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Abstract

Floating pontoon bridge concepts have proven to be useful for crossing very deep and wide
waters where conventional bridge types are not feasible, and different concepts have been built
in several locations around the world within the last 70 years. Norway and the United States in
particular have contributed to the capabilities of the technology and some of the most impressive
floating pontoon bridge structures are currently located in those two countries, i.e. the Hood
Canal Bridge in the United States and the Bergsøysund- and Nordhordland Bridges in Norway.

Today the Norwegian Public Roads Administration (NPRA) has proposed to establish several
fixed links across the many wide and deep fjords in the western part of Norway and floating
pontoon bridge concepts are among the proposed solutions. However, with the proposed concepts
having unprecedented lengths of up to 5,000 m, the current understanding and technology
related to floating bridges are pushed to their limits. Uncertainty in estimation of environmental
design loads and the capabilities of existing numerical tools are some of the challenges considered
for the new bridge structures and question fundamental pillars in the structural design.

The present thesis focuses on uncertainty assessment of the wave- and current-induced global
response of curved floating pontoon bridges. The assessment includes investigation of the effect
of uncertainties in design wave environments on the extreme response, and a comparison of two
commonly used computer programs, i.e. Sima and OrcaFlex, when applied to floating bridge
concepts. Furthermore, Sima is verified towards previous experiments of a generic floating
pontoon bridge concept carried out in 1989 by Marintek (now SINTEF Ocean).

The findings suggest that, for the studied bridge concepts, the extreme response is only
slightly affected by changes in the main wave direction for directions within ±15◦ from beam
sea and for changes in the spreading exponent within naturally occurring values, i.e. 2 and 10.
Furthermore, the responses calculated with the two computer programs, Sima and OrcaFlex, are
within 5-15% of each other, when applied to the Bjørnafjord phase 2 floating pontoon bridge
concept, selected by the NPRA. Finally, Sima is verified towards previous experiments for a
generic floating pontoon bridge concept with a length of roughly 830 m, with a comparison
close to the inherent experimental uncertainties of 5-10%. This is valuable knowledge for any
future experiments of the selected floating bridge concepts, since the extreme lengths of the
bridges necessitate the use of hybrid tests, which utilize numerical tools in the experimental
measurements.
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FXm
(x) Cumulative distribution function of individual maxima

FX e
(x) Cumulative distribution function of extreme value

g Gravitational acceleration

Hs Significant wave height

H(1)j (ω,θ ) First order wave force transfer function

H(2−)j (ωl ,ωm,θn) Simplified difference frequency QTF

i Imaginary unit

K jk Structural stiffness matrix

k jk(t) Retardation function matrix

km Wave number

M jk Structural mass matrix

My , Mz Weak- and strong axis bending moments

Nm Number of global maxima

Nω Number of frequencies

Nθ Number of wave directions

xiv



P{·} Probability

qexc
j (t) Excitation force

q(1)j (t) First order wave force

q(2)j (t) Second order wave force

q(d)j (t) Viscous drag force

Q y , Qz Shear forces

ℜ(·) Real part of complex number

Rx Torsional rotation

s Spreading exponent

Sζ(ω) Unidirectional wave spectrum

t Time

tmem Memory time

Te Effective tension

Tn Natural period of mode n

Tp Peak period
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1 Introduction

1.1 Background and motivation

1.1.1 Early recordings of floating bridge structures

Various floating bridge concepts have been used throughout history to provide temporary passage
over calm rivers, lakes or straits. Often such temporary structures have been used for military
purposes and were not built to withstand the more extreme conditions during stormy weather.

The earliest record of a temporary floating bridge structure is found in the Shih Ching (Book
of Odes) [1] written during the Zhou Dynasty in ancient China between the 11th and 8th century
BC. The concept described in the Book of Odes was a combination of ships, that were used as
transverse buoyant beams, with wooden planks on top of them. This concept was used throughout
the Zhou Dynasty and was first made into a permanent floating bridge concept in 257 BC during
the Qin Dynasty [2, p. 160]. Other early historic examples of floating pontoon bridges are from
the period of military conflicts between the old Greek and Persian civilizations around 500 BC in
the Northwest of modern day Turkey. During the war against the Scythians in 514 BC, the Persian
king Darius I crossed the Bosphorus Strait using a bridge made of boats [2; 3]. His son Xerxes I
later on in 480 BC crossed the Dardanelles Strait at Hellespont during the second Persian invasion
of Greece using a similar floating bridge concept. The two temporary floating pontoon bridges
are thought to have been roughly 2,000 m long and to have consisted of 314-360 ships connected
by wooden planks. Later on in 40 AD, the Roman Emperor Caligula ordered the construction of
a floating bridge to be built across the Bay of Naples, with the purpose of him riding across it
purely for his own amusement [4]. The bridge is thought to have been roughly 4,000 m long
and a few days after the triumphant event, a storm hit the bridge and an estimated 2,000 ships
that were otherwise needed for transportation of grain, were either destroyed or driven ashore,
leading to a serious food-shortage in the city [4].

As the previous examples indicate, although the historical facts are still being discussed,
floating pontoon bridges were clearly used for various purposes throughout history as both
temporary and permanent structures. Since then, similar bridge concepts have been used for the
same reasons and have all met similar fates. Only within the last 50 years have the understanding
and methods to properly predict environmental loads and the dynamic behaviour of a floating
structure become reliable enough to be used for modern infrastructure. A thorough list of modern
day floating bridges are given by Kvåle [5] and notable concepts are the First Bridge on Lake
Washington (1940) and the Hood Canal Bridge (1961) in the United States, the Bergsøysund
Bridge (1992) and the Nordhordland Bridge (1994) in Norway and more recently the Yumemai
Bridge (2000) in Japan [6].

1



2 CHAPTER 1. INTRODUCTION

(a) The Hood Canal Bridge concept in the United States.
Photograph by Robert Cortright/www.structurae.net.

(b) The Nordhordland Bridge concept in Norway.
Photograph by www.aas-jakobsen.com.

Fig. 1: Different floating bridge concepts. (a) A straight floating bridge kept buoyant by a single continuous
pontoon and stiffened horizontally by side anchors. (b) A curved floating bridge with discrete pontoons,
stiffened horizontally by the curved geometry.

1.1.2 Making floating bridges a part of modern infrastructure

The level of sophistication in the design of floating bridges is based on many previous achievements
within ocean engineering, applied mathematics, physics, computer science, etc. and it is outside
the scope of this introduction to include the historical perspective in its entirety. Instead, only the
most relevant findings directly related to the development of the design of floating bridges in
short-crested sea are listed in the following.

The inherent random nature of waves and wind and its effect on the dynamic behaviour of
floating bridges was not initially a part of the design [5] and it is safe to assume that this was the
main cause of the many structural failures. In the 70s and 80s pioneering research in the field of
stochastic wave and wind load processes and their application in stochastic response estimation
of floating bridges was simultaneously carried out by two research groups, each working on their
own concept, see Fig. 1. One group was located in the United States and focused on the Hood
Canal Bridge design, i.e. a straight bridge floating on a continuous pontoon with side anchors to
keep it in place. The other group was located in Norway and mainly focused on the Nordhordland
Bridge (at the time referred to as the Salhus Bridge). Today the Nordhordland Bridge floats on
discretely separated pontoons, but the design considered at the time consisted of a horizontally
curved bridge floating on a continuous concrete pontoon.

In the United States, the research was lead by Hartz, Richey, Mukherji and Georgiadis [7–9],
who measured the dynamic response of the Hood Canal Bridge and the corresponding wave
loads, calculated correlation coefficients between the two and developed a numerical model of
the floating bridge. The dynamic response was studied in the frequency domain and short-crested
waves were incorporated using a spatial correlation factor applied to the wave forces.

Simultaneously in Norway, the research was lead by Holand, Langen and Sigbjörnsson [10–
14] who investigated the structural response of the Nordhordland Bridge during the 70s. The
investigations were conducted in the time domain using both regular and irregular long-crested
waves. Short-crested waves were first explicitly incorporated in a frequency domain solution
by Sigbjörnsson [15] by using coherency functions, which were dependent on the spreading
exponent and the spatial coordinates to account for the correlation between the wave loads.
In the following year, Langen and Sigbjörnsson [16] investigated the stochastic response due
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to short-crested waves in the time domain. They concluded that it was important to include
short-crested waves in the design in order to have less conservative solutions. In the 80s Langen,
Leira and Øderud [17–20] studied the sensitivity of the probabilistic design of the same initial
design concept of the Nordhordland Bridge using both frequency- and time domain methods.
They found a high sensitivity towards the peak period of the wave spectrum as well as the
spreading exponent. They also found a low correlation between the response bending moments,
which was important to take into account in the design.

Through the strong collaboration between NTNU, SINTEF Ocean and the Norwegian compa-
nies involved in the design and construction, the decades of research were able to mature the
design into the two existing floating bridges in Norway today, i.e. the Nordhordland Bridge and
the Bergsøysund Bridge. Both concepts have proven to be capable of withstanding the wind and
wave conditions in Norway for the last 25 years.

1.1.3 The Ferry Free Coastal Highway Route E39 Project in Norway

Based on the previous success, the Norwegian Public Roads Administration (NPRA) has embarked
upon a big national project of reducing the travel time by half along the west coast of Norway
between Kristiansand and Trondheim. This includes construction of permanent structures across
some of the many deep and wide fjords. With some of the fjords having extreme depths of up to
1,300 m and widths of up to 5,000 m, conventional bridges are not possible and other options
need to be considered. These are either a regular suspension bridge, a multi-span suspension
bridge with floating pylons, a submerged floating tube bridge (SFTB), a floating pontoon bridge
or a combination thereof. In either case, the selected concept will have unprecedented dimensions
and pose several unique challenges.

1.1.4 Current challenges for floating bridges with unprecedented lengths

Regardless of which floating bridge concept is chosen by the NPRA to be built, there are several
new challenges associated with the extensive length of the structure. The following is a short
description of some of the most distinct challenges for the selected floating pontoon bridge
concept and the investigations done in order to better understand them.

With the considerable length of the structure, it is likely that the design will become more
slender and hence more prone to dynamic excitation from random loads from waves and wind.
For this reason, a thorough understanding of the dynamic behaviour is crucial for a safe design.
The work initiated in the 70s and 80s made it possible to investigate the dynamic behaviour
of floating bridges and many investigations were made on bridges with lengths up to 1,500 m.
The fact that the lengths of the planned floating concepts are 3-4 times longer than the lengths
of similar existing concepts, makes it questionable whether or not the previously established
knowledge is still valid. Furthermore, a study by Moan et al. [21] suggests that the long-term
fatigue stress and extreme response of offshore structures are sensitive to the amount of available
data when estimating the long-term changes of the statistical properties of the wave environment.
Bitner-Gregersen et al. [22] found that between three metocean databases, a difference of 5 m in
the significant wave height and 4 s in the zero-crossing period for a 100-year return period can
be found. Another study on simulated wave data such as Kvåle and Øiseth [23], suggests that
the estimated directional wave spectrum depends on the wave sensor layout and the methods
used to analyse the data. The extensive length of the selected bridge concept and the previously
mentioned studies suggest that it is important to investigate how sensitive the structural responses
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are towards different wave parameters. Following the findings between the 70s and 90s, a list of
such parameters should include significant wave height and peak period of the wave spectrum,
wave direction, spreading exponent and pre-tension force.

In standard design of offshore structures, the wind and wave processes are assumed to be
stationary and homogeneous, which means that the statistical properties do not change over time
and space, respectively. The stationary assumption is normally valid as long as the time window is
kept within 3 hours, commonly referred to as a short-term response analysis. The homogeneous
assumption is usually irrelevant since the structure in question usually is restricted to a relatively
small area of the ocean. When planning to built a floating bridge more than 4,500 m long,
this assumption can, however, be violated and the inhomogeneous assumption of the wind and
wave loads has to be investigated. Cheng et al. [24] investigated the wave conditions in the
Bjørnafjord using field measurements from three Datawell Waveriders spread out over the width
of the fjord with a distance of up to 2831 m. The measurements were recorded over a period of
roughly 19 months and the wave environment was concluded to be inhomogeneous, although a
correlation was found between the three locations. Cheng et al. [25] investigated the effect of
the inhomogeneous wave environment on the phase 2 floating pontoon bridge concept selected
by the NPRA and found that inhomogeneous waves cause relatively larger sway motion and
increase the axial force and bending moments, indicating the importance of a proper description
of the wave environment on-site.

The increased length and slenderness will also increase the natural periods of the floating
bridge structure. Where the existing Bergsøysund Bridge has a first natural period close to 10 s,
the corresponding natural period of the phase 2 floating bridge concept will be roughly 55 s. Due
to this wider range of natural periods, second order difference frequency wave loads become
increasingly important and have to be included in the design. Including a full quadratic wave load
transfer function (QTF) to describe the second order effects numerically is very time consuming
and usually the Newman’s approximation is used as a simplification [26]. Determining whether or
not this assumption is valid for a floating bridge structure is important but so far no investigations
have been made on the topic. Another effect from the increased slenderness is the risk of global
buckling failure due to the varying axial load under dynamic loading.

When designing a floating pontoon bridge with a single continuous pontoon it is possible to
simplify the wave-structure interaction as a 2-dimensional problem, which was convenient in
the 70s and 80s when computational power was limited. The proposed concepts today, however,
are all based on discrete pontoons with varying sizes and spaces between them. The dimensions
and the distance between two adjacent pontoons are governing factors when estimating the
importance of properly accounting for their hydrodynamic interaction. Xiang [27] investigated
the hydrodynamic interaction between two ships and established a simplified formula to estimate
when the hydrodynamic interaction becomes important. Later on Xiang et al. [28] investigated
the effect of including the hydrodynamic interaction between the pontoons for the Bjørnafjord
phase 5 floating pontoon bridge concept in long-crested irregular waves. They found that the
sloshing and piston modes of the water between the pontoons had a significant effect on the
response amplitude operators (RAOs) and in beam sea the hydrodynamic interaction increased
the weak axis bending moments. A sheltering effect was instead present when the wave direction
was more aligned with the longitudinal direction of the bridge.

As the previous challenges suggest, the dynamic behaviour of the proposed floating bridge
concepts still needs to be investigated further. A common way of testing new concepts is to
perform model tests in an ocean basin. However, the length of the proposed concepts are so
extreme, that fitting a small scale model into any existing ocean basin facility will violate the
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scaling laws required for the experiments to be consistent with the full scale structure. In other
words, it is not possible to conduct any standard experimental investigations because no existing
lab facility is big enough. One way to avoid this problem is to use a so-called hybrid approach,
which has previously been used for offshore structures held in place with tethers down to extreme
depths [29]. One such hybrid approach is a truncated system with off-line numerical simulations.
This method focuses on a specific part of the structure and verifies a numerical model made in a
computer program against experiments. The numerical model is then used to simulate the "true"
experimental value of the entire structure. This method requires extensive verification of the
numerical model and the accuracy of the performed tests heavily relies on the capabilities of the
computer program used.

When questioning the capabilities of existing computer programs that have been verified
for various offshore structures, it becomes relevant to assess if the applied numerical methods
and theories used in the computer programs are capable of simulating the real wave force and
structural response of existing floating bridges. Petersen et al. [30] have looked at this issue by
focusing on measurements of the accelerations of the Bergsøysund Bridge and the wave elevation
close by. They compared two methods to calculate the wave forces; i) using a comprehensive
numerical model of the bridge and the acceleration measurements they were able to calculate
the wave forces using inverse methods; and ii) using a frequency domain assessment of the
wave forces based on wave elevation measurements. This comparison is possible due to the
pronounced linear behaviour of the bridge and that the wave load is the dominant external force
in the system. Through the study they concluded, that a reasonable match in the power spectral
densities between the two methods was obtained, although some differences were observed.

Discussing the capabilities to properly model the dynamic behaviour, it is important to
remember that in situations where the excitation frequency of the stochastic load processes are
close to the natural periods of the structure, dynamic amplification occurs. Under such situations,
the most important reducing factor for the structural response is the amount of damping present
in the system. Damping is the term used when energy is dissipating from the system into
its surroundings, such as the case of soil-structure interaction, fluid-structure interaction and
passive or active artificial damping devices. Damping also comes from internal energy dissipation
produced by the friction between the material particles when they are being displaced due to
tension and compression. A better understanding of damping and how to model it along the
bridge can help to reduce the loads and optimize the design.

1.2 Objectives and scope

Of the many challenges listed in the previous section, the present thesis focuses on uncertainty
assessment of the wave- and current induced response of curved floating bridges with discrete
pontoons. With uncertainties in both design wave parameters and the capabilities of commonly
used computer programs, it is important to assess the extent of these uncertainties in order to
adjust the design of the new and very long floating bridge structures accordingly. The overall aim
can be decomposed into the following research objectives:

RO1 Study the effect of wave direction uncertainty on the extreme structural response of a
long floating pontoon bridge

RO2 Assess the numerical model uncertainty of commonly used programs in the offshore
industry when applied to floating pontoon bridges
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Paper 1

RO1

Model 1

Study the effect of uncertainty in environmental 

parameters on the structural response, by 

changing the following parameters in a 

numerical model:

• Main wave direction

• Spreading exponent

RO2

Paper 2

Model 2a

Model 2b

vs

Assess numerical uncertainty between

Sima and OrcaFlex, by comparing:

• Static response and modal properties

• Dynamic response from first and

second order wave loads

Paper 3

Model 3 Experimentsvs

Assess model uncertainty by comparing Sima 

to previous experiments

Fig. 2: Scope of the thesis and how the appended papers are related to the research objectives.

The objectives listed above are examined in the three appended papers and an illustrative
overview of how the papers are connected to the objectives is shown in Fig. 2.

The first objective RO1 is achieved by performing a parametric study in the computer program
Sima [31; 32] (also referred to as Simo-Riflex). The parametric study will focus on the extreme
response of a simplified version of the Bjørnafjord phase 2 floating pontoon bridge concept selected
by the NPRA, for two changing parameters, i.e. the main wave direction and the spreading
exponent. The numerical model made in Sima is from now on referred to as Model 1.

The second objective RO2 is accomplished by comparing the structural response calculated
in the two computer programs Sima and OrcaFlex [33], when applied to a complex version of
the phase 2 floating pontoon bridge concept. These numerical models are from now on referred
to as Model 2a for Sima and Model 2b for OrcaFlex. A further assessment of the numerical
uncertainty when using Sima is performed, in reference to RO2, by comparing previous small-
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scale experiments for a generic floating bridge, carried out in 1989 by Marintek (now SINTEF
Ocean), to a numerical model with equivalent properties. This numerical model is from now on
referred to as Model 3.

1.3 Structure of the thesis

The relevant background on methods and theory used in the thesis is covered in chapter 2. This
includes a general description of the hydro-elastic coupling in the dynamic calculation using
Sima, the practical aspects of creating the numerical models and the relevant background for
predicting the short-term extreme response of the bridge.

The first research objective is covered in chapter 3 and is a summary of the first appended
paper. The chapter focuses on how wave direction parameters, i.e. main wave direction and
spreading exponent, influence the extreme displacement- and Von Mises stress response. The
findings are based on a numerical, parametric study.

The second research objective is covered in both chapter 4 and 5 and covers software-to-
software comparison of the global response of the same floating pontoon bridge concept (second
paper) and an uncertainty assessment and verification against previously performed experiments
(third paper), respectively.

A final discussion of the work carried out during the Ph.D. is given in chapter 6 together with
concluding remarks, a list of original contributions and ideas of future work needed.





2 Overview of theories and methods used

The research work, carried out as a part of the present thesis, rests on the shoulders of a substantial
body of existing theory, methods and engineering assumptions. A general description of the
investigations and corresponding findings was given in chapter 1 from a historical perspective.
This chapter attempts to describe in more details the theoretical background for calculation of
the dynamic response of floating bridges. It should be noted, however, that the theory related to
all aspects of the field requires several books to cover and as a consequence hereof, the following
sections are a blend of cherry-picked topics covering the most relevant areas related to the thesis.
This involves a brief overview of how the dynamic loads and structural response of the floating
bridge is calculated using the computer program Sima, practical aspects of how the numerical
models are made, and a description of the method used for estimating the extreme response.

2.1 Predicting floating bridge global response

Estimating the dynamic response of offshore structures has become an increasingly complex task
as the need for more and more specialized solutions arise. Standard design of many offshore
structures include both wind, waves and current loads with associated non-linear dynamics due to
effects such as second order wave loads, aerodynamic loads, etc. In order to conveniently model
and analyse many different offshore structures (each with their own complex problems that
have to be properly dealt with) a range of general multi-purpose computer programs have been
developed. Sima is one of those programs and has been used in the present thesis to successfully
model the response of curved floating pontoon bridges.

2.1.1 Overview of the coupled hydro-elastic computer program

In simplified terms, Sima is the graphical user interface used to create a 3-dimensional rep-
resentation of the numerical model while verifying the consistency of the user-given inputs.
Based on the graphical representation, Sima then automatically generates input files for the two
underlying programs Simo and Riflex used to model the hydrodynamics and the structural system,
respectively. When modelling a floating pontoon bridge both underlying programs are needed
for a coupled hydro-elastic solution procedure as illustrated in Fig. 3. Riflex is used to solve the
static and dynamic equations and is based on the Finite Element Method (FEM) using the Green
strain formulation. It was initially developed for offshore analysis of slender structures such as
risers. Simo generates the wave field and calculates the hydrodynamic loads on the pontoons,
modelled as large rigid bodies.

The wave elevation and the first and second order wave forces are pre-generated in Simo
and for each dynamic time step, the viscous drag loads on the pontoons are computed in Simo

9
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Fig. 3: General overview of the calculation procedure in Sima and the hydro-elastic coupling between Simo
and Riflex, when performing a non-linear dynamic analysis, that includes viscous drag forces.

and passed to Riflex where the equation of motion is solved, resulting in a new displacement
configuration, which is then sent back to Simo. This iterative loop for each time step is what
makes the program able to solve the hydro-elastic problem and is particularly important when
including non-linear structural properties or quadratic viscous drag forces in the analysis. This
procedure is described in more detail in [34].

2.1.2 Governing dynamic relations and environmental loads

The coupled hydro-elastic calculation procedure is used to solve the hybrid frequency- and time
domain formulation expressed by Eq. (1) [31; 35]. On the left hand side of the equation is the
excitation force qexc

j (t), which is the sum of all external forces including first order wave force

q(1)j (t), second order wave force q(2)j (t) and viscous drag force q(d)j (t) related to the j’th degree of
freedom (DOF) as functions of time t, described in Eq. (3), Eq. (6) and Eq. (7), respectively [31].

qexc
j (t) =

6
∑

k=1

�

M jk + A∞jk
�

ük(t)
︸ ︷︷ ︸

Inertia forces

+ Djku̇k(t)
︸ ︷︷ ︸

Damping forces

+
�

K jk + C jk

�

uk(t)
︸ ︷︷ ︸

Elastic forces

+

∫ tmem

0

k jk(t −τ)u̇k(τ)
︸ ︷︷ ︸

Retardation forces

dτ (1)
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On the right hand side of the equation is a summation of all the acting elastic-, damping-,
retardation- and inertia forces. Each force term is related to the displacement uk(t), the velocity
u̇k(t) or acceleration ük(t), respectively. The elastic forces are related to the structural stiffness
K jk and the hydrostatic stiffness C jk of the pontoons. The damping forces are related to the
structural damping Djk and the retardation forces are related to the retardation function k jk(t).
The inertia forces are stemming from the structural mass M jk and the mass at infinite frequency
A∞jk taken as the constant frequency-independent part of the added mass of the pontoons. The
frequency-dependent part of the added mass a jk(ω) and the potential damping b jk(ω) of the
pontoons, found using a 3-dimensional diffraction-radiation program, are taken into account
by the convolution integral of the retardation function and the time lag τ. The idea behind
the convolution integral in Eq. (1) is to separate the velocity into a series of small impulses
u̇k(t)dτ and using the retardation function as an impulse response function. The combination
k jk(t − τ)u̇k(t)dτ is then the response from each step dτ in time. Accordingly, the integral
becomes the sum of the responses from all impulses over the relevant time interval, referred to
as the memory time tmem.

The retardation function is defined in Eq. (2) as the inverse Fourier transform of the frequency-
dependent hydrodynamic damping based on the Kramers-Krönig relation [31].

k jk(t) =
2
π

∫ ∞

0

b jk(ω) cos(ωt)dω (2)

Going back to the left hand side of Eq. (1), the first- and second order wave forces are
generated based on their representations in the frequency domain. In the case of the first order
wave force the simulation is based on the real part ℜ(·) of the inverse fast Fourier transform
(IFFT) of the unidirectional wave spectrum Sζ(ω), the directional spreading function Dζ(θ ) and

the first order wave force transfer function H(1)j (ω,θ), where θ is the wave direction ans ω is
the angular wave frequency.

q(1)j (t) =ℜ
� Nω
∑

m=1

Nθ
∑

n=1

q

2Sζ(ωm)Dζ(θn)∆ωm∆θn

�

�

�H(1)j (ωm,θn)
�

�

� (3)

exp
h

i
�

εnm +ϕH(1)jnm
+ωm t − km x cos(θn)− km y sin(θn)

�i

�

The term i is the imaginary unit, x and y are the spatial coordinates of each pontoon, km is
the wave number corresponding to the m’th wave frequency, ϕH(1)jnm

is the phase angle of the first

order wave transfer function and εnm is a randomly generated phase angle value. Both ∆ω and
∆θ refer to frequency and wave direction step sizes, respectively, according to the discretization
governed by the number of frequencies Nω and number of wave directions Nθ .

