating an adequate probabilistic model of the conditional distribution of Xd given Hs and Tp, i.e. the short term (conditional) modeling of the response under consideration. The physics of the problem are reflected by this conditional distribution of Xd in Eq. (2). For a linear response problem exposed to a stationary and homogeneous Gaussian random wave field, the conditional distribution in Eq. (2) can be estimated without much difficulty. Provided the process is not very broad banded, the distribution function of global maxima (= the largest maximum between adjacent zero-up-crossings) is very well modeled by the Rayleigh distribution. This means that the conditional distribution function of Eq. (2) can be estimated by raising the Rayleigh distribution to the expected number of zero-upcrossings during d hours. A linear response problem is easily solved in the frequency domain, i.e. by finding the response spectrum as the product of the wave spectrum and the response amplitude operator (RAO) squared. Both the parameter of the Rayleigh distribution and the expected number of zero-upcrossings per d hours can be found from the response spectral moments. In such cases, it is rather straightforward to carry out the full long term analysis, and there is not much need for an approximate method like the environmental contour line method.
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Fig. 3 Conditional mean and 90% band for the spectral peak period in the Northern North Sea.



SHORT TERM MODELLING OF A STRONGLY NON LINEAR RESPONSE PROBLEM FOR AN ARBITRARY SEA STATE The challenge arises if the response process is of a very nonlinear nature, in particular if it can involve some sort of an onoff mechanism. One such case involves wave-deck impacts. In most sea states the response process may behave linearly or nearly linearly, but for some few sea states the very upper tail may be governed by loading caused by massive wave-in-deck impacts. In such cases, establishing the conditional distribution of Xd is far from straightforward. For some few cases, one may be able to carry out time domain simulations representing the response process with sufficient accuracy. In other cases, model tests are required. Since Eq. (2) suggests that the conditional distribution is needed for a broad range of sea states, the estimation of the conditional distribution may be a time consuming and costly activity for complex response problems.
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From time domain simulations or model tests, a number, k1, of different realizations of response time histories of d hours can be made available for a number, k2, of different sea states. By identifying the d-hour maximum from all simulated time histories we will have samples of k1 d-hour extremes for k2 different sea states. For each sea state, a probabilistic model can be fitted to the k1 simulated d-hour extremes. In many cases, a Gumbel model, Eq. (9), may be an adequate probabilistic model. The problem is then to estimate the parameters, denoted α and β, of the Gumbel model (or some other proper model). As the parameters become available, smooth functions of h and t can be fitted to the parameter estimates for each sea state, i.e. we end up by having smooth functions (response surfaces) for the Gumbel parameters, α = α ( h, t ) and β = β ( h, t ) . With a probabilistic model and its parameters available for arbitrary combinations of h and t, Eq. (2) can be solved also for the nonlinear response problem. For an illustration of such an approach, reference is made to Baarholm et al. (2007). It was mentioned above that the Gumbel model often can be a proper model for a d-hour extreme value. However, one should



4



be careful by the selection of extreme value model if an on-off mechanism can be present. In such cases, we will often have a mixed population situation and a more general model may be required. In some cases, it may be possible to transform the sample in such a way that the transformed sample can be represented by a Gumbel model with sufficient accuracy.



structural reliability analysis are very efficient. In Eq. (2), three basic random variables are involved in the integral; the d-hour maximum value, Xd, the significant wave height, Hs, and the spectral peak period, Tp. Assume that we would like to estimate the probability of exceeding a given high threshold, xcrit. A proper limit state function for this purpose is given by:



In the remaining part of this paper, we will assume that the dhour maximum can be modeled by a Gumbel distribution function:



g ( X d , H s , Tp ; xcrit ) = xcrit − X d ( H s , Tp )



⎧ ⎡ x − α ⎤⎫ FX dx ( x) ≈ exp⎨ − exp ⎢− ⎬ β ⎥⎦ ⎭ ⎣ ⎩



(9)



Denoting the sample mean by x and standard deviation by sX, the model parameters can be estimated by:



s β = X ; α = x − 0.577 β 1.283



(10)



