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Summary

For the assessment of extreme responses needed in design of marine struc-
tures, a full long-term analysis is recognized as the most accurate approach.
However, due to the very large number of structural response analyses
traditionally needed for this approach, the computational effort is usually
considered to increase above acceptable levels for complex structures, e.g.
floating bridges. In this work, an effort is made towards more efficient, yet
accurate, full long-term analyses.

This thesis is written as a collection of four papers, where each paper is
either published or submitted for journal publication. In the first paper, a
new method is presented for efficient calculation of auto- and cross-spectral
densities in the stochastic modelling of ocean waves and wave loads. As
part of the short-term response analyses, the method contributes to more
efficient long-term response prediction. In the second paper, an exact and
an approximate formulation for the long-term extreme response of marine
structures are discussed and compared. A new method is proposed for
the numerical solution of the exact formulation, based on an inverse first
order reliability method (IFORM). In the third paper, the IFORM approach
is further developed, and the accuracy of the long-term extreme response
approximation is improved, using an inverse second order reliability method
(ISORM) approach. Finally, in the fourth paper, the developments of the
first three papers are demonstrated for a long-span pontoon bridge subjected
to wave loads, revealing that characteristic values of the long-term extreme
response can indeed be calculated in an efficient manner. Especially the
ISORM approach is seen to provide high accuracy, using only a reasonable
amount of short-term response calculations.

Hopefully, the contributions of this work will make full long-term extreme
response analyses more attractive and available for the practical design of
marine structures.
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CHAPTER

Introduction

1.1 Background and motivation

1.1.1 Long-term design approach

For the evaluation of extreme response of marine structures due to envir-
onmental loads, a full long-term analysis is recognized as the most accurate
design approach [60]. In principle, the full long-term approach takes into ac-
count all possible combinations of environmental parameters. This means
that for straightforward methods such as full numerical integration and
crude Monte Carlo simulation, a very large number of short-term response
calculations have to be conducted. For complex structures, e.g. floating
bridges, each short-term calculation is usually very time consuming, and
the full long-term approach is often considered infeasible.

In recent years, efforts have been made to reduce the number of short-term
calculations required for full long-term extreme response evaluation. These
are based on the observation that many combinations of environmental para-
meters contribute little or nothing to the long-term extreme response. A
copula based environmental modelling approach is proposed in [80], and the
copula concept is further utilized in an adaptive refinement algorithm for
more efficient long-term integration. In [68] an inverse FORM (IFORM)
approach [79] is used to provide an estimate of the long-term extreme re-
sponse. An importance sampling Monte Carlo simulation approach, based
on the IFORM estimate, is also proposed.

The alternative to performing full long-term analyses, is to use simplified
approaches, such as the environmental contour method [29, 30]. This is a
highly efficient approach, which is widely used in practice. However, some
sort of calibration against full long-term analysis is required [60].

In order to make the full long-term approach attractive and available for




1 Introduction

practical design, further development of methods for carrying out full long-
term analyses with a limited amount of short-term response calculations
is important. It is believed that the very efficient IFORM method can
be further developed with respect to accuracy, which motivates the work
presented in this thesis.

1.1.2 Fjord crossings

Fjord crossing technology is currently a research topic of high interest
in Norway. The Norwegian Public Roads Administration (NPRA) has
launched the project Coastal Highway Route E39 which aims at replacing
eight ferry crossings along the west coast of Norway with fixed links. The
fjord crossings considered in this project are quite extreme, with lengths
up to 5 km and depths up to 1300 m. This calls for further development
of existing fjord crossing technologies, as well as development of new tech-
nologies. Floating bridge technology is therefore a very relevant research
topic.

The concept of floating bridges can be dated as far back as 2000 BC, but only
the last 200 years they have been used as a part of modern infrastructure
[77]. Most of the existing floating bridges are found in northern America, but
Norway is also leading in the field with its two curved pontoon bridges, the
Bergsgysund Bridge and the Nordhordland Bridge. Even though floating
bridges are by far not as common as other bridge types, e.g. suspension
bridges, they are considered cost-efficient alternatives for crossings with
unusual depth or soft bottom [52].

A chained floating bridge is a new bridge concept that has the potential to
reduce costs at wide crossings, where ferries are presently the most cost-
efficient alternative [65]. With low construction costs, this concept could
be an attractive alternative for fjord crossings in Norway and other places.
A chained floating bridge has never before been built and the realization of
such a bridge would represent a major technological advance.

The design of more extreme yet reliable fjord crossing structures motivates
further development of methods for long-term stochastic extreme response
analysis.



1.2 Outline of the thesis

1.2 Outline of the thesis

This thesis is based on a collection of papers, which are either published or
submitted for journal publication. The thesis is outlined as follows. Chapter
1 gives a brief introduction to the basic concepts and an overview of the
relevant theory. The research objectives and the scope of the thesis are
discussed, and the publications resulting from the work are listed and sum-
marized. Some concluding remarks are made, along with recommendations
for future work. Chapters 2-5 contain the individual papers. Chapters 2,3
and 5 contain the accepted manuscripts of the respective papers, whereas
Chapter 4 contains the preprint submitted for journal publication. Finally,
an error bound for the method developed in Chapter 2 is included in Ap-
pendix A.

1.3 Short-term response

Marine structures are subjected to environmental loads, such as wind and
wave loads, which are inherently random. In order to account for these loads
in the design of marine structures, the theory of stochastic processes has
proven to be indispensable. For most engineering purposes, a sufficiently
accurate description is obtained by modelling the environmental loads as
stationary stochastic processes for a limited period of time, referred to as
a short-term period [60]. The appropriate duration of a short-term period,
denoted T, will depend on the type of environmental loads considered. For
wave loads on offshore structures, T is typically chosen as three hours.
A short-term state is defined by a collection of environmental variables
W = [Wy,Ws,...,W,], which are the parameters of the modelled load
processes. Examples of such environmental variables are the significant wave
height and period for wave loads, and mean wind speed for wind loads.

1.3.1 Structural response

In order to evaluate the load effects corresponding to the environmental
loads, a model for the structural response is required. For complex struc-
tures, these models are usually made within the framework of the finite
element method (FEM). If the time domain approach is applied, the struc-
tural response model is used to provide response realizations corresponding
to simulated time series of the environmental loads. This approach is usu-
ally required when non-linear effects are significant. If, on the other hand,
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the dynamics of the structure can be modelled as a linear, time-invariant
system, the frequency domain approach is more efficient. The structural
response model is then completely described by a complex transfer function
matrix H(w), where w is the frequency variable.

Given the environmental parameters W, we consider some response pro-
cess R(t)|W corresponding to the environmental loads. Here ¢ is the time
variable. The response process may represent e.g. an axial force or a bend-
ing moment of a critical component of the structure, or a displacement.
For given environmental variables, we assume that the load processes are
stationary and that the response process R(t)|W inherits this property.
Without loss of generality, we also assume that R(¢)|W has a mean value
of zero. Thus R(t)|W 1is a zero mean stationary stochastic process, an
assumption which is made throughout this thesis.

1.3.2 Short-term response statistics

An important quantity for the extreme value statistics of the stationary
response process R(t)|W, is the average upcrossing frequency or mean up-
crossing rate. It is denoted v(r|w) and is a measure of how often the process
increases above a level r for given environmental parameters W = w. An
r-upcrossing occurs if the process R(t)|W reaches the level r with a positive
derivative. The mean upcrossing rate can be estimated by simulations of
the response process, for instance using the efficient procedures presented
in [35, 36]. Alternatively, if R(t)|W is assumed to be Gaussian, the mean
upcrossing rate is given as

1 op(w) 1 r 2
vlrfw) = 5= T8 exp {2 <chw)> } (1.1)

where op(w) and o (w) are the standard deviations of the response process
and its derivative respectively [60].

The short-term extreme value distribution is given by the cumulative distri-
bution function (CDF) Fpyy (r|w), where R|W = max{R(t)|W :t €[0,T]}
is the random variable representing the largest response value during a short-
term period. The extreme value distribution F' le(r|w) can be estimated
from simulations of the response by assuming it to be a Gumbel distribution,
or the average conditional exceedance rate (ACER) method can be applied
[56]. Alternatively, by assuming upcrossings of high levels r to be independ-

4



1.4 Long-term extreme response modelling

ent events, the extreme value distribution can be expressed in terms of the
mean upcrossing rate as

Faywy (rlw) = exp { v (rjw) T}, (1.2)

which will be valid for large values of r. For details we refer to Section 10.5
of [60]. If the response process is also Gaussian, Eqns. (1.1) and (1.2) can
be combined to give the expression

T op(w 1 r 2
Fﬁw%ﬂﬂ0=*ﬂp{—2WUZ@$‘“p{_z(aR@w> }}'

We also consider the short-term peaks distribution. A response peak is
defined as the maximum value of the response process R(t)|W between
two consecutive zero-upcrossings. The value of an arbitrary response peak,
denoted R,|W, is then a random variable whose CDF is F RP|W(r\w). Under
the assumption of a narrow banded response process, the short-term peaks
distribution can also be expressed in terms of the mean upcrossing rate. We
have then that

v(rw)
v(Ow)” "=

which is valid if R(¢)|W is narrow banded [60]. For the case of Gaussian
response, Equs. (1.1) and (1.3) yield

Ryjw (r[w) =1 = exp {_; (URZ’w)>2} r20,

which means that the peaks are Rayleigh distributed.

Fp w(rlw)=1- (1.3)

1.4 Long-term extreme response modelling

For the assessment of long-term extreme responses of marine structures, it is
common to model the environmental conditions as a sequence of short-term
states, during which the environmental processes are assumed stationary
[60]. The long-term situation is composed of a large number N of short-
term conditions, each of duration T, giving a long-term time duration of
T = NT.

In reality, the vector of environmental parameters W = [Wy, Wa, ..., W,]
is a stochastic process W (t), where ¢t denotes time. Since observation can

5
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only provide part of a single realization of W (t), an ergodicity assumption is
required in order to estimate the probabilistic structure of W (¢t) [59]. Under
the ergodicity assumption, observations of the environmental parameters
over time can be used to estimate the joint probability density function
(PDF) fw(w) of the environmental parameters.

Denoting the considered (zero mean) response process by R(t), the aim of
the long-term extreme response modelling is to establish a formulation for
the long-term extreme value distribution
FRLT(T) =P[Ry <r].

Here Rpr = max{R(t) : t € [0,T]} denotes the largest response value
during the entire long-term period, and FRLT (r) is its CDF. In the literature,
different models for the long-term extreme response can be found, resulting
in different formulations for Fz (r). An overview of the most common
models can be found in [68] and in Section 12.4 of [60]. The main difference
between these models is which short-term statistics they are based on: The
peaks distribution, the extreme value distribution or the mean upcrossing
rate. In the following, we briefly introduce the different formulations.

1.4.1 Models based on all short-term peaks

Assuming that all response peaks are statistically independent, the long-
term extreme value distribution can be formulated as

Fp,, (r) = Fg ()"

Here Fj (r) denotes the long-term distribution of an arbitrary response
/2

peak Rp, and v(0) is the long-term mean frequency of zero-upcrossings,
defined as

v(0) = [ v (0w) o (w) duo.

Thus, v(0)T represents the expected number of response peaks during the
long-term period T'.

An approximate formulation for the long-term peaks distribution, based on
the short-term peaks distribution F' RplW (r|lw), is given by

FRP(T) ~ /w Frow (r|w) fw (w) dw.



1.4 Long-term extreme response modelling

Although it may appear correct, this formulation is only an approximation
because it assumes that the number of response peaks is the same for all
environmental conditions. This is not the case, and in order to account for
this effect, the formulation known as Battjes’ formulation was proposed in
[6, 7]. The long-term peaks distribution is then given by

B = [ ”(VO(‘;;’)FRW (rfuw) o (u0) doo.

1.4.2 Models based on the short-term extreme values

Let R denote the maximum response value during an arbitrary short-term
condition. Assuming that the short-term extreme values are independent,
the long-term extreme value distribution FRLT(r) is obtained as

Fg, (r)=TFz (",

where F'5 (r) is the long-term CDF of the short-term extreme value. This
can be obtained as an average of the short-term CDFs Fy, (r|w), weighted
by the distribution fy (w) of the environmental parameters. The correct
long-term CDF Fp (r) is obtained when an ergodic averaging is used [39,
59], see also Section 12.4.2 of [60]. This yields the formulation

Fpg(r) =exp {/w (ln Frw (r\w)) fw (w) dw} . (1.4)

A very common approximate formulation is obtained by using the popula-
tion mean:

Fr(r) = /wFR\W (rlw) fw (w) dw. (1.5)

1.4.3 Model based on the short-term uppcrossing rate

As shown in [59], the long-term extreme value distribution can be expressed
directly in terms of the mean upcrossing rate v(r|w) as

Fa (r) = exp{—T/wl/(T]w) fuv (w) d'w}. (1.6)

This formulation assumes that upcrossings of high levels r are statistic-
ally independent, i.e. that the upcrossings are Poisson-distributed. This

7



1 Introduction

is a reasonable assumption, especially when extreme values are considered.
Furthermore, it is less restrictive than assuming independence of extreme
values or all peaks.

Under the assumption of independent upcrossings of high levels, the short-
term extreme value distribution Fgy, (r|w) can be expressed by Eqn. (1.2).
Solving Eqn. (1.2) for the mean upcrossing rate gives the relation

1
v (rlw) = ~F In Fpyy (rlw).

Inserting this expression into Eqn. (1.6) yields

Fg (r)=exp {/w (ln Frw (T|w)) fw (w) dw}T/T - Fr

1

",

since T = NT. Here Fy(r) is the long-term CDF of the short-term ex-
treme value as given by the formulation Eqn. (1.4). This shows that the
formulations represented by Eqns. (1.4) and (1.6) are the same, and the
only assumption required for either one is independent upcrossings of high
levels.

1.4.4 Characteristic values of the extreme response

When long-term extreme responses are calculated for design purposes, we
usually seek the characteristic response value r, which has a specified annual
exceedance probability q. This may also be referred to as the response value
with a return period of 1/q years, or simply the 1/g-year response. The
characteristic response 74 is found by requiring

Fp (rg) =1-gq,

with the long-term period T taken as one year. Alternatively, the require-
ment can be written in terms of the long-term CDF of the short-term ex-
treme value as
v q
R( q) ( q) Nv
where N is the number of short-term periods in one year. It should be noted
that the above approximation is as good as exact, since ¢ is a small number

and N is large.

8



1.5 Reliability methods

1.5 Reliability methods

1.5.1 Reliability problem

A reliability problem in the general sense is an integral of the form

/ fv(v)dv, (1.7)
G(v)<0

where V' = [V1,Va, -+, V] is a random vector with joint PDF fy (v), and
G(v) is a function referred to as the limit state function [53]. Usually the
value of the integral is small, representing the probability of failure in some
sense. It is well known that an expression of the form

F) = [ Frw (rw) fw (w) duw,

where Y is a random variable and W a random vector, can be reformu-
lated in terms of a reliability problem. Indeed, the above expression can be
rewritten as

F(T):/ / fyiw (ylw) dy fw (w) dw.

w y<r

Introducing the random vector V' = [W,Y], whose joint PDF is given by
fv(v) = fY|W (y|w) fw (w), we obtain

Po) = [ fvwdv=1- [ f@do=1- [ fv(@)dv.

y<r Ty Gr(v)<0

Here the limit state function is G, (v) = r — y, with y being the last com-
ponent of the vector v = [w, y].

1.5.2 First- and second-order reliability methods

The integral Eqn. (1.7) can be solved efficiently in an approximate manner
using the first-order reliability method (FORM). The random vector V is
then transformed into a vector U of independent standard normal variables
by the Rosenblatt transformation U = T'(V') [53], defined by the equations

9
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& (1) = F, (V). (1.80)
P (Ul) = FVZ"V1,...,VZ-_1 (‘/Z|‘/13 e 7%71) 7/i = 25 cee, M — ]-7 (18b)
D (Un) = Fv i, Vi, Vil Vi, oo, Vine1), (1.8¢)

where ®(-) denotes the standard normal CDF. Given a point u in the
standard normal space, the inverse transformation evaluated at w, i.e. v =
T~'(u), can be found by solving the equations in Eqn. (1.8) successively,
obtaining

i (u) = Fy, (@ (w)),
vi (u) = F‘2\1V1,...,V;_1 (@ (u) |v1 (u),...,vi—1(w),i=2,...,m—1,
U (u) = F‘Zilvh...,vm_l (D (um) |1 (), ...y vm—1 (w)).

Knowing that the Rosenblatt transformation preserves probability, Eqn.
(1.7) is then rewritten in terms of the transformed variables as

/ fv (v)dv = / fu (u) du.
G(v)<0 (u)<0

Here fy(u) denotes the PDF of the multivariate standard normal distribu-
tion, and g (u) = G (T~ (u)) is the transformed limit state function.

When FORM is applied, the transformed limit state function is replaced
by its linear approximation at the most probable point (MPP) u*, i.e. the
point on the surface g(u) = 0 closest to the origin. The MPP u* and the
smallest distance (8 is found by solving the minimization problem

£ = min |u|; subject to g(u) =0, (1.10)

and the integral Eqn. (1.7) is finally approximated by

[ wv@dw= [ fowduxe-s). (111)
G(v)<0

g(u)<0

When SORM is applied, g(u) is replaced by its quadratic approximation
at the MPP w*. Although an exact solution does exist for the quadratic
approximation [46], the asymptotic result of [10] is commonly used, as it

10
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gives a simpler expression where the FORM solution is corrected by a SORM
factor. We have then

m—1
/ fv (v) dv = / fur () du ~ &(—8) [[ (1— Bri) .
11

G(v)<0 g(u)<0 ¢

N

where k; are the main curvatures of the surface g(u) =0 at u*.

1.5.3 Inverse reliability methods

An inverse reliability problem arises when the value of the integral Eqn.
(1.7) is specified, and some parameter of the limit state function is to be
determined. An important example is the case where the limit state function
can be written as G,(v) = r — H(v) for some function H(v), and we want
to determine the value r, such that

fv(v)dv = q, (1.12)
Girg (0)<0

where ¢ is a specified value. The transformed limit state function is given
as gr(u) =r — H(T Y(u)) =7 — h(u).

Applying the FORM approximation Eqn. (1.11) to the inverse reliability
problem Eqn. (1.12), the target value of 3 is derived as 3 = —®~!(g). Thus,
conferring Eqn. (1.10), we seek the value 7, such that § is the minimal
distance from the origin to the surface g, (u) = r4 — h(u) = 0. According
to [17, 79] this inverse FORM (IFORM) problem can be formulated as

ry = max h(u); subject to |u| = f.

If we want to use the SORM approximation for the inverse reliability prob-
lem Eqn. (1.12), the target value for 5 can no longer be derived directly.
However, inverse SORM (ISORM) approaches can be derived by updating
B iteratively [49].

11
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1.6 Research objectives and scope

1.6.1 Research objectives

The primary objective of this work is to develop more efficient, yet accurate,
methods for full long-term extreme response analysis of marine structures,
making such analyses feasible also for complex structures such as floating
bridges. In an effort to achieve this goal, the following research objectives
have been realized in the papers presented in this thesis.

To develop an accurate and efficient method for computation of
cross-spectral densities in the stochastic modelling of waves and
wave loads. In the short-term response analysis of marine structures, the
auto- and cross-spectral densities of the wave load are important quantities,
and their evaluation may contribute significantly to the computation time,
for instance when the power spectral density method [42] is applied. The
cross-spectral densities of waves and wave loads can be formulated in terms
of an integral that requires numerical evaluation for each realization of the
environmental variables W. Therefore, it is important for the long-term
analysis that these are calculated in an accurate and efficient manner.