The directional spreading function is defined in Eq. (4) and is based on the principle of a
normalized distribution in order to keep the energy intact over all the chosen wave directions used.
Analytically, the normalization is achieved using the Gamma function Γ (·) but in a numerical
approach only a discrete number of wave directions are used. In this case, the normalization is
done by dividing with the sum of the histogram areas, since the directional interval widths can
be changing. The directional spreading function is governed by the main wave direction θ0 and
the spreading exponent s.
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Dζ(θ ) =
1
p
π

Γ ( s
2 + 1)

Γ ( s
2 +

1
2 )

coss (θ − θ0) , |θ − θ0| ≤
π

2
(4)

The unidirectional wave spectrum Sζ(ω) is an idealized representation of the wind driven
waves in the frequency domain and has many different mathematical formulations dependent on
the physical properties of the wave environment. Depending on the duration and the distance
over which the wind is blowing, the generated waves are described as either fully developed,
fetch-limited or duration-limited [36]. The JONSWAP [37] wave spectrum defined in Eq. (5) is
often used to describe fetch-limited developing sea such as the North Sea west of Norway and is
also used in the design of the floating bridge concepts proposed by the NPRA [38].

Sζ(ω) =
αg2

ω5
exp

�

−
5
4

�ωp

ω

�4�

γβ (5)

Where,

α=
H2

sω
4
p

16g2(0.065γ0.803 + 0.135)
, β = exp

�

−
1

2σ2

�

ω

ωp
− 1

�2�

,

σ =

¨

0.07 for ω<ωp

0.09 for ω>ωp

Main parameters governing the overall shape of the spectrum in Eq. (5) are the significant
wave height Hs, the peak angular frequency ωp and the peak enhancement factor γ.

The first order wave force only deals with linear theory and is not sufficient to describe
observable phenomena such as mean drift and slowly-varying motion of structures with low
natural frequencies such as a semi-submersible platform. In this case the motion is excited by
mean and slowly-varying forces due to the low potential damping at the low wave frequencies
where resonance occurs. The slowly-varying forces are second order difference-frequency effects
from the interaction of two regular waves with different frequencies. Each pair of regular waves
interact and generates a drift force that varies over time. Based on the perturbation method it is
possible to describe the second order effects in mathematical terms by means of QTFs where the
second order effects are captured for all combinations of the relevant wave frequency pairs. By
applying Newman’s approximation, the off-diagonal terms of the QTFs are simplified as functions
of the diagonal terms. Based on the simplified QTFs, the second order difference-frequency wave
force is defined in Eq. (6).

q(2)j (t) =ℜ
� Nω
∑

l=1

Nω
∑

m=1

Nθ
∑

n=1

q

2Sζ(ωl)D(θn)∆ωl∆θn

�

�

�H(2−)j (ωl ,ωm,θn)
�

�

� (6)

q

2Sζ(ωm)D(θn)∆ωm∆θn exp
h

i
�

(ωl −ωm)t + εnl + εnm +ϕH(2−)jnlm
)
�i

�

Here, H(2−)j (ωl ,ωm,θn) is the simplified QTF and ϕH(2−)jnlm
is the corresponding phase angle.

The superscript (2−) is to indicate that the QTF is based on the difference-frequency part.
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(a) View from South.

(b) View from above.

(c) View from East.

Fig. 4: Overview of Model 2a used in the second paper for the Bjørnafjord phase 2 concept. (a) Seen from
the South, looking past the tower and stay cables towards the pontoons and connecting columns in the
North. (b) Seen from above looking down over the full extension of the bridge girder. (c) Seen from the
East, looking towards the West with a view of the high bridge section in the South and the floating bridge
section in the North.

The final external force in the dynamic system is the viscous drag force shown in Eq. (7).
The description is based on the viscous part of the standard Morison’s Equation and includes the
water density ρ, the drag coefficient C d

j , the cross-section A j and the relative fluid velocity u̇r(t).

q(d)j (t) =
1
2
ρC d

j A j u̇r(t) |u̇r(t)| (7)

The viscous force is a function of the relative fluid velocity and for this reason, the dynamic
response of the bridge may have a significant effect on the force magnitude as a function of time.
Furthermore, it is possible to obtain negative damping forces which will excite the structure even
further and hence making it important to include it in the design.

2.1.3 Solving the time domain equation

Based on the coupled hydro-elastic solution procedure illustrated in Fig. 3, the time-dependent
motion uk(t) in Eq. (1) can be found for each time step of the simulation via an incremental
procedure using the Newmark-β integration algorithm and equilibrium between all the force
terms is obtained for each time step via the Newton-Raphson iteration procedure [32]. Based on
the FEM it is possible to compute the internal forces of the structure.

2.2 Practical aspects of the numerical models

Three different numerical models have been developed during the work of the thesis - one for each
of the appended papers. Model 1 and Model 3 are relatively similar in their geometry, although
Model 1 is more than 5 times longer than Model 3. Model 2a, however, is the most complex
of all the models, see Fig. 4, and it will be the one referred to in this section when describing
the practical aspects of creating a numerical model. When discussing specific modelling aspects,
however, examples from the other models might be used.
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(b) Columns.
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(c) Bridge girder.

Fig. 5: Detailed parts of Model 2a where rigid body connections are specified using master-slave connections
marked with red (master node) and blue (slave nodes) colors. (a) A single master node at the top of the
tower and 4× 20 slave nodes. (b) Two master-slave connections are specified; i) a master node and two
slave nodes connect the bridge girder with the top of the two columns; and ii) a master node and two slave
nodes connect the pontoon with the bottom of the two columns. (c) A sequence of master nodes in the
bridge girder, each with two slave nodes for each pair of connecting stay cable.

2.2.1 Brief description of the Bjørnafjord phase 2 concept

Model 2a illustrated in Fig. 4 is based on the Bjørnafjord phase 2 concept selected by the NPRA,
described in detail in [39]. The concept is an approximately 4,600 m long curved floating pontoon
bridge with a high bridge section at one end to allow for ship passage. The high bridge section
contains a 230 m high tower and 4× 20 pre-tensioned stay cables down to the bridge girder
55 m above the mean water level (MWL). After the high bridge section there is a transition into
a floating bridge section roughly 15 m above the MWL, connected with pairs of columns to 19
equally distributed pontoons. All the pontoons have a draft of 10.5 m and have the same geometry.
At each end, the bridge is fixed in all DOFs and the bridge girder is restricted from transverse
motion at the tower, which in turn is fixed in all DOFs at the bottom. Throughout the length of
the bridge various cross-sections are used in the bridge girder to optimize the weight-strength
ratio.

The pontoons are made up of a rectangle and two half circles in the plan view and are 14.5 m
high, 28 m wide and 68 m long. The bottom plate has an additional horizontal extension of 5 m
in order to create a 0.6 m thick heave plate, which is commonly referred to as a bilge keel for
floating production storage and offloading (FPSO) structures in the offshore oil and gas industry.
The purpose of the heave plate is to increase the hydrodynamic added mass of the structure and
thereby shift critical natural frequencies outside the main energy frequency interval of the wave
spectrum. The draft of the pontoons is kept at 10.5 m for all of them by adding pontoon specific
ballast.

2.2.2 Modelling the bridge girder, columns, tower and pre-tensioned stay cables

All the structural parts highlighted in green in Fig. 4, except for the stay-cables, are modelled as
linear Euler-Bernoulli beams with St. Vernant torsion and include a linear formulation of the
geometric stiffness. The stay-cables are modelled as bar elements and the connections between
the tower, the stay cables and the bridge girder are modelled as rigid body connections using
master-slave relations between the nodes as illustrated in Fig. 5. The same method is utilized for
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(a) Wadam input. (b) Wadam output.

Fig. 6:Wadam input panel model and output wave force transfer function, related to the third paper. (a)
Panel model of submerged part of the pontoon. (b) Wave sway force transfer function amplitude.

connecting the columns to the bridge girder and the pontoons. The pre-tension of the cables is
modelled by specifying a difference in the stress-free configuration and the final configuration
lengths for each cable, equivalent to the force after static equilibrium when pre-tension is not
included.

2.2.3 Modelling the hydrodynamic properties of the pontoons

The pontoons are included in the numerical model as rigid Simo bodies attached to Riflex nodes
at the MWL. The hydrostatic- and non-viscous hydrodynamic properties of the pontoons are
included by importing a result file from the diffraction-radiation program Wadam. This program
solves the diffraction- and radiation problems using potential theory and discretely distributed
panels, such as the panel model shown in Fig. 6a. A first estimate of the largest accepted panel
element size is given as a 1/8 of the wave length for the shortest wave considered [26] and the
final number of panels is found based on a convergence study.

A buoyancy force from the displaced water is manually added to the Simo bodies at the center
of buoyancy (COB) to achieve static equilibrium. However, the buoyancy force also contributes
to the roll and pitch stiffness terms in the hydrostatic stiffness matrix and is by default included
twice due to the coupling between Simo and Riflex. In Simo it is included in the hydrostatic
stiffness matrix and in Riflex it is included as a buoyancy force in the COB and due to the distance
between the COB and the node, a de-stabilizing moment is added. In order to avoid including
the contribution from the buoyancy force to the roll and pitch stiffness twice, the buoyancy terms
are removed from the hydrostatic stiffness matrix.

The hydrodynamic added mass and the first order wave force transfer function, see Fig. 6b,
are taken directly from the Wadam result file and the retardation functions are calculated inside
Simo based on the potential damping. The structural mass matrix is modified to include the
ballast in the formulation. The simplified QTFs used to calculate the second order low-frequency
force q(2)j (t) are also taken from the result file.

The viscous forces are included by inserting a vertical Morison element, governed by Eq. (7),
at the center of the pontoons from the bottom to the MWL as seen in Fig. 5b. In cases with a
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heave plate at the bottom of the pontoons, two Morison elements are used. One 0.6 m long
element over the height of the heave plate and a 9.9 m long element over the other part of the
pontoon height.

2.3 Extreme response prediction

Extreme response prediction of a structural system is dependent on the characteristics of the
stochastic load and whether the structural system is linear or non-linear. With only first order
Gaussian waves acting on a linear structural system, the structural response can be considered
Gaussian in nature with the individual maxima of the time series following a Rice distribution
(Rayleigh distribution for narrow-banded processes). The statistical properties of the extreme
response from several statistically independent realizations will converge towards that of a
Gumbel distribution.

In the first paper, dealing with the effect of wave direction parameters on the extreme response
of a floating pontoon bridge, the system behaves linearly and the aforementioned statistical
relations are for that reason valid. In the two other papers, non-linear effects such as viscous
drag are included and the system is found to be non-linear.

This section gives a brief description of how extreme response is defined and, based on a
linear structural system, how the statistical properties of the extreme response are established.
Most of the information in this section is based on Fu [40], Naess and Moan [41], Sødahl [42]
and Ochi [43].

2.3.1 Statistics of a stationary and narrow-banded Gaussian process

A realization of a narrow-banded Gaussian process is illustrated in Fig. 7 with individual positive
maxima xm and the corresponding Gaussian- and Rayleigh probability density functions (PDFs).
The largest maximum for a given duration is referred to as the extreme response. Illustrated
in Fig. 7 are the ξ-level upcrossings, which occur when the time-derivative of the realization
ẋ(t)> 0 at x = ξ. For a general stochastic process, several individual maxima can occur between
each zero-upcrossing and they can be both positive and negative. Instead, for a narrow-banded
stochastic processes only a single positive maximum exists between two adjacent zero-upcrossings.
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By only assuming the stochastic process to be stationary, the ξ-level upcrossing frequency
is defined as in Eq. (8) where fX Ẋ (x , ẋ) is the joint PDF of the random variable X and the
corresponding time derivative Ẋ .

ν+(ξ) =

∫ ∞

0

ẋ fX Ẋ (ξ, ẋ)d ẋ (assumed stationary) (8)

By further assuming that the stationary stochastic process is Gaussian with E[x(t)] = 0,
it then follows that Ẋ is also Gaussian with E[ ẋ(t)] = 0 and consequently, E[x(t) ẋ(t)] = 0.
This means, that the two random Gaussian variables X and Ẋ are statistically independent and
fX Ẋ (x , ẋ) = fX (x) fẊ ( ẋ). By inserting the mathematical description of a Gaussian PDFs together
with the definition of a joint PDF for two statistically independent random variables, Eq. (8)
becomes

ν+(ξ) =
1

2π
σ ẋ

σx
exp

�

−
1
2
ξ2

σ2
x

�

(assumed stationary and Gaussian) (9)

where σx and σ ẋ are the standard deviations of the two random variables. For a narrow-
banded Gaussian process the expected frequency of all individual maxima above x = ξ are equal
to the ξ-level upcrossing frequency ν+(ξ). The probability P{Xm ≥ ξ} of the individual maxima
to exceed x = ξ then becomes the ratio between the number of individual maxima ν+(ξ)(t2− t1)
above the defined level and all individual maxima ν+(ξ = 0)(t2− t1) above zero during a specific
time period t2 − t1. From this relationship, the cumulative distribution function (CDF) can be
found as FXm

(ξ) = 1−P{Xm ≥ ξ}, which leads to the PDF shown in Eq. (10), termed the Rayleigh
distribution.

fXm
(x) =

x
σ2

x

exp

�

−
1
2

x2

σ2
x

�

, for ξ≥ 0 (10)

2.3.2 Extreme value statistics

The extreme value is the largest value of an ordered sample of individual maxima, as defined in
Eq. (11).

xe =max{xm1
, xm2

, ..., xmN
} (11)

Assuming that the individual maxima are statistically independent and identically distributed
with the CDF FXm

(x), the link between the CDF of the individual maxima and the extreme
response X e can be described as in Eq. (12), where N is the number of individual maxima in
the sample. The assumption of the individual maxima being statistically independent is not
always permissible, since waves come in groups of large waves. Furthermore, for lightly damped
structures, the individual maxima are likely to arrive in groups, which leads to a conservative
estimate on the extreme response [41].

FX e
(x) = P{X e ≤ x}=

�

FXm
(x)
�N

, for statistically independent xm (12)
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For N →∞, this extreme distribution CDF converges to either the Gumbel, Weibull or Frechet
distribution [43], which are all regarded as special cases of the Generalized Extreme Value (GEV)
distribution [44]. For marine structures the most commonly used distribution is the Gumbel
distribution [41], which is often referred to as the type I asymptotic form of Eq. (12) [45].

2.3.3 Relevant methods to obtain extreme response

Different methods exist for prediction of the extreme response, e.g. the Block Maximum method,
the Average Conditional Exceedance Rate (ACER) method and the moment-based Hermite
method. Extreme value estimation based on an individual maxima distribution is another much
applied method and when used in conjunction with a Weibull distribution and the special tail
fitting method, a closer fit to the upper tail is achieved [42]. The Block Maximum method divides
the response time series into individual blocks of a specified time frame and extracts the extreme
response from each block. The extreme response is the largest of the individual maxima as
formulated in Eq. (11) and the CDF of the extreme response hence follows Eq. (12) with the same
asymptotic behaviour. It is often assumed within the design of typical offshore structures, that
the extreme response follows the asymptotic Gumbel distribution, but it is not possible within
classical extreme value theory to validate if this assumption is actually true [41]. The ACER
method is based on a general formulation of the mean upcrossing frequency at the upper tail of
the PDF. The method thereby avoids the common assumption that the extreme values follow an
asymptotic extreme value distribution [41]. By basing the estimation of the extreme value on
average conditional exceedance rates, hence the name of the method, it is possible to account for
the correlation between adjacent maxima in the method. All clumps of exceedances are thereby
separated by at least k− 1 nonexceedances. As k increases, the method becomes more accurate
but is based on less data. The moment based Hermite method is used for non-Gaussian processes
by translating the non-Gaussian process into a Gaussian process and applies the standard Gaussian
theory. The name of the method comes from the Hermite polynomial series expansion used when
translating the non-Gaussian process into a Gaussian one.

In cases where the individual maxima distribution has an exponentially decaying tail, the
extreme distribution will converge towards a Gumbel distribution. The Exponential-, Weibull-,
Gaussian-, Rayleigh- and Log-Normal distributions all have exponentially decaying tails and if
they are fitted to individual maxima, then the corresponding extreme distribution becomes a
Gumbel distribution. The 3-parameter Weibull distribution is often utilized for this approach.

2.3.4 Extreme value estimation based on a Weibull initial maxima distribution

The Weibull distribution given in Eq. (13) is often used to fit to samples of individual maxima.
The Weibull distribution is defined by the location parameter δ, the scaling factor λ and the shape
factor υ. The Rayleigh and Exponential distributions are special cases of the Weibull distribution
by selecting specific values of the shape factor (i.e. 2 for the Rayleigh and 1 for the Exponential
distributions).

FW
Xm
(x) = 1− exp

�

−
�

x −δ
λ

�υ�

(13)

Based on the relationship between the Weibull distribution for individual maxima and the
Gumbel distribution for extreme values, the extrapolated average extreme value µX e

can be
determined based on Eq. (14) from the fitted Weibull parameters in Eq. (13) [42].
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Fig. 8: Fit of Weibull distribution to global maxima of Von Mises stress time series with a threshold equal to
the mean value.
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�

(14)

Where Nm is the number of local maxima during the time interval under consideration.

2.3.5 Procedure in first paper when estimating extreme response

The extreme response investigated in the first paper is estimated using a short-term method
according to recommendations given by Spidsøe and Karunakaran [46]. For a single realization
of the response a Weibull distribution is fitted to the global maxima as recommended by Farnes
and Moan [47] using the method of matching statistical moments. In order to predict the
extreme response from extrapolation of the Weibull distribution, a good fit to the global maxima
(the largest individual maximum within two upcrossings) in the upper tail is necessary. This is
generally achieved using a threshold ξ-level to avoid over representation of small maxima in the
fitting procedure. The threshold is an empirical value and as pointed out by Fu et al. [48] can
have a significant effect on the shape of the Weibull distribution. In the first paper a good fit
between the global maxima and the Weibull distribution is obtained by using a threshold of ξ = 0
(mean value) as illustrated in Fig. 8. The extrapolated average extreme value µX e

is calculated
using Eq. (14).





3 Effect of wave direction uncertainty

This chapter is a summary of the content of the first appended paper and deals with the effect
on the average short-term extreme response of a simplified version of the Bjørnafjord phase 2
floating pontoon bridge concept selected by the NPRA when changing the main wave direction
and the spreading exponent for short-crested waves.

With the relatively large uncertainties related to estimation of the correct wave parameters
described in the introduction, it is important to quantify the effect of these parameters on the
response of a floating bridge structure. Previous studies on the response of floating bridges
have been made, see e.g. [17–19], focusing on the bending moments and pre-tension force
in the bridge cross-section. They found that the peak period of the wave spectrum and the
correlation between the bending moments to be important parameters in the design. Langen and
Sigbjörnsson [49] applied a directional wave spectrum in the analysis of a floating pontoon bridge
and found that using long-crested waves would lead to an unreasonably conservative design.
Instead, short-crested waves should be applied and they found a low sensitivity in the response
towards changes in the spreading exponent within naturally occurring values. Later on, Villoria
[50] found the spreading exponent and the wave spectrum shape to have a low influence on the
response of a floating pontoon bridge, whereas the peak period and the main wave direction
were more important.

The above mentioned studies were conducted for short floating bridges with lengths of less
than 1,500 m, whereas the new floating bridge concepts selected by the NPRA have lengths of up to
5,000 m. For the new floating bridge concepts, the extended length increases the slenderness and
introduces several extra natural frequencies with corresponding modeshapes that are important
in the design. The previous findings are for this reason not neccesarily valid for the new and
longer bridge concepts. With the additional uncertainty in the metocean databases discussed in
chapter 1, a comprehensive screening of several different wave environments is required before
the final design condition can be obtained for each geographical location. Understanding the
sensitivity in the response of long floating bridges towards different wave parameters will help
decrease uncertainty in the design.

The extreme response of floating bridges has been investigated by e.g. Giske et al. [51]
and Øiseth et al. [52] using different methods. Giske et al. compared a new Inverse Second
Order Reliability Method (ISORM) described in [53] with the full long-term extreme method and
found a close match. Øiseth et al. compared the ACER method described in [54] to the Gumbel
short-term extreme method and found the former to have less uncertainty in the estimates when
applied to a linear floating pontoon bridge system.

To the knowledge of the authors, all previous studies on the sensitivity of the extreme response
towards wave direction parameters, have either been conducted in the frequency domain or based

21
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Fig. 9:Model 1 used in the first appended paper. (a) Bridge layout. (b) Overview of wave directions.

on a limited number of short time domain simulations. This study is the first time a numerical
parametric study is based on a large amount of time domain simulations for each changed
parameter and will help solidify the understanding of their effect on the extreme response of
long floating bridges. As part of the extensive time domain calculations the dependency of the
accuracy in the short-term extreme prediction towards the simulation length and the number
of realizations has been investigated for the general floating bridge structure to be used as a
reference for future investigations of the extreme response.

The following sections describe the floating bridge concept used in the study, the method
used for calculating the Von Mises stress in the bridge girder cross-section, the choice of ranges
in the wave parameters and the most important findings.

3.1 Bridge concept and methodology

3.1.1 Description of the bridge concept and choice of load cases

The bridge concept used is a simplification of the Bjørnafjord phase 2 concept selected by the
NPRA, and is described in [39]. By keeping the bridge girder at the same heigh for the entire
length of the bridge and by replacing the tower and stay-cables at the south end with extra
pontoons with identical spans between them, the final numerical model is illustrated in Fig. 9.
The bridge is roughly 4,360 m long and has a horizontal curvature of 5,000 m. The bridge girder is
simplified as a single equivalent beam and is connected to 21 identical pontoons using two vertical
columns at each connection. The span between each pontoon is 197 m. The wave direction
follows the global coordinate system in Fig. 9 with waves from the 90◦ direction following the
positive Y -axis and waves from the 0◦ direction following the positive X -direction.

A 100-year wave environment is used in the study based on the environmental conditions at
the Bjørnafjord site described in [39] and used as the base case for all 12 load cases investigated,
see Tab. 1. The governing parameters for the 100-year JONSWAP wave spectrum is Hs = 3.0 m,
Tp = 6.0 s and γ= 3.3. Since the time of the study, the metocean report [38] has been updated
with slightly reduced Tp and Hs values, a spreading exponent between 4 and 6, and γ between
1.8 and 2.3. These changes are however not thought to have a big impact on the findings in the
first appended paper. The 12 load cases are chosen in order to estimate the effect of uncertainties
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Tab. 1: Load cases used in the parametric study. First order wave loads are applied with the chosen JONSWAP
parameters Hs = 3.0 m, Tp = 6.0 s and γ = 3.3 based on the wave conditions at the Bjørnafjord for a
100-year return period [39].

Load Case Spreading Wave Direction Load Case Spreading Wave Direction

LC1.1 2 90◦ LC2.1 10 90◦

LC1.2 2 95◦ LC2.2 10 95◦

LC1.3 2 100◦ LC2.3 10 100◦

LC1.4 2 105◦ LC2.4 10 105◦

LC1.5 2 120◦ LC2.5 10 120◦

LC1.6 2 150◦ LC2.6 10 150◦

in the main wave direction close to beam sea, and the effect of uncertainties in the spreading
exponent within naturally occurring values.

3.1.2 Method for estimating the extreme Von Mises stress response

The Von Mises stress is calculated manually in the post-processing of the numerical calculations
using Eq. (15) based on the internal forces in the equivalent single beam cross-section. The Von
Mises stress is calculated for six critical points located in the twin-box cross-section of the bridge
girder based on the assumed stress distribution illustrated in Fig. 10.

σv(t) =
r

σ2
x x(t) + 3

�

τx x(t)±τx y(t)±τxz(t)
�2

(15)

The ± sign in front of the shear stresses in Eq. (15) indicates that the shear stresses are either
contributing positively or negatively to the Von Mises stress at the six different points, depending
on the shear flow illustrated in Fig. 10.

The extreme response is found by fitting a Weibull distribution to the global maxima of the
Von Mises stress response time series at specific points in the cross-section along the bridge.
With the fitted Weibull parameters, the extrapolated extreme µX e

value is found using Eq. (14).
Simulating Nr statistically independent realizations, the average extrapolated extreme µX e

, the
standard deviation of the extrapolated extreme σX e

and the corresponding coefficient of variation
(c.o.v.) CX e

are found using Eq. (16), Eq. (17) and Eq. (18), respectively.
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1
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Fig. 10: Bridge girder twin-box cross-section with critical points and assumed stress distribution for calculat-
ing cross-sectional stresses. All measurements are in mm.

3.2 Important findings

3.2.1 Reference for choice of number of realizations and realization length

The largest average extrapolated extreme Von Mises stress found among all load cases are located
at AX23, see Fig. 9, along the bridge at point PET , see Fig. 10, in the bridge girder cross-section.
The number of realizations needed in order to gain an accurate estimate on the extreme response
is found based on a convergence study of the c.o.v. in Eq. (18). By simulating three sets of 100
statistically independent realizations, each with a different realization length, the choice of the
suitable number of realizations and the length of the simulations can be decided upon. Fig. 11
shows a comparison of 100 realizations with realization lengths of 1h, 2h and 3h. Based on this
figure and a target accuracy of 2% in the c.o.v., 40 realizations with a realization length of 3h are
found to be required.