If a problem can be dealt with using numerical methods, it is indicated above that a full long term analysis in principle is possible. If the problem is of such complexity that model testing is required to establish the short term variability, a full long term analysis is in practice out of reach. For such a problem, we need a methodology which makes it possible to select an adequate short term design sea state. The approach should also suggest which short term characteristic should be adopted as an estimate of the q-probability response. It is important to recognize that if the expected largest value of the worst q-probability sea state (of duration d) is taken as an estimate for the long term qprobability response, the target value is underestimated by about 10% or more. This will be illustrated by examples at the end of the paper. The annual exceedance probability of the expected dhour maximum of the q-probability sea state is much larger than q. (Qualitatively, this non-conservatism occurs because using only the expected value of the d-hour maximum value, Xd, neglects the effects of its variability; i.e., sets its standard deviation to zero.) A method developed to utilize short term analysis of complex problems to estimate long term extremes is the environmental contour line method. As an introduction to this method, we will briefly indicate how a long term analysis can be executed using methods from the field of structural reliability.



RELIABILITY METHODS USED FOR LONG TERM RESPONSE PREDICTION A simple way to understand the basis for the environmental contour line approach is to discuss the approach in view of methods available within the field of structural reliability. For the purpose of predicting response values corresponding to small exceedance probabilities, methods from the field of
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(11)



Defining failure as the event that x crit is exceeded, i.e. as Eq. (11) becomes negative, i.e. g( ) = 0 is the failure boundary, the failure probability can be estimated by:



p f ( xcrit ) =



∫∫∫ f



X d | H s Tp



( x | h, t ) f H sT p (h, t ) dx dt dh (12)



g( ) 


This integral is easily estimated numerically, but it can be approximated without explicit integration by utilizing the FirstOrder Reliability Method (FORM). The first step is to transform the integral to a space consisting of independent, standard Gaussian variables, U1, U2 and U3. In the following this is referred to as the u-space. The transformation can be done by the so-called Rosenblatt transformation scheme, see e.g. Madsen et al (1986):



FH s (h) = Φ (u1 ) FT p | H s (t | h) = Φ (u 2 )



(13)



FX d | H sTp ( x | h, t ) = Φ (u 3 ) Φ ( ) is the standard Gaussian distribution function. Since all involved functions increase monotonically, the transformation is a unique two-way transformation between a point in u-space and the corresponding point in physical parameter space, i.e. space defined by h, t and x. The correlation between the physical variables is reflected by the transformations defined by Eq. (13). In the transformed space, points of constant probability density define a sphere. The larger the radius, the lower is the corresponding probability density. In the physical parameter space, the failure surface g( ) = 0 is rather simple. Using the Rosenblatt transformation, the corresponding failure surface in the standard Gaussian space can be determined. The point on the failure surface (in the transformed space) closest to the origin is referred to as the design point. Denoting this point by the ucoordinates, ( uˆ1 , uˆ 2 , uˆ 3 ), the distance to the origin is given by:



β=



∑ uˆ



(14)



2 i



i



Within the FORM framework, the true failure surface is replaced with a tangent plane in the design point. Thus the FORM estimate for the failure probability simply reads:
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pˆ f ( xcrit ) = Φ (− β )



(15)



where Φ( ) is the standard Gaussian distribution function. The failure boundaries, the design point and the contour through the design point are all illustrated in Fig. 4. In that figure the randomness of the u2 variable is for illustration purposes assumed to be of no importance, i.e. uˆ 2 = 0. By repeating the calculations for a number of values of xcrit, the upper tail of the distribution, F X d (x ) , is found. Extremes corresponding to a given annual probability can then be estimated from Eq. (3) by interpolation. Since we here are concerned with the very upper tail, it is mainly in the vicinity of the design point that we need an accurate joint model for the 3hour extreme value, Xd , the significant wave height, Hs, and the spectral peak period, Tp. This observation is of particular importance for problems where it is time consuming to establish the conditional distribution of the 3-hour extreme value given the sea state. u3