To study and compare models for long-term extreme response.
The basis of any computational method for the characteristic long-term
response, is some model for the long-term extreme response, cf. Section
1.4. An understanding of the different models found in the literature, and
their effect on the characteristic response, is therefore important for the
development of the computational methods.

To develop a novel IFORM method for calculation of long-term
extreme response. An IFORM method for efficient calculation of long-
term extreme response can be found in the literature [68, 79]. This IFORM
method is, however, based on the approximate formulation Eqn. (1.5). The
development of an IFORM method based on the correct formulation Eqn.
(1.4) is therefore of interest.

To develop an ISORM method for calculation of long-term ex-
treme response. By using the second-order reliability method (SORM)
instead of FORM, improved accuracy can be achieved. The development of
an ISORM method for calculation of long-term extreme response is therefore
of interest.

12
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To verify the efficiency and accuracy of the developed IFORM
and ISORM methods for a complex structure. The efficiency and
accuracy of the IFORM and ISORM methods for calculation of long-term
extreme response should be verified, when applied to a complex structure
such as a floating bridge.

To develop a computational framework for efficient long-term ex-
treme response calculations of floating bridges. Pontoon bridges
serve as the main application considered in this thesis. The examples used
to demonstrate the developed methods should therefore constitute a frame-
work for efficient long-term extreme response calculations of floating bridges.

1.6.2 Scope

For the IFORM and ISORM methods for long-term extreme response de-
veloped in this thesis, only the models based on the short-term extreme
values, cf. Section 1.4.2, are considered. The models presented in Section
1.4.1 based on all short-term peaks are not considered, as they require more
restrictive assumptions. As showed in Section 1.4.3, the model based on the
upcrossing rate is equivalent to the model represented by Eqn. (1.4).

Proper estimation of the PDF fy/(w) of the environmental variables is
of major importance for accurate long-term extreme response prediction.
Also the choice of which parameters to include is important. However, the
environmental modelling is not the focus of this work, and the PDF fy (w)
will be assumed to be given.

The details of the structural modelling is also considered to be outside the
scope of this work. The structural response model for the floating bridge
considered in Paper IV is provided by Knut Andreas Kvale, who has also
contributed with a description of the model, which is included in Paper IV.

The long-term extreme response models presented in Section 1.4 are all
global models [14], considering all environmental conditions. This is re-
cognized as an appropriate modelling approach for extratropical weather
conditions. The alternative would be an event model, or random storm
approach, where only the most severe environmental conditions are con-
sidered. Such an approach is appropriate for tropical weather conditions,
and is considered outside the scope of this thesis.

13
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1.7 Publications

1.7.2 Declaration of authorship

Finn-Idar G. Giske is the first author of all papers included in this thesis
(Papers I-1V). For Papers I-I11, he came up with the main ideas, implemen-
ted the theory, obtained the numerical results and wrote the manuscripts.
The co-authors Bernt J. Leira and Ole @iseth provided constructive cri-
ticism, which increased the scientific quality. For Paper IV, Finn-Idar G.
Giske came up with the main ideas, implemented the theory, obtained the
numerical results and wrote most of the manuscript. Knut Andreas Kvale
provided the structural response model of the case study bridge and wrote
Sections 5.2.3 and 5.3. Bernt J. Leira and Ole Qiseth provided constructive
criticism and discussed the work.

1.7.3 Summary of papers

Paper 1

Long-term response analyses are conducted by performing several short-
term response calculations. Hence, the efficiency of each short-term analysis
is crucial for the overall efficiency. For floating bridges, and other marine
structures, calculation of auto- and cross-spectral densities for the wave
loads may represent a bottleneck. In Paper I, a new method is presented
for efficient calculation of auto- and cross-spectral densities in the stochastic
modelling of ocean waves and wave loads. The accuracy and the efficiency
of the new method is investigated, and a comparison with the existing ap-
proach is performed. Using two floating bridge examples, it is demonstrated
that the new method provides a significant improvement in computational
efficiency.

Paper 11

In Paper II the focus is shifted from the short-term response calculations to
the long-term extreme response formulations and their solution. The goal
is to reduce the number of short-term calculations needed for a long-term
analysis. This can be achieved by means of the first order reliability method
(FORM), known for its computational efficiency. In the existing literature,
FORM is only applied to the approximate long-term formulation Eqn. (1.5).
In Paper II, however, the more correct long-term formulation Eqn. (1.4) is
solved in an approximate manner using FORM.
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In order to obtain characteristic values of the long-term extreme response,
an inverse FORM (IFORM) approach is applied. A new solution algorithm
for IFORM is proposed in Paper II, resolving some convergence issues of an
iteration algorithm found in the literature. Using a single-degree-of-freedom
(SDOF) example, the accuracy and efficiency of the IFORM approach is
assessed, revealing that the IFORM methods provide good estimates using
a reasonable amount of short-term response calculations.

Paper 111

Although the IFORM approach proposed in Paper II represent an efficient
approximation for the long-term extreme response, there is more to gain
with respect to the accuracy of the approximation. In Paper III, the second
order reliability method (SORM) is used to improve the accuracy of the
approximation, resulting in a novel inverse SORM (ISORM) approach. Us-
ing the same SDOF example as in Paper II, the ISORM method is seen
to achieve significantly improved accuracy, yet keep the number of required
short-term response analyses within acceptable levels.

Paper IV

Due to the very large number of structural response analyses traditionally
needed for a full long-term analysis, the computational effort is usually
considered to increase above acceptable levels for complex structures such
as floating bridges. However, utilizing the IFORM and ISORM approaches
developed in Paper II and Paper III, the full long-term approach is made
feasible also for complex structures. In addition, the method proposed in
Paper 1 can further reduce the computational effort. In Paper IV, the
developments of the first three papers are demonstrated for a long-span
pontoon bridge subjected to wave loads.
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1.8 Conclusion

1.8.1 Concluding remarks

The work presented in this thesis has contributed to the development of
more efficient, yet accurate, methods for full long-term extreme response
analysis. Hopefully, this contribution will make full long-term analyses feas-
ible and available for the design of complex marine structures, such as e.g.
floating bridges.

In Paper I (Chapter 2), a new method was presented for the calculation
of auto- and cross-spectral densities in the stochastic modelling of ocean
waves and wave loads, based on a series expansion solution of the integral
expressing the cross-spectral density. The method was developed for first
order wave excitation loads, but it is readily extended to the computation
of other cross-spectral densities, e.g. for wave elevation, wave kinematics
or second order load. The only difference will be which transfer functions
that are used. The accuracy of the new method was verified, and using
two floating bridge examples, it was demonstrated that the new method
provides a significant improvement in computational efficiency.

In Paper IT (Chapter 3), an exact and an approximate formulation for the
long-term extreme response of marine structures, cf. Eqns. (1.4) and (1.5)
respectively, were discussed and compared. It was shown that the approx-
imate formulation underestimates the long-term extreme response values.
It was also shown how both formulations can be solved in an approxim-
ate manner using FORM, and how characteristic extreme response values
can be obtained by IFORM. Furthermore, a new solution algorithm for the
IFORM problem was proposed, resolving some convergence issues of an iter-
ation algorithm given in the literature. The different approximations for the
long-term extreme response were compared for an SDOF example, reveal-
ing that the IFORM approximations give reasonably good estimates for the
long-term extreme response. The number of required short-term response
analyses for the [IFORM method was found to be within acceptable limits.

In Paper III (Chapter 4), the inverse FORM solution from Chapter 3 was
improved by use of SORM, resulting in an inverse SORM method. In order
to find the extreme response using inverse reliability methods, an upper tail
approximation depending on a parameter C' was introduced. Considering
the SDOF example from Paper II (Chapter 3), the ISORM method was
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seen to give significantly improved accuracy, especially with the parameter
C' chosen as some large value.

Finally, in Paper IV (Chapter 5), a framework for full long-term extreme
response analysis of marine structures was demonstrated for a long-span case
study floating bridge. This framework is based on the methods developed in
Papers I-111. The presented numerical results revealed that the characteristic
extreme response could be calculated in an efficient and accurate manner.
Especially the ISORM method provided high accuracy. The full long-term
analysis was also compared with the environmental contour method, which
is much used in practical design. It was recognized that the environmental
contour method could be calibrated by comparison with the IFORM and
ISORM results.

1.8.2 Recommendations for future work

The primary goal of this work has been to develop of more efficient, yet
accurate, methods for full long-term extreme response analysis of marine
structures. The hope is that the presented methods will be put into use in
practical design. The application to floating bridges has been used as an
example throughout this thesis. However, the methodology is presented in
a general setting, and many other types of applications could benefit from
this work. It would, for instance, be interesting to see the application of the
methods to offshore wind turbines.

The presented methods have been demonstrated for a complex structure by
the case study of a long-span pontoon bridge. Still, it is relatively simple
frequency domain approaches for the short-term response that have been
used. It would be interesting to validate the efficiency of the proposed
methods in combination with e.g. time domain methods for non-linear
response.

With regard to further development of the methods presented in this thesis,
it could be interesting to investigate the use of other ISORM methods [49].
These methods are more sophisticated, using an exact expression for the
quadratic approximation rather than the asymptotic expression which is
used in Section 4.2.2. For the estimation of extreme response it is expected
that the asymptotic expression is sufficiently accurate, but other ISORM
methods could potentially further reduce the computational effort.
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CHAPTER

Efficient computation of
cross-spectral densities in the
stochastic modelling of waves and
wave loads

FINN-IDAR G. GISKE, BERNT J. LEIRA, OLE OJISETH

Published in Applied Ocean Research 62(2017), pp. 70-88.
do0i:10.1016/j.apor.2016.11.007

Abstract

A new method is presented for efficient calculation of auto- and cross-spectral dens-
ities in the stochastic modelling of ocean waves and wave loads. As part of the
short-term response analyses, the method may contribute to more efficient long-
term response prediction. Specifically the cross-spectral densities of the first order
wave excitation forces are considered, but the method is straightforwardly general-
ized to other cross-spectral densities, e.g. for wave elevation, wave kinematics or
second order loads. The method can be used with any choice of directional spreading
function, but special attention is given to the commonly used cos-2s type directional
distribution. In addition to the development of the new method, the traditional
method using the trapezoidal rule for numerical quadrature is improved by devel-
oping an adaptive way of choosing the number of integration points. The accuracy
of the adaptive method and the new method is investigated, revealing rapid conver-
gence for both methods. However, the new method appears more robust as it avoids
so-called spurious hat errors. When applied to two different pontoon type floating
bridges the adaptive method and the new method both achieve a great improvement
in computational effort compared to the traditional trapezoidal rule method. When
the dimensions of the floating bridge increase, i.e. the number of pontoons and their
relative distances increase, the new method is superior with respect to computation
time.
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2 Efficient computation of cross-spectral densities in the stochastic
modelling of waves and wave loads

2.1 Introduction

For the assessment of extreme responses needed in the design of marine
structures a full long-term response analysis is the most accurate approach
[60, 68], and for fatigue design it is usually required [51, 60]. In the long-
term approach structural response analyses have to be carried out for a
large number of sea states, which can be very time-consuming. Over the
last decade new methods have been developed making long-term analysis
more efficient, either by reducing the number of required short-term analyses
[68, 75] or by computing the relevant short-term quantities more efficiently
[58]. In the short-term response analysis of marine structures the auto- and
cross-spectral densities of the wave load are important quantities, and their
computation may contribute significantly to the computation time, for in-
stance when the power spectral density method [42] is applied. The method
proposed in this paper contributes to more efficient short-term analyses by
making the evaluation of auto- and cross-spectral densities more efficient.

When the sea surface is modelled as a stochastic process the cross-spectral
density between the wave elevations at the points (2, ym) and (z,, y,) can
be written as

S () = / e Leos(5=0)5(2) (9 1) ), (2.1)

—T

where £(w) is the wave number and 57(7%) (0,w) denotes the directional wave
spectrum [63]. 8 and L are constants that depend on the spatial separations
Az = 2y — @y and Ay = Yy, — yn, see Section 2.2.3 for definitions. In [66] a
series expansion solution of the integral (2.1) is found by expressing the dir-
ectional spectrum as a Fourier series and solving the integral term-by-term
using Bessel functions, see also Section 7.2.1 of [63]. This series expansion
is then used to obtain equations for the unknown Fourier coefficients of the
directional spectrum such that these can be evaluated from measured cross-
spectral densities. This paper deals with the reverse problem, as the aim
is to evaluate the cross-spectral densities when a theoretical model for the
directional spectrum is assumed.

A consistent stochastic theory of ocean waves and wave loading processes
is presented in [71], which have been applied for offshore structures [70, 72]
and floating bridges [19, 41, 42, 44, 45]. In this context calculation of the
cross-spectral densities requires computation of integrals similar to (2.1),
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which can be written in the form
/ f(e)em(w)L cos 0d9, (22)

for some function f(#). In applications these integrals have traditionally
been evaluated using straightforward numerical quadrature [19, 44]. This
requires care with respect to the number of integration points, because too
few integration points may result in errors referred to as spurious hats [44].
The reason why these spurious hats occur is that when the factor x(w)L
in (2.2) is large, the integral becomes highly oscillatory. It is worth men-
tioning that general methods for numerical quadrature of highly oscillatory
integrals do exist [34, 64]. However, these methods are quite complex, espe-
cially for oscillatory integrals with stationary points like (2.2). Also, a more
specialised computation method is expected to be more efficient.

In the present paper a new method is developed for the calculation of cross-
spectral densities in the stochastic modelling of ocean waves and wave loads.
The series expansion solution of (2.1) found in [63, 66] is first generalized
to the case of cross-spectral densities of first order wave excitation forces,
and then utilized as a computational method for the cross-spectral densities.
The method may readily be generalized to other cross-spectral densities, e.g.
for wave elevation, wave kinematics or second order loads by using different
transfer functions.

The new method will apply to any directional distribution expressed as a
Fourier series. The Fourier coefficients of various theoretical models of the
directional distribution can be found in [40] or in Section 2.5 of [28]. For
the sake of completeness this paper includes a derivation of the Fourier
coefficients of the cos-2s directional distribution in the most general case
where s is any positive real number, thus providing a proof of the Fourier
coefficients stated in [28, 40].

In addition to the development of the new method, the traditional method
using the trapezoidal rule for numerical quadrature is improved by devel-
oping an adaptive way of choosing the number of integration points. This
adaptive trapezoidal rule method is developed by observing when the spuri-
ous hats occur. The accuracy and efficiency is investigated for both the
adaptive trapezoidal rule method and the new series expansion method.
Finally the performances of the methods are compared when applied to
pontoon type floating bridges.
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2.2 Review of the stochastic modelling of ocean waves

2.2.1 Cross-spectral density

A common approach when modelling wind generated waves for engineering
purposes is to assume that the sea elevation is a homogeneous stationary
stochastic process [71]. The sea elevation at the point (z,y) at time ¢,
denoted n(z,y,t), is then written as

n (.T, v, t) — / eiwtfm(m cos@ersinG)dB (K',, w)7 (23)

where kK = [k cosf, ksinf] is the wave number vector, w is the frequency
and B (k,w) is the spectral process associated with the wave elevation. By
further assuming the existence of a dispersion relation which relates the
frequency w and the wave number k by a one-to-one mapping £ = k(w), or
equivalently w = w(k), the cross-spectral density between the wave elevation
at two points (Zp, ym) and (z,,y,) can be expressed by

Sim (w) _ /9e—m(w)(A:r:cosO—i—AysinO)S?(Y%) (97&}) do,

where Ax = x,, — x, and Ay = y,n, — Yy, is the separation of the locations
(Tm, Ym) and (x,,ys) in space. S,(,%) (A, w) is the directional wave spectral
density. The details of the derivation is given in Section 2.A as well as in
[71]. According to the Airy wave theory, or linear wave theory, the dispersion

relation takes the form
w? = kg tanh(kd), w, k>0,

with water depth d and gravitational acceleration g, defining the function
k(w) implicitly.

The directional wave spectral density ST(,%) (0,w) is frequently written as

57(7%) (0,w) = Spy (w) ¥ (A, w) and thus separated into a one-dimensional wave
spectral density Sy,(w) and a spreading function ¥(#,w). The spreading
function is sometimes assumed to be a function of the direction 6 only,
but such an assumption is not done here. For an overview of the various
theoretical models for Sy,(w) and V(0,w) see e.g. [28, 73]. The cross-
spectral density can now be written as

Son (OJ) _ Sm? (w) / i} (97 w) e—m(w)(Aaccos 0+Ay sin G)de (2‘4)
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2.2.2 Auto-spectral density and complex coherency

If we consider the case m = n, we have that Ax = Ay = 0, and (2.4) gives
an expression for the auto-spectral density

S (@) = Sy () /_ T; U (0, w) df. (2.5)

Since the wave elevation is assumed to be homogeneous, the auto-spectral
density should be equal to the one-dimensional wave spectral density at any
point (z,,yy). This imposes the following normalization of the spreading
function:

/ﬂ U (0,w)do = 1. (2.6)

The complex coherency is defined in terms of auto- and cross-spectral dens-
ities as

Srn (W)
Spn (W) Syym (W)

Combining equations (2.4), (2.5) and (2.6), we find that the complex coher-
ency is given by

FYmn (W) =

Spn(w)
S (w)

The complex coherency is favourable to deal with in computations because
it is dimensionless, independent of the one-dimensional spectral density and
it satisfies |ymn(w)| < 1. For this reason most of the derivations in this
paper will deal with the complex coherency rather than the cross-spectral
density. The cross-spectral density can always be obtained from the complex
coherency and the auto-spectral densities by

Y (w> _ _ / i} (07 w) e—m(w)(Ax cos 0+Aysin G)de (27)

Smn (W) = Ymn (W) 1/ Snn (W) Smm (w).

2.2.3 Directional distribution function

The spreading function ¥(6,w) is commonly given as a distribution around
a mean wave direction, in which case it is written as

U(f,w) =D —0,w), (2.8)

25



2 Efficient computation of cross-spectral densities in the stochastic
modelling of waves and wave loads

where 6 is the mean wave direction and D(¢,w) is the directional distri-
bution function centred around zero. The directional distribution function
is 2m-periodic and according to (2.6) it should integrate to one over one
period. By inserting (2.8) into (2.7), using the periodicity of D(¢,w), the
complex coherency can be expressed in terms of the directional distribution
by

™ . _ . _

Y (w) _ / D <¢’ w) e—m(w)(Aw cos(¢+9)+Ay sm(¢+0))d¢.

—T
The linear combination of sine and cosine in the expression above can be
written in terms of a single harmonic function as

—Ax cos (¢ + 5) — Aysin (qb + 0_)

= \/WCOS (qb + 6 + m — atan2 (Ay, Af)) ;

where atan2(Ay, Az) is the generalization of arctan(Ay/Ax) that covers
the entire circular range. If we then define

=/ Az? + Ay?,

L
B =0+ m—atan2 (Ay, Ax),

we obtain
s . T+ .

Yo @) = [ D (@) Lo ag — [ D (g ) Loy,
—r -7+

where the integrand is 27-periodic. Thus the complex coherency is finally
given as

o (@) = / D (0 — B,w) e )Leost gy, (2.9)

2.2.4 Series expansion of the complex coherency

Expressing the directional distribution function D (¢,w) as a Fourier series
in ¢, the integral (2.9) can be solved in terms of Bessel functions using the
same approach as in [66], which is also given in Section 7.2.1 of [63].