3.2.2 Effect on extreme response for changing main wave direction and spreading exponent

Based on 40 statistically independent realizations, the average extrapolated extreme Von Mises
stress at AX23 along the bridge at point PET in the bridge girder cross-section is found for all 12
load cases. Fig. 12 illustrates the changes in the average extrapolated extreme value and two
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conclusions can be made; i) a low sensitivity towards the spreading exponent is observed in the
average extrapolated extreme Von Mises stress of the bridge girder; and ii) due to structural
symmetry, the effect of changes in the main wave direction are insignificant for directions within
15◦ from beam sea.

A similar behaviour is observed in the average extreme transverse and vertical response
spectra. No significant effect is observed for main wave directions within 15◦ from beam sea,
although significant changes are present outside this range. Spatial resonance, described by
Remseth et al. [55], is thought to be the main cause for this behaviour.





4 Assessment of numerical uncertainty

This chapter is a summary of the content of the second paper and deals with software-to-software
comparison of global response of the Bjørnafjord phase 2 floating bridge concept selected by the
NPRA.

Today there are various commercial software available for general multi-purpose offshore
structural analysis - many of which are based on the general theory and assumptions within
the field and are not tailored towards the specific requirements when applied to a floating
bridge structure. For this reason it is worth investigating how well current available computer
programs perform. A better understanding of the uncertainties in the numerical tools available is
important for the design - including the structural reliability. This chapter investigates this topic
by comparing two commonly known computer programs within the offshore industry, i.e. Sima
and OrcaFlex.

4.1 The bridge concept and methodology

4.1.1 The Bjørnafjord phase 2 floating bridge concept

In the second paper a detailed version of the phase 2 floating bridge concept at the Bjørnafjord is
used. The structural properties follow the description in [39] with only minor simplifications. The
simplifications are justified by the aim of the paper being to compare two numerical models that
are close to identical. An overview of Model 2a made in Sima is shown in Fig. 4 and associated
modelling details are shown in Fig. 5. The wave directions follow the same notation as shown
in Fig. 9b. Section 2.2.1 gives a general description of the bridge concept and for that reason
the content is not replicated here. Instead, focus is directed towards the numerical models, their
differences and the method used for the software-to-software comparison.

4.1.2 Modelling differences

Although the two computer programs utilize the same general theory and assumptions, they have
a few different options for the user-given inputs and for how some of the properties are specified
in the numerical models. Some modelling differences worth mentioning are:

Short-crested waves are by default in both OrcaFlex and Sima included by specifying a unidirec-
tional wave spectrum, a main wave direction, spreading exponent and the number of wave
directions to be applied in the analysis. However, the default methods used for distributing
the specified number of wave directions is different. In Sima the wave directions are
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distributed linearly, whereas in OrcaFlex they are distributed according to the principle
of equal energy. In order to obtain the exact same directional distribution, an exact copy
of the directional wave spectrum in OrcaFlex has to be calculated and manually given in
Sima.

Radius of gyration of the cross-sections is specified in Sima as a continuous property by writing
the radius of gyration per meter for each cross-section. In OrcaFlex the property is indirectly
specified by adding 6 DOF Buoys with mass properties to specific points along each line.
This is a lumped method and based on a convergence study a distance of roughly 10 m is
used between each 6 DOF Buoy.

Ballast is added to each individual pontoon in OrcaFlex by use of 6 DOF Buoys with the specified
mass and relative location. In Sima the ballast is, instead, added manually by modifying
the structural mass matrix of each individual pontoon.

Buoyancy is added to the pontoons in OrcaFlex by specifying the location of the COB and the
displaced volume equivalent to the buoyancy force. In Sima the procedure for adding the
buoyancy is a little more complex and due to the coupling between Simo and Riflex care
must be exercised not to add the buoyancy force twice. In Riflex the buoyancy force is
added by specifying a force in the COB, whereas in Simo the buoyancy force is included
via the stiffness matrix. Since the buoyancy force is already accounted for in Riflex, the
buoyancy terms are removed from the elements in the stiffness matrix related to roll and
pitch.

Of the above mentioned differences, the one regarding short-crested waves proved to be
particularly difficult to spot when doing the software-to-software comparison.

4.1.3 A step-by-step comparison method

The two computer programs have been used to model the Bjørnafjord phase 2 floating bridge
concept and in order to properly compare the two numerical models, a step-wise approach has
been used focusing on the static response and modal properties first and then continuing to
response from regular waves shown as response amplitude operators (RAOs). Only then are
stochastic response compared for the simplest case of long-crested first order irregular wave loads.
From this step additional load complexity is added following two different paths; i) change to first
order short-crested wave loads and later including viscous damping loads at the pontoons; and ii)
add second order low-frequency wave loads and later include viscous effects at the pontoons. An
overview of the stochastic load cases compared is seen in Tab. 2. The two different paths specified
for the comparison of the stochastic response are chosen in order to separate second order wave
load effects from the general comparison. There are two reasons; i) standard deviations of the
structural response show larger variations when second order wave loads are incorporated in
the analysis; and ii) the Newman approximation used for the second order wave loads is not
validated for this type of structure in short-crested waves.
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Tab. 2: Load cases with irregular waves used in the second paper with a main wave direction of 270◦ and
JONSWAP parameters Hs = 2.4 m, Tp = 5.9 s and γ = 2.0. The 11 short-crested wave directions in the
directional spreading function are distributed according to the default of each program in LC2a and by
manually specifying the exact same directions in Sima as in OrcaFlex in LC2b and LC3.

Load Case Waves Loads Viscous Effects Spreading

LC1 first order No -

LC2a first order No 4

LC2b first order No 4

LC3 first order Yes 4

LC4 first and second order No -

LC5 first and second order Yes -

4.2 Important findings

4.2.1 Natural periods and modeshapes

The natural periods found in the two computer programs using the added mass at infinite
frequency in the solution procedure are denoted Tn and listed in Tab. 3. The differences between
the natural periods are within 5% and in most cases close to 1%. However, the corresponding
modeshapes show fundamental differences for mode 6 and upwards and is thought to be the main
reason for the differences found in the RAOs and the stochastic responses. The most noticeable
differences in the modeshapes are for torsional motion.

4.2.2 Response amplitude operators

The regular wave responses are shown in Fig. 13 as RAOs for the vertical displacement z, the
weak axis bending moment My and the strong axis bending moment Mz . As it can be seen, there
is a shift in the peaks corresponding to the natural periods of each numerical model. To obtain
similar results in the time-domain it is imperative to have the same modal properties of the
structure. Even for slight differences, as in our case, the final comparison is affected. One reason
for this is the strong directional sensitivity in the structural response, which has previously been
confirmed for a curved submerged floating tube bridge (SFTB) by Leira and Remseth [56].

4.2.3 Attention to modelling details for short-crested waves

Modelling the short-crested waves is a straight-forward process within each computer program
but extreme care must be taken when the numerical models have to be exactly the same. It
was found that the absolute differences in the standard deviations of the weak axis bending
moment along the bridge girder was on average 27% when using the default option in both
computer programs. Instead this value was only 7% when the directional wave spectrum used in
OrcaFlex was manually copied into Sima as is seen from LC2a and LC2b in Fig. 14. The absolute
difference in the standard deviation of the response from the two computer programs is based on
the numerical value of the difference - without regard to the sign.
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Tab. 3: Natural periods of the floating bridge models. The notation Tn indicates the use of added mass at
infinite frequency when solving the standard eigenvalue problem. The notations T a

n and T b
n indicate the use

of a manual iterative and graphical procedure to include the exact added mass, respectively. The symbols for
the primary (secondary) motions in the modeshape are H for horizontal, V for vertical, T for torsional and P
for pendulum. Pendulum motion is the motion of the pontoons going from side to side in the longitudinal
direction of the bridge like a pendulum.

Mode Sima OrcaFlex Diff.

n Tn T a
n Modeshape Tn T b

n Modeshape Tn

[-] [s] [s] motion [s] [s] motion [%]

1 50.79 55.63 H 51.81 54.15 H 2.0

2 29.28 31.63 H 29.79 30.64 H 1.7

3 22.55 24.41 H (T) 21.76 22.79 H (T) 3.8

4 17.56 19.28 H (T) 17.52 18.53 H (T) 0.2

5 13.56 14.91 H (T,V) 13.59 14.66 H (T) 0.1

6 12.67 13.06 T (H,V) 12.08 12.26 H (T) 4.9

7 12.15 12.31 V (T) 11.67 11.71 H (V) 4.1

8 11.44 11.29 T (V) 11.39 11.53 V (H) 0.5

9 11.39 11.27 V 11.37 11.34 V (H,T) 0.2

10 11.39 11.09 V 11.36 11.16 V (H,T) 0.2

17 10.69 9.96 V (P) 10.61 - V (P,H) 0.8

24 8.91 9.24 V (P) 8.81 - V (T,P) 1.1

28 8.13 8.02 T (H) 7.97 - V (H,P) 2.0

4.2.4 Comparison of response from second order wave loads

For comparison purposes, the second order wave loads are simplified using the Newman approxi-
mation in both computer programs and only used for long-crested waves. It should be stressed
that, at the Bjørnafjord location, the second order effects and short-crested waves are expected
to act simultaneously. Hence the calculated structural response from second order wave loads
should only be used to compare the two computer programs and does not give any information on
the expected behaviour of any future bridge with similar design. With this in mind, the response
from second order difference-frequency wave loads is showing very similar behaviour in both
Sima and OrcaFlex with the peaks corresponding to the natural periods in Tab. 3 within 10%.
On average the absolute difference in the response standard deviations from the two computer
programs are within 10-15% from each other when adding second order wave loads as illustrated
in Fig. 14.

4.2.5 Comparison of viscous damping effects

The viscous effects are included for two separate scenarios: i) for short-crested first order wave
loads and ii) for long-crested irregular first and second order wave loads. Due to the exclusion
of second order wave loads and the fact that the applied vertical drag coefficients are larger
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Fig. 13: RAOs at 270◦ waves for vertical displacement, weak axis bending moment and strong axis bending
moment at axis AX5, AX10, AX15 and AX20 along the bridge (see the second appended paper for notation).
The natural periods T a

n based on the iterative method in Sima are shown as the vertical dotted lines for
mode 4, 5, 6, 10 and 28 from right to left.

than the horizontal counterparts, the effect from the viscous drag is seen most clearly in the
vertical displacement along the bridge with an average reduction of roughly 8%. For the case with
unidirectional first and second order waves the effect is mainly seen in the horizontal response
with a reduction in OrcaFlex of 20% for the horizontal motion and 14% for the effective tension
Te. The corresponding values are roughly 7-10% larger in Sima.

4.2.6 Final concluding remarks

From the extensive software-to-software comparison of the global responses, it can be concluded
that a match within 5-15% can be considered within the capability of the available computer
programs Sima and OrcaFlex, except for LC4.
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Fig. 14: Box plots of the absolute difference in the standard deviation of the response for load effects in the
different load cases. LC2a and LC2b are with Sima default and manually specified angles in the spreading
function, respectively. The × indicate the average value along the bridge axes.



5 Verification towards previous experiments

This chapter is a summary of the content of the third paper and deals with uncertainty assessment
and verification of Sima towards previous experiments carried out by Marintek (now SINTEF
Ocean) in 1989 for a generic floating pontoon bridge concept.

Motivated by the same undocumented performance of available computer programs for
general multi-purpose offshore structural analysis when applied to floating bridge concepts, as
was the case for the second paper, a model uncertainty assessment and verification of Sima towards
existing experiments from 1989 is carried out. Different methods are available for assessing the
performance of a numerical model depending on how much information is accessible to the user.
System identification based on the matrix formulation of the structural system has already been
carried out for a floating bridge concept in frequency domain, see e.g. [57–59]. However, the
system identification method is not a possible option as part of the general multi-purpose offshore
structural analysis software such as Sima or OrcaFlex, and instead a range of sensitivity tests are
performed for the most relevant parameters of interest.

Previously Sima has been verified for other applications, see e.g. [60–63], but not when
applied to a floating pontoon bridge concept. Instead, other software have previously been
compared to the same experiments, see Løken and Oftedal [64] and Xiang and Løken [65].
Løken and Oftedal compared the experiments to a numerical model in the frequency domain.
The solution to the equation of motion was based on the direct frequency-response method
with one solution for each long-crested wave frequency. Stochastic response was calculated as
part of the post-processing using statistical methods. With the system being linear, no effects
such as slow-drift, viscous drag or current effects were accounted for. Xiang and Løken did
a comprehensive number of comparisons using three different numerical models in OrcaFlex.
The first and second model were based on the time domain and frequency domain method,
respectively, with no hydrodynamic interaction accounted for. The third model was based on
the time domain method and included hydrodynamic interaction between the pontoons. They
found that the hydrodynamic interaction had an effect on the vertical displacement response of
the bridge for some frequencies of long-crested waves. They also found a dampening effect in
the response when applying currents to the long-crested waves - opposite to the amplifying effect
found in the experiments.

The present study describes the numerical and experimental models and the corresponding
results in more detail than before in the literature and employs a meticulous step-by-step approach
in order to assess the uncertainties of the numerical model using sensitivity studies. Using a
manually implemented iteration for calculating the natural frequencies which includes the
frequency-dependent added mass, a closer fit to the natural frequencies of the experimental
model is obtained, strengthening the overall comparison.
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(a) View from above with location of measurement points and wave directions.
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(b) View from above with location of pontoons, ballast, force transducers and bending- and shear gauges.
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(c) View from the side showing location of traffic ballast, water depth and height of bridge girder.

Fig. 15: Sketch of the experimental model of the floating pontoon bridge used in the third paper with all
dimensions in m, referring to full scale.

5.1 Description of the 1989 experiments used for verification

The experiments were carried out by Marintek (now SINTEF Ocean) in 1989 for a 830 m long
simplified curved floating pontoon bridge model, used in the design of the Bersøysund- and
Nordhordland Bridge. A sketch of the small scale model is illustrated in Fig. 15, giving an overview
of the full scale dimensions and the location of the force- and motion response measuring devices.

The model consists of a curved bridge girder 8.8 m above the MWL with a radius of curvature
of 1,300 m in the horizontal plane. Along the bridge are 8 pontoons supporting the bridge and at
17 locations ballast from traffic load is added at various heights, see Fig. 15c. The water depth is
equivalent to 100 m in full scale. Rotational springs are inserted at the two ends to allow for
rotation about the weak and strong axis of the bridge girder, whereas the torsional rotation of
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(a) Experimental model. Photograph from [65]. (b) Model 3.

Fig. 16: Visual comparison of the experimental and numerical models.

the bridge girder is kept fixed.
Model 3 is created in Sima with corresponding mass- and stiffness properties and a visual

comparison of the experimental and numerical model is shown in Fig. 16. For details about
Model 3, please see the appended third paper.

5.1.1 Measurement instrumentation

The vertical and transverse displacement of the bridge and torsional rotation are measured at
five positions along the bridge corresponding to the 1/4, 3/8, 1/2, 5/8 and 3/4 points of the
bridge, illustrated in Fig. 15a. The reaction forces are measured at the two ends of the bridge
with 6-axis force transducers and at the 1/4, 1/2 and 3/4 points along the bridge using shear-
and bending gauges, see Fig. 15b.

5.1.2 Overview of tests performed in the experiment

The performed tests include both static load tests, decay tests, regular and irregular long-crested
waves, short-crested waves and a combination of long-crested waves and current. The dynamic
response is given as standard deviations, RAOs and response spectra.

5.1.3 Uncertainties in measured response

Based on the Marintek report [66] about the experiments and a previously published article
[64], the uncertainty related to the experiments is estimated to be 5-10%. However, due to
inevitable inaccuracies in the wave generation procedure and positioning of the model, changes
in the wave direction of up to 0.4◦ are present [66]. Combined with the symmetric shape of the
first horizontal mode, the response from beam sea is strongly sensitive to those changes in the
long-crested wave direction.

5.2 Important findings

5.2.1 Verification of static response and modal properties

A significant difference was observed between the numerical and experimental model in the initial
comparison of the static response and modal properties. Two possible reasons were identified:
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Tab. 4:Modal properties of the Model 3 using different modifiers fBC and fEI . The experimental model is
compared with Model 3 based on fBC = 1.00 and fEI = 1.18. Frequency-dependent added mass is taken
into account manually.

Mode fBC = 1.00 fBC = 1.00 Experiments

fEI = 1.00 fEI = 1.18 Value Diff.

n Shape [s] Shape [s] [s] [%]

1 Y2 10.64 Y2 9.95
‡

9.96
†

-0.1

2 Z1 7.89 Z1 7.88 7.85
§

0.4

3 Z2 7.70 Z2 7.67 7.35
§

4.4

4 Z3 7.17 Z3 7.08 6.87
§

3.1

5 Z4 6.24 Z4 6.07 - -

6 Y3 5.35 RX1 5.12 5.53
§

-7.4

7 RX1 5.13 Y3 4.97 4.95
§

0.4

8 Z5 5.10 Z5 4.88 - -

9 RX2 4.58 RX2 4.56 4.82
§

-5.4

10 RX3 4.02 RX3 3.99 - -
§

Based on peaks in response spectra from [67]
†

Based on an experimental decay test [66]
‡

A numerical decay test returns 9.94 s

i) incorrect rotational spring stiffness values at the two ends, or ii) significant contribution to
the bending stiffness from the three shear- and bending gauges inserted at the 1/4, 1/2 and 3/4
points along the bridge. Both scenarios were checked by first multiplying the original rotational
spring stiffness with a modifier fBC of various values and later by multiplying the bridge girder
bending stiffness with a modifier fEI with different values. From a sensitivity study of the static
response and the modal properties, the modifiers were finally chosen as fBC = 1.00 and fEI = 1.18.
The natural periods of the initial and final versions of Model 3 are listed in Tab. 4. The mode
shape notation is defined as Y2 for the first horizontal mode with two half sine waves, Z1 for the
first vertical mode with one half sine wave and RX1 for the first torsional mode with one half
sine wave. The reason for the final choice was mainly that the natural periods of the first two
horizontal modes were matching and the static response were most sensitive to changes in fEI .

5.2.2 Sensitivity towards drag coefficient values

In the study, 2-dimensional drag coefficients from the literature are applied in order to include
the viscous loads on the pontoons. Due to uncertainties in the applied values a sensitivity study
was performed based on ±50% of the initial values. The study found insignificant changes in the
response.

5.2.3 Directional sensitivity for beam sea

The symmetric shape of the first horizontal mode makes the response from beam sea strongly
sensitive to changes in the long-crested wave direction. Model 3 is idealized and therefore has
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Fig. 17: Comparison of vertical and transverse displacement RAOs between Sima and experiments.

a wave direction of exactly −90.0◦, which will cancel out the first horizontal mode due to the
structural symmetry. Instead, in the experiments, the wave direction is slightly inaccurate with
−90.0 ± 0.4◦ [66]. In this case, the first mode can be excited. This is clearly shown in the
difference between the experiments and Model 3 for the horizontal displacement response YG at
Pos. 5 in Fig. 17 for waves from −90.0◦ with a wave period close to 10 s, corresponding to the
first horizontal mode. The same directional sensitivity in the response is illustrated in Fig. 18 for
irregular long-crested waves.

5.2.4 Response from short-crested wave loads

A good agreement is found between Model 3 and the experiment for short-crested wave loads.
The calculated response is less sensitive to the number of wave directions when using more than
50 wave directions in the directional spreading function.

5.2.5 Current-wave interaction effects

For cases with long-crested irregular waves, there is roughly a 6% increase in the measured
response with increased wave height. The same increase is present for cases with and without an
added current. The corresponding increase is calculated to roughly 9% in Model 3.

When keeping the significant wave height constant there is an increase in the measured
response of roughly 17% when adding current to cases of both low and high significant wave
heights. The same increase is roughly 10% in Model 3.
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Fig. 18: Directional sensitivity in structural response for irregular long-crested waves.



6 Concluding remarks

The present thesis describes research related to uncertainty assessment of the wave- and current
induced global response for horizontally curved floating pontoon bridges. The research is based
on numerical studies performed mainly with the computer program Sima, used for general multi-
purpose offshore structural analysis, and some studies are performed with the computer program
OrcaFlex for comparison purposes. As a pre-requisite for the numerical studies, three different
numerical models are created in Sima - one model for each appended paper, with corresponding
numbers.

Model 1. A simplified version of the Bjørnafjord phase 2 concept with one single equivalent beam
cross-section for the bridge girder at a constant height along the bridge with supporting
pontoons for every 197 m, connected with columns

Model 2a. A complex version of the Bjørnafjord phase 2 concept following the design description
with only slight simplifications in order to better compare Sima and OrcaFlex

Model 3. A replica of the experimental model used in the 1989 ocean basin experiments carried
out by Marintek (now SINTEF Ocean), in order to verify Sima against experiments when
applied to a floating pontoon bridge structure

The numerical studies assess uncertainties related to the analysis and design of floating
pontoon bridges. The assessment started with an investigation of the effect of wave direction
uncertainty on the extreme response, then a comparison of the performance of two commonly
used computer programs when used for a global response analysis and, finally, an uncertainty as-
sessment and verification of the computer program Sima by comparing with existing experimental
results.

6.1 Original contributions

The present thesis is a collection of three appended papers and their original contributions to the
scientific community can be boiled down to the following points.

Reference for accuracy in extreme response. Based on a large amount of statistically indepen-
dent realizations, a reference is made in the first appended paper for how many samples
are needed and how long each time series should be, in order to accurately describe the
short-term extreme structural response of a floating pontoon bridge structure.

Effect of wave direction parameters on extreme response. A parametric study is conducted
in the first appended paper to investigate the relationship between changes in two common
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wave direction parameters for short-crested waves and the extreme structural response of
a floating pontoon bridge concept. The two parameters are the main wave direction and
the spreading exponent. Based on the above mentioned reference and a target accuracy of
2%, 40 statistically independent 3-hour realizations are used for each combination of the
parameters. The study concludes that changes in the main wave direction only have a small
effect on the response as long as the variation is within ±15◦ from beam sea. Similarly,
varying the spreading exponent between two opposing but naturally occurring spreading
exponent values, i.e. 2 and 10, has a relatively small effect on the response.

Reference for comparison of Sima and OrcaFlex floating bridge models. A comprehensive
comparison is made between two commonly used computer programs for general multi-
purpose offshore structural analysis. The comparison is based on numerical models created
in Sima and OrcaFlex based on the exact same geometric input for the Bjørnafjord phase 2
floating bridge concept selected by the NPRA. Care has been taken to make both computer
programs compatible when different methods had to be used in the user-given inputs. A
step-by-step approach has been used to make sure static and modal properties are as close
as possible before comparison of the dynamic responses. Overall, the global responses
calculated in the two computer programs, are found to be within 5-15% of each other,
depending on the load case and response type. Although the differences in the modal
properties are as small as possible, they are thought to be the underlying cause of the
differences in the calculated structural responses.

Verification of Sima when applied to a floating pontoon bridge concept. A numerical model
is created to verify Sima towards experiments carried out in 1989 by Marintek (now SINTEF
Ocean) for a generic floating pontoon bridge. The comparison involves several sensitivity
studies in order to quantify the effect of uncertainties in physical properties, due to the lack
of information in the 30 year old reports from the experiments. Based on these sensitivity
studies, the bending stiffness of the bridge girder in the numerical model is updated in order
to match the stiffness from inserted shear- and bending gauges in the experimental model.
A good match is found in the static response and the modal properties with natural periods
coinciding with that of decay tests and stochastic response spectra from experimental tests.
Based on an uncertainty in the measured response of 5-10%, a good fit is obtained with
the calculated response and Sima is thereby verified for application to such curved floating
pontoon bridge concepts with similar span lengths.

6.2 Limitations and future work

In pursuit of the research objectives of the present thesis, different assumptions and simplifications
are made in order to narrow the scope of the research. These assumptions and simplifications,
however, impose some limitations on the conclusions and further work is suggested in order to
improve upon or extent the current research.

In estimating the effect of wave direction parameters on the extreme response of a floating
bridge concept, a simplified linear numerical model of the Bjørnafjord phase 2 floating bridge
concept is utilized with only first order wave loads. This decision was based on the fact that
waves are the dominant load for the Bergsøysund Bridge [68] and the assumption that the same
would hold in our case since the geometry is very similar. The drawback of this approach is that
other environmental loads have proved to be important for the dynamic response and the findings
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should therefore be used with these limitations in mind. For instance, Wang et al. [69] showed
that wind loads can have a significant dampening effect on the wave load response for a 3-span
suspension bridge structure with floating pylons. More specifically for the Bjørnafjord phase 2
floating pontoon bridge concept, Cheng et al. [70] have shown that for combined wind and wave
loads from a 270◦ direction, the horizontal response and the axial force were dominated by wind
loads, whereas the vertical response and torsional moments were dominated by wave loads. In
the same study they found current to have a dampening effect on the response in general. Cheng
et al. [71] investigated the statistical properties of the extreme strong axis bending moment- and
axial force responses of the same bridge concept when subjected to only waves from beam sea
and when subjected to aligned waves and wind from beam sea. By looking at the PDF of the
100-year response time series they found that for both response processes, the skewness was very
close to zero and that the kurtosis was close to 3. This suggests that the underlying processes
for both response types are close to a Gaussian process. Based on these findings, future studies
are suggested to include both first order waves, wind, current and non-linear effects such as
viscous damping, low-frequency wind and second order difference-frequency wave loads when
estimating the extreme response for a bridge such as the Bjørnafjord phase 2 floating bridge
concept.