must be somewhere on the sphere in the u-space with a radius β = 4.5 . By now transforming this sphere to the physical parameter space, we obtain a corresponding surface in the physical parameter space. The target response value is found as the value of X d at the point of the surface corresponding to (uˆ1 , uˆ 2 , uˆ3 ) , i.e. the highest point in this surface in the Hs-Tp-Xd coordinate system. The analysis shown above represents a full long term analysis. The only approximation is the FORM linearization of the failure boundary. Convenient information provided by the reliability analysis is the relative importance of the randomness of the involved variables. This information is reflected by the location of the design point, see e.g. Madsen et al. (1986) and Winterstein et al. (1993). If for one of the variables, the randomness around the mean does not affect the failure probability, we may just replace this variable by its mean value which is equal to the median for u-space variables. Fig. 4 shows an example when the randomness of u2 is not important and that it can be replaced with its median or mean value, u 2 ≡ 0. The relative importance of the randomness of a variable is reflected by its value at the design point, i.e. the point of the failure boundary closest to the origin.



True failure boundary Linearized failure boundary



uˆ 3 β



uˆ1



u1



Fig. 4 Illustration of failure surface and linearized failure surface in u-space for a case where the u2 variable is not important, i.e. uˆ 2 = 0 . It is seen that an estimate for the 10-2 or 10-4 probability response can be obtained by the procedure above through an iterative process or interpolation. By inverting this procedure, however, a very efficient way of estimating response values corresponding to a given annual exceedance probability is achieved, see e.g. Winterstein et al (1993). This method is referred to the Inverse First Order Reliability Method (IFORM). The main idea of this method is that we know the probability of exceedance and that we seek the corresponding response level. Taking the response corresponding to an annual exceedance probability of 10-2 as an example, the probability of exceeding this level in an arbitrary 3-hour (d = 3) period is 10 −2 / 2920 = 3.42 ⋅10 −6 , where 2920 is the number of 3 hour periods per year. From Eq. (15), it is seen that the target event
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For the present problem, the slowly varying characteristics, Hs and Tp, correspond to U1 and U2. The transformation from Hs and Tp to U1 and U2 is independent of the structural problem. The structural problem is defined by the third variable Xd, which is transformed to U3. If for a given problem, the variability of the d-hour maximum response is found to be of no importance regarding the failure probability, we can replace the random variable U3 with u3 = 0. This means that the design point will be somewhere along the circle with radius β in the u1 – u2 plane. If the target annual exceedance probability is q = 10-2, all combinations of u1 and u2 along the circle with radius β corresponds to an annual probability of being exceeded given by 10-2, trusting the FORM approximation to be sufficiently accurate. If we use the transformation given by Eq. (13) to transform all points on this circle back to the physical parameter space we will obtain contour lines that could look like Fig. 5. (Fig. 5 shows contour lines for various values of q.) All combinations of h and t along the 10-2 probability contour line (100 year return period contour line) correspond to an annual exceedance probability of 10-2. Since we for this case could neglect the randomness of U3 and replace it by u3 = 0, we can calculate the median value for Xd for all combinations along the 10-2 probability contour. The maximum value of these would be a good estimate for the 10-2 probability response. The reason for using the median as the characteristic short term response is that the transformation given by Eq. (13) conserves cumulative probability. Therefore since u3 = 0 is the median for the variable U3, we should use the median of Xd.
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From this discussion we should make the following observations: i) If we can neglect the short term variability, we can produce a proper design contour for the slowly varying environmental characteristics (which of course is independent of the structural system). ii) If the variability of U3 is important, and it generally is, then the design point will correspond to a positive value of u3.



probability response can be found by searching the q-probability contour of Hs and Tp with respect to maximizing the median dhour response. For most practical problems, we cannot assume the conditional distribution of Xd to be that narrow and if we would like to use contours like those shown in Fig. 5, we have to replace the median value of Xd with a higher percentile value, p, see e.g. Winterstein et al. (1993), Kleiven and Haver (2004).