Let the directional distribution function be given by the Fourier series

[e.e]

D (p,w) = Z cr(w)e?, (2.10)

k=—o00
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Since the directional distribution is a real function, the Fourier coefficients
are required to satisfy c_j(w) = ¢i(w) for & > 0, the overline denoting
complex conjugation. Using this Fourier expansion in the expression (2.9)
for the complex coherency yields

o0

Ym (w) — Z Ck(w)efikﬂ/ eikeem(w)LcosedQ (211)

k=—o00

where we have assumed that the order of summation and integration can
be interchanged. The integrals in the above expression can be solved in
terms of Bessel functions by utilizing the integral representation 9.1.21 in
[1] stating that

Jy, (2) wif = / 7<% cos (k) db,
0

where Ji(z) is the Bessel function of the first kind with integer order k.
Specifically we find that

/ eikGQiﬁ(w)L cos 0d0 _ / 6m(w)L cos 6 CoS (k@) db

—i—i/ @) Leostgin (k) do

—T

=2 / e"(@)leost g (k) db
0
= 2J, (k(w)L) wi¥,

which inserted into (2.11) yields the following series expansion of the com-
plex coherency:

o0

Y (W) = 27 Z cp(w)i*e ™8 I (k(w)L). (2.12)

k=—o00

2.2.5 Directional distribution of the cos-2s type
The most commonly used directional distribution is given by

22O (s(w) + 1) oy @
D (¢p,w) = 27T (2s(w) + 1) cos 5 ¢ € [—m, ), (2.13)

where I'(-) denotes the gamma function and s(w) is a non-negative real
valued function. This type of directional distribution was originally pro-
posed by [50] and was developed further by [54] and [27] who investigated
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frequency dependence through the spreading parameter s(w). Although in
applications s(w) is frequently assumed constant, wave data reveals a strong
frequency dependence [40]. Throughout this paper the spreading parameter
s(w) is assumed to be a function of frequency. Note, however, that the
w-dependency will not be written explicitly as in (2.13) for simplicity of
notation.

In order to make D(¢,w) as given by (2.13) a 2m-periodic function in ¢ for
any s > 0, it should rather be written as

C2BT2(s4+ 1) ,0\°
D (¢,w) = 27[_F(28+1)<COS 2) , ¢ €R. (2.14)

If we rewrite cos? % = %(14—008 ¢) it is clear that this directional distribution
is 2m-periodic. Writing D(¢,w) in this way rather than as in (2.13) will also
ensure that D(¢,w) is real and non-negative at any ¢ for any choice of
s. Now for an arbitrary non-negative real number s, the following identity
holds according to Theorem 1 in Section 2.B.

X 1 T'(2s+1) I'(2s+1)
R R k
(COS 2) 225 T2 (5 + 1) 2281Z TG+ DT +heD =0
(2.15)
Using this identity the directional distribution (2.14) can be written
I2(s+1)
k
D(gw) =52+ E: Gohr DT erhen k)
1 & I? 1 .
EES (s+1) ¢iko,
2, = T(s—k+1)I'(s+k+1)
which is recognized as a Fourier series of the form (2.10) where
1 I? 1
(W) = — (s+1) . ke{0,£1,42,...}. (2.16)

T (s—k+ 1) (s+k+1)

These Fourier coefficients agrees with those stated in [28, 40]. This deriv-
ation of the Fourier coefficients of the directional distribution (2.13) gener-
alizes the derivation found in Section 7.2.1 of [63] which is valid for integer
s.
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Figure 2.1: Local coordinate system of a rigid body and definition of wave
propagation direction.

2.3 Stochastic modelling of first order wave excita-
tion loads

2.3.1 Exciting forces and moments on a rigid body

The hydrodynamic forces on a floating body can be decomposed into two
parts, the wave excitation forces and the motion induced forces. We will
now look at how the wave excitation forces can be modelled as a stochastic
process. Consider a rigid body with a local coordinate system (Z,§) which
is located with its origin at the point (xg,yo) and rotated counterclockwise
with an angle ag relative to the global coordinate system (x,y) as shown in
Fig. 2.1. Thus (x0,y0) and o specifies the location and orientation of the
body. With this definition the global and local coordinates are related by

x —

Y
Within the framework of linear potential theory, the hydrodynamic forces
on a body of arbitrary shape can be computed using a panel method as
implemented in software such as WAMIT [76] or WADAM [15]. The wave

excitation forces are then reported in terms of the complex transfer function
from the wave elevation to the wave load. This means that for a regular

To + T cosag — ysinag

.. - (2.17)
Yo + T SIn ag + Y COS &g
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incident wave of amplitude A given in local coordinates by
n(z,y,t) = Aexp {iwt—m (icosB—i—ﬂsinB)}, (2.18)

the forces and moments due to this wave will be given by Afy(3,w)e™,
where fo (B ,w) is the complex transfer function. Here (3 is the wave propaga-
tion direction given as the angle relative to the Z-axis, see Fig. 2.1. The
vector }'0 contains six components, the transfer functions for three forces
and three moments.

Provided the load due to any regular wave, the excitation load for the
irregular wave (2.3) can be obtained by superposition. Inserting the relation
(2.17) into (2.3) yields the sea elevation referring to the local coordinates of
the body:

(%, 7,t) = /Oo plwt—ir(Z cos(0—ao)+ysin(0—ao)) ,—ir(zo cos 0+yo sinb) 1 B (k,w).
—00

(2.19)
Now since 6 is the wave propagation direction relative to the global z-axis,
we see from Fig. 2.1 that ag + f = 6 which means that § — ag can be
identified as the local wave propagation direction 3 in (2.18). Thus the first
exponential in the above expression is recognized as the exponential of the
incident wave (2.18). Hence (2.19) can be considered as a linear combination
of (infinitely many) regular waves of amplitude dB(k,w) and, assuming the
linear operations of calculating the wave load and taking the integral can
be interchanged, we obtain an expression for the wave excitation load due
to the irregular wave (2.3):

oo . . .
qo (t) = / fO (9 — ap, w) ezwtfm(xo cos 0+yo sin G)dB (/i, w)'

This expression gives the loads referring to the local coordinate system of the
body, but the loads referring to the global coordinates are easily obtained
by a linear transformation

@ (1) = Tody (1) = | fo(6— ag,w) e/ rzoeosttmintlgps )

(2.20)
where Ty is the transformation matrix and f, = T f,.
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2.3 Stochastic modelling of first order wave excitation loads

2.3.2 Cross-spectral densities for wave excitation loads

We now consider the wave excitation loads for N bodies at the locations
(x1,91), (x2,92), - -, (zN,yn), with orientation angles oy, ag, ..., an relat-
ive to the global z-axis. The loads are conveniently organized into a total
load vector

T T T

a=|af @ - df

Here gq,, refers to the wave excitation loads on body number n which are
given by (2.20) using the transfer function f, corresponding to the body.
Because each vector g,, contains six components, the total number of com-
ponents in g will be 6/N. Each individual component can therefore be de-
noted by ¢,, where v € {1,2,...,6N}. Organizing the transfer functions
f,, in the same manner, the individual loads are obtained from (2.20) as

oW (t) _ / fzz (0 — . w) eiwt—m(xn cos 04y, sin G)dB (:‘ﬁ?, w)' (221)

The body number n corresponding to the index v is given by n = [v/6],
where [-] denotes the ceiling function giving the smallest integer not less
than the argument.

Using the formulation (2.21) as starting point, the same derivation as in
Section 2.2.1 can be carried out, yielding the cross-spectral density between
the loads g, and g, as

SQ,uq:/ (LU)
)

S (w
_ / N, (9,&)) fu (0 — s W)f,/ (9 — O[T“w)e—m(w)(Amcoso9+Aysino9)d9’
(2.22)

where the overline denotes complex conjugation.
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2.3.3 Series expansion of the complex coherency

Using the same approach as in Section 2.2.3, the expression (2.22) for the
cross-spectral density can be written as

Sapa, (@)

S (W)

:/7r D(0 — B,w) fu (9—ﬁ+§—am,w)fl, (9_B+é_an’w)einLcosed9'
h (2.23)

Now the transfer functions are usually known only by their values at a finite
number of heading angles. Then in order to perform the integration (2.23)
we can use functions f,(6,w) that interpolates the transfer functions at the
given values of the heading angle 6. For our purposes it is convenient to use
trigonometric interpolation [31, 38], which means that the transfer functions
are given by trigonometric polynomials

Ny

fu(G,w) = Z al, (w) e (2.24)

k=—N;

If the transfer function values are given at heading angles uniformly distrib-
uted between 0 and 27, the coefficients af, (w) can be efficiently computed
using fast Fourier transform (FFT). If the number of heading angles is Ny
we have that Ny = [Ng/2].

With transfer functions given by (2.24) we find that
- Ny _
fu <¢ +0 — am>w> = > (6”6(670‘”)&;: (w)) ke

k=—Ny

and
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2.3 Stochastic modelling of first order wave excitation loads

With a directional distribution given by (2.10) we have then available the
individual Fourier series of each of the factors in the product

D(6,w)fu (6+0 = am,w) fu (640 — an,w).

It can be shown that the Fourier coefficients of a product can be obtained
by taking the convolution of the Fourier coefficients of the factors. Thus we
are able to find coefficients CY”(w) such that

D(¢,w) fy <¢ +6— am,w)fu (¢ +60— an,w) = i Ol (w) e, (2.25)

k=—o0

Having the product D(¢,w) f,, (QS + 6 — ayy, w) fu (qb + 6 — a, w) developed
as a Fourier series in ¢ makes the derivation of the series expansion (2.12)
from Section 2.2.4 directly applicable. Inserting the Fourier expansion (2.25)
into (2.23) yields the cross-spectral densities

Squq, (W) = 278y, (W) Z C,’;”(w)ike_ik’BJk (k(w)L). (2.26)
k=—o00

In the special case that the Fourier series of the directional distribution is
finite, it can be written as

Np

D(¢w)= »  c(w)e™,

k=—Np
and the series expansion (2.26) will be finite. Specifically we have then that
Niot '
Sgua (@) =278y (W) Y- Cp¥(w)ite Mg (m(w)L),
k=—Ntot

where Niot = 2Ny + Np.

It is worth noticing that for the cross-spectral densities between loads at
the same location we have that m = n and thus L = 0. Using the fact that
Ji(0) =0 for k € {£1,+2,...} and Jy(0) = 1 yields the result

Sququ (w) = 27 Sy (W)C(l)w(w)a
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which holds whenever m = n, or equivalently [1/6] = [v/6]. The auto-
spectral densities are thus given by

Squan (@) = 278y (W)CH" (), (2.27)
which gives the following formula for the complex coherencies:
Sguan (@) = Cr (W)

-5

V800S00, @) k5760 {/CEH ()CEY (w)

Vapar (W) = i*e P I (k(w)L).

(2.28)
2.4 Computational methods for the complex coher-
encies

2.4.1 Approximation by the trapezoidal rule

By definition the complex coherencies are given by

Squar (W) _ Sguan (W) /Spn(w)

quqv (w) = .
! V00 @500 () /S0 @)/ Sy (@) S () S

Inserting the expression (2.22) yields

Yanav (w)
B ffw U (9’ w) fu ((9 — o, w) me—m(w)(Axcos 0+Aysind) 19

T (0.0) £ (6 — i) P8 [T (6.0) £, (6 — v, w) P
(2.29)

We denote by % (w) the approximation obtaine~d when the above expres-
sion is computed using the trapezoidal rule with /N integration points. Tra-
ditionally, the number of integration points N is chosen to be the same for
all values of i, v and w, this will be referred to as the traditional trapezoidal
rule method. As we will see the number of integration points should rather
be adapted according to the value of w, this will be referred to as the ad-
aptive trapezoidal rule method.

We now consider two pontoons located at the points (z1,y1) = (0,0) and
(x2,y2) = (L,0) with orientations oy = as = 7/2. The indices referring
to the pontoon numbers are thus m,n € {1,2} and the global indices are
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2.4 Computational methods for the complex coherencies

p,v € {1,2,...,12}. The coherency matrix will then be a 12-by-12 matrix
whose elements are v,,4,(w). The transfer functions of the pontoons are
evaluated by the software WADAM [15] at 36 different heading angles, so the
transfer functions f,(6,w) are given by (2.24) with Ny = 18. The spreading
function ¥(#,w) is given by a directional distribution of the cos-2s type as
described in Section 2.2.5 with a constant spreading parameter s(w) = s.
Note, however, that the methods described will be equally applicable for
other directional distributions.

Figures 2.2 and 2.3 show the resulting coherence functions 74,4, (w)| when
the complex coherency 7,, 4, (w) is computed using the traditional trapezoidal
rule method for different distances L between the pontoons. The mean
wave direction is 6 = m/2 and the spreading parameter is s = 1 in Fig.
2.2, and s = 20 in Fig. 2.3. Figures 2.2 and 2.3 demonstrate that rel-
atively large errors may occur if the number of integrations points N is
not large enough. These errors are the same as the spurious hats observed
in [44]. The spurious hats can be explained by observing that the factor
exp{—ir(w)(Azcosf + Aysinf)} will make the upper integral in (2.29)
highly oscillatory when the value of x(w)\/Az? + Ay? = k(w)L is large,
and therefore the trapezoidal rule with N integration points will be far too
crude an approximation. Large values of k(w) occur when w is large. When
we consider L < 1000 m and w < 4 rad/s as in Figs. 2.2 and 2.3, we have
that the maximal value of k(w)L is (kL)maer = 1631.5. When the number of
integration points N is slightly larger than this, we observe that the spuri-
ous hats do not occur. Indeed if we plot the line defined by k(w)L = N
along with the coherence function as in Fig. 2.4 we see that the spurious
hats starts occurring when the value of x(w)L becomes close to N. These
observations suggest that the number of integration points used when cal-
culating the coherency by the trapezoidal rule should be adapted according
to the value of k(w)L. This adaptive trapezoidal rule method is implemen-
ted in MATLAB [74] by calculating all the complex coherencies v,,q, (w),
w,v =12 ... 6N, at each frequency w using a number of integration points
given by

N = max{[a(k(w)Lmaz)], Nmin}, (2.30)

where L4, is the maximal distance between any two pontoons and « is
a factor determining the accuracy of the integration. The number Ny,
is the number of integration points used when the value of K(w)Lyqy is

small, meaning that the integrals are not highly oscillatory. In this paper
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Figure 2.2: The coherence function |44, (w)| computed using the traditional
trapezoidal rule method (2.29) for different distances L with spreading s = 1 and
mean wave direction § = 7/2. The number of integration points are N = 200 (left)
and N = 1650 (right).

800 g 800 =
L (m) 1000 4 w (rad/s) L (m) 1000 4 w (rad/s)

Figure 2.3: The coherence function |74 4, (w)| computed using the traditional
trapezoidal rule method (2.29) for different distances L with spreading s = 20 and
mean wave direction § = 7/2. The number of integration points are N = 200 (left)
and N = 1650 (right).
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Figure 2.4: The coherence function |74 4, (w)| computed using the traditional
trapezoidal rule method (2.29) with N = 200 integration points, along with the

line defined by x(w)L = N. The shading indicates the value of the coherence,
identifying the spurious hats in the upper right corner.

the value Nmm = 100 is used, but a larger value may be necessary if the
transfer functions f,(6,w) are less well-behaved. With N given by (2.30)
the number of integration points is the same for all integrals at a given
frequency. We could, however, choose N according to the value of k(w)L for
each individual integral. This is not done here because the former method
allows for a faster implementation in MATLAB.

2.4.2 Approximation by the series expansion method

The new method proposed in this paper utilizes the series expansion (2.28)
for computing the complex coherencies. If the directional distribution is
given by a finite number of Fourier coefficients the series expansion will
be finite as shown in Section 2.3.3 and the coherency matrix can be com-
puted exactly. If the number of Fourier coefficients is infinite or excessively
large, the complex coherencies can still be approximated by truncating the
series expansion (2.28). The idea behind this approximation is that only
the terms with index |k| < N, for some number N, will contribute to the
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total sum within the required precision. The complex coherencies are then
approximated by

N ,uuw
m(w): Z Ck( )

r=x OO (W)Y (W)

This will be referred to as the series expansion method.

i*e %8 I (k(w)L). (2.31)

Figures 2.5 and 2.6 show the resulting coherence functions |74 (w)| when
the complex coherency 74,4, (w) is computed using the series expansion
method (2.31) for different distances L between the pontoons. The mean
wave direction is § = 7/2 and the spreading parameter is s = 1 in Fig. 2.5,
and s = 20 in Fig. 2.6. Since s is an integer we obtain the exact coherence
functions using N = Nyt = 37 for the case s = 1 and N = Ny,; = 56 for the
case s = 20, see Section 2.3.3. Figures 2.5 and 2.6 also indicate that when
the complex coherency is approximated using the series expansion method
with N < Nyt we obtain reasonable approximations even when N is quite
small. Using (2.31) the coherence is approximated more smoothly, with no
spurious hats, which is an appealing feature of this method.

2.4.3 The error of the approximation methods

In order to say something about the accuracy of the different ways to ap-
proximate the complex coherencies, we compare the exact coherency matrix
obtained when the spreading parameter s is an integer with the coherency
matrices obtained using the adaptive trapezoidal rule method and the series
expansion method. The errors are measured by E = max Vapar (@) — Ygnar (W)]

and £ = H}%"VMV (w) = Yguq (w)| for approximation by the adaptive

trapezoidal rule and the series expansion respectively.

Figure 2.7 shows how the error E of the adaptive trapezoidal rule method
varies with the integration point parameter « in (2.30) for three different
values of s and three different mean wave directions . We observe that
the convergence is extremely fast as long as o > 1, i.e. the number of
integration points N is larger than x(w)L. This rapid convergence can be
explained by the excellent convergence properties of the trapezoidal rule for
periodic functions. Since we are using trigonometric interpolation for the
transfer functions, the integrand will be infinitely many times continuously
differentiable for integer s and geometric convergence is achieved [78]. We
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Figure 2.5: The coherence function |74, (w)| computed using the series expan-
sion method (2.31) for different distances L with spreading s = 1 and mean wave
direction § = 7/2. The number of included terms are given by N = 5 (left) and
N = Nyor = 37 (right).

Figure 2.6: The coherence function |7, 4, (w)| computed using the series expansion
method (2.31) for different distances L with spreading s = 20 and mean wave
direction # = 7/2. The number of terms are given by N = 5 (left) and N = Ny =
56 (right).
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Figure 2.7: The error E of the adaptive trapezoidal rule method as a function of
the integration point parameter « in (2.30) for different values of the spreading s
and the mean wave direction 6.

also observe a faster convergence when # = 0 with increasing effect as s
gets larger. This happens because for large s the directional distribution
D(0,w) will be practically zero except for a small band around 6 = 0, thus
cancelling the rapid oscillations of the exponential factor when 6 = 0.

Figure 2.8 shows how the error E of the series expansion method varies with
N for three different values of s and three different mean wave directions 6.
We see that it is not necessary to use all the available coefficients in order
to get a good approximation, especially for larger values of s.

For non-integer values of s the cos-2s directional distribution will not have
a finite Fourier series and we will not have an exact formula for the complex
coherencies. However, by including only the Fourier coefficients (2.16) that
are larger than e.g. 10716 in absolute value we should obtain the exact solu-
tion up to round-off errors. Thus we can calculate the errors F and E of the
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Figure 2.8: The error E of the series expansion method as a function of the
number N of included terms in (2.31) for different values of the spreading s and
the mean wave direction 6.

two methods like before. Figure 2.9 shows how the error E of the adaptive
trapezoidal rule method varies with the integration point parameter « for
0 = 7m/2 and different non-integer values of s. When s is not an integer
the directional distribution will no longer be infinitely many times continu-
ously differentiable and the rapid convergence demonstrated in Fig. 2.7 is
no longer guaranteed. However, it appears that the error behaves the same
as for integer valued s up to a certain point, and we see from Fig. 2.9 that
for s > 4 we have rapid convergence until round-off error dominates like
before. Figure 2.10 shows how the error E of the series expansion method
varies with N for 8 = 0 and different non-integer values of s. Again we see
that the convergence is slow for small values of s. This can be explained by
observing that the Fourier coefficients (2.16) of the directional distribution
approaches zero very fast for large enough s but more and more slowly as s
decreases.