Two extensive numerical models of the Bjørnafjord phase 2 floating bridge concept are used to
compare the two computer programs Sima and OrcaFlex. However, the comparison is limited to
only include first and second order wave forces, viscous drag and short-crested waves. Both wind
and current loads have been disregarded and this introduces the same drawbacks as discussed
above. Future work is needed in order to estimate the differences when the structure is exposed
to wind and current loads. For instance, in the third appended paper wave-current interaction in
Sima amplifies the structural response of a floating pontoon bridge, whereas Xiang and Løken
[65] predict a dampening effect in OrcaFlex.

The verification of Sima towards the 1989 experiments conducted by then Marintek is based
on a generic floating pontoon bridge concept with a length of roughly 830 m. With lengths of
up to 5,000 m for the current floating bridge concepts selected by the NPRA, the verification is
questionable for similar structures with lengths more than five times that of the previously tested
model. Future experiments are required to verify Sima for longer bridge concepts, although
this is not feasible due to the extensive lengths of the bridge concepts, the scaling requirements
and the size of existing ocean basins. Instead hybrid tests need to be performed. Finally, the
conducted verification is based on response quantities such as response amplitude operators,
standard deviations and response spectra. A future verification would be enhanced by comparing
with actual time series from the experiment.
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A B S T R A C T

Reliable design codes are of great importance when constructing new civil engineering concepts such as floating
bridges. Previously only a scarce number of floating bridges have been built in rough wave conditions and only
limited knowledge of the extreme environmental conditions and the associated extreme response exists. To form
a better design basis an increased understanding of the sensitivity in the structural response towards changes in
short-crested sea parameters is needed. Furthermore, acquiring the necessary accuracy in simulated extreme
response is often a computationally expensive endeavour and the number of simulations needed is often based
on experience. The present study investigates the wave-induced short-term extreme response of a simplified end-
anchored floating bridge concept for several wave environments with a return period of 100 years. The study
includes convergence of the coefficient of variation for the extreme response for different realization lengths as
well as number of realizations. The sensitivity in the structural response towards different main wave directions
and spreading exponents is investigated and includes both transverse and vertical displacement response spectra
and extreme Von Mises stress in the bridge girder cross-section. The extreme response is based on an accuracy of
2% in the coefficient of variation equivalent to 40 3-h realizations and a low sensitivity in the response is found
for natural occurring spreading exponents and for main wave directions within 15° from beam sea.

1. Introduction

The Norwegian Public Roads Administration (NPRA) is currently
undertaking a large infrastructure project involving floating bridge
structures over their wide and deep fjords. The fjords are up to 1300m
deep, 6000m wide and located in the western part of Norway exposing
the structures to rough wind and wave conditions from the North Sea.
These extreme conditions make it important to understand the struc-
tural response and their sensitivity to changes in the wave environment.
Stochastic wave loading processes and their application in stochastic
response of floating bridges has been a research topic since the late
1970s and the structural response of a short (less than 1500m) curved
floating bridge with continuous pontoons was thoroughly investigated
in the late 1970s and the 1980s [1–6] when construction of the
Bergsøysund Bridge and the Nordhordland Bridge was under way. The
studies included both time domain and frequency domain analyses and
included regular waves, irregular long-crested waves and short-crested
waves. Sigbjörnsson [2] described an explicit representation of the
short-crested behaviour of waves in the frequency domain. Coherency

functions were used to show the correlation between wave loads as a
function of the spreading exponent and the spatial coordinates, based
on previous research by Borgman [7]. Langen and Sigbjörnsson [3]
applied the directional wave spectrum in time domain and concluded
that a design using long-crested waves would yield unreasonably con-
servative results, whereas for short-crested waves a low sensitivity was
found in the response towards changes within naturally occurring
spreading exponent values. Hutchison [8] showed that a logical con-
sistency existed between the two principal methods existing at the time
for describing the dynamic response from short-crested waves, i.e. su-
perposition of long-crested waves and an explicit representation of the
short-crested behaviour of the incident wave field such as the one de-
scribed by Sigbjörnsson [2]. Another method to give an explicit re-
presentation of the wave field mentioned by Hutchison was the use of
an empirical spacial correlation factor described by Hartz and Georgiadis
as a reduction factor for the time series of nodal wave forces in a nu-
merical analysis [8]. Langen and Leira [4–6] carried out several studies
on the probabilistic design of the short floating bridge structure fo-
cusing on the bending moments and pre-tension force in the bridge
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cross-section. The studies found that the correlation between the
bending moments was important to take into account and that it was
dependent on the peak period in the wave spectrum. In more recent
years Villoria [9] found a lower influence in the response from changes
in the spreading exponent and the wave spectrum shape than from
changes in the wave direction and wave period for a long (more than
4000m) straight and a curved floating pontoon bridge.

For many engineering purposes the design wave parameters are
taken as valid inputs but as Moan et al. [10] describes, generally for
marine structures the extreme response is very sensitive to the amount
of data available to represent the long-term variability of the wave
conditions. Bitner-Gregersen et al. [11] noted that some epistemic
(knowledge based) uncertainties related to environmental descriptions
of wind and waves exists, such as non-stationarity, sampling variability
and directionality of wind and waves. A comparison of three metocean
databases is described in Bitner-Gregersen et al. and the difference in
the significant wave height and the zero-crossing period for return
periods of 100 years was found to be over 5 m and 4 s, respectively.
Another issue argued by Bitner-Gregersen et al. is the frequency-de-
pendent behaviour of the directional spreading in in-situ measure-
ments. Other uncertainties related to in-situ measurements are pointed
out by Kvåle and Øiseth [12] who describes the differences in identi-
fication methods for characterizing the wave field based on simulated
data. They conducted a comparison of two identification methods using
three different sensor layouts and found clear differences in the
methods for the sensor layouts they used. These uncertainties all relate
to the design wave environment and a thorough understanding of the
sensitivity in the extreme floating bridge response is needed in order to
quantify the importance of these uncertainties.

The extreme response for long floating bridge structures is a topic
touched upon in recent years. Giske et al. [13] have compared the
environmental contour method with the full long-term extreme method
for a long double-curved floating pontoon bridge and found that it can
give a rough estimate of the real long-term extreme response. Giske
et al. also compared a new Inverse Second Order Reliability Method
(ISORM) described in [14] to the full long-term extreme method and
found it to give a high accuracy in the long-term extreme response.
Øiseth et al. [15] compared the Average Conditional Exceedance Rates
(ACER) method described in [16] to the Gumbel method for the ex-
treme response for a short curved floating pontoon bridge and found
that the ACER method had a significantly narrower confidence interval,
introducing less uncertainty in the estimation of the extreme response.
Xu et al. [17] compared two short-term extreme methods based on the
ACER method to a full long-term extreme method for a single-span
suspension bridge and found the extreme load effects from the full long-
term extreme method to be 14% higher.

With the rough wave conditions at the Bjørnafjord and the de-
scribed uncertainties in the estimation of the wave parameters, it is
important to understand the structural response and the effect of
changes in these parameters on the extreme response. The current
paper presents an extensive numerical study of the extreme response for
a long end-anchored floating pontoon bridge with emphasis on the
needed simulation length and number of realizations in order to
achieve the necessary accuracy and a parametric study of the extreme
response based on the main wave direction and the spreading exponent
for short-crested sea. To the knowledge of the authors, all previous
studies on the sensitivity of the extreme response to the wave direc-
tionality has either been conducted in frequency domain or on a few
short time domain simulations. In the present paper it is the first time a
numerical parameter study is based on an extensive amount of time
domain simulations for each changed parameter and will help solidify
the understanding of their effect on the extreme response of a long
floating bridge. As part of the extensive time domain calculations the
dependency of the accuracy in the short-term extreme prediction to-
wards the simulation length and the number of realizations has been
investigated for the general floating bridge structure to be used as a

reference for future investigations of the extreme response.

2. Description of the floating bridge concept

The floating bridge modelled in the present study is a simplification
of the Bjørnafjord end-anchored floating bridge concept described by
COWI [18]. The simplified concept seen in Fig. 1 consists of a double-
symmetric twin-box cross-section bridge girder at roughly 15m height,
covering roughly 4360m of roadline and has a curvature of 5000m in
the horizontal plane. The bridge girder is connected to 21 floating
pontoons every 197m with two circular columns. The pontoons are the
only part of the bridge in contact with the water and the bridge girder is
connected to the shore at each end of the bridge, modelled as fixed
connections. The bridge girder and the columns are modelled as single
equivalent beams in the numerical model with the cross-sectional
properties listed in Table 1.

The pontoons all consist of the same geometry, draft and hydro-
dynamic coefficients. Looking at a pontoon from above, the geometry is
made up of two half circles with a rectangle in between, see Fig. 2. The
total length is 68 m, the total width is 28m and the height is 14.5 m
with a draft of 8.8m found from static equilibrium. For all the pontoons
surge follows the global x-axis and sway follows the global y-axis as
shown in Fig. 2. Throughout this paper indices one to six for hydro-
dynamic coefficients indicate surge, sway, heave, roll, pitch and yaw
accordingly. Table 2 lists the properties of the pontoon. Based on the
bridge girder mass in Table 1 and the pontoon mass and displacement
in Table 2 the static equilibrium can be verified.

3. Methodology

The aim of the paper is two-fold: (1) to find the required realization
length and number of realizations to achieve a reliable accuracy in the
extreme response and (2) to describe the effect of changing short-
crested sea parameters on the extreme response. In the following a
description is given of the numerical model as well as the assumptions
made in order to calculate the stresses in the bridge girder from the
internal forces given as output in the numerical model. Later on the
choice of parameters to be changed in the parametric study is argued
and finally a description is given of how the extreme response is esti-
mated and how the necessary accuracy is achieved.

Fig. 1. Numerical model of the end-anchored floating bridge.

Table 1
Single equivalent beam cross-section properties [18]. The notations EIy and EIz
refer to the bending stiffness about the weak and strong axis, respectively, and
the notation EA refer to the axial stiffness. Similarly the notations GIx and rx
refer to the torsional stiffness and the radius of gyration, respectively.

Property Unit Girder Column

Mass [ton/m] 2.67E+01 1.60E+01
rx [m] 2.02E+01 1.84E+01
EA [kN] 3.87E+08 3.68E+08
EIy [kNm2] 2.76E+09 2.92E+09
EIz [kNm2] 1.56E+11 1.29E+11
GIx [kNm2/rad] 6.10E+10 5.07E+10
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3.1. Numerical model

The numerical model of the floating bridge is developed in the
coupled hydro-elastic code SIMO-RIFLEX [19,20]. The structural
system is idealized using the Finite Element Method (FEM) with the
bridge girder and the columns modelled as Euler-Bernoulli beams and
the pontoons as 6 degrees of freedom (DOF) nodes with hydrodynamic
mass, stiffness and damping properties. The bridge girder is fixed at
each end in all DOF. The mesh of the model is made up of girder ele-
ments of roughly 5m and column elements of roughly 3m lengths,
resulting in a total of roughly 950 beam elements in the model. The
hybrid frequency- and time domain model is utilized in the code to set
up the equation of motion commonly known as the Cummin's equation
[21,22].
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Here, Mjk, Djk and Kjk are the structural mass-, damping-, and stiff-
ness matrix, respectively, and Cjk is the hydrostatic stiffness matrix. The
hydrodynamic added mass = +∞A ω A a ω( ) ( )jk jk jk is here divided into a
frequency-independent part ∞Ajk corresponding to the added mass at
infinite frequency and a frequency-dependent term ajk(ω). The same
goes for the hydrodynamic damping = +∞B ω B b ω( ) ( )jk jk jk . The nota-
tion ω here refers to angular frequency. The indices are defined ac-
cording to the body-fixed coordinate system with j=1, 2, . . . signifying
surge, sway and so forth. The wave excitation force q t( )j

exc is a combi-
nation of the Froude-Krylov force and the diffraction force from solving
the diffraction problem and is equivalent to the first order wave force
q t( )j

(1) . The displacement and its time derivatives are symbolized with
uk(t), u t˙ ( )k and u t¨ ( )k with t referring to time and τ representing the time

lag in the convolution within the “memory” time tmem. The hydro-
dynamic frequency-dependent added mass and damping found by sol-
ving the radiation problem are included in Eq. (1) through the re-
tardation function kjk(t).
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Here i is the imaginary unit. The retardation function kjk(t)= 0 for
t < 0 due to causality and kjk(t)→ 0 for t→∞. The last term in Eq. (2)
is derived by expanding the complex notation, removing the odd parts
of the equation and applying the causality property. The frequency-
independent damping ∞Bjk is zero since physically no waves are gener-
ated when the structure is oscillating at infinite frequency.

3.1.1. Modelling the first order wave load
The sea surface elevation consists of wind-generated waves ap-

proximated as a stationary and homogeneous random field. The wind-
generated waves are described by a directional wave spectrum Sζ(ω, θ)
approximated as the product of the unidirectional wave spectrum Sζ(ω)
and the directional spreading function Dζ(θ). The JONSWAP [23] wave
spectrum in Eq. (3) is applied in the analysis.
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The spectral parameters α and β are, for North Sea projects, often
defined as = −−α H T γ5.061 [1 0.287 ln( )]s p

2 4 and β=0.07 for ω≤ωp or
β=0.09 for ω > ωp, respectively. g is the gravitational acceleration
and the remaining variables are the peak angular frequency ωp, the
peakedness parameter γ and the significant wave height Hs. The di-
rectional spreading function is given in Eq. (4) where θ is the wave
direction, θ0 is the main wave direction, s is the spreading exponent and
Γ(·) is the Gamma function.
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The first order wave force is generated by Monte Carlo simulation
using fast Fourier transformations (FFT) of the real partR(·) of the first
order wave force transfer function H ω θ( , )j m n

(1) and the wave spectrum
Sζ(ωm).
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Where km is the wave number, εnm is the random phase angle and φHjnm
(1)

is the phase angle.
The JONSWAP wave spectrum is used to describe the wave eleva-

tion with the parameters listed in Table 4. These parameters represents
the preliminary wave condition at the Bjørnafjord for a 100-year return
period [18]. The main wave direction follows the compass notations
illustrated to the right in Fig. 2.

The hydrodynamic properties of the pontoon are found using the
Boundary Element Method software Wadam [24]. With the extreme
wave conditions located inside the Bjørnafjord the design wave height
and wave period are still relatively small in comparison to the pontoon
dimensions. For these specific wave conditions and pontoon geometry
the structure is classified as a large structure with mainly diffraction
loads being important. Utilizing the concept of double-symmetry the
panel model used is one quarter of the pontoon. The panel model is
given a general mesh size of 0.4m resulting in a total of 5450 panel
elements. The wave directions used are going from 90° to 180° with a 5°

Fig. 2. Pontoon panel model and body-fixed coordinate system (left) and
compass notation of wave directions and global coordinate system (right).

Table 2
Pontoon properties [18].

Property Unit Value

Mass [ton] 1.03E+04
Roll inertia [tonm2] 4.93E+06
Pitch inertia [tonm2] 1.21E+06
Yaw inertia [tonm2] 5.47E+06
COG from waterline [m] −2.53E+00
Displacement [ton] 1.57E+04
Roll water plane stiffness [kNm/rad] 5.33E+06
Pitch water plane stiffness [kNm/rad] 6.18E+05
Heave stiffness [kN/m] 1.75E+04
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resolution following the notation in Fig. 2. Similarly the wave fre-
quencies are between 2π/1000 to 6π rad/s with varying frequency step
(from Δω=2π/100 at the lowest frequencies, to Δω=2π at the
highest frequencies) in order to represent the hydrodynamic coeffi-
cients sufficiently. Fig. 3 illustrates the hydrodynamic properties of the
pontoon. Noticeable information from Fig. 3 is the variation in the first
order wave force transfer function for heave H ω θ| ( , )|3

(1) within the
frequency range of the wave spectrum for different wave directions.

In the hydrodynamic analysis of the pontoon the stiffness of the
bridge superstructure is not taken into account. The solution of the
classic radiation problem and diffraction problem does not depend on
the pontoon stiffness and will not affect the hydrodynamic coefficients
or the first order wave load transfer function. The first order motion
transfer function, however, is affected but is not used in the estimation
of the wave loads or the general response of the bridge. Instead the
stiffness of the bridge superstructure is taken into account in the time
domain analysis carried out in SIMO-RIFLEX. In other words, here the
hydro-elasticity is only influencing the motions and responses, not the
hydrodynamic coefficients in the model. The influence on motions may
become more important when considering second order loads, but that
is out of the scope of the present paper.

The option of modelling the wave loads as functions of spatial co-
ordinates is built into the code. However, the correlation of the wave
elevation at the different pontoon locations is significantly influenced
by the irregular behaviour and the wave spreading. For short-crested
beam sea the correlation is insignificant as pointed out by Kvåle et al.
[25]. The almost non-existing correlation suggests that the wave forces
acting on the pontoons could instead have been modelled as 21 in-
dependent wave loads.

In practice, the relative dimensions of the pontoons compared to the
distance between them will govern whether the interaction effects
should be accounted for or not. A simple estimation for hydrodynamic
interaction between two ships is described in Xiang [26]. Based on this
simplified estimation the interaction effects are assumed to be negli-
gible for the present case study. Other studies have been made on
floating bridges accounting for the hydrodynamic interaction effects

such as Xiang et al. [27] and Seif and Inoue [28].

3.1.2. Tidal variation
The tidal variation is± 0.75m from the mean sea level. An ex-

pected increase in the mean sea level of 0.8m is expected in the future
due to climate change [29]. Any effects of the tidal variations are as-
sumed to be a static effect and for this reason is neglected in the present
study.

3.1.3. Note on using single equivalent beams
Both the bridge girder and the connection between the bridge girder

and each pontoon are modelled as equivalent single beams with the
cross-section properties listed in Table 1. When extracting the internal
forces in the post-processing the effect of local stresses is neglected. For
instance the stresses in the weld between the bridge girder and each
column is not considered when calculating the stresses in the bridge
girder.

3.1.4. Structural damping
In the numerical model the structural damping is applied globally

using Rayleigh damping. The mass and stiffness proportional damping
coefficients are 0.01208 and 0.03061, respectively, resulting in a
damping ratio between 0.02 and 0.03 within the frequency range of the
wave spectrum. With a damping ratio of less than 0.02 for standard civil
engineering structures the chosen damping ratio is on the un-con-
servative side. However, given the simplifications already listed, the
present study is not focused on the correct modelling of the bridge but
rather on the sensitivity of the extreme response towards the short-
crested sea parameters. Furthermore, the choice of the increased
damping ratio can be argued by the exclusion of other damping effects
such as the viscous drag on the pontoons and the aerodynamic damping
from wind. For instance, Wang et al. [30] showed that for a floating
multi-span suspension bridge the aerodynamic damping from the wind
significantly dampened the wave-induced response.

In the present study the Rayleigh damping applied with the men-
tioned coefficients is furthermore of low influence to the response due

Fig. 3. Hydrodynamic coefficients following the body-fixed coordinate system of the pontoon with wave direction notation according to Fig. 2, i.e. waves from 90°
and 180° follow sway and surge in the body-fixed coordinate system, respectively.
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to the large amount of potential hydrodynamic damping stemming
from the pontoons.

3.1.5. Solution procedures
The theory of the FEM is well established and hence only a general

description of the solution procedures are given in the current section.
For more details, the reader is referred to [20,31–33]. The solution u(t)
to the global system, i.e. the response time history, is first found based
on a Newmark time step integration procedure and a Newton-Raphson
iteration within each time step. The internal forces and moments at
each time step are then found using the theory of virtual work using the
global displacements and rotations at the end nodes of each individual
beam element in the system together with the stress-strain relationships
and the element interpolation functions. As an example, the internal
weak axis bending moment My is found through the following in-
tegration over the initial element length L0.

∫=M N κEI dxy L z
T

y y,xx
0 (6)

Where Nz
T
,xx is the transpose of the vector of second derivatives with

respect to the longitudinal direction x of the cubic interpolation func-
tions for the transverse displacement z for a beam element. The re-
maining quantities κy and EIy refer to the curvature and the bending
stiffness around the y-axis, respectively.

Static equilibrium is obtained using an incremental loading of the
static forces in the system. At each incremental step the Newton-
Raphson iterative procedure is used to find convergence [20].

For solving the standard eigenvalue problem SIMO-RIFLEX uses the
iterative Lanczos Method. The build-in procedure makes use of the
hydrostatic stiffness and the hydrodynamic added mass at infinite fre-
quency for the pontoons in the solution. Table 3 lists a manual pseudo-
procedure used in order to take into account the frequency-dependent
added mass in the solution.

Stability of the time-domain solution is obtained by specifying a
ramping time of 10 s and a time step of 0.05 s based on an initial
convergence study.

3.2. Parametric study

A parametric study is carried out in order to investigate the sensi-
tivity of the response to the different naturally occurring spreading
exponents and main wave directions.

3.2.1. Load cases for short-crested sea
A total of 12 load cases are specified for the parametric study listed

in Table 4. They are made up of two main groups with different
spreading exponents for normal occurring short-crested sea. For each
group the main wave direction is changed. Due to a strong linear re-
lationship between the response and the wave height a constant

significant wave height is specified in the study. The peak period of the
wave spectrum is also kept constant in the current study, although
Larssen et al. [34] has shown that the peak period has a significant
effect on the probability of failure for a curved submerged floating tube
bridge (SFTB). While the significance of the peak period for the re-
sponse most probably is transferable to a floating pontoon bridge the
parameter has been kept constant due to time considerations.

3.2.2. Estimating Von Mises stress in bridge girder
From the global analysis only internal forces are extracted from the

numerical model. In the post-processing of the results the internal
forces are used as input to calculate the Von Mises stress σ t( )v in the
bridge girder. Fig. 4 illustrates the basic assumptions made in order to
estimate the Von Mises stress. One such assumption is the shear forces
and torsional moments being divided equally among the two boxes in
the twin-box cross-section. The second assumption is that the shear flow
from the torsional force follows the contour of each box cross-section.
This assumption is based on Damkilde [35] stating that the torsional
shear flow is constant over a closed thin-walled cross-section. With the
assumed distribution of the internal forces Eq. (7) is used to calculate
the Von Mises stress at each time step t.

= + ± ±σ t σ t τ t τ t τ t( ) ( ) 3( ( ) ( ) ( ))v xx
2

xy xz xx
2 (7)

Here σxx(t) is the normal stress, τxy(t) and τxz(t) are the shear stress
from the horizontal and vertical shear force Sy(t) and Sz(t), respectively.
The torsional shear stress τxx(t) is associated with the torsional moment
Mx(t). The sign convention used depends on the direction of the shear
flow as illustrated in Fig. 4.

The normal stress is found using Eq. (8) with the internal forces
being the effective tension Te(t), the weak axis bending moment My(t)
and the strong axis bending moment Mz(t). The total cross-sectional
area of the twin-box cross-section is given by Ax and the notations y and
z are the distance between the neutral axes of the twin-box cross-section
and the point in question. The second moment of area Iy and Iz of the
twin-box girder are around the two neutral axes indicated by the index.
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The shear stresses τxy(t) and τxz(t) in the local y and z direction,
respectively, are found using Eqs. (9) and (10) for points located yd or zd
from the neutral axes. In the case of calculating τxz(t) at the point zd
from the neutral axis Ā is the area of the cross-section from the point to
the top of the box as illustrated in Fig. 4. Similarly z̄ is the centroid of
that given area measured from the neutral axis. The torsional shear
stress τxx(t) is given by Eq. (11) with tw being the thickness of the girder
wall at the point of interest and Ac is the enclosed area of a single box
girder.
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Table 3
Manual pseudo procedure for solving the standard eigenvalue problem when
accounting for frequency-dependent added mass.

INPUT N, A(ω), tolerance
Solve − + =∞K ω M A ψ[ ( )] 02

Store the first N natural angular frequencies as ωn

FOR n=1 to N
ωout=ωn

diff = tolerance + 1
WHILE diff > tolerance

ωin=ωout

Solve − + =K ω M A ω ψ[ ( ( ))] 02 in
Store the n’th natural angular frequency as ωout

diff = −ω ω| |in out
END
Store ωout as ω *n

END

Table 4
Load cases used in the parametric study. First order wave loads are applied with
the chosen JONSWAP parameters Hs=3.0 m, Tp=6.0 s and γ=3.3 based on
the wave conditions at the Bjørnafjord for a 100-year return period [18].

Load case Spreading Wave direction Load case Spreading Wave direction

LC1.1 2 90° LC2.1 10 90°
LC1.2 2 95° LC2.2 10 95°
LC1.3 2 100° LC2.3 10 100°
LC1.4 2 105° LC2.4 10 105°
LC1.5 2 120° LC2.5 10 120°
LC1.6 2 150° LC2.6 10 150°
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The six critical points in the bridge girder cross-section are PWT, PWS,
PWB, PET, PES and PEB with the first index being E or W for eastern or
western box. Similarly the second index is T, S or B short for top, side or
bottom. The locations of the six critical points are shown in Fig. 4.

3.2.3. Extreme response prediction
Extreme response prediction of a structural system is dependent on

the characteristics of the stochastic load and the (non)-linearity of the
structural system. With only first order Gaussian waves acting on a
linear structural system, the structural response can be considered
Gaussian in nature with the local maxima of the time series following a
Rice distribution (Rayleigh distribution for narrow-banded processes)
and the largest maxima for several statistically independent realizations
will hence follow a Gumbel distribution asymptotically. An initial in-
vestigation has been conducted with several regular wave scenarios
with changing wave height in order to see if the structural response is

linear. Even though SIMO-RIFLEX include non-linear behaviour such as
geometric stiffness in the solution algorithm, the relationship between
the wave height and the dynamic structural response was found to be
linear. It then follows that the extreme response should follow a
Gumbel distribution.