If, for case ii), the design point is projected down to the u1-u2 plane it will be seen that it is located inside the 10-2-probability contour circle. Thus the design point which is the most likely combination of the three variables as failure takes place (here exceedance of the 10-2 probability response) is a sea state with an annual exceedance probability larger than 10-2, but in combination with a rather rare realization of the response quantity. The more important the randomness of U3 becomes the higher up the design point will move along the 10-2-probability sphere. In the limit when the variability of the short term response is dominating the total randomness, the design point is given by u1 = 0, u2 = 0 and u3 = β.



The “correct” value of p is of course structure-dependent. However, experiences have shown that there is for most practical response cases a rather strong similarity regarding the relative importance of the short term variability for a broad range of structural problems. The appropriate percentile is related to the relative amount of variability that is contributed by the short term extreme value, Winterstein et al. (1993). For most practical problems, we find that using p around 0.9 yields a reasonable first estimate for the 10-2 probability response. Instead of searching the contour for the maximum d-hour median, we are now searching the contour for the maximum dhour p-percentile value along the contour. If an additional slowly-varying parameter is added which also affects response variability, the adequate value of p will typically decrease, Meling et al. (2000).



For the case when the short term variability can be neglected, the proper design contour for Hs and Tp can be established independently of the structural problem. This is an attractive situation, which implies that the metocean experts can establish the metocean contour lines without involving the structural concept. It would be attractive if we could generalize this method so that this contour can be used even if the randomness of the Xd cannot be neglected. This is the underlying idea of the environmental contour line method. Environmental Contour Lines, Kvitebjørn 36 Spectral Peak Period (s)



1 0 0 0 0 -ye a r



32 1 0 0 -ye a r



28



Of course the choice of p = 0.9 for estimating the 10-2 probability response is an approximation. If the relative importance is less than anticipated when selecting p = 0.9, the overestimation of the 10-2 probability response is not likely to be very large. This is because it is expected that f X d | H sT p ( x | h, t ) is rather narrow if p = 0.9 is much too high. One should be more concerned about possible underestimations if there is a chance that p should be much larger than 0.9. The error is typically not large, but in this case it is an underestimation.



1 -ye a r



24



For q = 10-4, there is a tendency that a slightly higher quantile should be used, often a value p = 0.95 is recommended for this purpose. Proper quantile levels are discussed in Haver et al. (1998), Kleiven and Haver (2004) and Baarholm et al. (2007).
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Fig. 5 Environmental contour lines for the Northern North Sea, Eik and Nygaard (2002). .



ENVIRONMENTAL CONTOUR LINES When producing contour lines as those given in Fig. 5, circles corresponding to q = 10-1, 10-2 and 10-4 in the u1 – u2 plane are transformed back to the physical parameter space. If the conditional variability of Xd is very small, i.e. f X | H T ( x | h, t ) is d



s p



approaching a Dirac delta function, proper estimates for the q-
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One convenience of the environmental contour line method is in connection with planning model test programs; in particular, if one would like to estimate design values directly from model test results. For a complex problem that requires model tests, it is very convenient if we could use a short term design sea state to obtain adequate characteristic responses for structural design. Since one a priori not does not know which sea state is the worst sea state along the contour line regarding the response under consideration, some few different sea states covering a range including the worst sea state must be tested. It is also important that several tests of duration d hours are performed for each of these such that the worst (or a sea state close to the worst) along the contour can be chosen with sufficient confidence. As the worst sea state is identified, the aim is to establish the distribution function for the d-hour maximum. Since we basically are concerned with a high value of p, i.e. low
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exceedance probabilities, we should execute a rather large number of d-hour sea states. We should at least ensure that we can expect to have some few observations (at least 2) above plevel. This suggests that for the critical sea state one should at least perform 20 d-hour model tests. However, there will still be an uncertainty of +/- 5-10% for the estimated p-percentile value. This is of course under the assumption that p is accurately known. If one is to eliminate the uncertainties associated with the choice of p, a full long term analysis is necessary to verify the selected value of p. To reduce uncertainties in estimating the p-percentile, an increased number of d-hour tests or an improved method for predicting the p-percentile value is required.



Table 2 Parameters of the joint probability density function of H s and T p for the Central North Sea, Statoil (1988).