41



2 Efficient computation of cross-spectral densities in the stochastic
modelling of waves and wave loads

10° 5 . ; .
X s=0.7, 0 = 90°
L - — - —5=25,0=090°
102 s=4.1,0=90° | 1
: s=19.9, 6 = 90°
10»4 -
10 | .
E
10°F 1
10710 b TNe-ee
10-12 n .
101} R Y PANSS
0 0.5 1 15 2 25 3

Figure 2.9: The error E of the adaptive trapezoidal rule method as a function
of the integration point parameter « for the mean wave direction § = 7/2 and
different non-integer values of the spreading s.
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Figure 2.10: The error E of the series expansion method as a function of the
number N of included terms in (2.31) for the mean wave direction § = 0 and
different non-integer values of the spreading s.
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Figure 2.11: Chained floating bridge, illustration by Multiconsult.

2.5 Wave excitation loads on pontoon type floating
bridges

The cross-spectral density matrix of wave excitation loads is often needed
as input for dynamic response analysis of floating bridges, both in the fre-
quency and time domain [41, 42, 45]. For time domain analyses simulated
realizations of the wave loading process can be obtained from the cross-
spectral density matrix using the method found in [69]. An approach for
modelling the stochastic dynamic behaviour of pontoon type floating bridges
is discussed in [42], where the structural response of the bridge is calculated
in the frequency domain using the equation

Su(w) = H (v) Sq (w) H(w)",

with superscript H denoting the conjugate transpose. Here S, (w) and
Sq (w) are the cross-spectral density matrices of the response w(t) and the
wave excitation load q(t) respectively. H (w) is the transfer function matrix
which takes into account the structural mass, damping and stiffness of the
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bridge structure, as well as hydrostatic stiffness, added mass and added
damping due to the pontoons. The method proposed in this paper can be
used to efficiently calculate the cross-spectral density matrix Sq (w) needed
in this approach.

In the case of pontoon type floating bridges the structure will experience
wave loads only where the pontoons are located, each pontoon is considered
a rigid body and is thus loaded in six degrees of freedom (dofs). This means
that with N pontoons the cross-spectral density matrix Sq (w) of the wave
excitation loads will be a 6 N-by-6/N matrix whose elements are the cross-
spectral densities Sy ,4,(w). The calculation of the cross-spectral density
matrix must be performed for every wave situation considered, which in
applications such as long-term response analyses can be a very large amount
[68]. This motivates the need for an efficient calculation method.

In order to get some idea of how the different approximation methods per-
form with respect to computation time, the cross-spectral density matrix is
computed for two different pontoon type floating bridges, the Bergsgysund
bridge with N = 7 pontoons and a chained floating bridge with N = 18
pontoons [65]. The chained floating bridge is illustrated in Fig. 2.11. The
same pontoon type is used for both bridges, but the number of pontoons
and their locations are different. The locations of the pontoons are shown
in Figs. 2.12 and 2.13 for the Bergsgysund bridge and the chained float-
ing bridge respectively. An example of a transfer function calculated using
WADAM is given in Fig. 2.14. The transfer functions are calculated for
single pontoons, thus neglecting interaction effects among multiple bodies.
This is justified by to the fact that the distance between pontoons is large
compared to the dimensions of the pontoons. The cross-spectral density
matrix is computed by first calculating all (6N)? coherencies vq,,q, (w) with
an approximation error less than 10~3 as measured by E and E, see Section
2.4.3. Then the auto-spectral densities Sy, 4, (w) are calculated using (2.27)
and the cross-spectral densities are found by the relation

Sququ (w) 'Yququ \/Sququ Sqvan (W)-

In this example the cos-2s directional distribution from Section 2.2.5 is used
with a constant spreading parameter s(w) = s, and the one-dimensional
wave spectral density Sy, (w) is given by the Pierson-Moskowitz spectrum
[73].
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Figure 2.12: Pontoon locations for the Bergsgysund floating bridge.
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Figure 2.13: Pontoon locations for the chained floating bridge.
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2.5 Wave excitation loads on pontoon type floating bridges

» (e}
L 2

N
"

R'e{f:s(ﬁ, w)} (MN/m)

o
2

.

o

90

180

2
- 270 270

8 () 360 3 w (rad/s) B(°) 360 3 w (rad/s)

Figure 2.14: The transfer function for the heave force (vertical direction) on one
pontoon, given by its real part (left) and imaginary part (right).
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Table 2.1: The computation time for the different methods of calculating the
cross-spectral density matrix. L,,q. is the maximal distance between two pontoons.

s=1 s5=20
Bergsgysund bridge — 7 pontoons, L,,,,; = 626 m
Traditional trapezoidal rule method 5.0s 51s
Adaptive trapezoidal rule method 1.5s 1.6 s
Series expansion method 1.1s 1.1s
Chained floating bridge — 18 pontoons, L,,,, = 4735 m
Traditional trapezoidal rule method 576 s 595 s
Adaptive trapezoidal rule method 171s 176 s
Series expansion method 6.8 s 7.1s

The approximation methods discussed in this paper are implemented in
MATLAB and the computation times for the cases s = 1 and s = 20 are
given in Table 2.1. Since the runtime in MATLAB is very sensitive to
the specific implementation, it is emphasized that the numbers in Table
2.1 are only meant to give some idea of the computational effort. It is
clear, however, that the adaptive trapezoidal rule method and the series
expansion method both achieve a great improvement in computational time,
as compared to the traditional trapezoidal rule method. We also notice
that the increase in computational effort due to larger distances between
pontoons is much smaller for the series expansion method. In Table 2.1 we
see that for the trapezoidal rule methods the computational time increases
by a factor of approximately 100, while for the series expansion method the
increase is only by a factor of approximately 6.

It should be pointed out that in many practical applications the cross-
spectral densities between points at large distances are practically zero,
making it a reasonable approximation to set them equal to zero. This will
of course greatly improve the computation time and the trapezoidal rule
methods may still be feasible. However, an assessment of whether this
approximation is reasonable must then be carried out for each particular
case. The new method proposed in this paper eliminates the need for such
an assessment.
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2.6 Conclusions

A new method has been presented for the calculation of cross-spectral dens-
ities in the stochastic modelling of ocean waves and wave loads, based on a
series expansion solution of the integral expressing the cross-spectral dens-
ity. The method is developed for first order wave excitation loads but it is
readily extended to the computation of other cross-spectral densities, e.g.
for wave elevation, wave kinematics or second order load. The only differ-
ence will be which transfer functions that are used. In addition to presenting
the new method, the traditional trapezoidal rule method has been improved
by developing an adaptive way of choosing the number of integration points.

The accuracy of the adaptive trapezoidal rule method and the series expan-
sion method has been investigated. The adaptive trapezoidal rule method
shows very rapid convergence after a certain point, before which the er-
ror is relatively large due to so-called spurious hats. The series expansion
method also displays a generally rapid convergence, in addition to avoiding
the spurious hat errors altogether.

When applied to two different pontoon type floating bridges the adapt-
ive trapezoidal rule method and the series expansion method both achieve
a great improvement in computational effort compared to the traditional
trapezoidal rule method. When the dimensions of the floating bridge in-
crease, i.e. the number of pontoons and their relative distances increase,
the series expansion method is superior with respect to computation time.
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2.A Appendix A

This section includes the derivation of the expression for the cross-spectral
density of the wave elevation given in Section 2.2.1. This derivation can
also be found in [71].

When it is modelled as a homogeneous stationary stochastic process, the
sea elevation at the point (z,y) at time ¢, denoted n(x,y,t), is written as

Dyt = [ i (e ) (23)
—0o0
where kK = [kcosf, ksinf)] is the wave number vector, w is the frequency

and B (k,w) is the spectral process associated with the wave elevation.
The assumption of homogeneity and stationarity implies that the spectral
process must have zero mean and orthogonal increments, giving the cross-
correlation function

Ry (1) = E [77 (Zms Yms t + T) 0 (T, Yn, t)}

:/ //ei‘”e*i“(A“(’S9+Aysmg)5’7(7?7) (k,0,w) drdfdw. (2.33)
—oc0 JO JK

Here Az = x, — x, and Ay = y,, — Y, is the separation of the locations
(T, Ym) and (zy,y,) in space and 5’7(7?7) (k,0,w) is the three-dimensional
wave spectral density. The cross-spectral density is obtained as the Fourier
transform of the cross-correlation function (2.33) with respect to the time

lag :

1 00 )
Sin (W) = o /_ Ry (Az, Ay, 7) e *“Tdr

= /9 A eminlawcosOdysin®) g8) (1 0, w) drkdf. (2.34)
The formula for the cross-spectral density can be simplified using the dis-
persion relation which relates the frequency w and the wave number x by a
one-to-one mapping £ = k(w), or equivalently w = w(k). Now x and w are
no longer independent variables in the integration in (2.34) and the formula
finally reduces to

S (w) — ‘/eefm(w)(Ax cos 0+Ay sin@)ST(]%) (9,&)) do,
where 57(7?7) (0, w) is the directional wave spectral density.

50



2.B Appendix B

2.B Appendix B

This section is devoted to proving the identity (2.15), which is stated in
Theorem 1 below. The proof of Theorem 1 relies upon two parts, which we
summarize in two propositions.

Proposition 1 For n € {1,2,3,...} and ¢ € R we have the following
Fourier series expansions for even- and odd-numbered powers of the cosine
function respectively:

cos2p — 2% (271) 22n - Z < > cos (2k¢) (2.35a)

n 2n —
05211 — 222 ! Z (n T 1) cos ((2k — 1) 6) (2.35D)

Proof For 7 € N we can use the complex representation of the cosine
function and the binomial theorem to obtain

n ~
cos"p = 2171 ( i 4 e—wb) 1 (”) oi(A—k)¢ ,—ike
=0

2 2 )
- 21%2:) (Z) (cos (71 — k)  + i sin (71 — k) ) (cos ke — i sin k)
_ 2% kz:) (Z) (cos (7 — k) ¢ cos ke + sin (71 — k) ¢ sin ko)

4 zziﬁ kz; (Z) (sin (7 — &) ¢ cos ke — cos (i — k) 6 sin kg)
- kz:) (Z) cos (7 — 28) 6) — i kz; (Z) sin (7 — 2k) 6).

Assuming ¢ € R it is obvious that cos™ ¢ is a real number, which means
that the imaginary part of the right hand side above must vanish, resulting
in the expression

A, 1 (n i
cos"¢ = 7" Z <k> cos ((n — 2k) ¢). (2.36)
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If 72 is an even number it can be written as 7 = 2n for some n € {1,2,3,...}
and we have then

1 & (2n
0s¥ ¢ = 520 Z < i > cos (2 (n — k) ¢). (2.37)

k=0

For the binomial coefficients we have the symmetry property

2n 2n

which along with the symmetry of the cosine function gives that term num-
ber 2n — k in the sum (2.37) is equal to term number k. Thus each term is
repeated twice, except for the middle term where k£ = n, and the sum can
be written as

cos?p = 2; <2n> 2% > ( ) cos (2(n — k) ¢)
1 (2n
= o < ) 22n - Z ( )cos (2kz),

where the last equality is simply a reordering of the terms. Finally (2.35a)
is obtained by again using the symmetry property (2.38) of the binomial
coeflicient.

If on the other hand 7 is an odd number in (2.36) we can write 7 = 2n — 1
for some n € {1,2,3,...}, and (2.35b) is obtained using the same approach
as for even 71, observing that two and two terms are equal. (|

Proposition 2 For k € {0,1,2,3,...} and s € R with s > 0 the following

holds:
© 1 S on+k 1 2s
— . 2.
nz:% 22n+k—1 <2n + /-c) ( n+k ) 2s—1 (s + k) (2.39)

Here the binomial coefficients are interpreted in the generalized sense, being
defined using the gamma function by

a\ F(a+1)
<b>_F(a—b+1)F(b+1)’ a,b € R.
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Proof The key for calculating the series is the method of hypergeometric
summation [37]. First we use Algorithm 2.8 in [37] to write the series in
(2.39) as a hypergeometric function. Expressing the binomial coefficients
using the gamma function, the n-th term in the series can be written as

w 1 s 2n+k\ 1 I'(s+1)
toootk-l\on 4+ k)\n+k ) 21T (s—2n—k+1)n! (n+ k)

This gives the term ratio

oy (s—2m—k)(s—m—k—1) (n+i5)(n+iL=)

where we have used the property that I'(x + 1) = «I'(x) for any z. Thus
the term ratio is written as %+ = %o where u,, and v, are polynomials in
n factorized in linear factors. Observmg that the initial term is

1 TI(s+1) 1 (s
ag = =
07 1T (s—k+ 1)kl 2-T\k)
it follows from Algorithm 2.8 in [37] that we can rewrite the series using the
Gauss hypergeometric series as

> 1 s 2n+k 1 (s k—s k+1—s
— = F k+1;1).
Z 922n+k—1 <2n+k><n+k> 9k—1 <k>2 1( 2 7 2 7k+ ’ )

n=0
(2.40)

The Gauss hypergeometric series is defined as

2F1 (a,b;c;2) =

I (c) if‘(a—i—n)f‘(b—i—n)ﬁ
I'(a)T(b) = '(c+n) n!’
and according to property 15.1.20 in [1] we have for z = 1 that
I'(c)l'(c—a—0)
I'(c—a)l'(c—0)

holds whenever Re(c —a —b) > 0 and ¢ ¢ {0, —1
property (2.40) yields

> 1 s 2n+k\ 1 (s F(k+1)F(s+%)
2 22n+k—1<2n+k> <n+k> 2kl (k)p (s+l§+2> r (s+g+1)’

n=0
(2.41)

2F (a,b;c;1) =

,—2,—3,...}. Using this
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which is valid for Re (k+ 1 —%3* — B£=2) = Re(s) + § > 0 and k ¢

{—1,-2,-3,...}. These conditions are clearly satisfied when s € R with
s>0and k € {0,1,2,3,...}. Finally we rewrite the expression obtained in
(2.41) using property 6.1.18 in [1], the duplication formula for the gamma
function, finding that

> 1 s 2n + k 28+1F(3+%)F(k+1) s
Z%%m%4<%H%)<n+k>: VAl (s+k—+1) (J

2HD (s + DT (k+1)T (s +1)
T/ G+k+ DD (s—k+ 1)L (k+1)
1 ['(2s5+1)
251D (s+k+ 1) (s—k+1)

B 1 2s
Cos=l s+ k)’

which concludes the proof. O

With the aid of Proposition 1 and Proposition 2 we can now prove the
identity (2.15) which we state here as a Theorem.

Theorem 1 Let s be any non-negative real number. Then for any ¢ € R
the following equality holds:

<COSZ¢) 225 <28> 35T Z ( > cos (ko)

B 1F(28+1 1 Z I'(2s+1)
22512 (s+1) T e C(s—k+1)T(s+k+1)

cos (ko).

Proof Let s be any non-negative real number and define the function f :

R — R by
20\ _ 1
f(®) = [ cos 5 23( + cos ¢)°, o €R.
Now f(¢) can be expanded using the binomial series as
1 & (s n
0= 15 (2ot o
n=0 n
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which is convergent for any value of ¢, since s > 0. In order to further
expand f(¢) into a Fourier series we split the series (2.42) into two series
of even and odd powers of the cosine function respectively, and utilize the
formulas (2.35a) and (2.35b) from Proposition 1. This yields

_ - S 2n o S 2n—1
¢)—1+;<2n>cos ¢+Z<2n_1>cos 10)

<01 2n
- S (n) (0) B () () e
G 1 s 2n —1
2.0 <2n - 1) (n k- 1) cos (2 1) @).
Changing the order of summation gives
1 1 s\ (2n
21 (9) = 52 22"—1<2n> (n)
+ Z (Z (;J ( 247_1]{)) cos (2ko)

1 s 2n—1
Z (Z 22— 2<2n—1> <n+k—1>>cos((2k_1)¢)’

and if we change the summation index such that all sums start from n =0
we obtain

o152 ()
" i (i 22?1%—1 <2n Jsr 2k> (2:;2:)) cos (2h9)
" Z <Z 22?1%2 <2n + ok - 1) (25122:—_11» cos ((2k =1)¢)
55w (0) ()
" Z (Z 22nik I <2ni— k:) (2:;5)) cos (kg),
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where the last equality is obtained by combining the sums with even and
odd indices. Finally the Fourier coefficients are found by computing the
series according to Proposition 2 and we end up with

(cosﬂ;) 215 <288> 3551 Z ( > cos (ko)

1 T@2s+1) Z I'(2s+1)
C 23 T2(s+ 1) 22s LT (s—k+1)T(s+k+1)

cos (o),

which is what we wanted to prove. O
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Abstract

An exact and an approzimate formulation for the long-term extreme response of
marine structures are discussed and compared. It is well known that the approx-
imate formulation can be evaluated in a simplified way by using the first order
reliability method (FORM), known for its computational efficiency. In this paper it
s shown how this can be done for the exact formulation as well. Characteristic val-
ues of the long-term extreme response are calculated using inverse FORM (IFORM)
for both formulations. A new method is proposed for the numerical solution of the
IFORM problem, resolving some convergence issues of a well-established iteration
algorithm. The proposed method is demonstrated for a single-degree-of-freedom
(SDOF') example and the accuracy of the long-term extreme response approrima-
tions is investigated, revealing that the IFORM methods provide good estimates in
a very efficient manner. The reduced number of required short-term response calcu-
lations provided by the IFORM methods is expected to make full long-term extreme
response analysis feasible also for more complex systems.
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3 Full long-term extreme response analysis of marine structures using
inverse FORM

3.1 Introduction

For the evaluation of extreme responses in the design of marine structures, a
full long-term response analysis is recognized as the most accurate approach
[60, 68]. However, the computational effort is in many cases a limiting factor,
and simplified approaches such as the environmental contour methods [29,
30, 79] are frequently used in practice. Over the last decade new methods
have been proposed in an effort to make the full long-term approach more
efficient, either by reducing the required number of short-term response
calculations [68, 75, 80] or by computing the short-term quantities more
efficiently [20, 57, 58]. In this paper we continue the development of robust
and efficient methods for full long-term response analysis.

A comparison of different models for long-term extreme response can be
found in [68]. In the present paper we focus on the models based on all
short-term extreme peaks. For these models the long-term distribution of
the short-term extreme value is formulated as an average of the short-term
extreme value distributions weighted by the distribution of the environ-
mental parameters. An exact formulation is obtained when an ergodic
averaging is used, but using the population mean yields a very common
approximate formulation.

In Section 3.2 of this paper we compare the exact and the approximate for-
mulation, and show that the latter is non-conservative as it underestimates
the long-term extreme responses. Nevertheless, the approximate formula-
tion is commonly used because it readily lends itself to being solved very
efficiently in an approximate manner by the first-order reliability method
(FORM) known from structural reliability. However, as we show in Section
3.3, the exact formulation can also be solved using FORM. To the authors’
knowledge this has not been done before.