The extreme response is estimated using a short-term method ac-
cording to recommendations given in Spidsøe and Karunakaran [36].
For a single realization of the response a Weibull distribution is fitted to
the global maxima as recommended by Farnes and Moan [37] using the
method of matching statistical moments. In order to predict the extreme
response from extrapolation of the Weibull distribution a good fit to the
global maxima in the upper tail is necessary. This is generally achieved
using a threshold to avoid over representation of small maxima in the
fitting procedure. The threshold is an empirical value and as pointed
out by Fu et al. [38] can have a significant effect on the shape of the
Weibull distribution. Using a threshold equal to the mean value of the
time series the Weibull fits well to the global maxima as illustrated in
Fig. 5.

Based on the number of global maxima Nm in the time series and the
Weibull location parameter δ, scaling factor λ and shape factor υ an
estimate of the extrapolated extreme μXe is calculated.

= + ⎡
⎣

+ ⎤
⎦

−μ δ λ N
υ

N(ln( )) 0.57722 (ln( ))X m υ m
υ

υ
1 1

e (12)

Based on Nr realizations the average extrapolated extreme μX̄e and the
corresponding standard deviation σX̄e and coefficient of variation
(c.o.v.) CXe are found.
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Fig. 4. Bridge girder cross-section with critical points and assumed stress distribution for calculating cross-sectional stresses. All measurements are in mm.

Fig. 5. Fit of a Weibull distribution to the global maxima Von Mises stress in
point PET at AX23 for LC1.1 from a single 3-h realization.
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For load case LC1.1 the largest average extrapolated extreme of the
Von Mises stress is observed to be in point PET at axis AX23 on the
bridge. Here a comparison of the c.o.v. of the average extrapolated ex-
treme is performed for three sets of 100 realizations, each with the
realization length of 1 h, 2 h and 3 h, respectively. In Fig. 6 the c.o.v. of
the average extrapolated extremes is presented as a function of the rea-
lization length and the number of realizations. These results show that
one will obtain a c.o.v. of less than 4% for even the shortest realization
length using roughly 10 realizations. For a 3 h realization length 10
realizations give a c.o.v. of approximately 2.5% while 40 realizations
give less than 2%. This is thought to be an acceptable level of accuracy.
The Type I extreme value distributions obtained from the fitted Weibull
parameters from 2 sets of 40 realizations are compared to the sample
extremes as well as a Gumbel distribution fitted to the 100 sample ex-
tremes in Fig. 7. Based on the −log(− log(·)) values of the cumulative
distribution functions denoted with Fx the two Type I distributions
based on 40 independent 3 h realizations both show a good fit and will
be used in the following parametric study for each load case listed in
Table 4.

4. Results and discussion

4.1. Modal properties

Table 5 lists the natural frequencies of the structure with modes
3–30 in the range of the 100-year wave spectrum applied in the para-
metric study. Many of the active natural periods are within 0.1 s of each
other, making the floating bridge a complex structural system. Fig. 8
shows the transverse and vertical displacements of the corresponding
modeshapes when accounting for the frequency-dependent added mass,
which have a significant effect on the weak and strong axis bending
moment in the bridge girder. With the structural system being strongly

linear the response is expected to be a superposition of the mode shapes
and the Von Mises stress will in turn be affected by the contributions
from the bending moments to the normal stress at the critical points of
the girder cross-section. It should be noted that the modeshapes when
not accounting for the frequency-dependent added mass show the same
shape with insignificant differences. The corresponding frequencies,
however, are slightly different.

4.2. Parametric study

In the following sections the sensitivity towards the main wave di-
rection and the spreading exponent is summarized for the transverse
and vertical displacement response spectra, the extreme Von Mises
stress and the correlation between the weak and strong axis bending
moment.

4.2.1. Effect on displacement response spectra
Based on the time series of the transverse and vertical displacement

at each axis the corresponding response spectra, S2(ω) and S3(ω) re-
spectively, are found through a fast Fourier transformation (FFT) of the
auto-correlation function of the said time series. This is done using
WAFO [39] and the average of all 40 response spectra is used as the
representative response spectrum for each load case. Although the re-
sponse spectra are slightly different along the bridge the response
spectra at the midspan illustrates the general effect at each pontoon.
Figs. 9 and 10 show the changes in S2(ω) and S3(ω), respectively, to-
wards the main wave direction and the spreading exponent for the
midspan at AX12.

As a general observation, a low sensitivity in both response spectra
towards the spreading exponent persists. The energy in S3(ω) is only
affected by the spreading exponent for main wave directions between
90° (beam sea) and 105°. Similarly, a low sensitivity towards the main
wave direction is observed between beam sea and 105°. However,
significant changes in S3(ω) are observed for main wave directions
larger than 105°.

Fig. 9 illustrates the changes in S3(ω) for changing main wave di-
rection and spreading exponent. Two main peaks are present corre-
sponding to mode 21 and 22 of the structure (first peak) and the peak
period Tp of the wave spectrum (second peak). Although a slight shift is
observed for the first peak this is too small to conclude anything about
the relationship with the modeshapes. The first peak is significantly
larger than the second peak and no peak is visible around mode 29.
Instead a significant increase in the spectra around mode 26 is present
for 150° even though the transverse displacement of this said mode is
almost non-existing for AX12.

Fig. 6. C.o.v. of average extrapolated extremes vs simulation length and number
of samples for Von Mises stress in point PET at AX23 for LC1.1.

Fig. 7. Fit of sample extreme Von Mises stress in point PET at AX23 for LC1.1 to
the Gumbel distribution. They are compared to two Gumbel distributions ob-
tained from fitted Weibull distributions.

Table 5
Eigenvalues of the floating bridge structure when accounting for frequency-
dependent added mass (ω*n ) and when not (ωn). The corresponding modeshapes
are of the same shape with insignificant differences.

Mode ωn ω *n Mode ωn ω *n
n [rad/s] [rad/s] n [rad/s] [rad/s]

1 0.133 0.126 16 0.732 0.780
2 0.232 0.220 17 0.750 0.801
3 0.396 0.372 18 0.773 0.826
4 0.441 0.409 19 0.799 0.854
5 0.671 0.620 20 0.828 0.887
6 0.685 0.726 21 0.861 0.899
7 0.685 0.726 22 0.896 0.918
8 0.686 0.726 23 0.910 0.922
9 0.686 0.727 24 0.920 0.957
10 0.687 0.728 25 0.929 0.992
11 0.690 0.731 26 0.960 1.023
12 0.693 0.735 27 0.985 1.048
13 0.699 0.741 28 1.000 1.064
14 0.707 0.751 29 1.229 1.257
15 0.718 0.764 30 1.393 1.438
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A low sensitivity in S3(ω) towards the main wave directions be-
tween 90° and 150° is illustrated in Fig. 10. For these cases the spectra
show a peak around mode 14 and 16 as well as at the peak corre-
sponding to Tp and mode 28. A significant increase in the overall energy
is observed for main wave directions 120° and 150° and especially for
the most short-crested seas does the peak at Tp become more dominant.
This behaviour is most likely related to the strong directional de-
pendency in the first order wave force transfer function for heave

H ω θ| ( , )|3
(1) seen in Fig. 3. For frequencies between 2π/10 and 2π/4

rad/s corresponding to the frequencies within the applied wave spec-
trum the values for 150° are up to four times larger than the values for
90° (sway). In general, larger heave wave forces are present for direc-
tions closer to 180° (surge). A notable feature in S3(ω) is the significant
relative increase in the peak at Tp for a main wave direction of 150° and
although the larger heave force explains the general energy increase the
first order wave transfer function for heave at 150° is only twice that for

Fig. 8. Transverse and vertical displacement of the floating bridge modes based on exact added mass.

Fig. 9. Transverse response spectra of the bridge girder at the midspan AX12 for all load cases with different [s, θ0] values.
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heave at 90°. Remseth et al. [40] has described the principal effect of
spacial resonance for a straight SFTB using regular long-crested waves
at angles slightly different from beam sea. For a given regular wave
with the frequency ω8 corresponding to the natural frequency of the 8th
mode of the SFTB propagating at a specific angle Θ to the bridge normal
as shown in Fig. 11 the distance LΘ between the wave crests hitting the
SFTB coincide with the peaks of the 8th modeshape of the structure and
thereby amplifying the resonance effect. This effect is thought to be
present in S3(ω) at the midspan of the floating bridge in the current
study, although it is difficult to verify systematically due to the many
closely spaced natural periods of the structure and the neglected
damping in the procedure to obtain said natural periods. Exposing the
structure to long-crested regular waves at different wave directions
with a wave period corresponding to a specific modeshape might work
for low modes but in this case study the relevant modes are between 19
and 30. Furthermore, the strong directional dependency in the first

order wave load transfer functions will add further uncertainty to the
results.

4.2.2. Effect on bending moment correlation
The weak and strong axis bending moments are generally important

factors in the design of floating bridges as pointed out by e.g. Leira and
Langen [6]. For the current structure the correlation coefficient ρMyMz

between the weak and strong axis bending moments is calculated for
each realization within each load case listed in Table 4. The sensitivity

Fig. 10. Vertical response spectra of the bridge girder at the midspan AX12 for all load cases with different [s, θ0] values.

Fig. 11. Parallel wave crests propagating at an angle Θ from the normal of a
straight bridge [40].

Fig. 12. Sensitivity in correlation of weak and strong axis bending moment to
main wave direction and spreading exponent at specific points in the bridge.

Table 6
Largest average extrapolated extreme Von Mises stress and their corresponding
location in the bridge girder

Load case Axis Point Mean Std C.o.v.
[MPa] [MPa] [%]

LC1.1 AX23 PET 371.9 4.1 1.1
LC1.2 AX23 PET 372.2 3.6 1.0
LC1.3 AX23 PET 374.0 3.7 1.0
LC1.4 AX23 PET 375.7 4.4 1.2
LC1.5 AX23 PET 383.3 5.6 1.5
LC1.6 AX23 PET 404.7 6.0 1.5
LC2.1 AX23 PET 364.9 4.0 1.1
LC2.2 AX23 PET 365.7 4.5 1.2
LC2.3 AX23 PET 366.3 3.4 0.9
LC2.4 AX23 PET 365.8 3.7 1.0
LC2.5 AX23 PET 373.2 6.0 1.6
LC2.6 AX23 PET 408.0 6.6 1.6

Fig. 13. Sensitivity in the average extrapolated extreme Von Mises stress in point
PET towards the main wave direction and the spreading exponent.
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towards changes in main wave direction and spreading exponent for the
average correlation coefficient at the midspan and each end of the
bridge is shown in Fig. 12. The correlation coefficient remains within
10% and seem to depend slightly on changes of both main wave di-
rection and spreading exponent, although for main wave direction 90°
and up to 105° the sensitivity towards the main wave direction is in-
significant.

4.2.3. Effect on extreme Von Mises stress
The Von Mises stress is evaluated at all six points shown in Fig. 4

and the value of the largest occurring average extrapolated extreme Von
Mises stress for each load case is listed in Table 6 together with their
corresponding location in the bridge. For all load cases the most critical
point is in point PET at AX23 in the bridge. The sensitivity in the re-
sponse at this location is illustrated in Fig. 13 for changing main wave
direction and spreading exponent showing that the average extrapolated
extremes are within 10% for all load cases, except at AX12 for main
wave direction 150° which is 20% larger. A relatively low sensitivity
towards the spreading exponent is observed, although larger values are
found for the most short-crested load cases. Similarly the main wave
direction only has a measurable effect on the response for 120° and up.
The observation of a low sensitivity towards the spreading exponent is
supported by other studies made by Langen and Sigbjörnsson [3] who
investigated the effect of short-crested sea in the design of a floating
pontoon bridge.

In general PET is found to be the most critical point in the cross-
section for all load cases and at all axes along the bridge, except for
AX20, AX21 and AX22 where PWT is the most critical. Fig. 14 illustrates
the average contributions to the sample extreme Von Mises stress in
point PET at AX1, AX12 and AX23 for changing main wave directions
and spreading exponents. The squared normal stress σxx

2 is the main
contributor to the squared Von Mises stress σv

2 with at least 65% at the
bridge abutments and up to 85% at the middle of the bridge. On
average the largest contributor to the normal stress is the stress from
the weak axis bending moment σmy, which is responsible for roughly
80% of the normal stress at the two ends and up to 90% for the middle
of the bridge.

5. Conclusion

A numerical study of the extreme wave-induced response for a long
end-anchored floating bridge has been presented based on a short-term
extreme method with a wave environment having a return period of
100 years.

The accuracy of the short-term extreme response method is in-
vestigated based on three sets of 100 realizations with realization

lengths of 1 h, 2 h and 3 h, respectively. The coefficient of variation
(c.o.v.) of the average extrapolated extremes from fitting Weibull dis-
tributions to realization maxima show clear dependency on both rea-
lization length and number of realizations. A chosen accuracy of less
than 2% in the c.o.v. is achieved using 40 3-h realizations.

An extensive parametric study has been performed based on 40 3-h
realizations for 12 different wave environments accounting for chan-
ging main wave direction and spreading exponent. A low sensitivity
towards the spreading exponent is observed in the average extrapolated
extreme Von Mises stress of the bridge girder and based on structural
symmetry changes in the main wave direction are insignificant for di-
rections within 15° from beam sea. The transverse and vertical response
spectra show a similar behaviour, except for main wave directions more
than 15° from beam sea where a significant change is observed. This
effect is thought to be linked to spatial resonance described by Remseth
et al. [40], although, the high structural complexity with several im-
portant natural periods within 0.1 s of each other makes it difficult to
verify.
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ABSTRACT
Several computer programs exist to handle general multi-purpose offshore structural analysis of slender structures

subjected to wave loading, although, they have not been developed with the specific purpose of floating bridge global
analysis in mind. Due to the inherent complexity of a floating bridge structure, this poses a valid concern regarding
the accuracy in the calculated response. Normally, the intended computer program is validated against experiments
but in the case of extremely long floating bridges the size limitations of existing ocean basins necessitates the use of
hybrid testing where the computer program is a part of the method to obtain the true value from the experiments. It is,
therefore, crucial to get an overview of how sensitive the numerical results are to inaccurate user inputs, approximations
introduced in the theory and the software implementation of the theory as well as possible settings that the user does not
have access to. An extensive comparison between two commonly used commercial computer programs in the offshore
industry is presented in the present paper for a global analysis of a floating pontoon bridge concept. The comparison
includes modal properties as well as deterministic and stochastic structural response due to wave loads based on coupled
hydro-elastic time domain simulations. First and second order wave loads are included in the comparison as well as
viscous drag. The study indicates a reasonable agreement in the response acquired by the two computer programs and
highlights consequences of differences in some of the input parameters.

INTRODUCTION
The common practice when designing offshore structures is to validate the numerical analysis with experiments

obtained from tests carried out in e.g. an ocean basin facility. In some cases, however, the full-scale dimensions of the
structure are of such proportions that it conflicts with the size limitations of the relevant test facilities and requirements
in accuracy regarding the model scale. Due to the scale of the model, a so-called hybrid test, see e.g. Stansberg et al.
(2002), is usually carried out where only parts of the model are tested in the ocean basin and used for calibration of
the relevant computer program. In turn, the validated computer program is used to predict the full-scale response of
the entire structure. This highlights the necessity of software-to-software comparison since the software is a part of
the tests to obtain the true value. For the engineers who will plan such tests, the software-to-software comparison is
of uttermost importance for their informed choice and quality control purposes as well as to have an estimate on the
uncertainties related to the numerical results.

In Norway the Norwegian Public Roads Administration (NPRA) is working on establishing fixed links across the
many deep and wide fjords along the E39 Coastal Highway Route. The extreme depths of up to 1,300 m and widths of
up to 6,000 m makes the project particularly challenging. One of the proposed structural concepts to cross the fjords
is an end-anchored floating pontoon bridge described in the present paper. Due to the extreme length requirements of
the bridge the validation of the numerical models fall under the hybrid test procedure mentioned above. Experimental
results exist for a shorter but similar floating bridge structure from when the first floating bridges were constructed
in Norway in the early 1990s and have been used as a first step in the validation of existing computer programs,
see Løken and Oftedal (1990) and Xiang and Løken (2019). However, the effect of the increased slenderness of the
proposed floating bridge structure is not well understood and renders the validation towards the previous experiments
insufficient. Furthermore, with several numerical studies conducted in the last five years with respect to end-anchored
floating pontoon bridges related to the E39 Coastal Highway Route Project, see e.g. Xiang et al. (2017); Fu et al.
(2017); Cheng et al. (2018a,b,c), either in the coupled SIMO (SINTEF Ocean, 2017b) and RIFLEX (SINTEF Ocean,
2017a) program, further on referred to as SIMO-RIFLEX, or OrcaFlex (Orcina, 2019) focusing on the stochastic
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response from wind and waves, there is a significant interest in how well results obtained by the two different computer
programs compare.

The use of software-to-software comparison is a necessary option when experimental data is scarce due to the
high financial costs, see e.g. Karimirad et al. (2011), Sørum et al. (2017) or Robertson et al. (2014) on validation of
numerical software applied to offshore floating wind turbines. Robertson et al. (2014) did an extensive comparison of
several well-known computer programs within ocean engineering, including SIMO-RIFLEX. Less available literature
describes comparison of computer programs with regard to long floating bridges. Statens Vegvesen (2016) described
the general design of a floating bridge structure including a comparison of the dynamicwind response betweenOrcaFlex
and an in-house software. The present paper is a continuation of a previous paper (Viuff et al., 2018) with preliminary
findings on the software-to-software comparison for the global analysis of a similar end-anchored floating pontoon
bridge concept. In the present paper the comparison is more rigorously carried out and with more attention to modelling
details. In our experience, different software and different users can provide results with large discrepancies, which is
important when assessing the reliability of large and innovative bridge concepts. The differences will diminish with
the development of special software, where all approximations and settings unavailable to the user are implemented
while keeping these special structures in mind. We have made our best effort to compensate for the differences in
the implementation of the theory in the two computer programs, but there are still significant differences, which
illustrates the challenges that need to be solved when designing new and innovative floating bridges. Focusing on a
software-to-software comparison of the two computer programs, the aim of the paper is two-fold: 1) Contribute to the
knowledge of the uncertainty associated with the calculated response obtained by application of commercial software
for analysis of end-anchored floating pontoon bridges. 2) Highlight the structural complexity of the end-anchored
floating pontoon bridge concept and the inherent sensitivity to certain input parameters related to the numerical
modelling. The comparison is performed using OrcaFlex (Orcina, 2019) version 10.2c and SIMO-RIFLEX (SINTEF
Ocean, 2017b,a) version 4.10.0.

THE BJØRNAFJORD FLOATING BRIDGE CONCEPT
The end-anchored floating pontoon bridge illustrated in Fig. 1 is one of the main concepts evaluated by NRPA for

crossing the Bjørnafjord in western Norway. The floating bridge consists of a single 230 m high tower in the southern
end connected to the bridge girder with 4x20 pre-tensioned stay-cables. North of the tower the bridge girder is resting
on columns connected to 19 floating pontoons. The bridge has a radius of curvature in the horizontal plane of 5,000 m,
resulting in a total road line of 4,602 m going from south to north. The geometry and structural properties of the bridge
is based on Statens Vegvesen (2016) and only the most relevant information is given in this section. The bridge girder
consists of a twin-box cross-section modelled as a single equivalent beam with properties listed in Tab. 1. The road
line at the high bridge part from AX1 to AX3 is divided into five consecutive segments of 220, 100, 100, 100, 330
and 10 m with cross-section H1, H2, H3, H2, H1 and S1, respectively. Similarly at the low bridge part from AX3 to
AX22, the 197 m road line between each pontoon and between the last pontoon and the northern end is divided into
three consecutive sections of 25, 147 and 25 m with cross-section S1, F1 and S1, respectively. The distribution of the
cross-sections along the bridge girder is illustrated in Fig. 1.

The vertical position of the bridge girder is mainly 15 m along the low bridge part but at the tower the freeboard
is roughly increased to 55 m to allow for ship traffic. Along the bridge at each pontoon, two columns are positioned
perpendicular to the bridge axis consisting of circular cross-sections of varying height.

The same pontoon geometry is used for all 19 pontoons. The geometry is made up of a rectangular box in the
middle, two half circle cylinders at each end and an extended bottom plate, which in the following will be referred to
as a heave plate following the terminology from the offshore wind turbine industry. The pontoons are 14.5 m high,
28 m wide and 68 m long, and the heave plate is 5 m wide and 0.6 m high. All pontoons are oriented with surge along
the global x-axis and sway following the global y-axis. Figure 2 illustrates the coordinate definitions and the wave
directions used in the model and Tab. 2 lists the properties of the pontoon without ballast. Ballast between roughly 750
and 2,500 ton is added to the different pontoons in order to keep them all at the same draft of 10.5 m. The application
of a heave plate on the pontoons is not a new concept but has been applied for many years in the offshore industry
where it has been used to change the mass and damping properties of structures such as floating wind turbines (Tao and
Cai, 2004) or floating production storage and offloading (FPSO) units (Shao et al., 2016). The heave plate has been
proposed for this bridge concept and Xiang et al. (2017) has shown that a significant reduction in the global response
can be obtained from this change in the pontoon geometry.

METHODOLOGY
The numerical models created in both computer programs are based on many of the same assumptions and the
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Fig. 1. End-anchored horizontally curved floating pontoon bridge. (a) View from above. (b) View from the side.

TABLE 1. Properties of bridge girder cross-sections. The bending stiffness about the weak and strong girder axis is
denoted by EIy and EIz , respectively. The torsional stiffness and the radius of gyration are denoted by GIx and rx
respectively.

Property Unit H1 H2 H3 S1 F1
Mass [ton/m] 2.40E+01 2.91E+01 3.31E+01 3.18E+01 2.67E+01
rx [m] 1.66E+01 1.73E+01 1.76E+01 1.82E+01 1.76E+01
E A [kN] 3.06E+08 4.41E+08 5.51E+08 5.25E+08 3.89E+08
EIy [kNm2] 1.28E+09 1.98E+09 2.48E+09 3.85E+09 2.77E+09
EIz [kN2] 1.16E+11 1.70E+11 2.12E+11 2.18E+11 1.55E+11
GIx [kN2/rad] 1.42E+09 1.98E+09 2.48E+09 3.70E+09 2.90E+09
Source: Data from Statens Vegvesen (2017).

same theoretical background. The present paper describes the general procedure for both computer programs and seek
to point out any existing differences between them.
Numerical Model of the Floating Bridge

The structure is modelled using beam and bar elements in both computer programs and the pontoons are modelled
as 6 degree of freedom (DOF) rigid bodies with mass, stiffness and damping matrices according to the relevant
hydrodynamic properties. The structural damping in both computer programs is modelled using Rayleigh damping
and linear material properties are applied. Rigid body connections are used to model the connections between the
tower and the stay-cables, the girder and the stay-cables, the columns and the girder, and the pontoons and the columns.
Both models are fixed at the bottom of the tower and at each end of the bridge, as well as in the global y-direction for
the girder at AX2. The element length varies according to the location. The length of the elements are roughly 3 m for
the tower, 20 m for the stay-cables, 7 to 27 m for the columns, and 10 to 20 m for the girder.

In both computer programs the hybrid frequency- and time domain method is used to solve the equation of motion,
resulting in the well-known Cummins Equation (Cummins, 1962).

qexc
j (t) =

6∑
k=1

[
Mjk + A∞jk

]
Üuk(t) + Djk Ûuk(t) +

[
Kjk + Cjk

]
uk(t) +

∫ tmem

0
k jk(t − τ) Ûuk(τ)dτ (1)

Here, qexc
j (t) represents the wave excitation load, which includes the first order wave load q(1)j (t), the second order

wave loads q(2)j (t) and the drag load q(d)j (t). The notations Mjk , Kjk , Djk represent the structural mass, stiffness and
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Fig. 2. Pontoon panel model with heave plate extruding from the bottom and compass notation of wave directions at
the Bjørnafjord site. (a) Panel model. (b) Wave directions.

TABLE 2. Pontoon properties without ballast

Property Unit Value
Mass [ton] 1.13E+04
Roll inertia [ton·m2] 4.90E+06
Pitch inertia [ton·m2] 1.36E+06
Yaw inertia [ton·m2] 5.70E+06
COG from waterline [m] -4.20E+00
Displacement [ton] 1.88E+04
Roll water plane stiffness [kNm/rad] 3.98E+06
Pitch water plane stiffness [kNm/rad] 7.38E+05
Heave stiffness [kN/m] 1.74E+04
Source: Data from Statens Vegvesen (2017).

damping in the system. The frequency-dependent added mass Ajk(ω) and damping Bjk(ω) are included by the added
mass at infinite frequency A∞

jk
and the retardation function k jk(t). The time dependent displacement response and its

time derivatives are symbolized by uk(t), Ûuk(t) and Üuk(t). Finally the time shift is denoted by τ and the time "memory"
by tmem.
Modelling Hydrodynamic Loads
Generating Wave Elevation

The wave elevation in the floating bridge models is based on a 3-parameter JONSWAP (Hasselmann et al., 1973)
wave spectrum, see Eqn. (2), with parameters according to the 100-year wave environment at the Bjørnafjorden site
(Statens Vegvesen, 2017):

Sζ (ω) = αg2

ω5 exp
[
−5

4

(ωp

ω

)4
]
γ b (2)

where,
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α =

(
Hsω

2
p

4g

)2
1

0.065γ0.803 + 0.135

b = exp

[
− 1

2σ2

(
ω

ωp
− 1

)2
]

σ =

{
0.07 for ω < ωp

0.09 for ω > ωp

and g is the gravitational constant. The directional spreading is governed by the spreading function D(θ) where θ0
is the main wave direction, Γ(·) is the Gamma function and s is the spreading exponent. The spreading exponent value
used in the comparison is set to 4, within naturally occurring short-crested wave environments.