EXAMPLES



The distribution function of the 3-hour largest wave crest height, C3h, is given by:



As an illustration of the methodology, the contour line approach will be used for two cases:



Parameter Parameter



α



θ



η



β



ρ



0.60



0.69



3.00



1.44



2.38



a1



a2



a3



b1



b2



b3



0.23



1.69



0.15



0.005



0.120



0.38



⎧⎪ ⎛ c ⎞ 2 ⎫⎪ FC | H sT p (c | h, t ) = 1 − exp⎨ − 8 ⎜ ⎟ ⎬ ⎪⎩ ⎝ h ⎠ ⎪⎭



(16)
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• •



Predicting 10-2 annual probability wave crest height for a North Sea site. Predicting 10-2 annual probability tether load in the tethers of a TLP for a Northern North Sea site.



For these cases both a full long term analysis and a contour line analysis are carried out. Thus it will be possible to indicate the percentile level required when the contour line method is used. q – probability wave crest height for a Gaussian sea surface As pointed out in the heading to this sub-chapter, the sea surface elevation is assumed to be modeled as a Gaussian sea surface. This is not a proper assumption if accurate estimates for the extreme wave crest heights shall be achieved. Due to this one should not pay too much attention to the absolute values given below; they will typically be 15-20% on the low side. However, the purpose of this example is primarily to show what would be a proper percentile level for the wave crest height problem if a contour method had been adopted. For consistency, the Gaussian assumption is made for both the full long term analysis and the contour line method. In practice one would not adopt the contour line method for this problem, as it is fairly straightforward to carry out a full long term analysis. The site considered is a central North Sea site (Sleipner area). The long term wave climate is described by Eqs. (4-8). The allyear parameters used in 1988 are given in Table 2. Since the surface process is assumed Gaussian, the conditional (short term) distribution of global crest heights, C (largest crest between adjacent zero-up-crossings), is very well modeled by the Rayleigh distribution with the significant wave height, h, of the sea state as the distribution parameter:
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⎧⎪ ⎧⎪ ⎛ c ⎞ 2 ⎫⎪⎫⎪ t z ( t ) FC3 h | H s T p (c | h, t ) = ⎨ 1 − exp⎨ − 8 ⎜ ⎟ ⎬⎬ ⎪⎩ ⎝ h ⎠ ⎪⎭⎪⎭ ⎪⎩



(17)



tz is the zero up crossing wave period for the sea state under consideration, and 10800 is the number of seconds in 3 hours. Introducing Eq. (17) as the conditional distribution in Eq. (2), a full long term analysis (under the assumption of a Gaussian sea surface process) can be carried out. The 10-2 and 10-4 probability crest heights are found to be:



cˆ0.01 = 14.4m cˆ0.0001 =18.2m



(18)



As noted previously, these values will be 15-20% on the low side as estimates for the extremes of the real ocean surface. Environmental contour lines in agreement with the model given in Table 2 are shown in Fig. 6. The most probable value and the p-percentiles are calculated from Eq. (17) for sea states along the 10-2 and 10-4 probability contour lines. For the 10-2 contour line case, p = 0.85 is chosen, while p = 0.9 is chosen for the 10-4 probability contour line. The results are compared to the long term results in Figs. 7 and 8. It is seen that the most probable largest value in the 10-2 probability sea state will be well on the low side. It is furthermore seen that p = 0.85 seems to result in a very good estimate for the 10-2 probability value, while p = 0.90 seems more adequate for the 10-4 probability crest height. Prediction of 10-4 probability tether force based on model test results As a second example, the contour line approach is used to assess the accidental tether loads in a tension leg platform. The tether load is a very complex load quantity. With the platform floating in neutral condition, the water surface at the mean water level and no wind, wave or current present, the tether loads are given
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by the pretension, i.e. the surplus buoyancy of the platform. The actual load will vary around this pretension level. Various types of load component processes corresponding to different time scales will be involved (Haver and Kleiven, 2004).



Fig. 6 Environmental contours for the Sleipner area, Statoil (1988).