Section 3.4 deals with the numerical solution of characteristic values for the
extreme response using inverse FORM (IFORM). IFORM was introduced
in [79] for calculation of extreme response using environmental contours.
The TFORM method has also been extended to a more general reliability
context [13, 47]. In [68] the IFORM solution for the extreme response of
marine structures was found using a simple iteration algorithm proposed
in [47]. This iteration algorithm has some convergence issues though, and
these are addressed in the present paper. A new method is proposed for
dealing with the convergence issues, using a sufficient increase condition
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along with a backtracking approach for the maximization problem being
solved. It should be mentioned that an exact arc search algorithm [17]
can also be used to obtain convergence, but this approach is expected to
require a larger number of short-term response calculations. Furthermore,
the proposed method is simpler in its form and will be easier to implement.

In Sections 3.5 and 3.6 a single-degree-of-freedom (SDOF') example is given,
demonstrating the use of the proposed method. Some numerical results are
also presented in order to compare the method with the standard iteration
algorithm, and to assess the accuracy of the approximate formulation and
the IFORM approximations.

3.2 Long-term extreme response modelling

For the assessment of long-term extreme responses of marine structures, it is
common to model the environmental conditions as a sequence of short-term
states during which the environmental processes are assumed stationary [60].
Each short-term state is defined by a collection of environmental parameters
S =[51,S52,...,5,], with a joint probability density function (PDF) fg(s)
which we assume is given. We note that in order to be able to estimate
fs(s) in practice, an ergodicity assumption is required for the environmental
parameters [59]. The long-term situation is composed of a large number N of
short-term conditions, each of duration 7', giving a long-term time duration
of T = NT.

We denote by R the largest peak of the response process during an arbitrary
short-term condition, and by Rpz the largest peak during the entire long-
term period. Assuming that the short-term extreme values are independent,
the long-term extreme value distribution F RLT(T) is obtained as

Fp  (r)=Fgz ()", (3.1)

where Fp (r) is the cumulative distribution function (CDF) of the short-
term extreme value R.
3.2.1 Formulations based on the short-term extreme peaks

Let the CDF of the largest peak during a short-term condition with envir-
onmental parameters s be given by F 7S (r|s). The exact long-term CDF
Fp (r) of the short-term extreme value is obtained when an ergodic aver-
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aging is used [39, 59|, see also Section 12.4.2 of [60]. Thus we have the
formulation

Fi (1) = exp {/ (In Fys (r]s)) £ (5) ds}. (3.2)

The claim of exactness for the formulation (3.2) is perhaps somewhat un-
fortunate, since e.g. the assumption of stationary environmental processes
is clearly not exact. The term "exact" is simply used here in the sense that
the formulation (3.2) is the mathematically correct approach within the
assumptions.

Usually, we are only interested in Fj, (r) for large values of r, which means
that Fpis (r|s) = 1. Using the linear approximations of the logarithm and
the exponential function yields

Fi(r) ~exp{—/s (1 - s (rl9)) fs (s) ds}
~1— /s (1 —Fps (7"|s)) fs(s)ds

From the properties of a PDF we know that the integral of fg(s) over all
values of s equals unity, and we obtain the approximation Fjp (r) = Fg(r),
where F; (r) is the population mean

/ s (r]s) fs (s) ds. (3.3)

The formulation (3.3) is a common approximation for the long-term CDF
of the short-term extreme value, partly because it readily lends itself to
being solved very efficiently by the FORM method. Furthermore, it is easy
to mistakenly consider (3.3) as exact, because the formulation intuitively
appears to be correct.

3.2.2 Connection with the average upcrossing rate formula-
tion

If we assume that upcrossings of high levels are statistically independent,
the short-term extreme peak distribution is given by

Fpg(rls) = exp {—1/ (r]s) T} , (3.4)
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where v(r|s) denotes the short-term mean frequency of r-upcrossings. For
details we refer to Section 10.5 of [60]. Note that the expression (3.4) is
only valid for high levels, i.e. for relatively large values of r. Inserting the
expression (3.4) into (3.2) yields

Fp(r) =exp {—T/S v(r|s) fs(s) ds} , (3.5)

and the relation (3.1) for the long-term extreme value distribution F ()
gives that

Fp (r)=exp {—T/S v(r|s) fs(s) ds} , (3.6)

where T = NT is the long-term period. The expression (3.6) is also a
common model for the long-term extreme response [59]. The fact that (3.2)
and (3.6) are equivalent formulations is in agreement with what is found in

[68].

3.2.3 Non-conservativity of the approximate formulation

As a simple consequence of Jensen’s inequality, it can be show that F H(r) >
Fpg(r). Indeed, since the natural logarithm is a strictly concave function,
Jensen’s inequality yields

In (E [Fgs (119)]) > B in (Fps (r19))]

where E|-] denotes the expectation operator. From (3.2) and (3.3) we realize
that In (Fj (r)) = E {ln (FR|S (T“S))} and Fp (r) = E [FR\S (T|S)}, which
means that In (FR (r)) > In (Fg (r)) and hence Fg(r) > Fg(r).

From the result Fy(r) > Fz(r), it follows that exceedance probabilities
will be smaller for the approximate formulation (3.3) compared to the exact
formulation (3.2). This means that the formulation (3.3) will underestimate
the long-term extreme values, making it a non-conservative approximation.
Although the underestimation might not be significant, it is important to
be aware of such an issue.
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3.3 FORM formulations for long-term extremes

In this section we will show how the integrals of both formulations (3.2) and
(3.3) can be solved in an approximate manner using the first order reliability
method (FORM) found in connection with structural reliability analysis. In
order to employ the FORM method, the formulations have to be rewritten
in terms of a reliability problem. A reliability problem in the general sense
is an integral written in the form

= [ v,
G(v)<0
where V' is a random vector with joint PDF fy (v) [53]. Using reliability

analysis terminology, the function G(v) is referred to as the limit state
function and the value of the integral ps is called the failure probability.

3.3.1 Expressing the approximate formulation in terms of a
reliability problem

That the integral (3.3) can be rewritten as a reliability problem, is well
known. This is done by first rewriting

Fr(r) = [ s (1s) fs(s)ds = [ [ fpg(rls)difs (s)ds.

We then define the random vector V' = [S, R], whose joint PDF will be
fv (v) = fg (F|s) fs (s). Thus we have

Fa)= [ fv@dv=1- [ fv(@)do
F<r r—7<0

and defining the limit state function G, (v) =r — 7 = r — v,4+1 we end up
with
Fa)=1= [ fv@)do=1-pr), (3.7)

where p¢(r) is the failure probability.

3.3.2 Expressing the exact formulation in terms of a reliab-
ility problem

The integral in (3.2) can not directly be rewritten as a reliability problem
using the same approach as in Section 3.3.1, due to the fact that the factor
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Figure 3.1: An example of the CDF Fy |g(y|s) as given by (3.9), along with the

short-term extreme value distribution Fg g(r[s) and 1+ In (Féls(r\s)).

(ln Fpis (r|s)) is not a CDF. However, the expression (3.2) can be rewritten
as

Fpy(r) =exp {/S (1 +1In (FR|S (r|s)>) fs(s)ds — 1} . (3.8)

Now, for reasonably high levels 7 we have that the value of Fi g (r|s) will be
close to one, but always less than one, and hence its logarithm is negative

and close to zero. This means that 1+ In (F Rls (r\s)) can be viewed as

a CDF for values of r such that Fp g (r|s) = exp{—1}, and for any given
short-term condition S we can introduce the random variable Y whose CDF
is given by

Fys (yls) :max{l—i—ln (FR\S (y]s)) ,O}. (3.9)
An example of the CDF Fyg(y|s) is given in Fig. 3.1, demonstrating how

1+ 1n (FRlS(r|s)) can be viewed as a CDF for sufficiently large . When
considering long-term extreme values 7, the main contribution to the integ-
ral in (3.8) will be for values of s where Fy g (r[s) = 1 +1In (FR|S (r|s)>,
and we obtain

Fr () ~ exp {/ Fys (r]s) fs (s) ds — 1}. (3.10)
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For long-term extreme values r, (3.10) is expected to be a much better
approximation to the exact long-term CDF than the formulation (3.3). This
is because Fy|g(r|s) exactly represents 1+ In (FR\S (r]s)) for the relevant
values of r, whereas Fpg 5(r|s) is an approximation also for larger values of
r as seen in Fig. 3.1. Now the integral (3.10) can be rewritten using the
same approach as in Section 3.3.1, giving

Py mepi— [ fv@dvp=eo{-p)} (31
Gr(v)<0

where the f~ailure probability ps(r) now is obtained using V,,41 =Y instead
of V,4+1 = R as in Section 3.3.1.

3.3.3 Finding the failure probability using FORM

The problem of finding the failure probability p¢(r) in (3.7) and (3.11) can
be solved for a given exceedance level r using the FORM method. The
random vector V is transformed into a vector U of independent standard
normal variables by the Rosenblatt transformation U = T'(V') [53], defined
by the equations

® (Uy) = Fv, (W), (3.12a)
d (Uz) = FVi‘Vl,m,Vifl (‘/Z“/l, ey ‘/;_1) ,'i = 2, e,y (312b)
(I) (Un+1) = FVn+1‘V1,...,Vn (Vn+1’V17 ] Vn) ) (312C)

where ® denotes the standard normal CDF. Given a point u in the standard
normal space, the inverse transformation evaluated at u, i.e. v =T~ !(u),
can be found by solving the equations (3.12) successively, obtaining

v1 (w) = Fy.H (@ (1)), (3.13a)
v (u) = F\;illVl,...M_l (P (u;) v (u),...,vi—1 (w)), (3.13b)
Upy1 (u) = F‘;}H'th’vn (D (tung1) |v1 (w) ... 05 (w)). (3.13c)

The failure probability integral is then rewritten in terms of the transformed
variables as

pf(r) = / fv (w)dv = / fu (u) du, (3.14)

Gr(v)<0 gr(w)<0
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where the transformed limit state function is g, (u) = G, (T~ (u)) =r —
Un+t1(w). Now if g,(u) is a linear function, we have that

pr) = [ fu(w) du=a(-p) (3.15)
gr(u)<0

where £ is the distance from the origin to the (n+1)-dimensional hyperplane
defined by g,(u) = 0.

The idea behind the FORM procedure is that, assuming that the failure
probability is small, the formula (3.15) will still hold in an approximate
sense even if g,(u) is not linear. The value 5 must then be found by solving
the optimization problem

£ = min |u|; subject to g.(u) = 0. (3.16)

The minimizer u* satisfying |u*| = f is also found in the procedure, and
the transformed point v* = T~ (u*) is referred to as the design point.

If f3, denotes the solution of the minimization problem (3.16) when V;,;; =
R, we have from (3.7) and (3.15) that

Fr(r)y~1—®(—f.). (3.17)

Similarly, if 8, denotes the solution of the minimization problem (3.16) when
Va+1 =Y, we have from (3.11) and (3.15) that

Fa(r) ~ exp {~0(5,)} (3.18)

3.4 Solution of the extreme response by use of in-

verse FORM (IFORM)

3.4.1 Finding the design point using inverse FORM

As seen in Section 3.3, the CDFs Fj(r) and Fy(r) can be evaluated at a
given level r using FORM. However, when designing a structure one is com-
monly faced with the inverse problem of finding the characteristic response
level r corresponding to a given exceedance probability. For instance, the
M-year extreme response r,; is defined as the response level with a return
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period of M years. This is found by requiring that the exceedance probab-
ility per year is 1/M, ie. Fp (ry) =1—1/M for a long-term period of
one year. Using the relation (3.1), the equation for rj; can be expressed in
terms of the short-term extreme value distribution as

F 1 LYY 1 !
winn=(1-5;) " =15

since the number of short-term periods N is large. If the short-term period
T is three hours and the long-term period T is one year, we have N =
365 - 8 = 2920. As an example, the 100-year extreme response rigpg then
corresponds to the exceedance probability 1 — F (r100) = 1/292000.

When the exceedance probability is specified, the corresponding reliability
index 8 in the FORM procedure is given by solving for 3, in (3.17) or £, in
(3.18) for the approximate and exact formulations respectively. Instead we
have to find the value rjs such that the limit surface defined by g,,, (u) =
T — Unt1(w) = 0, where vy,41(u) is given in (3.13), has a minimal distance
S to the origin. According to [17, 79] this inverse FORM (IFORM) problem
can be formulated as

Ty = max vp11(u); subject to |u| = . (3.19)

Using the method of Lagrange multipliers, we recognize that for both the
problems (3.16) and (3.19) an optimal point ©* must satisfy
u' Vunn (u*)
[w*[ [V (w)]

(3.20)

in addition to the constraint of the specific problem. Thus, if u* is a solution
to the problem (3.19), it satisfies (3.20) and |u*| = 8. Furthermore, 7/
is given by ry; = vpg1(u®), so gr,, (u*) = rar — vpg1(u*) = 0 and the
constraint in (3.16) is also satisfied. Assuming that (3.16) has a unique
solution, this shows that «* is the minimizer for the problem (3.16) and f is
indeed the minimal distance from the origin to the limit surface g,,,(u) =
ra — Unt1(w) = 0. In other words, a solution to the problem (3.19) is a
solution to the IFORM problem.

3.4.2 Existing solution algorithms for the IFORM problem

A solution algorithm for the IFORM problem (3.19), which aims at solving
(3.20) with |u*| = ( in an iterative manner, is proposed in [47] and applied

68



3.4 Solution of the extreme response by use of inverse FORM (IFORM)

in [68]. This iteration is given by

Vun+1 (uk)
k+1 __
= 67|an+1 (wh)] (3.21)

It can be shown that this is the same as using the steepest ascent method
(equivalent to the steepest descent method for minimization) searching for
the optimal point, i.e. the maximizer of v,1(u), on the hypersphere with
radius 3. The gradient Vo, 1(u¥) is projected onto the tangent plane of
the sphere at the point u¥, giving the direction on the sphere along which
the function v,41(u) increases most rapidly. The optimal point is then
searched for along an arc on the sphere that follows this search direction.
The updated point w**! is found as the point that maximizes v, 1(u) along
this arc, when approximating the gradient Vuv,;(u) as constant equal to
Vu,i1(u®). This is illustrated very nicely in [17].

u

The iteration (3.21) is very simple and easy to use. However, it may fail
to converge to the optimal point. Due to the approximation of constant
gradient Vv, 1(u) along the search direction, the updated point u**! is
not guaranteed to give a sufficient increase of v,4+1(w) and it may even
give a decrease. This problem was addressed in [17] by performing an
exact arc search whenever an iteration point given by (3.21) would give
a decrease. The exact arc search must be performed by solving a one-
dimensional optimization problem, which might require a relatively large
number of function evaluations without a significant gain in the convergence
rate. In the context of the present paper we strive to limit the number of
function evaluations, since each function evaluation corresponds to a pos-
sibly very time-consuming short-term response analysis. Hence, a simpler
method for achieving convergence is preferred.

It should be mentioned that, as an alternative, the IFORM problem (3.19)
can be recast in terms of angles, resulting in in "box-like" constraints [79].
A variety of optimization algorithms can be used to solve such a problem
efficiently. In this paper, however, we pursue a further development of the
simple iteration (3.21) which is easy to implement.

3.4.3 A new solution algorithm for the IFORM problem

A simple method that resolves the convergence issues, while keeping the
number of function evaluation to a minimum, is obtained by using a suffi-
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cient increase condition along with a backtracking approach, similar to what
is explained in Chapter 3.1 of [61]. We require that the increase of v, 41(u)
when going from u* to the updated point u**! is proportional to the step
length and the directional derivative at u* along the search direction, this
is known as the Armijo condition [3, 61]. In our case the sufficient increase
condition requires u**! to satisfy

Unt1 (ukH) — Upa1 (uk) > cda. (3.22)

Here ¢ € (0,1) is a proportionality constant chosen as ¢ = 10™* in this paper,
d is the directional derivative at u* and « is the step length measured as the
distance between u* and u**! along the sphere. These are given respectively
by

= ;V B2 Vo1 (uh)]* = (ub - Voo (uh))?, (3.23)
and
uk . Vup41 (uk)
BIVvni1 (ub)]

where the dot denotes the dot product of two vectors.

1

a = fcos” (3.24)

A solution algorithm for the IFORM problem (3.19) where the iteration
points satisfy the sufficient increase condition (3.22) is given by Algorithm 1.
At each iteration the algorithm starts by trying u**! as given by (3.21), and
if sufficient increase is not achieved, the backtracking approach is employed
by halving the step length successively until the sufficient increase condition
is satisfied. In Algorithm 1 choices have to be made for the initial point '

k+1_ .k
and for the tolerance 7ol of the convergence criterion % < Tol. In

this paper u! = [0, 3] and Tol = 103 have been used. These choices serve
to demonstrate the efficiency of the method, but other choices may be more
appropriate and give faster convergence.
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Algorithm 1 Solution algorithm for the IFORM problem (3.19) where the
iteration points satisfy the sufficient increase condition (3.22).

Choose Tol > 0 and u! with |u'| = 3;
Set Convergence < FALSE;
Set k + 1;
while Convergence = FALSE do
Choose ¢ € (0,1);
Evaluate vy, 1(u*) and Vv, 1(u);
Calculate directional derivative d using (3.23);
Calculate initial step length « using (3.24);
Vun+1 uk
wktl 4‘an+1 E“kg‘;
Evaluate v, 1(u**1);
while v, 11 (uk“) — Upt1 (uk> < cda do
a4 af2;
uMtl ’u:iii’;k’
Evaluate v, 1(u**1);
end while

. ki ok
if % < Tol then

u* — uFt
Convergence <— TRUE;
end if
Set k + k +1;
end while
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3.5 An SDOF example

3.5.1 The response model

As an example we consider the stochastic response R(t) of a linear, time-
invariant single-degree-of-freedom (SDOF) system due to a wave elevation
process 7)(t), which is assumed to be stationary and Gaussian with zero
mean for given environmental parameters s. This means that, given s, R(t)
will also be stationary and Gaussian with zero mean. The SDOF system is
described in the frequency domain by the transfer function

Hyg (W) = (1 - (:;)2 +i2C;Jn> _17

where ( = 0.05 is the damping ratio and w,, is the natural frequency. We use
the environmental parameters S = [Hg, T,|, where Hj is the significant wave
height and T, is the zero-crossing period, and specify the wave elevation
process by the generalized Pierson-Moskowitz spectrum [73] given by

helt, [wit,\ 1wt \ 4
Syis (Wls) = Syju, 1. (Wlhs, t2) = < > =P {_( ) } .

872 \ 27 T

Now the response spectrum Sgjg(w|s) is obtained by the well known rela-
tionship [60]
Shis (w|s) = [Hyr (w)[*Sys (w]s) .-

Figure 3.2 shows the wave spectrum S, (w) plotted in the nondimensional
scale w1, /2m. Figure 3.3 shows the absolute value |H,r(w)| of the transfer
function for different values of w, T /27 using the same scale as for the wave
spectrum.

3.5.2 The environmental model

The CDF of the significant wave height Hj is given by a 2-parameter Weibull

distribution
B
Fiu (h) = 1—exp {— (a) } , (3.25)

and the zero-crossing period 7T, has a conditioned lognormal distribution

lnt—,u(h)) 7

Py, (1) = @ (2 (3.26)
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Figure 3.2: The generalized Pierson-Moskowitz spectrum.
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Figure 3.3: The absolute value |H,r(w)| of the transfer function.

73



3 Full long-term extreme response analysis of marine structures using
inverse FORM

where 11 (h) = ag + a1h® and o (h) = by + b1e?". This is a model for the
environmental parameters that is recommended in [14], and in this paper
we use the parameter values o = 1.76, 8§ = 1.59, ag = 0.70, a; = 0.282,
ay = 0.167, bg = 0.07, by = 0.3449 and by = —0.2073. The PDFs fy,(h)
and fr, g, (t|h) can be obtained by differentiating (3.25) and (3.26) with
respect to h and t respectively, giving the joint PDF of the environmental
parameters as

fs(8) = fu.1. (h,t) = fu, (h) fr.m, (th).
This way of establishing the joint environmental model is referred to as the
conditional modelling approach [8, 14]. The joint PDF fg (s) = fu, 1, (h,t)
is presented in Fig. 3.4.