D(θ) = 1√
π

Γ( s2 + 1)
Γ( s2 + 1

2 )
coss (θ − θ0) , |θ − θ0 | ≤ π

2
(3)

An important note should be made about the implementation of the directional spreading function in the two
computer programs, which has a significant influence on the response characteristics in short-crested seas. The
numerical implementation is based on a chosen number of wave directions, which in this study is set to 11. Based
on the number of wave directions the exact wave directions are calculated automatically in both computer programs.
In SIMO-RIFLEX the wave directions are chosen based on a linear distribution from − π2 to π

2 , whereas OrcaFlex
distributes the wave directions according to the equal energy strategy (Orcina, 2019) giving a more narrow spreading
around the main wave direction. Due to the orientation and geometry of the floating pontoons even small waves in
surge are expected to have a significant effect on the bridge response. In order to compensate for this difference in the
two computer programs, a user specified directional wave spectrum is used in SIMO-RIFLEX based on the spectrum
values and directional spreading values used in OrcaFlex.
Modelling the Pontoon-Wave Interaction

The interaction between the pontoons and the water is based on linear potential theory using Wadam (DNV, 2014)
for a single pontoon with the dimensions previously described. The draft is set to 10.5 meter and a double-symmetric
panel model is used in the analysis. The wave directions applied goes from 0◦ to 90◦ with a resolution of 5◦ and the
60 wave frequencies are within 0.033 to 1 Hz with varying step length in order to give a smooth description of the first
order wave load transfer function and the mean drift load. An element mesh density of 0.4 meter is applied to the panel
model resulting in roughly 9,200 elements. The high resolution of the panel model is used in order to minimize the
sensitivity to the mesh. Figure 3 shows the convergence of the frequency-dependent added mass in roll with respect to
the panel element size as well as the convergence of themeanwave load with respect to the panel element size using both
direct pressure integration (near-field method) and conservation of momentum (far-field method). The far-field method
converges very fast and for the chosen mesh resolutions the result is the same. Instead the near field method shows
slow or non-existing convergence for the horizontal mean drift loads. Pan et al. (2013) investigated the convergence of
a panel model in Wadam with regard to the far-field and near-field solutions of mean drift loads. They tested different
panel mesh quality of an LNG model, showing that for horizontal mean drift loads (surge, sway and yaw) the near-field
method exhibits great difficulty to converge even for a very fine panel model, while vertical mean drift loads (heave,
roll and pitch) tends to converge faster for the near-field method. Their recommendation for a common calculation is
to apply the far-field method for the horizontal loads, and near-field method for the vertical loads if necessary. For
the current study only horizontal mean drift loads estimated using the far-field method is considered since the focus is
on comparison of the structural response and less on modelling details. The hydrodynamic coefficients calculated in
Wadam are used as input for the numerical model in both computer programs.

Ballast is included inOrcaFlex by using 6DOFbuoyswith the relevant inertia properties, whereas in SIMO-RIFLEX
the relevant elements in the pontoon mass matrices are updated accordingly.

Buoyancy is implemented in SIMO-RIFLEX using a constant vertical force at the center of buoyancy on each
pontoon and by removing the buoyancy terms for roll and pitch in the hydrostatic stiffness matrix. In OrcaFlex the
buoyancy is defined by the displaced volume and the location of the center of buoyancy.
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Fig. 3. Convergence with respect to element length ∆ in the pontoon panel model. (a) Convergence of total
hydrodynamic added mass in roll. (b) Convergence of the mean drift load using near-field (NF) and far-field (FF)
methods. For convenience, only a single line is shown for the FF method since the remaining lines, representing the
other mesh sizes when using the FF method, are almost identical.

Generating First Order Wave Loads
The first order wave loads are generated by Monte Carlo simulation using fast Fourier transformation (FFT) of the

real part of the product of the first order wave transfer function and the wave elevation:

q(1)j (x, y, t) = <
Nω∑
m=1

Nθ∑
n=1

√
2Sζ (ωm)D(θn)∆ωm∆θn (4)

���H(1)j (ωm, θn)
��� exp

[
i
(
εnm + ϕH (1)jnm

)]
exp

[
i
(
ωmt − kmx cos(θn) − kmy sin(θn)

)]

where Sζ (ωm) is the unidirectional wave spectrum, D(θn) is the directional spreading function, km is the wave
number, εnm is the random phase angle, H(1)j (ωm, θn) is the first order wave load transfer function and ϕH (1)jnm the phase
angle.
Generating Second Order Wave Loads

In both computer programs the second order wave loads in the horizontal plane are generated by Monte Carlo
simulation using second order FFT:

q(2)j (x, y, t) = <
Nω∑
l=1

Nω∑
m=1

Nθ∑
n=1

√
2Sζ (ωl)D(θn)∆ωl∆θn (5)

���H(2−)j (ωl,ωm, θn)
��� √2Sζ (ωm)D(θn)∆ωm∆θn exp

[
i
(
(ωl − ωm)t + εnl + εnm + ϕH (2−)

jnlm

)
)]

where H(2−)j (ωl,ωm, θn) denotes the quadratic transfer function (QTF) of the difference-frequency wave load, and
ϕ
H
(2−)
jnlm

is the phase angle. The Newman’s approximation (Faltinsen, 1993) is applied to simplify the above equation
by reducing the full QTF data to only diagonal terms representing component pairs with identical wave direction and
wave period. The consequence of the Newman approximation is that the phase angle ϕ

H
(2−)
jnlm

= 0 and

H(2−)j (ωl,ωm, θn) =
√
|H(2−)j (ωl,ωl, θn)H(2−)j (ωm,ωm, θn)| (6)

taken as the geometric mean. The Newman’s approximation is most likely not valid for the short-crested sea used in
the present study. However, since the focus of the paper is more on how well the two computer programs compare than
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Fig. 4. Sketch of Finite Element model for a line with specified SIMO-RIFLEX/OrcaFlex nomenclature. (Adapted
from SINTEF Ocean 2017a.)

on making the analysis completely physically correct, the authors find that the results obtained from the comparison
would still be of interest to the reader.

The mean drift load coefficients are in principle influenced by the first order motion, which is unknown before the
final hydro-elastic time-domain simulation is made. As a consequence the coefficients should be obtained based on
an iterative loop between the radiation and diffraction analysis and the following time-domain simulations. As a first
approximation of the mean wave load in the present study, however, the pontoon is fixed in its mean position in all six
DOFs in theWadam analysis. With a focus on comparing the two computer programs, this approximation is acceptable
for the present study.
Modelling Viscous Effects

The viscous effects on the pontoons are modelled as drag loads using Morison elements. Equation (7) describes
the viscous drag load for a single element in the local element coordinate system.

q(d)j (t) =
1
2
ρCd

j Ajur (t) |ur (t)| (7)

Where Cd
j is the quadratic drag coefficient, ρ is the density of the water, Aj is the cross-sectional area in direction

j and ur (t) is the relative velocity of the water at the Morison element.
Different values have been suggested for the quadratic drag coefficients. Xiang et al. (2017) suggested a vertical

drag coefficient of 4.2 according to model tests and supporting literature, whereas Cheng et al. (2018a) used a more
conservative estimation of Cd

x = 1.0, Cd
y = 0.6 and Cd

z = 2.0 following the global coordinate system notation. The
latter option is applied in the present study.

For each pontoon two Morison elements are used, and these are oriented with the axial direction pointing along the
positive global z-axis The first element starts at the bottom of the pontoon and continues up to the top of the heave plate.
The second element starts at the top of the heave plate and continues up to the mean water line. The cross-sectional
areas in the three directions for the first element are A(1)x = 47 m2, A(1)y = 23 m2 and A(1)z = 2654 m2. Similarly for the
second element the values are A(2)x = 673 m2, A(2)y = 277 m2 and A(2)z = 0 m2.
Modelling Structural Properties

The presented computer programs make use of the Finite Element Method (FEM) formulation to combine the
structural and hydrodynamic parts into a complete Finite Element (FE) model. The theory of FEM is well-known and
will not be covered here. For more detailed information the reader is referred to the respective theory manuals for the
two computer programs (SINTEF Ocean, 2017a; Orcina, 2019). Instead a short description of the relevant assumptions
is given in this section following the nomenclature within each of the two theory manuals, see Fig. 4 for a clarification
of the nomenclature.
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Line Theory
The lines in both computer programs are comprised of the same FE structure as illustrated in Fig. 4 and the

smallest FE unit is the element/segment between each node, which model the axial and torsional properties using
sets of springs and dampers. The bending properties are represented by springs and dampers at each node and mass
properties are lumped to the nodes. Both computer programs are capable of including non-isotropic bending stiffness
and non-linear geometric stiffness used in the comparison. Large rotations of the elements/segments are made possible
by implementing Green strain theory to account for geometric stiffness. Linear material properties are defined for
each element/segment cross-section and no torsion-bending coupling or torsion-tension coupling is included. Bending
stiffness properties are modelled using Bernoulli-Euler beam theory.
Note on Modelling the Twin-Box Bridge Girder

The bridge girder is modelled as a single equivalent beam in both computer programs based on the properties listed
in Tab. 1. In SIMO-RIFLEX the radius of gyration is given as a single value for the cross-section, whereas in OrcaFlex
the radius of gyration is estimated based on user specified inertial values for each box in the twin-box cross-section.
The effect of this difference is unknown but thought to be insignificant for the analysis.
Structural Damping

The structural damping is modelled as Rayleigh damping, see Eqn. (8), in both computer programs and the mass
proportional damping coefficient µ and the stiffness proportional damping coefficient λ are based on a target damping
ratio ξ of less than 2 % in the frequency range of the natural periods and the wave spectrum.

ξ =
1
2

( µ
ω
+ λω

)
(8)

For the target value of the damping ratio the corresponding damping coefficients used are µ = 0.0025 and λ = 0.02.
The damping ratio for the first two natural frequencies are thereby given as 1.22 % and 0.83 %, respectively.
Solution Procedures
Finding Static Equilibrium

The static equilibrium is found through incremental loading of the external forces and using an iterative procedure
(SINTEF Ocean, 2017a; Orcina, 2019). In SIMO-RIFLEX this iterative procedure is the Newton-Raphson iteration
procedure.
Solving the Standard Eigenvalue Problem

In both computer programs the iterative Lanczos Method is applied when solving the standard eigenvalue problem
of the system. In this method the hydrodynamic added mass of the pontoons is taken into account by summing the
added mass at infinite frequency and the structural mass of the pontoons before solving the equations. The main
drawback of this method is that the frequency-dependent added mass is simplified into a constant value. The natural
periods found based on this method are denoted by Tn, where n is the number of the mode. In order to account
for the exact added mass a method based on the pseudo procedure illustrated in Fig. 5 is performed manually for
SIMO-RIFLEX. The method is based on the initial set of frequencies ωn and implies an iteration at each frequency
by assuming that the corresponding modeshape remains the same. By manually defining the added mass as the exact
added mass at the corresponding frequency, i.e. Ajk(ωn), the final solution is obtained when the difference between
two consecutive frequencies is below a user specified tolerance. The natural periods found based on this method are
denoted by Ta

n . In OrcaFlex the exact added mass is accounted for in the Tb
n values which are found manually using

a graphical method. In the graphical method the modeshapes are again assumed to remain in the original order and
shape. By first solving the standard eigenvalue problem 60 times for each of the 60 hydrodynamic added mass values
a line can be drawn for each mode in a coordinate system with two axes representing periods. This line contains the
horizontal coordinate values equal to the 60 periods related to the hydrodynamic added mass values inserted in the
standard eiganvalue problem. The vertical coordinate values represent natural periods of the relevant mode for each
solution to the standard eigenvalue problem. By drawing a second line with the same horizontal and vertical period
values representing the equation Tj = Tj the solution is found as the intersection between these two lines.
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INPUT N, A(ω), tolerance

Solve [ K - ω2( M + A
∞ ) ]ψ = 0

Store the first N natural 

frequencies as ωn

FOR n = 1 to N

ωout = ωn

diff = tolerance + 1

WHILE diff ≥ tolerance

ωin = ωout

Solve [ K - ω2( M + A(ωin)) ]ψ = 0

Store the n’th natural frequency 

as ωout

diff = | ωin - ωout |

Store ωout as ωn
aStore ωout as ωn
a

END

BEGIN

Fig. 5. Pseudo procedure to solve the standard eigenvalue problem when manually including frequency-dependent
added mass

Solving the Time-Domain Equations
Equation (1) is a non-linear time domain equation which includes geometric stiffness and hydrodynamic loading.

The solution is found in SIMO-RIFLEX using a step-by-step numerical integration based on the Newmark β-family
integration method (SINTEF Ocean, 2017a). Here the integration parameters are βint = 0.256 and γint = 0.505 which
adds small amounts of artificial damping to the system in order to reach convergence earlier. This artificial damping
has negligible effect on the final results.

In OrcaFlex the implicit Generalized-α integration scheme is used. This method also adds small amounts of
numerical damping to the system in order to damp out the non-physical high-frequency part of the response inherent
in the FEM solution procedure (Orcina, 2019). Again, this added damping has close to no effect on the final solution.

Several steps have been taken to stabilize the time-domain solution in both computer programs. To reduce the
effect of transients in the results a ramping time of 100 seconds is used and the initial 1,000 seconds are removed
from the response time series in the post-analysis. The time steps used in the two computer programs are based on
individual time step convergence studies. SIMO-RIFLEX uses a time step of 0.01 seconds, whereas OrcaFlex uses
0.2. To compensate for this difference the SIMO-RIFLEX time series are down sampled to a time step of 0.2 before
comparing standard deviations, response spectra and so forth.
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TABLE 3. Load cases with irregular waves used in the present studywith amain wave direction of 270◦ and JONSWAP
parameters Hs = 2.4m,Tp = 5.9 s and γ = 2.0. Load case LC2a and LC2b include 11wave directions in the directional
spreading function distributed according to the default of each program (LC2a) and by manually specifying the exact
same directions in SIMO-RIFLEX as in OrcaFlex (LC2b).

Load Case Waves Loads Viscous Effects Spreading
LC1 1st order No -
LC2a 1st order No 4
LC2b 1st order No 4
LC3 1st order Yes 4
LC4 1st + 2nd order No -
LC5 1st + 2nd order Yes -

Program Comparison Method
The static response and the modal properties given by the two computer programs are compared, and subsequently

several comparisons are made between time domain results. The comparison in the time domain includes deterministic
response from regular long-crested waves, followed by six stochastic load cases listed in Table 3. The load cases are
chosen in order to identify the differences in the response for each step of complexity added in the models. Starting
with first order long-crested irregular wave loads and no viscous effects from the heave plate (LC1), the comparison
follows two paths; A) Directional spreading is included in two different ways (LC2a and LC2b) and later viscous effects
from the heave plate are added (LC3). B) Second order long-crested irregular wave loads are added (LC4) and finally
viscous effects from the heave plate is added (LC5). The JONSWAP wave parameters specified for each load case
are chosen according to the 100-year wave environment at the Bjørnafjorden site for a wave direction of 270◦ (Statens
Vegvesen, 2017). For each load case six 1-hour simulations with unique sets of wave seeds are used in the analysis in
order to have a stable standard deviation of the response. The comparison focuses on the vertical displacement and the
bending moments along the bridge

RESULTS AND DISCUSSION

Static Response of Floating Bridge
Table 4 shows a selection of the static response along the bridge girder in calm water based on the same stiffness

and mass input for the bridge superstructure and the pontoons. The two computer programs generally show the same
results but small differences are present. An increasing difference in the vertical displacement z from AX3 to AX8
is noted between the two computer programs, with differences starting at 0.03 % (1.5 cm) and steadily increasing to
0.87 % (13.0 cm). The increasing difference is a result of SIMO-RIFLEX exhibiting increasingly smaller values along
the high bridge section. At the low bridge section from AX8 to AX21 the difference is constant at roughly 0.87 %
(13.0 cm). The weak axis bending moment shows a slight difference of up to 7 % (60MNm) between the two computer
programs noting that SIMO-RIFLEX consistently gives larger negative values along the bridge. The effective tension
Te varies along the bridge with positive values between 300 and 800 kN at AX3 to AX7 in OrcaFlex. At the same
locations SIMO-RIFLEX show roughly 35 % larger positive (tension) values. At the low bridge section from AX8
to AX21 OrcaFlex show negative tension of roughly -250 kN whereas SIMO-RIFLEX show slightly positive tension
around 40 kN. Although these differences are small they are thought to have an effect on the natural frequencies and
modeshapes in the two computer programs.
Natural Frequencies and Modeshapes

Table 5 lists the natural periods found using the two computer programs and an indication of the dominatingmotions
for the corresponding modeshapes. The natural periods Tn are found using the added mass at infinite frequency when
solving the standard eigenvalue problem, whereas Ta

n values are found by using the pseudo procedure listed in Fig. 5
for SIMO-RIFLEX. Natural periods denoted by Tb

n are found manually using OrcaFlex and the graphical method
described above.

An initial observation is the significance influence of the frequency-dependent added mass on the estimated natural
periods. Due to the heave plate the frequency-dependent part of the added mass has a significant influence and should
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TABLE 4. Static response at selected locations along the floating bridge

Axis SIMO-RIFLEX OrcaFlex
z My Te z My Te

[m] [MNm] [kN] [m] [MNm] [kN]
AX3 47.5 -532 798 47.4 -521 539
AX4 42.3 -1,000 1,011 42.4 -939 743
AX5 34.7 -856 1,074 34.8 -799 818
AX6 26.8 -898 1,064 27.0 -839 802
AX7 19.0 -889 567 19.1 -830 290
AX8 15.0 -893 57 15.1 -834 -236
AX10 15.0 -895 51 15.1 -835 -244
AX15 15.0 -899 37 15.1 -838 -257
AX20 15.0 -901 21 15.1 -839 -262

not be neglected.
In general the first eight natural periodsTn have distinct values separated with a largemargin and their corresponding

modeshapes are primarily in the horizontal plane and has secondary torsional motions. From mode eight and upwards
the difference in the values are less than a second and for the most part less than roughly 0.3 seconds. The lower natural
periods will be excited by both first and second order wave loads, while the higher natural periods coincide with the
wave spectrum at the Bjørnafjorden site resulting in roughly 35 active modeshapes to be accounted for in the design.
The higher modes are important since the dominating motions are in the vertical plane and include pendulum motion
of the pontoons. Both of these increase the weak axis bending moment in the bridge girder significantly.

A reasonable match within 2% is noted between most of the natural periods in the two computer programs, with
only mode 3, 6 and 7 having differences of 3.8, 4.9 and 4.1%, respectively. Although natural periods Ta

n are given for
the pseudo procedure shown in Fig. 5 they will not be compared to the natural periods Tb

n using the graphical method
due to fundamental differences in the two methods. Instead the Ta

n values will later be used to link the natural periods
to the response spectra.

As the natural periods differ slightly so do the corresponding modeshapes shown in Fig. 6. The first six modes
show the same form but as the modes increase so do the differences between the two computer programs. Mode 10
to 28 all show the same general shapes with increasing dominance of the vertical and pendulum motion. OrcaFlex
seems to emphasise the horizontal and torsional motion more than SIMO-RIFLEX. This can have important effects
on the dynamic response of the bridge in general. The differences observed in the natural periods are thought to
be related to the small deviations in the static response, possible rounding errors and more generally a difference in
the implementation of the theory in the two computer programs. With mass and stiffness being the only governing
parameters for the value of the natural periods of the structure, the difference is to be found in either erroneous mass
and stiffness input by the users of the two computer programs, or the implemented methods governing the calculation of
the natural periods inside the two computer programs. We have made our best effort to compensate for the differences
in the implementation of the theory in the two computer programs and checked the input on several different occasions
to eliminate any possible user mistakes. A potential user mistake is how the rotational mass is included in the two
computer programs. In OrcaFlex the rotational mass is included using 6 DOF Buoys at each element node along the
bridge elements. These 6 DOF Buoys are only given rotational mass properties and have no other effect on the model.
In SIMO-RIFLEX it is included as a constant radius of gyration value rx for each cross-section. The values are linked
through Eqn. 9.

rx =

√
Rx

m · Le
(9)

Where rx is the radius of gyration used in SIMO-RIFLEX, Rx is the total moment of inertia of the 6 DOF Buoy,
m is the average mass per meter of the adjacent elements and Le is the average element length. As the 6 DOF Buoys
are attached to the element nodes a sensitivity study has been carried out internally regarding the needed distance
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TABLE 5. Natural periods of the floating bridge models. The notation Tn indicates the use of added mass at infinite
frequency when solving the standard eigenvalue problem. The notations Ta

n and Tb
n indicate the use of the iterative and

graphical procedure to include the exact added mass, respectively. The symbols for primary and secondary motions
refer to horizontal (H), vertical (V), torsional (T) and pendulum (P) motions. Pendulum motion is the motion of the
pontoons going from side to side like a pendulum.

Mode SIMO-RIFLEX OrcaFlex Diff.
n Tn Ta

n Dominating motion Tn Tb
n Dominating motion Tn

[-] [s] [s] Primary Secondary [s] [s] Primary Secondary [%]
1 50.79 55.63 H - 51.81 54.15 H - 2.0
2 29.28 31.63 H - 29.79 30.64 H - 1.7
3 22.55 24.41 H T 21.76 22.79 H T 3.8
4 17.56 19.28 H T 17.52 18.53 H T 0.2
5 13.56 14.91 H T, V 13.59 14.66 H T 0.1
6 12.67 13.06 T H, V 12.08 12.26 H T 4.9
7 12.15 12.31 V T 11.67 11.71 H V 4.1
8 11.44 11.29 T V 11.39 11.53 V H 0.5
9 11.39 11.27 V - 11.37 11.34 V H, T 0.2
10 11.39 11.09 V - 11.36 11.16 V H, T 0.2
17 10.69 9.96 V P 10.61 - V P, H 0.8
24 8.91 9.24 V P 8.81 - V T, P 1.1
28 8.13 8.02 T H 7.97 - V H, V, P 2.0

between the Buoys. The findings suggest that the 10 m used in the present paper is a sufficient length. Based on this
procedure, the differences observed in the natural periods are thought to be related to how the two computer programs
implement the theory governing the calculation of the natural periods, including the used of the final static position in
the Generalized Lanczos Method when calculating the natural periods. It is particularly the rotational modes that are
shown to be the most uncertain and further experimental verification is needed before any concluding remarks can be
made regarding this issue. A validation towards old experiments for a short floating bridge structure has been carried
out in Xiang and Løken (2019) for OrcaFlex and a similar verification is currently under way for SIMO-RIFLEX.
However, the shorter bridge has very different dynamic properties with the lowest natural period of approximately 10 s.
Furthermore, in order to verify the numerical models of the presented long floating bridge structure, only a part of
the bridge can be compared due to size limitations of existing ocean basins and hybrid tests are the only option. This
forces the experimental results to rely heavily on the computer program used. The issue with the rotational modes
highlighted here is hence an important contribution and sheds light on the need for including model tests aimed at the
issue with rotation.
Dynamic Response in Regular Waves

This section describes the deterministic response from regular long-crested waves. Figure 7 illustrates the dynamic
vertical motion of the bridge girder at AX11 calculated using the two computer programs showing an insignificant
variation in the amplitude and period. Initial transients are observed in both computer programs up to roughly 1,000
seconds depending on the wave period but eventually a stable steady state response is found.

The response amplitude operator (RAO) of the vertical displacement z, the weak axis bending moment My and the
strong axis bending moment Mz are illustrated in Fig. 8 with the chosen locations representing the general behaviour
along the bridge. The natural periods Ta

n from SIMO-RIFLEX using the iterative method are also shown in the figure
for mode 4, 5, 6, 10 and 28 in order to illustrate the connection to the relevant modeshapes.

The two computer programs show a satisfactory agreement with some differences at AX10 for the weak axis
bending moment. Generally the RAOs for the vertical displacement in the two computer programs follow the same
behaviour. The most dominating peak in the vertical displacement RAO located at 11 s is recurring at almost every
pontoon and is explained by roughly six vertical modeshapes being active at natural periods within 1 s away from this
peak. For OrcaFlex two additional peaks are shown at roughly 15 s (mode 5) and 19 s (mode 4) for AX10, AX15 and
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Fig. 6. Modeshapes of floating pontoon bridge using added mass at infinite frequency

AX20. This peak is not represented in SIMO-RIFLEX which seems to be related to the different shape of mode 4 and
5 in the two computer programs.

The strong axis bending moment in the bridge girder exhibits similar trends in the RAOs with some notable shifts
in the peak periods, corresponding to the slight differences in the periods of mode 4 and 5 representing horizontal
modes. The amplitudes at the corresponding peaks show a satisfactory agreement.