A full long term response analysis for the tether loads is extremely complex. The most accurate approach is to perform a sufficient number of model tests. As it is not possible to conduct model tests for all possible sea states, the environmental contour line approach is considered a useful tool to reduce the number of sea states to be tested. At first a few simplifying assumptions are introduced. The variability in the mean wind conditions is neglected, i.e. for all sea states considered the mean wind speed is taken equal to the 10-4 probability wind speed. Current is not considered important for this problem and is omitted from the analysis. An important slowly varying parameter is the main direction of wave propagation. Here a simplified approach is utilized. Two wave directions are considered, beam sea and diagonal sea, and in both cases all weather is assumed to come from the same direction. This means that we in a conservative way have reduced the problem to a problem characterized by two slowly varying variables, significant wave height and spectral peak period, and one short term variable, the 3-hour maximum tether load. The model tests were carried out at Marin in the Netherlands. The model tests and the results from the model tests are briefly discussed in Johannessen and Sandvik (2005). The sea states are characterized by a Torsethaugen wave spectrum, Torsethaugen (1993), and long crested waves are utilized.



Fig. 7 Crest height extremes along the 10-2 probability contour.



3-hour model tests were carried out for several sea states along the 10-4 probability contour lines shown in Fig. 5. The worst sea state turns out to be the highest sea state along the contour. For this sea state, distribution functions for the 3-hour maximum tether load as obtained from the model tests are shown in Fig. 9. It is seen from this figure that the ratio between the most probable value (Gumbel scale = 0) and the 0.9-quantile (Gumbel scale = 2.25) sea state is about 1.3 – 1.4. This means that a proper choice of short term characteristic is important. For that reason a verification of the proper quantile level was undertaken.
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Fig. 8 Crest height extremes along the 10-4 probability contour.
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Fig. 9 Observed 3-hour extreme tether response (sum of 4 tethers) for a sea state characterized by hs=18.2m and tp = 17.4s.
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A full long term analysis is not possible if model tests are to be used to estimate the full probability distribution of the short term response. Time domain simulations were done with the program SIMO, (developed by Marintek, Trondheim, Norway). Simulations were undertaken for all sea states (46) shown in Fig. 10. For each sea state 30 different 3-hour simulations were carried out. This was done for several headings. Although the simulations are not in perfect agreement with the model test results, it was concluded that they capture the underlying physics with sufficient accuracy to assess the proper level of the quantile, p. A Gumbel model, Eq. (9), was fitted to the 30 observed 3-hour maxima for each sea state. Response surfaces were fitted to the point estimates of the Gumbel parameters, α and β, and thereafter a full long term analysis was carried out. This long term result is considered the best estimate. Thereafter the worst sea state along the 10-4 probability contour was found for the response quantity under consideration. From the response surfaces, the Gumbel parameters for this sea state are found and one can determine the value of p that should be used in order to equal the long term value. There is quite some scatter in the results. The quantile levels vary from about 0.8 to 0.98 depending on wave heading, tether under consideration, maximum (tether overload) or minimum (tether slack) and target annual exceedance probability. As a first indication p = 0.90 seems adequate for 10-2 probability maxima, while p = 0.95 seems more adequate for 10-4 probability tether minima. Further processing of the analysis results should be performed before final conclusions are made. The message for this paper, however, is clear. It is important to account for the short term variability, e.g., by selecting a higher quantile value than the median.



Fig. 10 Sea states for which time domain simulations are performed as input to the long term analysis.
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UNCERTAINTIES IN ESTIMATING ADEQUATE QUANTILE LEVEL It can be mentioned that other examples regarding proper percentiles can be found in Haver et al. (1998), Winterstein and Engebretsen (1998), Kleiven and Haver (2004) and Baarholm et al. (2007). A consideration of required percentile levels for a riser problem is presented in Sødahl et al. (2006). When determining the correct percentile by comparing results from a long term analysis with results using contour method one must remember that uncertainties will be involved in this process. If enough sea states are included and the number of different random seeds for the various sea states is reasonable (say larger than 20), the long term result is considered reasonably robust. However, the extreme value distribution for the worst sea state may be rather uncertain for a complicated response problem, even if 24 simulations are available for that particular sea state. Assuming that the 3-hour extremes for different simulations are statistically independent, which is a rather accurate assumption, the variability in the empirical distribution function based a sample size of 24 can be indicated by Monte Carlo simulations. For another response problem, the true Gumbel distribution for the 3-hour extreme response is assumed to be given by:



⎧ ⎧ x − 2435 ⎫⎫ FX 3 h | H sT p ( x | h, t ) = exp⎨− exp⎨ − ⎬⎬ 398 ⎭⎭ ⎩ ⎩



(19)



This model is obtained by fitting a Gumbel model to the observed 3-hour maxima from 24 model test runs of the governing sea state. Adopting Eq. (19) as the true model, 20 samples of size 24 have been generated by Monte Carlo simulation. The corresponding empirical distribution functions are shown in Fig. 11. A considerable difference between the 20 different samples is seen. If we for illustrative purposes assume that the true 10-2 probability value was 3250, it is seen that if focus is given to the empirical distribution functions proper quantiles are from 0.8 (1.5 in Gumbel scale) to 0.94 (2.75 in Gumbel scale). The uncertainty band is slightly reduced when Gumbel models are fitted to the simulated samples, but the level indicate above is rather representative. This demonstrates that estimating the true percentile can be an uncertain task if it is based on 24 3-hour time domain simulations or 24 3-hour model test runs. Of course the degree of uncertainties will depend on the nature of the response problem, but one should keep this in mind when estimating the true quantile value. If a more accurate estimate is required, a much larger sample is needed. If we know that p=0.9 (2.25 in Gumbel scale) is a good choice, Fig.12 shows that our estimates for the q-probability value varies from 3020 to 3520. Each of the 20 simulated samples can
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If we instead should have used p=0.8, the corresponding range would be 2800-3200, while for p=0.94 the range is 3200 to 3720. Even if we must estimate design values solely from model tests, it is not likely that we will carry out many more than 20-30 tests for the worst sea state. That means that the uncertainty bands indicated above are what we must live with. Without showing it here, a considerable increase in the width of the uncertainty bands would have been realized if sample size was merely 10. If one does not know the percentile level sufficiently well, the results discussed above suggest that one must increase the number of 3-hour tests of the worst sea state considerably to reduce the uncertainty to a similar level as for the case with known p. This will be costly in practice and one should rather put further efforts into estimating a proper choice of p. This could possibly be done for a generic approximation of the real problem. For the generic problem time domain simulations will be possible. The generic problem does not have to give precise results in an absolute sense, but it should capture the underlying physics with reasonable accuracy. If that is fulfilled it should be sufficient to consider the adequate level of p.
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be considered as representing a possible outcome of a model test program involving 24 different seeds for the worst sea state. It is important to remember that if we are going to do one model test program like this (i.e. perform 24 3-hour tests for the worst sea state), we do not know the relative severity of our realized sample of 24 in view of all possible samples of size 24 we could have obtained.
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Fig. 12 Gumbel models fitted to the simulated samples.



CONCLUSIONS The background for the environmental contour line method for design purposes is presented. It is suggested that this method can be useful to estimate statistics of extremes for complex response problems, which require time domain simulations or model testing to estimate the short term probabilistic structure of target response quantity. It is noted that this method is useful for design situations where response levels are sought for specific annual exceedance probabilities. If, for example, a 10-2 probability sea state is used as a design sea state, the most probable or expected maximum response will likely correspond to a significantly higher annual exceedance probability (i.e., yield a non-conservative estimate of the 10-2 response). Two examples are included. The wave crest height example suggests that to estimate the 10-2 probability value, a proper short term characteristic is the 0.85 quantile, while 0.9 appears a more reasonable level to predict the 10-4 probability crest height. For the wave crest problem, the underestimation if the most probable largest crest height is used is about 10%.
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In the TLP tether example, the error of using the most probable largest value as the short term characteristic can be much larger. Based on model test results, the difference between these characteristics is as large as 30-40%. Comparing the contour line method with a full long term analysis, quantiles around 0.90.95 are indicated as proper choices of the response quantile.
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Fig. 11 Empirical distribution functions for 20 different simulated samples of size 24 from the Gumbel distribution given in Eq. (19).
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