3.5.3 The short-term extreme value distribution

Since R(t)|S is stationary and Gaussian with zero mean, the mean frequency
of r-upcrossings is given by

1 mg(s)ex _ r2
v(rls) =5, mo (3) p{ zmo(s)}’

where the ith moment m;(s) of the response spectrum Sgjg(w|s) is defined
as

m; (s) = /Ooo wiSR‘S (w]s) dw. (3.27)

Now if R|S denotes the largest value of the response process R(t) during a
short term period of T' = 3h with given environmental parameters, and we
assume independent upcrossings of high levels, then the short-term extreme
peak CDF is given by (3.4). Thus we have the expression

~ [ |ms (s r?
Fpig(rls) = exp{—u (T’S)T} - exp{—;; mz Es; eXp{_Qmo (s)}}7

(3.28)

which holds for reasonably large values of 7.

3.5.4 The FORM formulations

In this example we have that V = [S, V3] = [H,, T, V3], where V3 = R for
the FORM formulation (3.7) in Section 3.3.1, whereas V3 = Y for the FORM
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Figure 3.4: The joint PDF of the environmental parameters presented by its
isoprobability contours.

formulation (3.11) in Section 3.3.2. Now given a point w = [u1, u2, ug] in the
standard normal space, the corresponding point v = [h(u),t(u),v3(uw)] =
T~(u) is evaluated using (3.13), which in this case takes the form

(@ () = a[=In (1 = & (w))] V7,
TZ|HS(‘I>( 2) [h(w)) = exp { (h (w)) + o (h(u))ua},
v3(U) Fyir . (® (u3) |h(w), t(w)).

Using (3.28) we find that when V3 = R we have

v3 (u) =7 (u)

= .| —2m u uw)) In —Q—W mO(h(u)’t(u))n U
_J 2mo (h () , ¢ (u))] ( T\/mg(h(U)J(U))l bl 3)>’

and in the case V3 =Y we find from (3.9) that

Ffﬂs (P (uz)|s) = F§|s ( @(us)-1 | g )

75



3 Full long-term extreme response analysis of marine structures using
inverse FORM

which yields

v (u) =y (u)
(u))

2 |mgo (h(u),t
J 2ma (h(u),t(u))ln<T %@ ).t
We note that each evaluation of the function vs(u) requires one short-term
response analysis since the response spectrum Sp|g(w|s) must be calculated
for the environmental variables s = [h(u),t(w)] in order to calculate the
required moments mo(h(u),t(u)) and ma(h(u),t(u)). Having established
the expression for v3(wu) the transformed limit state function g,(u) in (3.14)

(1- @(U3))>-

u
u

is given by
gr(u) =r —v3(u).

3.6 Numerical results

Algorithm 1 was implemented in MATLAB [74] for calculation of the IFORM
approximations to the M-year extreme response of the SDOF example de-
scribed in Section 3.5. The IFORM solutions obtained when the exact for-
mulation (3.2) and the approximate formulation (3.3) were used are denoted
by ri, and 7}, respectively.

3.6.1 Omne-parameter environmental distribution

For illustration purposes we first consider a simplified environmental model
obtained by regarding the zero-crossing period T, as deterministic, given by
the conditional median T,|H; = exp{u(Hs)}. This means that H is the
only environmental variable, and the solution of the IFORM problem (3.19)
can be illustrated in two dimensions. In this case the IFORM problem (3.19)
is that of finding the maximal value of v,41(u) when w is constrained to
the circle of radius 8. When the exact formulation is used we have that
vpt1(u) = y(u). For the 100-year response 71, the value of 3 corresponds
to an exceedance probability of 1/(2920 - 100) and, as described in Section
3.4.1,  can be found from (3.18) as

1
=—d !t (—In|1- = 4.498.
b ( . [ 292000D o8

Figure 3.5 shows how 7, is obtained for the case w, = 2.0 rad/s by using
Algorithm 1. The circle of radius 3 is shown along with the level curves of
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Figure 3.5: The iteration points obtained when solving the maximization prob-
lem (3.19) for finding the 100-year response 7., in the case that the simplified
environmental model is used and w,, = 2.0 rad/s. The circle of radius § is shown
along with the level curves of the function y(u), with a colouring corresponding to
the value of y(u).

the function y(wu), with a colouring corresponding to the value of y(u). We
observe that after six iterations we have convergence to the optimal point
u* where the level curve of y(u) through the point is tangent to the circle.
In this case the standard iteration (3.21) did converge, and the backtracking
part of Algorithm 1 remained idle. At u* = [4.17,1.67] the function y(u)
attains its maximal value on the circle, 38.13 m, and the design point is
obtained as v* = T~ (u*) = [h*,y*] = [8.01 m,38.13 m]. Thus r},, = 38.13
m when the simplified environmental model is used.

3.6.2 The backtracking approach

In order to demonstrate the need for the backtracking approach in Al-
gorithm 1 for stabilizing the iteration (3.21), the 100-year response 71,
was calculated for the case w, = 2.0 rad/s. In Fig. 3.6 it is shown how
the maximization problem (3.19) is solved in an iterative manner. When
both H and T, are considered as random variables in the environmental
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y(u) (m]
3

Figure 3.6: The iteration points obtained when solving the maximization problem
(3.19) for finding the 100-year response 1, in the case w, = 2.0 rad/s. The
iteration (3.21) is used with (right) and without (left) the backtracking approach.

model, we seek the maximal value of v,11(u) on the sphere of radius S.
The left part of Fig. 3.6 shows the iteration points obtained when the
standard iteration (3.21) was used, without applying the backtracking ap-
proach. In this case the iteration clearly diverges, failing to converge towards
the optimal point. The result of employing the backtracking approach is
shown to the right in Fig. 3.6. We observe that the backtracking prevents
the diverging behaviour and the iteration converges after ten iterations to
the optimal point u* = [4.09,—0.96,1.60], which yields the design point
v* =T (u*) = [h*,t*, 03] = [7.84 m, 2.62 s,40.54 m] and thus r},, = 40.54
m.

3.6.3 The long-term extreme response approximations

In order to investigate the accuracy of the IFORM approximations 7“}\4 and
7L, for the extreme response, the formulations (3.2) and (3.3) were calcu-
lated in an exact manner using numerical integration and the exact values
ras and 7y were obtained. Thus rjs is the exact M-year extreme response,
7)r is the extreme response given by the approximate formulation, and 7},
and f}\/[ are the respective IFORM approximations. We would also like to
investigate how accurate the approximate formulation (3.3) is with respect
to extreme responses.

78



3.6 Numerical results

In Table 3.1, Table 3.2 and Table 3.3 the M-year extreme response ry; and
its approximations are calculated for M = 10, M = 100 and M = 1000 re-
spectively, and the relative errors of the approximations are also displayed.
The extreme response is calculated for different values of w,,, thereby varying
the characteristics of the SDOF system. Also, for the IFORM approxima-
tions the number of required short-term response calculations ng is given,
i.e. the number of evaluations of the function v,4+1(u) in Algorithm 1.
For each iteration n + 2 evaluations are needed to calculate v, 1(u*) and
V4 1(uF) using a finite difference approximation, in addition to the eval-
uations of v, 1 (u**!) which is one for each backtracking step.

Comparing the results obtained using full numerical integration we see that
the approximate formulation (3.3) does indeed underestimate the extreme
response values, demonstrating what was shown in Section 3.2.3. However,
the error of the approximation is in most cases within a few percent, and it
decreases with increasing return period, i.e. decreasing exceedance probab-
ility.

For the IFORM approximations we notice that the difference between using
the exact and the approximate formulation is in fact very small, and both
IFORM methods give reasonably good estimates for the M-year response
rar- In most of the cases considered here, using IFORM actually improves
the estimate compared to full integration of the approximate formulation.
However, whether this is the case will be structure dependent. Regarding
the number of short-term structural response analyses ng, this appears to
be around 50, although some cases display faster or slower convergence
resulting in smaller or larger values of ng. This number of analyses is
expected to be the same if a more complex structure is considered, making
a full long-term response analysis feasible also when short-term response
calculations are time demanding.

Finally, a plot showing the design points obtained in the calculation of the
IFORM approximations T}w is given in Fig. 3.7 along with the distribution of
the environmental parameters. This demonstrates that the IFORM solution
by Algorithm 1 also produces a set of environmental variables representing
the main contribution to the long-term extreme response, and this set can
be quite different for the different cases.
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Figure 3.7: The design points corresponding to the M-year response for M =
10 (red), M = 100 (black) and M = 1000 (blue), along with the PDF of the
environmental parameters.

3.7 Concluding remarks

An exact and an approximate formulation for the long-term extreme re-
sponse of marine structures have been discussed and compared in this paper.
It has been shown that the approximate formulation is non-conservative in
the sense that it underestimates the long-term extreme response values. It
has also been shown how both formulations can be solved in an approx-
imate manner using FORM, and extreme response values can be obtained
by IFORM. Finally, a new solution algorithm for the IFORM problem has
been proposed which resolves some convergence issues of a well-established
iteration algorithm.

Numerical results have also been presented, demonstrating the proposed
solution algorithm and comparing it with the standard iteration algorithm.
The different approximations for the long-term extreme response have been
compared for an SDOF example in order to assess the accuracy of the ap-
proximations. It is found that both IFORM approximations give reasonably
good estimates for the long-term extreme response. The number of required
short-term response analyses for the IFORM method is found to be within
acceptable limits, making a full long-term extreme response analysis feasible
also for more complex structures.
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3 Full long-term extreme response analysis of marine structures using
inverse FORM
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Abstract

For the assessment of extreme load effects needed in design of marine structures, a
full long-term analysis is recognized as the most accurate approach. However, due
to the very large number of structural response analyses traditionally needed for this
approach, the computational effort is usually considered to increase above acceptable
levels for complex structures such as floating bridges. In this paper, a framework for
full long-term extreme response analysis is demonstrated for a long-span pontoon
bridge subjected to wave loads. This framework utilizes some recently developed
approaches which are based on the inverse first- and second-order reliability methods
(IFORM and ISORM). Using the IFORM and ISORM approaches, characteristic
values of the long-term extreme response are calculated in an efficient manner.
By comparing with results obtained by full numerical integration, the accuracy of
the methods is investigated. Particularly the ISORM method is seen to provide
high accuracy. The full long-term analysis is also compared with the environmental
contour method.
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5 Long-term extreme response analysis of a long-span pontoon bridge

5.1 Introduction

Fjord crossing technology is currently a research topic of high interest in
Norway. Due to the width and depth of the fjords considered, floating
bridges represent very relevant concepts as they utilize bouyancy for vertical
support. The design of more extreme yet reliable fjord crossing structures
motivates development of the methods for long-term stochastic extreme
response analysis.

For the evaluation of extreme response of marine structures due to envir-
onmental loads, a full long-term analysis is recognized as the most accurate
design approach [60]. In principle, the full long-term approach takes into ac-
count all possible combinations of environmental parameters. This means
that for straightforward methods such as full numerical integration and
crude Monte Carlo simulation, a very large number of short-term response
calculations have to be conducted. For complex structures like floating
bridges, each short-term calculation is usually very time consuming, and
the full long-term approach is often considered infeasible.

As an alternative to performing full long-term analyses, the environmental
contour method [29, 30] is a widely used simplified approach. First, environ-
mental contours corresponding to specified annual exceedance probabilities
are determined without any consideration of the structural response. Tradi-
tionally the contours are determined using an inverse first-order reliability
method (IFORM) approach [79], but alternative methods do exist [32, 33,
55]. The most critical point along the contour is then determined, and an
estimate for the long-term extreme response is finally obtained. Only a few
short-term response calculations are used, making the environmental con-
tour method highly efficient. However, some sort of calibration against full
long-term analysis is required [60]. Also, due to simplified modelling of re-
sponse variability, the environmental contour method may perform poorly
for certain types of structures [2, 48].

In recent years, efforts have been made to reduce the number of short-term
calculations required for full long-term extreme response evaluation. These
are based on the observation that many combinations of environmental para-
meters contribute little or nothing to the long-term extreme response. A
copula based environmental modelling approach is proposed in [80], and
the copula concept is further utilized in an adaptive refinement algorithm
for more efficient long-term integration. In [68] an IFORM approach [79] is
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used to provide an estimate of the long-term extreme response. The IFORM
method also indicates where the largest contribution to the long-term re-
sponse is located, and this information is used in an importance sampling
Monte Carlo simulation approach, improving the accuracy of the extreme
response estimate. Further investigation of IFORM as a method for long-
term extreme response estimation is carried out in [21], and in [23] an inverse
second-order reliability method (ISORM) approach is proposed. These de-
velopments provide methods for carrying out full long-term analyses with a
limited amount of short-term response calculations.

IFORM and ISORM are efficient and easily implemented methods, which
is important for their practical application to long-term extreme response
analysis. Still, it should be noted that having the long-term extreme re-
sponse analysis formulated in terms of a reliability problem, as described
in [21], a variety of methods from the field of structural reliability can also
be applied. In particular, efficient simulation methods such as importance
sampling [4, 67] and subset simulation [5, 11] could be used iteratively to
calculate characteristic response values. Alternatively, efficient methods for
reliability-based design optimization (RBDO), e.g. [18], could be used for
direct calculation.

The long-term analysis can also be made more efficient by improving the ef-
ficiency of each short-term response calculation. One example is the method
described in [20], which is demonstrated in [25] for pontoon bridges.

In the present paper it is shown how these recent developments can be used
to perform full long-term extreme response analyses for a pontoon floating
bridge subjected to first-order wave loads. Specifically, the inverse reliabil-
ity approaches IFORM and ISORM [21, 23] are applied. It is demonstrated
that the efficiency of these methods make full long-term extreme response
analyses feasible, also for complex structures such as floating bridges. Fur-
thermore, the framework proposed in this paper can be used for calibration
of the environmental contour method.
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5 Long-term extreme response analysis of a long-span pontoon bridge

5.2 Modelling the stochastic dynamic response of
pontoon bridges

5.2.1 Stochastic modelling of waves

For a short-term period of duration 7', the sea elevation is modelled as a
homogeneous and stationary stochastic process with zero mean. The sea
elevation process is denoted n(x,y,t), where x,y are the spatial variables
and t is the time variable. Assuming linear wave theory, the wave number
k(w) is a function of angular frequency defined by the dispersion relation
w? = kgtanh(kd), and the cross-spectral density between the wave elevation
at two points (T, ym) and (z,,y,) can be expressed in terms of a one-
dimensional wave spectrum Sy (w) and a spreading function ¥(6,w) as

Smn(w) _ Sn(w)/ i (9,(,0) e—im(w)(chos9+Aysin9)d0.

Here Az = x,, — 2, and Ay = vy,, — yn are the spatial separations of the
points. For details we refer to [20].

The sea elevation is further assumed to be a Gaussian process which means
that the cross-spectral densities provide a complete description of the pro-
cess. Hence the wave situation is completely described by the wave spectrum
Sy(w) and the spreading function ¥(¢,w). Various theoretical models given
in terms of environmental parameters exist in the literature [28, 73]. In this
paper we use the generalized Pierson-Moskowitz spectrum [73] given by

5, (@) HS T, (sz)—f’ 1 (wTZ>_4
w) = exp ——
" 8m2 \ 27 L R ’
where H; is the significant wave height and T, is the zero-crossing period.
The spreading function is of the cos-2s type, defined by a mean wave direc-

tion © relative to the z-axis and an w-dependent spreading parameter s(w)
as

2252 (5(w) + 1) 66\
U(0,w) = 20”0
0:9) = 5 T o@D\ 2 ’

where I'(+) is the gamma function. Figure 5.1 shows the wave spectrum
Sy(w) plotted in the nondimensional scale w7, /27, and the spreading func-
tion is shown for different values of s(w). In this paper we have used a
constant spreading s(w) = 10, but it could equally well be defined as w-
dependent.
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(a) The generalized Pierson-Moskowitz spectrum.
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Figure 5.1: Definition of the directional spectrum.
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5 Long-term extreme response analysis of a long-span pontoon bridge

5.2.2 Stochastic modelling of first-order wave excitation loads

For pontoon floating bridges the structure will experience wave loads only
where the pontoons are located. Considering the pontoons as rigid bodies,
the bridge will experience loads in six degrees of freedom (DOFSs) from each
pontoon, three translational DOFs and three rotational DOFs. Thus, for a
bridge with N pontoons we have loading in 6N DOFs, and we can define
a wave excitation load vector q(t) = [g;(t),qy(t),...,qxN(t)], where g, (t)
denotes the 6-element load vector of pontoon number m. The individual
components of the load vector g(t) can be denoted by g,(t), assigning a
global index p € {1,2,...,6 N} to each DOF.

Consider pontoon m with a local coordinate system (&, ), which is located
with its origin at the point (2, ym) and rotated counterclockwise with an
angle «,, relative to the global coordinate system (x,y) as shown in Fig.
5.2. The wave excitation loads due to a regular wave with angular frequency
w in the direction J relative to the F-axis of the pontoon can be computed
using linear potential theory software such as WADAM [16]. The loads are
then reported in terms of the 6-element complex transfer function vector
fm(ﬁ~ ,w). Considering only first-order wave loads, the wave excitation load
process g,,(t) corresponding to the wave elevation process n(z,y,t) can be
obtained by superposition of loads from regular waves. This results in a
stationary Gaussian load process g(t) with zero mean and a 6N-by-6/N
cross-spectral density matrix Sq(w) whose elements are given by

S‘],u‘]u (CU) =

Sn(w) / ‘ll(97w)fu(9 — s w)fy(ﬂ — w)efin(w)(A:pcos€+Aysin€)d9’
(5.1)

where the overline denotes complex conjugation. Here fM(ﬂ~ ,w) is the p-th
component of the total transfer function vector

f(Baw) = [fl(B?c‘J)a.fQ(B:w)a"' 7fN(6~7w)]7

i.e. the complex transfer function of the DOF p.

A method for efficient calculation of the cross-spectral density matrix Sq(w)
based on the expression Eqn. (5.1) is given in [20, 25]. In [20] the derivation
of the cross-spectral densities is also explained in more detail.
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Figure 5.2: The local coordinate system of a pontoon.

5.2.3 Equations of motion

By employing the framework of the finite element method (FEM), the equa-
tions of motion describing the linear behaviour of a floating bridge can be
written as

Ms’u’(t) + Csu(t) + Ksu(t) = qh(t)7

where M, Cs and K are the structural system matrices, excluding all
fluid-structure interaction contributions; w(t) is the displacement vector;
gy, (t) is the total hydrodynamic action, including both wave excitation and
fluid-structure interaction contributions; ¢ is the time variable; and @ = %—2‘.

The total hydrodynamic action may be decomposed as follows:

</ M, (t —7)i d7'+/ Cht—T)()dT—i-KhU())
+q(t

Here the first term represents the fluid-structure interaction, with M(t)
and C},(t) being the time-domain representations of added mass and added
damping respectively, and K} being the hydrostatic stiffness. The second
term, g(t), is the wave excitation load. Convolution integrals in the time do-
main are equivalent to multiplication in the frequency domain, such that the
total hydrodynamic action may be written as follows by enforcing frequency
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5 Long-term extreme response analysis of a long-span pontoon bridge

domain notation:
dn(w) = = (~w? M) + iwCh(w) + Kp) 2(w) + §(w).