The RAOs for the weak axis bending moment are less similar in shape but are within the same order of magnitude.
The complexity of the system makes it difficult to explain the exact reasons but some general comments can be given
about the behaviour. In both computer programs the weak axis bending moment RAOs seem to be governed primarily
by high frequency modes around mode 28, except for the bridge ends (here illustrated with the RAOs at AX5 and
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Fig. 7. Dynamic vertical motion of bridge girder at AX11 when subjected to regular long-crested waves from 27◦ with
T = 5.9 s and H = 2.4 m

AX20), where the energy at low frequency modeshapes is significantly larger. In OrcaFlex the three dominating peaks
at AX5 are strongly correlated to mode 4, 5 and 7. The same peaks are also present at the low bridge section, although
with significantly smaller amplitudes. Instead the frequencies around mode 10 and 28 are relatively more important.
Using the same analogy for SIMO-RIFLEX, the dominating frequencies are close to mode 4, 5, 6, 10 and 28, albeit
the correlation is not as strong as in OrcaFlex.

The structural system is not only complex due to the close modeshapes but also directionality sensitivity is a large
contributor. Figure 9 shows the RAOs at AX5 with a resolution of 1 second in OrcaFlex for three different wave
directions. Waves travelling in directions larger than 270◦ are more aligned with the longitudinal direction of the
bridge girder at AX5 and will generate larger wave forces in surge on the pontoons resulting in higher excitation of the
pendulum motion in the bridge girder. This increases the weak axis bending moment as seen in the figure. Similarly
the changing wave direction affects the vertical displacement and the strong axis bending moment along the bridge.
This effect is captured by both computer programs with only small differences that can be explained by the same source
of errors as mentioned above. The directional sensitivity has been reported for similar floating bridges with varying
lengths, see e.g. Leira and Remseth (1990), Kvåle et al. (2016), Villoria (2016) and Viuff et al. (2019), and is in part a
consequence of the many different modeshapes of the structure.

It should be noted that the mentioned RAOs are found using the time domain method and will not show the same
behaviour as results found using the frequency domain method. However, no frequency domain method is available in
SIMO-RIFLEX and instead the RAOs include effects apparent in the non-linear time domain solution procedure and
imperfect wave loads from the FFT method.
Dynamic Response in Long-crested Irregular Waves

The wind driven waves are governed by the JONSWAP wave spectrum with a peak period of 5.9 s and with the
most significant part of the wave energy between 2 and 12 s. The response is therefore governed mostly by the higher
modes from 7 and upwards where generally speaking the differences in the RAOs are smaller. However, these higher
modes are also the ones showing the largest differences in their corresponding modeshapes.

Figure 10 illustrates variation of the average absolute differences in the standard deviation of the vertical displace-
ment, the effective tension and the weak axis bending moment at the specific axis locations along the bridge based
on the six stochastic time domain simulations for load case LC1. The difference in each response change along the
entire bridge with each response having minimum and maximum differences at different axes. The average absolute
differences along the bridge of the vertical displacement, the effective tension and the weak axis bending moment are
roughly 7, 13 and 9%, respectively.
Effect of Directional Spreading

Including directional spreading is a better representation of the wave environment at the Bjørnafjord site and the
response spectra of the weak axis bending moment at AX4 and AX11 for load case LC1 and LC2b for both computer
programs are shown in Fig. 11. The weak axis bending moment response spectra at the axes generally become more
narrow-banded when going from the bridge ends towards the middle of the bridge but the same differences between
the two computer programs are present at all locations. The two computer programs capture roughly the same total
energy in the weak axis bending moment response spectra but the amplitudes at the different frequencies are not the
same, which is again thought to be a consequence of the slight differences in the modal properties for the two computer
programs. The directional spreading of the waves increases the number of active modeshapes and in this case for AX4
and AX11 the response spectra for the weak axis bending moment show an increased energy which is also supported
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Fig. 8. RAOs at 270◦ waves for vertical displacement, weak axis bending moment and strong axis bending moment
at axis AX5, AX10, AX15 and AX20 along the bridge. The natural periods Ta

n based on the iterative method in
SIMO-RIFLEX are shown as the vertical dotted lines for mode 4, 5, 6, 10 and 28 from right to left.

by the study by Langen and Sigbjörnsson (1980). Interestingly enough, the two computer programs do not have the
same distribution of the energy over the wave frequencies.
Effect of Second Order Wave Loads

For the investigated wave direction, the effect from the second order wave load on the vertical displacement and
the weak axis bending moment is negligible. This is expected since the vertical mean drift loads have been omitted in
the present study. Instead the transverse displacement along the bridge is increased significantly. Figure 12 shows the
response spectrum of the transverse displacement in the global y-direction at AX19, and shows four clear peaks for
both software, indicating the natural period of the first four modes of the bridge. The modes shown in the response
spectra are close to the predicted values (within 10%).

Another effect seen in Fig. 12 is the increased standard deviation of the transverse displacement along the bridge.
The transverse displacement in OrcaFlex is slightly larger, especially close to the high bridge, but with statistical
uncertainties they compare well.
Influence From Viscous Effects

The effect of the heave plate on the pontoon is two-fold; to increase the added mass of the bridge and thereby
shifting important modes away from the wave spectrum, and to increase the viscous drag on the pontoon in order to
damp out the vertical motion and thereby decrease the weak axis bending moment (Xiang et al., 2017).

In the present study the viscous effect is added in two separate steps, between LC2b and LC3 and between LC4
and LC5, to see its effect on the response from short-crested first order wave loads and unidirectional first and second
order wave loads, respectively.

With the vertical drag coefficients and the corresponding cross-sectional area being relatively larger than those for
the horizontal directions, the viscous effect seen on the responses from short-crested first order wave loads is mainly
present in the the vertical responses as seen in Fig. 13 for the vertical motion with an average reduction of roughly 8%.
A similar average reduction is present in the weak axis bending moment and overall the same effects are captured in
both software when including viscous drag.

The viscous effect on the response from the unidirectional first and second order wave loads is mainly seen in the
horizontal response with a reduction in the horizontal motion and effective tension of roughly 20 and 14%, respectively,
at almost all axes for OrcaFlex. On average the corresponding values for SIMO-RIFLEX are roughly 7-10% larger. The
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Fig. 9. RAOs at AX5 for different wave directions, showing vertical displacement, weak axis bending moment and
strong axis bending moment
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Fig. 10. Average absolute differences in standard deviation of bridge girder response along the bridge for all six
simulations of load case LC1.

effect on the strong axis bending moment is shown in Fig. 13 where an average reduction of roughly 7% is present for
OrcaFlex, although the actual effect at each axis varies along the bridge. For almost all axes SIMO-RIFLEX shows an
increased 5% reduction. The vertical response is also affected, although the effect is much smaller. Negative damping
shown as a negative reduction (increase in response) is present at some axes in both software for the vertical motion
and the weak axis bending moment, although in OrcaFlex this effect is larger and located at more axes.
Final Notes on Averaged Differences

The standard deviation of the different responses serves to quantify the response along the bridge girder in the two
computer programs. As a benchmark of the comparison, averaged absolute differences in the standard deviations of
the response along the bridge can be applied. Equation (10) shows how these averaged differences are calculated:
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Fig. 12. Effect of including second order wave loads in the analysis. (a) Response spectra of transverse displacement
at AX19. (b) Comparison of standard deviation of transverse displacement along the bridge.

STDDiff =
1

Np

Np∑
p=1

( |STDSIMO-RIFLEX − STDOrcaFlex |
STDOrcaFlex

)
(10)

where Np is the number of pontoons. Figure 14 shows box plots of the differences in the internal forces My , Mz and
Te in the bridge girder above the 19 pontoon locations along the bridge with the × representing the averaged difference
along all the axes for each response type. Furthermore, the horizontal line indicate the median (located at AX12), the
two ends show the minimum and maximum differences and the ends of the box indicate the 50% quantiles. The weak
and strong axis bending moments are among the main contributors to the normal stresses in the design of the bridge
girder and existing differences will have a significant influence on the final design.
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Fig. 13. Reduction in standard deviation of responses when including viscous effects. (a) Reduction in vertical
displacement going from load case LC2b to LC3. (b) Reduction in strong axis bending moment going from load case
LC4 to LC5.

For load case LC1 the average difference in the stochastic response is within 5 and 15%, which is thought to be a
realistic benchmark. When comparing the response for short-crested waves however, care must be given to modelling
exactly the same directional spreading function D(θ) in the two computer programs. In SIMO-RIFLEX the spreading
angles are by default linearly distributed from − π2 to π

2 , whereas in OrcaFlex the spreading angles are weighted
according to an equal energy strategy (Orcina, 2019). In Fig. 14 load case LC2a uses the default modelling in both
computer programs, whereas in load case LC2b the numerical values for the directional spreading function in OrcaFlex
are given as manual input to SIMO-RIFLEX, resulting in significant differences in the average standard deviation for
the weak axis bending moment. These larger values for LC2a is due to the larger portion of the waves hitting the
pontoons from the side and hence increasing the bridge girder weak axis bending moment. Taking care of modelling
exactly the same wave load input in the two computer programs the differences are down to less than 10%. These
differences are to some extent directly linked to the general complexity of the system amplifying any small modelling
differences when calculating the global response. On top of this, modelling of the boundary conditions, pre-tension
forces, methods for implementation of the wave loads and definition of the mass properties of the bridge girder elements
are all influencing factors on the final modeshapes and thereby the different stochastic response characteristics. In our
experience, if it is not possible to obtain natural periods within less than 5% from each other and having the same
modeshapes, it will influence the comparison of any RAOs or stochastic response of the floating bridge structure due to
the high complexity. Particularly the uncertainty in the rotational modes is thought to have an effect on the stochastic
response. Furthermore different methods for including artificial damping and differences in the solution algorithms
also contribute to the variations between the two computer programs.

When comparing the differences in the response for unidirectional first and second order wave loads (LC4), the
weak and strong axis bending moment are both close to 10% from each other. Some larger differences are observed in
the effective tension along the bridge axes between 5-25% with an average of 20%. However, these standard deviations
are observed to fluctuate up to 20% from the average within the six simulated time series due to the strong dependency
on the randomly generated wave seed.
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Fig. 14. Box plots of the absolute difference in the standard deviation of the response for load effects in the different
load cases. LC2a and LC2b are with SIMO-RIFLEX default and manually specified angles in the spreading function,
respectively. The × indicate the average value along the bridge axes.

Including viscous drag using Morison elements in the two models (LC3 and LC5) it seems that the previously listed
sources of error are both amplified and reduced by the positive and negative damping, respectively.

CONCLUDING REMARKS
An extensive software-to-software comparison of the dynamic characteristics of an end-anchored floating pontoon

bridge is presented. The comparison includes natural frequencies, regular long-crested wave response, response
amplitude operators (RAOs), first and second order long-crested stochastic waves, directional spreading and viscous
effects of the pontoon heave plate. The responses compared in the two computer programs are the vertical and
horizontal displacement, effective tension and weak and strong axis bending moments in the bridge girder.

The natural frequencies compared are based on results from solving the standard eigenvalue problem and show
differences below 5%. Noticeable differences in the modeshapes are observed between the two computer programs
related to longitudinal rotation of the bridge. The differences are thought to be related to software differences in the
implementedmethods governing the calculation of the static response, natural frequencies andmodeshapes. Particularly
the uncertainty in the rotational modes is an important finding and needs further investigation using model tests.

Good agreement between the two computer programs is found for the vertical displacement RAOs along the bridge
girder. The peaks in the weak and strong axis bending moment RAOs follow the modal properties of each program
and the comparison between the two computer programs is strongly influenced by small differences in their respective
modal properties.

Special care was taken when modelling the directional spreading function in the two computer programs. Different
methods are by default applied in the two computer programs when distributing the wave direction angles in the
spreading function, and an exact replica of the OrcaFlex spreading function was manually specified in SIMO-RIFLEX.
The difference in the comparison with default and manual settings are roughly 20% for the average standard deviation
of the weak axis bending moment along the bridge.

The effect of second order wave loads are captured well in both computer programs where only the horizontal
displacement and the strong axis bending moment are influenced. The first four natural frequencies are captured in
the horizontal displacement response spectrum and agree well with the natural frequencies found using the iterative
approach.

Including viscous effects in the two computer programs reduces the differences in the weak axis bending moment
and can hide potential modelling errors.

Based on the findings in the present paper any future hybrid model tests should expect uncertainties between the
mentioned software of roughly 5-15% depending on the response type.
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Abstract

As for most offshore structures, the design and analysis of long floating bridges utilizes both numerical calculations and exper-
imental tests in ocean basin facilities. Although existing computer programs that handle general multi-purpose offshore structural
analysis of slender structures are founded on acknowledged theories within the field and broadly accepted engineering practices,
it is always important to verify the calculated results with experiments prior to the final design phase. By comparing a numerical
model to large-scale or small-scale experiments it is possible to update the numerical model which helps to improve the accuracy
of the predicted response and to understand which parameters are important for any potential future designs. In the present paper
an assessment of numerical and physical model uncertainties related to the wave- and current-induced global response of a 830 m
long end-anchored floating pontoon bridge is presented. The experiment is for a generic end-anchored floating pontoon bridge
with eight floating pontoons carried out in 1989 by SINTEF Ocean and will act as a feasibility study of the coupled hydro-elastic
SIMO-RIFLEX computer program. A clear description of the model details is given for reproducibility and experimental data is
made available for future references. Several sensitivity studies are performed to quantify the effect of the uncertainty related to
different model parameters, which in turn are used to update the numerical model. Finally, a good agreement is found between the
measured and calculated response, demonstrating the feasibility of the computer program when applied to the concept of floating
bridges and increases the confidence in prior research related to floating bridges based on the investigated computer program.

Keywords: Response amplitude operators, Response spectra, Standard deviations, Experimental data

1. Introduction

Confidence in the accuracy of the calculated dynamic re-
sponse is imperative to the design of dynamically sensitive struc-
tures. For structural concepts such as floating bridges, it is par-
ticularly important to assess the uncertainties related to the cal-
culated global response by comparing to either full-scale re-
sponse of existing bridges or small-scale response from ex-
periments. Furthermore, with the excessive length of the pro-
posed floating bridge concepts for the ferry-free Coastal High-
way Route E39 project in Norway of up to 4,600 m, future ex-
periments are rendered infeasible due to scaling requirements
and size limitations of existing ocean basins. In these cases it is
necessary to perform so-called hybrid tests in the ocean basin,
where a specific part of the bridge is scaled within scaling re-
quirements and used to verify a numerical model. The verified
numerical model is then used to estimate the response of the
entire bridge, making the experimental results from such hybrid
tests rely heavily on the performance of computer programs.

Different methods to assess the performance of numerical
models have been applied to floating bridge structures over the
years. Application of system identification methods for a sub-
merged floating bridge tested in an ocean basin was described

∗Corresponding author. Email address: thomas.h.viuff@ntnu.no

by Larssen et al. [1], where the modal parameters were identi-
fied using a Covariance Block Hankel Matrix method and phys-
ical model parameters were estimated based on measured re-
sponse and maximum likelihood estimates. In more recent years
Petersen et al. [2] described a sensitivity-based finite element
calibration method based on an analytical sensitivity matrix,
which takes into account frequency-dependent system matrices
due to the wave-structure interaction. By use of a system identi-
fication method with full-scale measurements of a floating pon-
toon bridge, the natural frequencies and mode shapes are cali-
brated. Kvåle et al. [3] investigated the feasibility of three dif-
ferent system identification methods for the same floating pon-
toon bridge and found that a Covariance-driven Stochastic Sub-
space Identification method was the most promising method,
although the high damping levels made the procedure challeng-
ing. For most general multi-purpose computer programs used
in the offshore sector, system identification methods as the ones
described above are not an integrated option and the model
uncertainty assessment is instead carried out using sensitivity
studies of the most important physical parameters.

In the present paper a model uncertainty assessment of the
coupled hydro-elastic SIMO-RIFLEX [4, 5] program is pre-
sented. Previously, the computer program has been compared
to others used in the offshore industry for different applications,
see e.g. [6–9], but no information is available regarding exper-
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imental verification of the computer program when applied to
floating pontoon bridge structures. The present paper compares
a numerical model made in SIMO-RIFLEX version 4.14 to ex-
periments carried out in 1989 by MARINTEK (now SINTEF
Ocean) for a generic floating bridge structure. The description
of the experimental model and the associated meassured re-
sponse are based on two internal reports [10, 11] commissioned
by the Norwegian Public Roads Administration (NPRA) and
have been used in previous comparisons with other computer
programs in the past, see Løken and Oftedal [12] and Xiang
and Løken [13], who also verified the calculated hydrodynamic
properties of the pontoons with experiments. In [12] the numer-
ical model was made up of hydrodynamic properties of the pon-
toons found using 3-dimensional radiation-diffraction theory,
transferred to a linear beam model by an in-house algorithm.
The dynamic equation was solved using a direct frequency-
response method with one solution per wave frequency. Stochas-
tic response was later derived using statistical methods in the
post-processing of the data and all results were hence based on
linear theory without including slow-drift, viscous drag or cur-
rent. In [13] a comparison of the results from three different
numerical models was conducted. The three models applied a
frequency-domain and a time-domain solution with no hydro-
dynamic interaction between the pontoons and a time-domain
solution that included hydrodynamic interaction effects. Based
on the comparisons the hydrodynamic interaction was found to
have an effect on the vertical response of the bridge and for
some frequencies fitted better to the experiments for beam sea.
They also found that adding current to the numerical model had
a dampening effect on the response opposite to the amplifying
effect seen in the measured response.

Although the previous comparisons exists, they mostly de-
scribe the experimental model and the findings of the compar-
ison in overall terms with selected results for the comparison.
Instead, the present paper gives a more detailed description of
the experimental model and tries to show as much data as pos-
sible in the comparison. A meticulous case-by-case approach
is employed in order to clarify the effect of different model un-
certainties on the numerical model, including sensitivity tests
on static response and natural frequencies in order to verify the
fundamental properties of the numerical model. By manually
implementing an iterative method to account for the frequency-
dependent added mass of the pontoons, a closer match with the
natural frequencies seen in measured response spectra is ob-
tained, leading to a more trustworthy calibration of the the nu-
merical model than in the previous comparison studies.

By validating the coupled hydro-elastic SIMO-RIFLEX pro-
gram to the experiments for a generic floating pontoon bridge,
the present paper aims to 1) improve the confidence in the al-
ready existing body of research related to floating bridges based
on the computer program, 2) increase the confidence in the per-
formance of the program when considered for any potential fu-
ture hybrid tests related to the proposed long floating pontoon
bridges commissioned by the NPRA and 3) to be used as a ref-
erence for future computer program comparisons.

Table 1: Original bridge girder cross-sectional properties [10]

Property Unit Full scale

Mass [ton/m] 5.46E+00
Moment of inertia [11] [ton·m2/m] 6.53E+00
Radius of gyration [11] [m] 1.09E+00
Area [m2] 1.94E+00
Second moment of area (XG)† [m4] 1.02E-01
Second moment of area (YG) [m4] 3.89E-01
Second moment of area (ZG) [m4] 9.10E-01
Axial stiffness‡ [kN] 5.34E+09
Weak axis bending stiffness‡ [kN·m2] 1.07E+09
Strong axis bending stiffness‡ [kN·m2] 2.51E+09
Torsional stiffness§ [kN·m2/rad] 1.05E+08
† Based on measurements in small-scale
‡ Based on E = 69.0 GPa for aluminium used in the model test
§ Based on G = 22.5 GPa for aluminium used in the model test

2. Experimental setup

The floating bridge is modelled in scale 1:40 and values
given in this section will refer to full scale. The bridge consists
of a single horizontally curved beam (i.e. the bridge girder)
supported by eight pontoons as illustrated in Fig. 1. The bridge
is 830 m long with an arch length of 844.8 m and has a hori-
zontal radius of 1,300 m. The center-line of the bridge girder is
located at 8.8 m above the mean water level (MWL).

Three coordinate systems are used in the model, all of which
are right-handed with the positive Z axes pointing upwards; the
global Earth-fixed coordinate system (OEXEYEZE) located at
the middle of the bridge at the MWL, the local pontoon coordi-
nate system (OPXPYPZP) located at the center of the pontoons
at the MWL following the orientation of each individual pon-
toon, and the local bridge girder coordinate system (OGXGYGZG)
located at the center-line of the bridge girder cross-section with
the YG axis always perpendicular to the bridge girder and with
XG axis as a tangent to the curve.

The bridge girder consists of a single cross-section shaped
as a cross with properties listed in Tab. 1. The length of the
bridge girder is made up of four sections. The two sections
closest to the middle are both 200 m long and the length of the
other two is 222.4 m. Bending- and shear force gauges are in-
serted at the three assembly points between the four bridge sec-
tions to measure the bending moment around the local XG and
YG axes and shear force in the direction of those same axes.
The mass of each gauge is 289.9 ton and the dimensions are
L ×W × H = 12 m × 38 m × 16 m. The bending and torsional
stiffness of the three gauges is relatively large compared to the
bridge girder, although the details are unclear [10]. The two
ends of the bridge (End 1 and End 2) are fixed in all transla-
tional degrees of freedom (DOFs). Torsional rotation around
the XG axis is restricted, while rotational springs with a spring
stiffness of 192 MNm/deg are introduced for bending about the
two other axes and the end forces are measured using a 6-axis
force transducer at each end.

Eight identical pontoons are distributed along the bridge
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Figure 1: Sketch of the experimental floating bridge model setup with all dimensions in m referring to full scale. a) Top view of model with location of measurement
positions Pos. 1 to 5, global coordinate system (OEXEYEZE) with origo at the mean water line and ZE pointing up, local pontoon coordinate system (OPXPYPZP)
with origo at the mean water line and ZP pointing up and local bridge girder coordinate system (OGXGYGZG) with origo at the center line of the bridge girder and
ZG pointing up and wave directions θ defined according to the positive XE-axis. b) Top view of model with locations of instrumentation and pontoons along the
bridge. c) Side view of model with locations of traffic mass (ballast) along the bridge (horizontal distances are given as arch length). Sketch inspired by [12].

with varying distance from each other as sketched in Fig. 1.
The pontoon geometry, projected onto the horizontal plane, is
made up of a rectangle and two half circles. The total length,
width and height of each pontoon is 45 m, 22 m and 4.3 m,
respectively. From left to right the pontoons are numbered 1
to 8. The total distance of each pontoon from the middle of
the bridge (the location of the OEXEYEZE coordinate system)
is given in Fig. 1 as arch length values. Each pontoon is rotated
so as the positive XP axis is perpendicular to the curvature of the
bridge girder, pointing away from the center of the arch and the
corresponding properties are listed in Tab. 2. The pontoons are
rigidly connected to the bridge girder using attachment frames.
The draft of the pontoons is the same and is based on freshwater
density as freshwater is used in the model tests.

Traffic load is included in the experimental setup using bal-
last at 17 different locations along the bridge girder, of which
eight (Ballast 1-8) are located in the center of pontoon 1-8 at

a height 1.816 m above the MWL. The other nine (Ballast 9-
17) are spread out along the bridge girder at a height of 18.0 m
above MWL corresponding to 9.2 m above the bridge girder
center-line as illustrated in Fig. 1 and numbered from left to
right. The mass properties of the traffic loads are listed in Tab. 3.

The motion response is measured in the experimental model
at the five positions Pos. 1, 2, 3, 4 and 5 illustrated in Fig. 1 lo-
cated at the 1/4, 3/8, 1/2, 5/8 and 3/4 spans along the arch length
of the bridge, respectively. The force response is measured at
the two ends (End1 and End2) as well as at Pos. 1, 3 and 5. A
wave direction of θ = -67.5◦ and -90◦ relative to the XE axis is
used, defined as positive when being counter-clockwise. In the
verification of the numerical model the same wave directions
and measurement points are used.
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Table 2: Pontoon properties without ballast [10]. Mass values refer to the cen-
ter of gravity (COG), stiffness values are defined relative to the local pontoon
coordinate system (OPXPYPZP) and the location of the COG is measured from
the keel.

Property Unit Full scale

Mass† [ton] 1.20E+03
Roll inertia [ton·m2] 4.31E+04
Pitch inertia [ton·m2] 1.43E+05
Yaw inertia [ton·m2] 2.35E+05
Draft‡ [m] 2.65E+00
COG [m] 3.30E+00
Displacement‡ [ton] 2.29E+03
Roll water plane stiffness [kN·m2/rad] 2.94E+05
Pitch water plane stiffness [kN·m2/rad] 1.17E+06
Heave stiffness [kN/m] 8.70E+03
† The attachment frame is included in the pontoon mass
‡ Based on freshwater density

Table 3: Mass properties and vertical position of traffic load ballast and
bending- and shear force gauges [10]

Instrumentation ZE Mass
[m] [ton]

Bending gauge 1-3 8.80E+00 2.90E+02
Ballast 1 & 8 1.82E+00 4.51E+02
Ballast 2 & 7 1.82E+00 1.18E+02
Ballast 3-6 1.82E+00 5.06E+01
Ballast 9-17 1.80E+01 2.13E+02

2.1. Tests carried out in the ocean basin
Several tests were carried out in the ocean basin, includ-

ing static tests, decay tests, current, regular long-crested waves,
irregular long-crested waves, short-crested waves, and a com-
bination of current and irregular long-crested waves. The re-
sponse measured for the listed test cases was presented as av-
erage values, standard deviations, maxima, minima, zero-up
crossings, response spectra and response amplitude operators
(RAOs) for the different responses measured at the seven po-
sitions along the bridge girder. Of the listed tests only results
from selected tests are stated in [10]. Extra information is found
in [11]. Of the given experimental results only some of them are
reproduced in the present paper due to space considerations1.