Here hats denote the frequency domain counterparts of the different quant-
ities. Finally, the equation of motion of the system may be written on the
following compact form, in the frequency domain:

(~w?M () +iwC(w) + K) a(w) = §(w)

where M (w) = M +Mh(w), Cw)=0Cs —i—éh(w) and K = K, + K},

The second-order probabilistic properties of zero-mean response and wave
excitation processes are fully described by cross-spectral densities. The
stochastic frequency domain problem is easily solved by applying the power
spectral density method. The cross-spectral density matrix of the response
is then calculated as

Su(w) = H(w)Sq(w)H (w)", (5.2)
where H(w) = (—w?M(w) + iwC(w) + K) ™" and []¥ denotes the conjug-
ate transpose. The cross-spectral density matrix Sq(w) of the wave excita-
tion load is found as explained in Section 5.2.2. More details on the subject
may be found in e.g. [42, 45, 60, 62, 71].

5.3 Short-term response model for the case study
bridge

The case study bridge consists of an S-shaped continuous girder box, which
is supported on 20 pontoons. Figure 5.3 depicts the most important geomet-
rical properties of the bridge. 16 symmetrically positioned cables provide
side-support by fixation to the sea bed, cf. Fig. 5.4. The cross section
of the girder is illustrated in Fig. 5.5. It is highlighted that the modelled
bridge is considered merely as a useful example for the application of the
methodology, and does not necessarily represent a feasible design.

5.3.1 Numerical response model set-up

The study carried out is performed using the approach presented in [42],
and the reader is referred to that paper for a detailed description of the
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L=4000m

\ Pinned support A=500m

R=1250m

(a) Top view of main geometry.

Generalized beam cross-section 1500 m

Pinned support

(b) Cable geometry.

Figure 5.3: Geometry of the bridge model.

8 equidistant cables

0.05L
045L

8 equidistant cables

Figure 5.4: Position of cables. L refers to the horizontal distance, as defined in

Fig. 5.3.
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5 Long-term extreme response analysis of a long-span pontoon bridge

Figure 5.5: Main dimensions of cross section.

methodology for the numerical model set-up. The most important details
are repeated here, for the convenience of the reader.

Two different sub-structures are used to create the full bridge model:

(I) A structural sub-structure, based on an Abaqus model incorporat-
ing all structural components and also including pontoon inertia and
buoyancy.

(IT) A hydrodynamic sub-structure, based on a WADAM model provid-
ing fluid-structure interaction terms, but excluding the buoyancy and
pontoon inertia which are both included in (I).

To combine the two sub-structures, a modal decomposition is carried out
in Abaqus [12]. The resulting mode shapes are referred to as the dry mode
shapes, and are used as a new coordinate basis. The mode shapes are defined
by the DOFs characterizing the rigid body motion of all pontoons. The
frequency-dependent mass and damping contributions originating from the
hydrodynamic model (II) are transformed to the coordinate basis defined by
the dry mode shapes, before they are added to the modal system matrices
from the structural model (I). It is noted that the results from the single
pontoon analysis is duplicated and used for all pontoons, but necessary
transformations and matrix book keeping are applied such that the orient-
ation and additions are correct. The wave excitation cross-spectral density
matrix Sq(w), given by Eqn. (5.1), is transformed to the coordinate basis
given by the dry mode shapes, before the power spectral density method,
cf. Eqn (5.2), is applied to calculate the spectral density of the response.
In the final step, the response spectral density is transformed back to the
physical DOFs of the pontoons. The main reason for carrying out this basis
transformation is to avoid the extraction of all the free DOFs of the finite
element model, as static condensation is not appropriate for dynamic prob-
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5.3 Short-term response model for the case study bridge

Table 5.1: Parameters used for the generalized cross section.

Parameter Value Description

A 1.026 m?  Cross-sectional area

I, 10.79 m*  Second moment of area about axis y
I, 29.34 m* Second moment of area about axis z

J 24.92 m* Polar moment of area

Ze 3736 mm Distance from bottom to neutral axis
Ye 0 mm Distance from center to neutral axis

lems. It should be noted that although a reduced order model is obtained,
this is not a mode by mode approach because the modes will be coupled
due to the hydrodynamic contributions.

5.3.2 Structural model

The continuous girder box is modelled in Abaqus with beam elements, with
a generalized cross section characterized by the parameters shown in Tab.
5.1. The cables are modelled as beam elements, with circular cross sections.

In an initial static step, pre-tensioning of cables, cable bouyancy, global
gravity, and static uplift forces are applied to the structure. The cables are
pre-tensioned by assuming a constant negative temperature, which corres-
ponds to a pre-tension of approximately 5000 kN. Fluid inertial effects are
included for the cables; however, no drag damping is considered.

-

——

Figure 5.6: Main dimensions of pontoon and local coordinate system.
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5.3.3 Hydrodynamic pontoon model

A single hydrodynamic analysis, carried out in WADAM, is used to establish
all system matrix contributions from the fluid-structure interaction. The
geometry of the pontoon is depicted in Fig. 5.6. In the model set-up,
buoyancy and inertia of the pontoon itself were added as local contributions
to the bridge at the locations of the pontoons. The added hydrodynamic
mass and damping coefficients, referring to the local coordinate system of
the pontoon, are plotted in Figs. 5.7 and 5.8.

5.3.4 Modal parameters and shapes

Due to the frequency dependency of the hydrodynamic contributions, the
eigenvalue problem is solved by iteration, as described in [42]. The resulting
10 first undamped natural frequencies and critical damping ratios are shown
in Tab. 5.2, and the real part of the corresponding mode shapes are depicted
in Fig. 5.9. Figure 5.9 reveals that the first 10 modes all have lateral motion
patterns. From frequencies above the natural frequency of mode 10 and up,
numerous cable modes are present.

Table 5.2: Modal parameters from the numerical eigenvalue solution, correspond-
ing to mode shapes illustrated in Fig. 5.9. The undamped natural frequency is
denoted w,, and ¢ is the corresponding critical damping ratio.

Mode number wy, [rad/s] & [%]
Mode 1 (Fig. 5.9a) 0.11 1.53
Mode 2 (Fig. 5.9b) 0.15 1.28
Mode 3 (Fig. 5.9¢) 0.16 1.18
Mode 4 (Fig. 5.9d) 0.18 1.02
Mode 5 (Fig. 5.9¢) 0.20 0.88
Mode 6 (Fig. 5.9f) 0.24 0.79
Mode 7 (Fig. 5.9g) 0.28 0.75
Mode 8 (Fig. 5.9h) 0.33 0.81
Mode 9 (Fig. 5.91) 0.38 1.06
Mode 10 (Fig. 5.9))  0.45 1.87
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Figure 5.7: Translational (a) and rotational (b) damping coefficients of a single
pontoon. Dots indicate the original data from WADAM, whilst lines represent
The coordinates refer to the local coordinate system of the
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Figure 5.8: Translational (a) and rotational (b) mass coefficients of a single
pontoon. Dots indicate the original data from WADAM, whilst lines represent
interpolated data. The coordinates refer to the local coordinate system of the

pontoon, as shown in Fig. 5.6.
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Figure 5.9: Mode shapes from numerical eigenvalue solution, corresponding to
natural frequencies and damping ratios presented in Tab. 5.2. Note that the eigen-
vectors are complex, and their mode shape representation is therefore a snapshot.
(a) Mode 1; (b) mode 2; (c) mode 3; (d) mode 4; (e) mode 5; (f) mode 6; (g) mode
7; (h) mode 8; (i) mode 9; (j) mode 10.
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5.4 Long-term extreme response

For the modelling of long-term extreme response of marine structures, the
long-term situation can be considered as a collection of N short-term states,
each of duration 7. During each short-term state the environmental pro-
cesses are assumed stationary and defined by a set of n environmental
parameters W = [Wy, Ws, ..., W,]. In this paper, we only consider the
sea elevation, which is defined in terms of the environmental parameters
W = [H,,T.,0], cf. Section 5.2.1. We will assume that the joint prob-
ability density function (PDF) of the environmental parameters, denoted
fw(w), is given. This PDF can be estimated by fitting a probabilistic
model to a scatter diagram of recorded sea states [60].

The methodology presented in this paper for the calculation of extreme
response is illustrated for a single response process. Specifically, we con-
sider the horizontal transverse displacement of pontoon number five from
the left in Fig. 5.3. This is the displacement along the local Z-axis of
this pontoon (see Fig. 5.2), and will henceforth simply be referred to as
the response process, denoted R(t). Being the response of a linear and
time-invariant dynamical system, R(¢) will be a stationary Gaussian pro-
cess with zero mean because the load process is. Hence, the response R(t)
is fully characterized by its spectral density Sgr(w), which is obtained as
a diagonal element of the cross-spectral density matrix S, (w) given by
Eqn. (5.2). Figure 5.10 shows an example of the response spectrum Sg(w)
for a short-term situation where the environmental variables are given by
W = [H,,T,,0] =[1 m,6 s, —7/2].

5.4.1 Short-term extreme value distribution

The maximal value of the response process R(t) during a short-term period
with given environmental variables W will be a random variable. This
short-term extreme response is denoted by R\W and its cumulative distri-
bution function (CDF) is Fy, (rlw) = Prob[R < r|W = w] = Prob[R <
r|Hy = hs, T, = t.,0 = 0]. As explained in detail in [60], the short-term ex-
treme value distribution Fgy, (r|w) can be found by assuming independent
upcrossings of high levels r as

[ | ma(w 2
FRW(r]w):exp{—;;T szw;eXp{_M('w)}}’ (5.3)
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Figure 5.10: The response spectrum Sgr(w) when W = [H,, T.,0] =
[1 m,6s,—7/2].

which holds for reasonably large values of r. Here the i-th moment m;(w)
of the response spectrum Sg(w) is defined as

mi(w) = /OOO w'Sg(w)dw.

Note that Sr(w) is dependent on the environmental parameters w, though
not written explicitly.

It should be noted that although Eqn. (5.1) and thereby Eqn. (5.3) are
based on the assumption of homogeneity, which may be questioned for
floating bridge applications, the general method presented in this paper
is readily used along with other ways of calculating the short-term CDF
Fgw (rlw). The only required assumption is that the response process can

be approximated as stationary for some short-term period 7.

5.4.2 Long-term extreme response models

The long-term CDF of the short-term extreme value is denoted F(r), and
gives the distribution of the largest response value R during an arbitrarily
chosen short-term condition. This can be obtained as an average of all
short-term CDFs Fpy, (r|w) weighted by the distribution fw (w) of the
environmental parameters. In order to estimate fy (w) in the first place,
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5 Long-term extreme response analysis of a long-span pontoon bridge

an ergodicity assumption is required for the environmental parameters [59],
and hence Fj(r) should be expressed as an ergodic average [59, 60]. This
yields the long-term extreme response formulation

F (r) = oxp { /w (In Fpyy (rfa0)) fov () dw} . (5.4)

A very common approximate formulation, is given by the population mean
Fp(r) ~ /w Faw (rlw) fw (w) dw. (5.5)

The formulations Eqns. (5.4) and (5.5) are discussed in more detail in [21,
68].

The long-term CDF Fj(r) can be evaluated by solving the integrals in
Eqns. (5.4) and (5.5) numerically. Unfortunately, full numerical integration
requires a very large amount of short-term response calculations, since the
short-term CDF Fpyy, (rlw) must be calculated for a very large number
of environmental conditions. This motivates the use of inverse reliability
methods for calculation of long-term extreme response.

5.4.3 Writing the long-term CDF in terms of a reliability
problem

In order to use reliability methods for evaluating the long-term CDF F(r),
it must be rewritten in terms of a reliability problem. A reliability problem
in the general sense [53] is an integral of the form

fv(’U)d’U,
G(v)<0

where V is a random vector with joint PDF fy(v) and G(v) is a function
referred to as the limit state function.

For the approximate formulation Eqn. (5.5), it is well known that the long-
term CDF can be expressed in terms of a reliability problem by rewriting

/me (r|w) fw (w)dw:/ / Faw (Flw) dF fw (w) dw.

w F<r
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5.4 Long-term extreme response

Introducing the random vector V = [W, ﬁf], whose joint PDF is given by
J5 (@) = fap (Flw) fw (w), Eqn. (5.5) yields

FR(T)%/ fy (®)dv=1- /~f‘7(6)d6.

Finally, we obtain

Fr(r)~1— / fo (0) do, (5.6)
G (8)<0
where G, (V) =r —7 = r — Up41, with v,41 being the (n + 1)-th component
of the vector v.

The exact formulation Eqn. (5.4) can be used directly to obtain a better
approximation for the long-term CDF in terms of a reliability problem [21,
23, 24]. Equation (5.4) is rewritten by multiplying and dividing the integral
by some freely chosen constant C' > 1. Then unity is added and subtracted,
keeping in mind that [, fw (w)dw = 1. Specifically, we obtain

Fs (r) = exp {—c (1 - /w (1 + éln FR|W(r]w)) fw (w) dw)} .

Introducing the random variable Y defined by the CDF Fyw(ylw) =
max {1 +&n FRIW(y\w),O}, the factor 1 + % In Fpjw (r|w) in the above
integral can be replaced by Fy|w (r|w). This yields the approximation

Fr(r) ~ exp {—c (1 - /w Fyw (r|w) fyw (w) dw>} G

Here the domain where 1+ &InF' fw (r|lw) < 0is disregarded. This is a
very good approximation for large values of r, since F' R|W(r\w) will be close
to unity. Furthermore, by increasing the value of C, the approximation
will improve. Now the approximation Eqn. (5.7) obtained directly from the
exact formulation Eqn. (5.4) can be written in terms of a reliability problem
using the same approach as for the approximate formulation. Finally, the
long-term CDF is expressed as

Fpg(r) = expq —C / fv (w)dv p, (5.8)
G (v)<0

where V = [W,Y] and G,(v) =7 —y =r — Upy1.
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5 Long-term extreme response analysis of a long-span pontoon bridge

5.4.4 Calculation of extreme response using inverse reliabil-
ity methods

When long-term extreme responses are calculated for design purposes, we
usually seek the characteristic response value r, which has a specified annual
exceedance probability g. This may also be referred to as the response value
with a return period of 1/¢ years, or simply the 1/g-year response. The
characteristic response 74 is found by requiring

q
1_FR(TQ):ﬁ)

where N =1 yr/ T is the number of short-term periods in one year. In this
paper we have used T = 3 h, which gives N = 365 - 8 = 2920. If we denote
by 7, the long-term extreme response obtained when using the approximate
formulation Eqn. (5.5) for the long-term CDF, we have from Eqn. (5.6)
that 7, must satisfy

/ fo (@) do = L. (5.9)

N
qu (9)<0

Similarly, using Eqn. (5.8), which corresponds to the exact formulation
Eqn. (5.4), yields the following equation for r:

1

fv (v)dv = e In (1 — %) . (5.10)
Gy (v)<0

Now the problem of finding 7, and r, that satisfies Eqns. (5.9) and (5.10)
can be solved in an approximate manner using inverse reliability methods.
Taking Eqn. (5.9) as an example, the random vector V is transformed
into a vector U of independent standard normal random variables by the

Rosenblatt transformation U = T'(V'), and Eqn. (5.9) becomes

fu () du = L (5.11)

N’
Grg () <0
where g7, (u) = G5, (T~ (u)) = 7y — 7(u) is the transformed limit state
function and fy(w) is the multivariate standard normal PDF. Using the

first-order reliability method (FORM) to approximate the integral in Eqn.
(5.11), the inverse FORM (IFORM) problem can be derived as

Fg = max 7(u); subject to |u| = g, (5.12)
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5.4 Long-term extreme response

where = —®~1(¢/N) with ®(-) being the standard normal CDF. Thus,
solving the IFORM problem Eqn. (5.12) provides an estimate 7’(1; for the
characteristic extreme response value 7;. In this work we have used the
solution algorithm proposed in [21]. For details on the transformation to
standard normal variables and the derivation of the IFORM problem the
reader is referred to [21, 53, 79].

If, on the other hand, the second-order reliability method (SORM) is used
to approximate the integral in Eqn. (5.11), an inverse SORM (ISORM)
method can be derived. In [23] an ISORM approach is proposed where the
IFORM problem Eqn. (5.12) is solved repeatedly, updating the value of /3
which is unknown in this case. The characteristic extreme response estimate
provided by the ISORM method is denoted fs.

The inverse reliability methods IFORM and ISORM can be applied to Eqn.
(5.10) using the same approach as described above, providing long-term
extreme response estimates that approximate r,. We denote these estimates
by 7“5 and 7’3 respectively. The only differences will be that V' is transformed

instead of V', and that f = —®~! (—%ln (1 - %))

It is reported in [21, 23] that the use of reliability methods appears to give
good accuracy for the calculated long-term extreme response while keeping
the number of required short-term response calculations within reasonable
levels.

5.4.5 Environmental contour method

Even though IFORM and ISORM represent efficient methods for extreme
response evaluation, some cases may still call for a more simplified approach.
The environmental contour method has been proposed as such a simplified
approach for estimating characteristic long-term extreme response values
[29]. It is developed in [79] based on the approximate formulation Eqn.
(5.5) and the IFORM approximation. In fact, the method can be considered
as a special case of the IFORM problem Eqn. (5.12) where the short-term
extreme response is regarded as deterministic [79].

The environmental contour corresponding to a given annual exceedance
probability ¢ is found from the joint environmental PDF fy (w) without
any consideration of the structural response. Then, the most unfavourable
combination of environmental parameters along this g-probability contour,
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5 Long-term extreme response analysis of a long-span pontoon bridge

referred to as the design point, is identified. In this paper the design point,
denoted by 0, is taken as the point along the contour where the median, i.e.
the 0.5-fractile, of the short-term distribution F R‘W(r|w) attains its max-
imal value. This maximization problem is the same as the IFORM problem
Eqn. (5.12), but since the extreme response is regarded deterministic the
dimension is reduced by one. Nevertheless, the same solution algorithm can
be applied to obtain the design point . In order to account for the ran-
domness of the short-term extreme value, the characteristic response value
is chosen as the p-fractile, p > 0.5, of the short-term extreme value distri-
bution FRlW(r]w) at the design point. The appropriate value for p must be
validated by a full long-term analysis [60].

It is worth mentioning that it is possible to derive an environmental con-
tour method based on the IFORM solution of the exact formulation Eqn.
(5.4). In that case, we would use the short-term distribution Fy|w (y|w)
instead of F le(r\w), and the g-probability contour would be defined in
the standard normal space by a radius f = —®~! (—% In (1 — %)) instead

of 8 = —®!(g/N). This would, however, introduce contours dependent on
the parameter C, and the appealing simplicity of the contour method would
be undermined.

5.5 Numerical results

5.5.1 Environmental models

The environmental parameters defining the short-term wave situation ac-
cording to Section 5.2.1 are the significant wave height Hg, the zero-crossing
period T, and the mean wave direction ©. Using the conditional modelling
approach described in [8, 14], the CDF of the significant wave height H; is
given by a 2-parameter Weibull distribution

Fpy, (h)zl—exp{—(h)ﬁ}, (5.13)

a

and the zero-crossing period T, has a conditional lognormal distribution

Frn, (1) =@ (210 (5.14)

where i (h) = ag+a1h® and o (h) = by+b1e?". Here o, 8 and ag, ay, az, bo,
b1, by are the parameters of the distributions. For the mean wave direction
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5.5 Numerical results

O, we use a distribution independent of Hg and T, given by the CDF

0, for 0 < —m,
2
2 1—}—% , for —m <<%
Fg(0) = ( 6)2 ? (5.15)
1-2(8)", for —3<0<0,
1, for 6 > 0.

This means that the PDF fg(6), obtained by differentiating Eqn. (5.15)
with respect to 6, is piecewise linear between —m and 0 with a peak at —3.
Similarly, the PDFs fg, (h) and f7,#, (t|/h) can be obtained by differentiating
Eqns. (5.13) and (5.14) with respect to h and t respectively, and the joint
PDF of the environmental parameters is given as

fw (w) = fy 1.6 (ht,0) = fu, () fr.a, () f6(6). (5.16)

The environmental model Eqn. (5.16) where all three environmental para-
meters are random variables will be referred to as EM1. Different en-
vironmental models can be obtained by considering some of the environ-
mental parameters as deterministic. If for instance the zero-crossing period
is taken as the conditional median obtained from the CDF Eqn. (5.14), i.e.
T, = exp{u(Hs)}, we obtain the environmental model

fw (w) = fy o (h,0) = fu, (k) f5(6). (5.17)

This will be referred to as EM2. We also co_nsider an environmental model
where the mean wave direction is given as © = —7 /2. This yields

fw (w) = fu, 1. (h,t) = fu, (h) fr.m, (th), (5.18)

which will be referred to as EM3. The environmental models EM1, EM2
and EM3 will all have the same values for the distribution parameters. We
also consider a model EM4, which is given by Eqn. (5.18) with different
parameter values. An overview of the environmental models and their dis-
tribution parameters is provided in Tab. 5.3.

The environmental models are illustrated in Fig. 5.11 by displaying the
environmental contours corresponding to annual exceedance probabilities
g=10"2 and ¢ = 1074, i.e. the 100-year and 10 000-year contours. For the
two-dimensional models EM2, EM3 and EM4, the isoprobability contours
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Figure 5.11: The contours corresponding to annual exceedance probabilities
g = 1072 and ¢ = 10™* for the different environmental models. For the two-
dimensional models EM2, EM3 and EM4 the PDFs are illustrated by displaying
the isoprobability contours. EM2 and EM3 are obtained from EMI1 by regarding
as deterministic T, and © respectively.

obtained from the PDFs Eqns. (5.17) and (5.18) are also shown. Note that
EM2 and EM3 are obtained from EM1 by regarding as deterministic 7, and
© respectively. EM4 represent a different model entirely. However, for all
the models considered, the significant wave heights Hg with return periods
of 100 and 10 000 years are approximately 2.9 m and 3.5 m respectively.
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5 Long-term extreme response analysis of a long-span pontoon bridge

5.5.2 Characteristic extreme response values

5.5.2.1 Inverse reliability methods

Estimates for the characteristic response value r, were calculated using the
methods described in Section 5.4.4. The value 7, was obtained by numeric-
ally solving the integral in the approximate formulation Eqn. (5.5), and f};
and 7’2 denote the IFORM and ISORM approximations of 7,. Similarly, r,
was found by applying numerical integration to the formulation Eqn. (5.4)
and the reliability method approximations are denoted 7“5 and r?. For 7“5
and 7’2, different values of the constant C' in Eqns. (5.8) and (5.10) could be
used. In this paper, C' =1 is used for rg, while the values C = 1, C = 10*

and C = 106 are used for 7‘3.

For the calculation of 7, and r, by numerical integration, the ranges of the
integration variables were Hy € [0,10] m, T, € [0.4,20] s, and © € [, 0].
The applied bin sizes were AHy = 0.1 m, AT, = 0.2 s, A© = /39 for
EM1, AH, = 0.05 m, A® = /39 for EM2 and AH, = 0.05 m, AT, = 0.05
s for EM3 and EM4. It should be noted that these ranges and bin sizes are
chosen such that 7, and r4 can be regarded as exact values, and the number
of integration points may therefore be excessive.

The obtained values for the characteristic extreme response estimates are
presented in Tabs. 5.4 and 5.5 for annual exceedance probabilities ¢ = 1072
and ¢ = 1074, respectively. When compared to the values 7q and rg, it is seen
that the reliability method approximations provide reasonable estimates for
the characteristic response value. Especially the ISORM method with C
chosen as 10* or 10° yields very good estimates.

In Tabs. 5.4 and 5.5, the characteristic response values are seen to vary
quite a lot between the different environmental models. This is a result of
the response being very sensitive to the zero-crossing period 7,. In Fig.
5.11 it is seen that large values of T, have a larger probability of occurrence
for EM4 than for EM3, resulting in a significantly larger extreme response.
For EM2, T, is fixed at its median value, disregarding large values of T,.
This results in a smaller extreme response for EM2. EM1 and EM3, on the
other hand, have the same model for T, and give quite similar results.

For each of the extreme response estimates in Tabs. 5.4 and 5.5, the cor-
responding number of executed short-term response calculations, denoted
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5.5 Numerical results

by ng or similar, is reported in Tabs. 5.6 and 5.7. It is clear that IFORM
and ISORM represent efficient methods for full long-term extreme response

analysis. ISORM roughly doubles the computational effort compared to
IFORM.

5.5.2.2 Environmental contour method

Using some common choices for the fractile level p, characteristic extreme
response estimates denoted ¥ were obtained for the environmental contour
method. These estimates are presented in Tabs. 5.8 and 5.9 for annual
exceedance probabilities ¢ = 1072 and ¢ = 1074 respectively. Comparing
these results to the exact long-term extreme response r, in Tabs. 5.4 and
5.5, we observe that all the considered choices of p give reasonable rough
estimates for the long-term response.

The exact fractile levels corresponding to the full long-term estimates can
also be calculated. For the exact extreme response value r, the correspond-
ing fractile level is given as

DPqg = FR|w(Tq‘w)'

Table 5.10 shows the fractile levels corresponding to the exact extreme re-
sponse values r, in Tabs. 5.4 and 5.5. We see that there is a large variation
in the obtained fractiles, indicating that one single fractile level does not
give accurate estimates for all the considered cases. However, as seen in
Tabs. 5.8 and 5.9, rough estimates can still be obtained. When regarded as
rough approximations, Tabs. 5.8 and 5.9 show that the extreme response
estimates are generally not overly sensitive to changing fractile levels. Still,
if the fractile level should be much larger than 0.9, which is the case for
EM3 and EM4 when ¢ = 1072, the environmental contour method may
underestimate the extreme response quite severely.

Considering Tabs. 5.8-5.10, reasonable choices for the fractile values are
perhaps p = 0.95 for ¢ = 1072 and p = 0.80 for ¢ = 10~*. Thus, p has
a larger value for the highest annual exceedance probability. This is in
contrast to the choices of p = 0.90 for ¢ = 1072 and p = 0.95 for ¢ = 1074,
which are common for offshore structures [29]. It should also be noted that
instead of using 74, which is obtained by full numerical integration, the
IFORM and ISORM estimates can be used to determine appropriate values
for the fractile levels.
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5 Long-term extreme response analysis of a long-span pontoon bridge

Table 5.4: The characteristic extreme response values as calculated by the differ-
ent methods for an annual exceedance probability ¢ = 1072.

Approximate formulation Exact formulation
rs [cm]
Folem]  #5lem]  Fglem] relem] C=1 C=10* C=10° rylcm]
EM1 56.4 48.7 54.4 56.8 49.6 58.7 58.5 61.8
EM2 2.52 2.39 2.42 2.54 2.42 2.55 2.55 2.58
EM3 533 49.7 51.6 53.7 50.6 61.0 60.8 62.1
EM4  246.8 2434 2434 249.2 248.3 284.9 284.6 284.6

Table 5.5: The characteristic extreme response values as calculated by the differ-
ent methods for an annual exceedance probability ¢ = 1074,

Approximate formulation Exact formulation
r,? [cm]
Fplem]  Ffem]  Fylem] relem] C=1 C=10* C=10° rgfcm]
EM1 97.0 83.5 85.2 97.7 85.2 92.8 92.4 92.6
EM2 3.47 3.30 3.33 3.47 3.33 3.39 3.39 3.41
EM3 97.0 87.5 87.8 97.8 89.1 96.8 96.7 97.2
EM4  406.3 398.5 398.0 408.2 403.9 420.3 420.1 420.1
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Table 5.6: The number of short-term response calculations performed for each of
the long-term extreme response estimates in Tab. 5.4.

Approximate formulation

Exact formulation

S

Tt
nk A% st nf, C=1 C=10* C=10° Nt
EM1 19 87 399960 23 111 111 113 399960
EM2 43 81 8040 43 81 71 67 8040
EM3 61 113 78993 60 117 225 147 78993
EM4 33 67 78993 33 67 81 177 78993

Table 5.7: The number of short-term response calculations performed for each of
the long-term extreme response estimates in Tab. 5.5.

Approximate formulation

Exact formulation

S

Tt
s nd Tt nf, C=1 C=10* C=10° ng
EM1 13 104 399960 18 110 109 126 399960
EM2 57 95 8040 57 94 89 85 8040
EM3 160 276 78993 256 384 167 155 78993
EM4 101 159 78993 105 151 82 190 78993
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Table 5.8: The characteristic extreme response values as calculated by the envir-
onmental contour method using different quantile levels p for an annual exceedance
probability ¢ = 1072. The corresponding design points are illustrated by diamond
markers in Figs. 5.12 and 5.13.

rg[cm]
p=080 p=085 p=090 p=0.95
EM1 58.6 59.6 61.0 63.3
EM?2 2.60 2.64 2.69 2.79
EM3 55.3 56.2 57.6 59.7
EM4 258.5 263.3 269.7 280.1

Table 5.9: The characteristic extreme response values as calculated by the envir-
onmental contour method using different quantile levels p for an annual exceedance
probability ¢ = 10™%. The corresponding design points are illustrated by diamond
markers in Figs. 5.12 and 5.13.

rg[cm]
p=080 p=08 p=090 p=095
EM1 101.0 102.9 105.4 109.5
EM2 3.50 3.56 3.63 3.76
EM3 100.9 102.8 105.4 109.5
EM4 418.1 425.9 436.5 453.4

Table 5.10: The fractile levels p, corresponding to the exact extreme response
values 7, in Tabs. 5.4 and 5.5.

EM1 EM2 EM3 EMA4
Py, ¢=10"2 0.92 0.77 0.98 0.96
P, ¢=10"%" 043 069 0.66 0.81
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5.5.3 Design points

In addition to giving an estimate for the characteristic extreme response,
the inverse reliability methods will produce a design point which represents
the most critical combination of environmental parameters for the specified
annual exceedance probability q. The design point corresponding to the
ISORM estimate r§ (C = 10°) is shown in Fig. 5.12 for EM1. In Fig. 5.13
the design points are shown for the two-dimensional environmental models
EM2, EM3 and EM4, also including the IFORM design points corresponding
to the estimates rg (C =1). In addition, the contour method design points
are shown in Figs. 5.12 and 5.13. As explained in Section 5.4.5, these
have been obtained by maximizing the median value of the short-term CDF

FRlW(r]w) on the respective contours.

The relative contribution of different sea states to the long-term integral in
Eqn. (5.4) is illustrated in Figs. 5.12 and 5.13 by the function g(w). This
function is defined as a normalized version of the integrand in Eqn. (5.4)
for r = r4. Specifically,

g(w) = - 1n (Fyypy (rolw)) fi (),

where M is chosen such that the maximal value of g(w) equals unity.

By considering Figs. 5.12 and 5.13, we observe that the main contribution
to the long-term integral is located within a rather concentrated region.
Furthermore, the design points quite successfully locate this region. The
ISORM design point (C = 105) almost exactly pinpoints the location of
the largest contribution. However, local maxima other than the main con-
tribution might occur. This can be observed in the left part of Fig. 5.12,
corresponding to ¢ = 102 for EM1. If such a local maximum represent a
significant contribution, this may result in an underestimation of the long-
term extreme response as seen in the first row of Tab. 5.4. This is a known
shortcoming of the inverse reliability methods, and they should therefore be
used with some caution.
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Figure 5.12: The design points corresponding to the characteristic extreme re-
sponse value rg (ISORM, C = 10%) and the environmental contour method for
annual exceedance probabilities ¢ = 1072 (left) and ¢ = 10™* (right). The contri-
bution g(w) to the long-term integral is also illustrated by displaying isosurfaces
for the values 0.9, 0.5 and 0.1.

5.6 Concluding remarks

A framework for full long-term extreme response analysis has been demon-
strated for a long-span case study bridge. Using recently developed IFORM
and ISORM approaches, the extreme response was calculated in an efficient
manner. Comparison with full numerical integration revealed that espe-
cially the ISORM method gives high accuracy. It has thus been shown that
the proposed framework can be applied successfully for complex structures.
Still, limitations do exist, e.g. in the presence of multiple local maxima for
the contribution to the long-term integral. Therefore, future work should
focus on comparison with alternative approaches and further verification of
the IFORM and ISORM methods, especially for nonlinear response.

The full long-term analysis was also compared with the environmental con-
tour method. The results show that the contour method can be used to
obtain rough estimates of the long-term extreme response. Furthermore, a
proper fractile level p could be determined by comparison with the [IFORM
and ISORM results.
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Figure 5.13: The design points corresponding to the characteristic extreme re-
sponse values rf (IFORM, C = 1), 75 (ISORM, C = 10°) and the environmental

q q

contour method for annual exceedance probabilities ¢ = 1072 (left) and ¢ = 10~*
(right). The contribution g(w) to the long-term integral is also illustrated in each

case.
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APPENDIX

An error bound for the series
expansion method

In this appendix, an error bound is derived for the series expansion method
presented in Chapter 2 (Paper I). In order to establish some notation, a
slightly extended derivation of the series expansion method is included in
Section A.1. In Section A.2 the error bound is derived.

A.1 The series expansion of the complex coherency

The expression for the cross-spectral densities is given by (2.22), which is
repeated here for convenience:

Sq.a,(W)
S (w)
= / U (9, w) f# (0 — Oy, w)me—m(w)(A:ﬁ cos 0+Aysin G)dg
(A1)
Now if the product ¥ (0,w) f, (6 — am, W)m is written as a Four-

Ju
ier series in 6, the integral (A.1) can be solved using the same approach as
in Section 2.2.4. Having

U(0,w) fu (0 = am,w) fo (0 — an,w) = >~ CFF (w) e, (A2)
k=—00
yields the cross-spectral densities
Sgug, (W) = 218y (w) Y O (w)ite ™y (w(w)L), (A.3)
k=—00
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where L and [ are given as

L = \/Ax? + Ay?,

B =047 —atan2 (Ay, Ax).

The transfer functions f#(ﬁ~ ,w) are usually known only by their values at a
finite number of heading angles 5. For our purposes it is convenient to ex-
tend these point values to continuous functions f, (3,w) using trigonometric
interpolation [31, 38]. This means that the transfer functions are given by
trigonometric polynomials

Ny N
fuBow) = 3 (w)e™. (A4)
k=—N;
If the transfer function values are given at a number N E; of heading angles,

uniformly distributed on the interval [0, 27), the coefficients aj,(w) can be
efficiently computed using FFT, and we have that Ny = [Nz/2]. With
transfer functions given by (A.4) we find that

Ny
f,u (9 - am7w) = Z (6_ikamag (w)) eik@ (A5)
k=—N;
and
Ny Ny
o0 —anw)= 3 (W) ek = S (W) ikt
k=—Nj k=—N;

(A.6)

It can be shown that the Fourier coefficients of a product can be obtained
by taking the convolution of the Fourier coefficients of the factors. Hence,
we have that

2N

fu (Q—Oém,(,{))fy (Q—O[n,W) = Z AZV (w)eikgv
k=—2Ny

where the coefficients A}" are computed by taking the convolution between
the coefficients in (A.5) and (A.6), i.e.
N¢+min(0,k)
A= Y e ) eI (@)
j=—Njy+max(0,k)
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A.1 The series expansion of the complex coherency

Finally, with a spreading function given by ¥ (0,w) = 372 cx (w) e™*?,
the Fourier coefficients C}"(w) in (A.2) are given by the convolution

2Ny

(W)= 3 A (W) cpr (). (A.7)
r——QNf

If the spreading function ¥ (6,w) has a finite number of Fourier coefficients
{ck(w)}ivj_Nd, we will have that CL”(w) = 0 for k& > 2Ny + Ny, and the
series expansion (A.3) will be finite. Specifically we have then that

Ntot
Souan (@) =278y (W) Y~ CLV(w)iFe ™, (k(w)L),

k* Ntot

where Nyt = 2Ny + Np.

It is worth noticing that for the cross-spectral densities between loads at
the same location we have that m = n and thus L = 0. Using the fact that
Ji(0) =0 for k € {£1,+2,...} and Jy(0) = 1 yields the result

ququ (w) = 27 Sy (w)Cé‘”(w),

which holds whenever m = n, or equivalently [1/6] = [v/6]. As a special
case, the auto-spectral densities are given by

Sl]u‘]u (w) = 27TS7777 (W)Cgu(w)v

which yields the following formula for the complex coherencies:

Swal) 9 O

Vaugr (W) = i*e 8 I (k(w)L).
V500, (9)500, @) 155 /OB )T ()

(A.8)
The series expansion method is now obtained by truncating the above series.
Specifically, the complex coherencies are approximated by

Vaa ( i G’ (w) i*e * 8 I, (k(w)L). (A.9)
a e CMM( )Cuu( )



Appendix A

A.2 An error bound for the series expansion method

The error that is made when the complex coherency (A.8) is approximated
by the truncated series (A.9), is given by

EHV (CU) = h/q;ﬂ]l/ (OJ) - m (w)|

_ Cr” (w)
k>ZN+1 \/Co \/CW( )

Using the triangle inequality and the error bound for the Bessel functions
found in [43] yields

*e B I, (k (w) L)) .

. —1/3

. bIN +1 v

B ) < 2 1 >l @,
\/Co \/Co ) |k|>N+1

where b = 0.674886. The coefficients C}." (w) are bounded using the expres-
sion (A.7), and we find that

2N
. BN + 1 {
o s S ) S o)
\/C \/Co (W) r=—2n, |k|>N+1

Since the spreading function is a real function, we have that c_j (w) = ¢ (w)
and we have

o [e%¢)
Yoo lar@l= Y la@l+ D la@W)l
|k|>N+1 k=N—r+1 k=N-+r+1

For simplicity, we assume that N > 2N ¢ such that

o N—r N+r
Yo ek @) =2 Jex (w)| — (Z lew (@) + Y len (w)l) :
k=1 k=1 k=1

|k|>N+1

for |r| < 2Ny. This yields the error bound

R BN 1"
B (w
\/C“" \/cgv w
2Nf N—r N—i—'r
> A (w (22 ek (w)] — (Z lex ()| + D lex (w)l))-
r=—2N; k=1 k=1
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A.2 An error bound for the series expansion method

For the total error £ = max E* (w) we obtain the error bound
VW

2N
. . _ A (w
E <bIN +1] Ugrungzg > Mi ( )|W

Y9 TNy O () /O ()

oo N—r N+r
(22 lex ()] = (Z e (@)l + ) lex (w)l)) }
k=1 k=1

k=1 =
(A.10)

The error bound (A.10) makes it possible to find a number of terms N such
that the error is guaranteed to be less than a given tolerance. The absolute
sum » 72 |ex(w)| of the Fourier coefficients of the spreading function must,
however, be known. For the cos-2s spreading function given by

2s(w)2 )
N (e’w) _ 2 T (S(W) + 1)COS2S(w) 0 0’
27T (2s(w) + 1) 2
it can be shown that
[s(w)]/2 )

o0 2 Y e (w) — 52, if [s(w)] is even,

D len @Il =1 (@n-ne

k=1 2 > cor (w) + Cogw), if [s(w)] is odd.
k=1
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