The static tests applied loads at the three positions along the
bridge in both negative ZG and YG direction and measured the
translational displacements in the same three positions along
the bridge each time.

Tests with regular waves were conducted for wave direc-
tions θ = −90◦ and -67.5◦, respectively, and the wave periods
used for the RAOs were 3.98 s, 4.49 s, 4.93 s, 5.44 s, 6.01 s,
7.02 s, 8.03 s, 8.92 s, 10.44 s, 12.02 s and 13.41 s, of which the
three lowest regular waves are close to the limits of the capabil-
ity of the ocean basin facility [14].

1An electronic appendix with most of the available experimental data is
available upon request

Table 4: Measured wave parameters for irregular wave tests [10]

Test θ Uc Hs Tp γ† s
no. [ ◦] [m/s] [m] [s] [-] [-]

530 -90.0 - 1.04 4.81 3.04 -
531 -90.0 - 1.44 4.93 3.33 -
532 -90.0 - 1.32 6.89 2.80 -
533 -90.0 0.92 0.96 4.74 3.19 -
534 -90.0 0.92 1.64 4.87 3.21 -
540 -90.0 - 0.96 4.87 3.62 2
† The peak enhancement factor γ is based on an assumed 1-to-1

relationship with the measured spectral peakedness parameter
QP defined in [16]

The irregular wave tests compared in the present paper re-
lated to the hydro-elastic model tests are listed in Tab. 4. These
tests include both long-crested waves, short-crested waves and
finally, current and long-crested waves. The irregular waves
generated in the experiments are assumed to be governed by
the 3-parameter JONSWAP [15] wave spectum and the coss θ
spreading function based on information in [11, 12].

2.2. Uncertainties in experiments
As expected there are some uncertainties associated with

tests carried out in the ocean basin laboratory related to accu-
racy in the measurements, precision in the positioning of the
measurement equipment, wave maker proficiency, post-processing
including signal filtering, and so on. The final accuracy of the
experiments is estimated to 5-10% [12].

3. Numerical model

The numerical model illustrated in Fig. 2 is made in the
coupled hydro-elastic program SIMO-RIFLEX. The theoretical
background for all of the applied methods in the program is too
extensive to cover in the present paper and instead only the most
relevant information is given below for the sake of brevity. For
more elaborate details the reader is referred to [4–6, 17]

The program utilizes the finite element method (FEM) to
idealize the structural system as a combination of linear beam
elements and 6 degree of freedom (DOF) bodies with hydrody-
namic properties and is able to solve static equilibrium equa-
tions, the eigenvalue problem as well as dynamic response in
the time domain.

Frequency-dependent hydrodynamic properties of the bod-
ies are included in the solution of the equation of motion through
the hybrid frequency- and time-domain equation [18].

qexc
j (t) =

6∑

k=1

[
M jk + A∞jk

]
ük(t) + D jku̇k(t) (1)

+
[
K jk + C jk

]
uk(t) +

∫ tmem

0
k jk(t − τ)u̇k(τ)dτ

Here the structural mass, stiffness and damping properties
are collected in the M jk, K jk and D jk terms, respectively. The
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Figure 2: Experimental model [13] (left) and numerical model (right) of the
generic floating bridge

notation qexc
j (t) is the wave excitation load on the 6 DOF bod-

ies, including both linear first order wave load q(1)
j (t) and vis-

cous drag load q(d)
j (t), as functions of time t. The displacement

response and the corresponding first and second order deriva-
tives of time are given by the notations uk(t), u̇k(t) and ük(t).
The angular frequency is denoted ω and the indices are de-
fined according to the body-fixed pontoon coordinate system
with j = 1, 2, ..., 6 constituting surge, sway, heave, roll, pitch
and yaw, respectively. The hydrostatic stiffness of the 6 DOF
bodies are included in the term C jk. The frequency-dependent
potential damping is given by b jk(ω). The frequency-dependent
added mass A jk(ω) = A∞jk + a jk(ω) is separated into a constant
added mass at infinite frequency A∞jk and a frequency-dependent
part a jk(ω). The hydrodynamic properties of the 6 DOF bod-
ies are included through the retardation function k jk(t) seen in
Eqn. (2). This retardation function is multiplied with the re-
sponse velocity for the same point in time and the resulting
product is integrated from time zero to the ”memory” time tmem

with a time lag τ.

k jk(t) =
1

2π

∫ ∞

−∞

[
b jk(ω) − iωa jk(ω)

]
eiωtdω (2)

In the above, the term i is the imaginary unit. The hydro-
dynamic properties of the pontoons are calculated in Wadam
[19] based on 3-dimensional potential radiation and diffraction
theory and the boundary element method (BEM) using a panel
model of the pontoon geometry up to the MWL as seen in
Fig. 3. The water density is set to 1.000 ton/m3 as that of fresh-
water and the draft of the pontoon is the same as in the exper-
iment using freshwater. This is done to make the experiment
and the numerical model as similar as possible, however, for
any proper design in full scale, values corresponding to saltwa-
ter should be used. Figure 3 also shows the converged hydro-
dynamic coefficients based on the described panel model. The
hydrodynamic interaction between the pontoons is neglected in
the hydrodynamic analysis as a first approximation and no sec-
ond order effects are considered due to no significant effects
from slow drift excitation observed in the experiments [12].

3.1. Modelling first order wave loads

The time-dependent first order wave load q(1)
j (t) is generated

using the Monte Carlo simulation method in Eqn. (3) based on
a fast Fourier transformation of the real part <(·) of the di-
rectional wave spectrum S ζ(ωm, θn) and the first order wave
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Figure 3: Panel model of pontoon with local pontoon coordinate system (top)
and hydrodynamic coefficients of pontoon 1 (bottom)

transfer function H(1)
j (ωm, θn). The directional wave spectrum

is simplified as the product of the unidirectional wave spectrum
S ζ(ωm) and the directional spreading function Dζ(θn).

q(1)
j (x, y, t) =<

Nω∑

m=1

Nθ∑

n=1

√
2S ζ(ωm)Dζ(θn)∆ωm∆θn (3)

∣∣∣∣H(1)
j (ωm, θn)

∣∣∣∣ exp
[
i
(
εnm + ϕH(1)

jnm

)]

exp
[
i
(
ωmt − kmx cos(θn) − kmy sin(θn)

)]

Here θn is the wave direction, εnm is a randomly generated
phase angle, km is the wave number, x and y are coordinates
of the pontoon bodies in the Earth-fixed global coordinate sys-
tem and ϕH(1)

jnm
is the phase angle of the first order wave force

transfer function. The unidirectional wave spectrum is mod-
elled as the 3-parameter JONSWAP wave spectrum with pa-
rameters listed in Tab. 4. See [4] or [6] for the implementation
in SIMO-RIFLEX. The directional spreading function Dζ(θ) in
Eqn. (4) is based on the Gamma function Γ(·), the main wave
direction θ0 and the spreading exponent s.

Dζ(θ) =
1√
π

Γ( s
2 + 1)

Γ( s
2 + 1

2 )
coss (θ − θ0) , |θ − θ0| ≤ π

2
(4)

3.2. Modelling viscous loads
Viscous drag loads are included in the numerical model us-

ing Morison elements at the center of each pontoon and Eqn. (5),
which is the drag term in the semi-empirical Morison equation.
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q(d)
j (t) =

1
2
ρCd

j A ju̇r(t) |u̇r(t)| (5)

Here ρ is the water density, Cd
j is the drag coefficient, A j

is the cross-sectional area, u̇r(t) is the relative velocity between
the pontoon and the water and the index j is defined according
to the body-fixed pontoon coordinate system with 1, 2 and 3
or interchangeably x, y and z indicating surge, sway and heave.
The drag coefficients are based on values from the literature.
Shao et al. [20] has described a numerical investigation of
the wave frequency pontoon response using both BEM and 2-
dimensional computational fluid dynamics (CDF) software, and
compared the results to experiments. The vertical drag coeffi-
cient is estimated to Cd

z = 5.0 for a similar pontoon shape under
comparable sea conditions. The horizontal drag coefficients are
less understood and are in the present paper estimated to be
Cd

y = 1.0 and Cd
x = 0.5. The estimates for the horizontal drag

coefficients are close to the values from DNV-RP-C205 [21]
for Reynolds numbers close to 1e5 and values from Delany and
Sorensen [22] for Reynolds numbers close to 2.3e6, although
both differ with roughly ±50%. However, based on character-
istic lengths of the pontoon of 22 and 45 m, a water temper-
ature of 5 degrees and a measured current of 0.92 m/s in the
experiment, the Reynolds numbers in the present study are in
the proximity of 1.3e7 and 2.7e7, respectively, making the esti-
mates somewhat uncertain.

3.3. Modelling structural damping

The structural damping ratio of the floating bridge model is
estimated to ξstruc = 0.32% based on the aluminium used for the
bridge girder cross-section [11]. The same structural damping
ratio is achieved in the numerical model for the frequency range
of the natural periods and the wave spectrum using Rayleigh
damping with a mass proportional damping coefficient µ = 0.0031
and a stiffness proportional damping coefficient λ = 0.0024.

3.4. Wave-current interaction and second order effects

By use of the drag coefficients described above, the vis-
cous effect of the pontoons is accounted for when computing
the response for cases with current. For large-volume struc-
tures however, the wave-current interaction also changes the
hydrodynamic coefficients. The effect on the first order wave
force transfer function is accounted for in Wadam for each of
the pontoons by specifying different forward speed vectors cor-
responding to the rotation of each pontoon and then solving the
diffraction problem anew. In the applied version of Wadam it
is not possible to solve the new radiation problem and for this
reason changes to the added mass and potential damping are not
accounted for. In the case with current and Tp ≈ 4.9 s the ratio
Ucωe/g ≈ 0.135 ≤ 1/4 meaning that the current is considered
small and the free-surface condition can be approximated with
success in the BEM [23]. In the previous notation Uc is the cur-
rent, ωe = ω0 + ω2

0Uc cos β/g is the wave encounter frequency,
ω0 is the angular wave frequency, β is the angle between the
current and wave direction and g is the acceleration of gravity.

Although it was found by [24] that a current of 1 m/s in-
creases the wave drift force by 50% for large-volume structures,
the present paper does not include any second order effects.
This choice is based on the fact that the contribution from the
low-frequency response in the measured values was only 1-5%
depending on the type of response [11]. By computing the re-
sponse of test 534 listed in Tab. 4 with and without including
second order effects such as wave drift forces and wave drift
damping, the same 1-5% difference was found.

3.5. Other modelling details

The element length varies along the bridge girder due to
modelling consideration such as the location of position gauges,
pontoons and ballast, resulting in an element length of roughly
10 m corresponding to a total of 96 elements. The chosen num-
ber of elements is verified by an initial element length conver-
gence study. The boundary conditions at the two ends are mod-
elled using rotational springs and a combination of rigid body
connections and nodal bodies are used to model the traffic load
(ballast) above the bridge girder.

The connection between the bridge girder and the pontoons
are modelled as rigid body connections to account for the stiff
attachment frame used in the model test to connect the bridge
girder and the pontoons. A buoyancy force is introduced in
the center of buoyancy (COB) at each pontoon equivalent to
the mass of the displaced water and in order not to count the
roll and pitch restoring effect twice in the coupled analysis the
buoyancy terms are removed from the hydrostatic stiffness ma-
trix of the pontoon. The traffic load (ballast) located on the
pontoons are modelled by modifying the structural mass matrix
and the center of gravity (COG) of the pontoons.

3.6. Solution procedures

The static solution procedure is based on a Newton-Raphson
iterative procedure to find convergence for incremental load
steps. Natural periods and mode shapes are found using the
Lanczos Method and includes hydrostatic stiffness and added
mass at infinite frequency of the pontoons by default. The hy-
brid frequency- and time-domain equation given in Eqn. (1)
are solved by applying an incremental formulation of the dy-
namic equilibrium equation and using the Newmark β-family
integration method [5]. A slight amount of numerical damping
is added by setting the integration parameters βint = 0.256 and
γint = 0.505. This facilitates an earlier convergence and the ef-
fect on the dynamic response is negligible. The time-domain
solution is made stable by ramping up the load for 100 s and
utilizing a time step of 0.01 s based on a time step convergence
study.

4. Results and discussion

The following sections contain a comparison of the numeri-
cal model with static tests conducted in the experiments, as well
as a modal comparison of some of the natural periods observed
in the experimental model, which are used to tune the numerical
model. The RAOs for two wave directions are compared to the
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numerical results and a sensitivity study is performed for the
drag coefficients. Stochastic response for both long-crested and
short-crested waves is compared for the different tests listed in
Tab. 4, including standard deviations and response spectra. Fi-
nally, the effect of applying a current is investigated and com-
pared to the experiments.

The sensitivity towards different parameters is discussed in
the following sections due to limited information available from
the roughly 30 year old reports. The parameters are the mod-
ulus of elasticity E of the bridge girder cross-section material,
orientation of the applied static load, rotational spring stiffness
value at the two ends of the bridge, the weak and strong axis
bending stiffness EIYG and EIZG of the bridge girder, torsional
stiffness GIXG , the radius of gyration rgyr of the bridge girder,
the wave direction θ, the drag coefficients values, and the struc-
tural damping ratio ξstruc.

4.1. Verification of static response and modal properties

In the experiment a total of six static tests were carried out,
three of which were conducted by placing weights equivalent to
FZG = −6240 kN at Pos. 1, 3 and 5. The other three used strings
attached at the same three positions to pull with a static force
of FYG = −5952 kN in the horizontal direction perpendicular
to the bridge axis. The relative displacement between the ini-
tial static position and the position when the loads were applied
is illustrated in Fig. 4 for both experimental and numerical re-
sponse. In the experimental setup the horizontal loads were not
perfectly perpendicular to the bridge girder, with an offset OS
of 40-80 m from the center reported in [10]. An offset of 12 m
from Pos. 3 in the positive XG direction is also reported for the
applied horizontal force in the static tests, which is included in
the numerical model.

Based on a comparison of the static displacements, the sen-
sitivity towards the modulus of elasticity of the bridge girder
cross-section E of roughly 1.6% is checked and found insignif-
icant. Similarly, a low sensitivity to the offset OS in the hori-
zontal force direction is found. The static comparison shown in
Fig. 4 implies that the experimental model is slightly stiffer than
the numerical model in both the vertical and horizontal direc-
tions. The relatively large differences in the measured and cal-
culated displacements of the structure is thought to be related to
the, in relative terms, larger stiffness of the bending- and shear
force gauges. Another less likely reason is uncertainty in the
spring stiffness value of the inserted rotational springs at the two
ends. To check both scenarios, a sensitivity test is carried out
for both bridge girder bending stiffness and the rotational spring
stiffness at the two ends. The bridge girder bending stiffness is
changed with a modifier fEI of 1.00, 1.10 and 1.20 multiplied
with the original cross-section properties listed in Tab. 1. Like-
wise, the rotational spring stiffness at the two ends is changed
with the modifier fBC of 1.00, 2.00 and 4.00 multiplied with the
original rotational spring stiffness of 192 MNm/deg. A change
in the horizontal displacement is observed when changing fBC ,
while the vertical displacement is almost unchanged. On the
contrary, both the horizontal and vertical static response is sen-
sitive to changes of fEI . Based on the value of fEI and fBC ,

Figure 4: Displacement comparison for different static conditions in the five
measured positions in the model test [10] and the numerical model along the
arch length L of the bridge. Sensitivity study in the modifier fBC applied to the
rotational spring stiffness at the boundary conditions (top) and sensitivity study
in bridge girder bending stiffness modifier fEI (bottom). Base case: OS = 0 m,
fBC = 1.00 and fEI = 1.00.
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Figure 5: Observable modes of the experimental model [10, 11] in the displace-
ment and rotation RAOs based on long-crested irregular waves

the structure is most sensitive to changes in the bridge girder
bending stiffness properties.

The modal properties are estimated in the numerical model
using added mass at infinite frequency matrices for the pon-
toons. By manually running an iterative procedure the modal
comparison can be forced to include the frequency-dependent
added mass of the pontoons: a) calculate the natural angular
frequencies based on the added mass at infinite frequency ma-
trices of the pontoons, b) update the added mass at infinite fre-
quency matrices to include the added mass at the newly calcu-
lated natural angular frequencies, c) continue step a, and b un-
til the difference between the angular natural frequencies used
to obtain the input added mass and the natural frequencies ob-
tained from the last run are within a specified tolerance level.
The final natural periods obtained from this iterative procedure
are listed in Tab. 5. The notation Y2 in the table is for the
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first horizontal mode consisting of two half sine waves, Z1 is
the first vertical mode consisting of a single half sine wave and
RX1 is the first rotational mode with a single half sine wave.
The natural periods of the experimental model are based on de-
cay tests and vertical and horizontal displacement RAOs from
test 532, see Fig. 5. The natural period of the first horizon-
tal mode Y2 is compared to the model test value of 9.96 s and
shows an original difference of roughly 7%. The same differ-
ence is observed between the second horizontal mode Y3 and
the model test value of 4.95 s based on response spectra for test
532. Changing the bending stiffness of the bridge girder cross-
section with the modifier fEI = 1.18 corresponding roughly to
an increase of the frequency by a factor of 1.072 gives a good
match for the first two horizontal modes. The vertical modes are
also changed, although not as much, due to the relatively large
pontoon heave stiffness. The persisting difference in the natural
periods of the vertical modes could be related to imperfections
of the pontoon shapes in the experiment. The natural periods of
the rotational modes are, as expected, practically unchanged by
the mentioned modifications.

To obtain the same match in the first horizontal mode the
rotational spring stiffness at the two ends of the bridge has to be
changed with a modifier fBC = 1.85 with only slight changes to
the other modes. The natural periods of the first two torsional
modes are roughly 7% lower than those observed in the RAO
for torsion. This does not fit with the relatively larger torsional
stiffness of the bending and shear force gauges mentioned ear-
lier and when changing the torsional stiffness with ±20% the
natural period of the first torsional mode is changed by less
than 1%. For this reason, no modification of the torsional stiff-
ness has been done. Similarly, no change to the radius of gyra-
tion of the bridge girder cross-section has been made. Assum-
ing that the mass of the inserted shear and bending gauges is
equally distributed over their dimensions, the radius of gyration
of the bridge girder is increased by 46%, which is an insignif-
icant change when compared to the contribution from the pon-
toons. Based on the previous sensitivity studies in both static
and eigenvalue calculations, the bridge girder bending stiffness
modifier is kept at fEI = 1.18 and the rotational spring stiffness
modifier at the two ends is kept at fBC = 1.00 unless otherwise
stated.

4.2. Potential damping from pontoons

With a structural damping ratio ξstruc = 0.32% the poten-
tial damping from the pontoons are more likely to influence the
amplitude of the response at resonance periods in general. A
potential damping ratio ξpot can be found using Eqn. (6).

ξpot,n =
Np · B(ωn)

2
[
MS + Np · A(ωn)

]
ωn

(6)

Where, MS is the total dry mass of the structure, B(ωn) and
A(ωn) are the hydrodynamic potential damping and added mass
at the angular frequency ωn for mode n, respectively, and Np is
the number of pontoons. Based on Eqn. (6) together with the

Table 5: Comparison of modal properties of the experimental model with that of
the numerical model using different modifiers f . Frequency-dependent added
mass is taken into account manually.

Mode fBC = 1.00 fBC = 1.00 Exp. [10, 11]
fEI = 1.00 fEI = 1.18 Value Diff

n Shape [s] Shape [s] [s] [%]

1 Y2 10.64 Y2 9.95† 9.96 -0.1
2 Z1 7.89 Z1 7.88 7.85 0.4
3 Z2 7.70 Z2 7.67 7.35 4.4
4 Z3 7.17 Z3 7.08 6.87 3.1
5 Z4 6.24 Z4 6.07 - -
6 Y3 5.35 RX1 5.12 5.53 -7.4
7 RX1 5.13 Y3 4.97 4.95 0.4
8 Z5 5.10 Z5 4.88 - -
9 RX2 4.58 RX2 4.56 4.82 -5.4

10 RX3 4.02 RX3 3.99 - -
11 Z6 3.93 Z6 3.72 - -
12 RX4 3.72 RX4 3.68 - -
13 RX5 3.26 RX5 3.24 - -
14 Z7 3.04 RX6 2.92 - -
† Numerical decay test returns 9.94 s

natural periods listed in Tab. 5, the structural mass and the hy-
drodynamic added mass and potential damping shown in Fig. 3,
the potential damping ratio at the first four vertical modes is
roughly 20% and are thought to be unaffected by other types of
damping in the model. Instead, the potential damping ratios for
the first and second horizontal mode is roughly 1.2% and 5%,
respectively, and the response amplitudes at these two periods
are more likely to be influenced by a correct modelling of the
damping in the system.

4.3. Regular wave global response

The RAOs from the model test are compared with the com-
puted response in Fig. 6 for the two ends and at Pos. 1, 3 and
5 and show that the computed response in general follow the
experiments well. Even at the low periods where a high uncer-
tainty is present in the experimental results as described above,
the behaviour is captured to a satisfying level.

Due to imperfections in the experimental tests such as the
accuracy of the orientation of the model and the long-crested
regular wave generation, the first horizontal mode Y2 is excited,
which is not the case for the numerical model where the mode
is cancelled out due to the idealised symmetry of the bridge.
Based on [10], the accuracy in the wave direction in the ex-
perimetns is 0.4◦. By changing the wave direction in the numer-
ical model by 0.5◦, the mode is observed in several of the com-
puted RAOs. The fact that this floating bridge concept is highly
sensitive to the wave direction is not a new finding but has been
discussed in many previous studies, see e.g. [17, 25, 26].

The weak axis bending moment MYG shows a good compar-
ison with a clear coupling to the vertical displacement around
the first four vertical modes. The strong axis bending moment
MZG follow the behaviour of the horizontal displacement RAOs
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Figure 6: Comparison of regular wave RAOs at Pos. 1, 3 and 5 (left) and End 1 and 2 (right) for two wave directions θ in experiment [10, 11] and numerical model

and show a bump in the amplitude at 10 s corresponding to
mode Y2. This bump is also present in the RAO for RXG at Pos.
3 and is thought to be a result of the coupling between pitch of
the pontoon and the horizontal motion of the bridge girder.

The axial force FXG , the torsional moment MXG , the vertical
shear force QZG and horizontal shear force QYG RAOs are shown
for the two ends of the bridge and overall show a good match for
both wave directions. The torsional moment is slightly under
predicted by the numerical model but follow the same general
behaviour as that of the experiment.

Other results such as the vertical and horizontal shear force
RAOs at Pos. 1, 3 and 5 are also compared but omitted here
due to space considerations. Similar to the torsional moment,
the shear force is slightly lower than the measured values with
a difference of up to 30% for θ = −67.5◦. In the case of the
measured shear forces, a reported uncertainty of up to 64 kN
persists in the measurd values [10]. With low shear force values
at the middle of the bridge in beam sea, the uncertainty makes
up roughly 50% of the measured response.

Other possible reasons for discrepancies is the hydrody-
namic interaction between the pontoons not being taken into
account in the numerical model. Xiang and Løken [13] have
shown that for this particular bridge the hydrodynamic interac-
tion has an impact on the vertical motion RAOs in a numerical
model created with the software OrcaFlex [27].

4.3.1. Sensitivity towards drag coefficient values
Some uncertainty is tied to the drag coefficients used to

model the viscous drag around the pontoons. To evaluate the
importance of these coefficients a sensitivity study is performed
using ±50% of the initial values for both -90.0◦ and -67.5◦ wave
directions. Only small changes in the structural response is
present at the lower wave periods and in general an insignifi-
cant effect is found. This is due to the relatively high amounts
of potential dampening from the pontoons. Another reason is
the relatively small vertical motion of the bridge, resulting in
low viscous damping effects.

4.4. Long-crested irregular wave global response

A comparison between standard deviations of the measured
response and the computed response based on three different
wave directions is listed in Tab. 6. The factor in the table is
defined as the standard deviations of the computed response di-
vided with the corresponding measured values and the com-
puted standard deviations are based on 10 3-hour simulations
in order to achieve convergence.

As a first observation, the horizontal response types YG,
MZG and QYG show a higher sensitivity towards the wave direc-
tion than the vertical response types ZG, MYG and QZG , which
can explain most of the differences between the experiment and

9
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Table 6: Comparison of standard deviations for test 532 highlighting the directional sensitivity. The factor is defined as numerical/experiment.

Response Position Unit Exp. [10] Numerical Factor

-89.0◦ -89.5◦ -90.0◦ -89.0◦ -89.5◦ -90.0◦

YG Pos. 1 [m] 6.34e-02 9.49e-02 6.75e-02 4.96e-02 1.50 1.06 0.78
YG Pos. 3 [m] 1.33e-01 1.36e-01 1.37e-01 1.38e-01 1.03 1.03 1.04
YG Pos. 5 [m] 5.37e-02 7.53e-02 5.29e-02 4.96e-02 1.40 0.99 0.92
ZG Pos. 1 [m] 1.37e-01 1.31e-01 1.26e-01 1.19e-01 0.96 0.92 0.87
ZG Pos. 3 [m] 1.66e-01 1.73e-01 1.75e-01 1.75e-01 1.04 1.05 1.05
ZG Pos. 5 [m] 1.27e-01 1.08e-01 1.14e-01 1.19e-01 0.85 0.90 0.94
RXG Pos. 1 [deg] 2.88e-01 3.66e-01 3.43e-01 3.23e-01 1.27 1.19 1.12
RXG Pos. 3 [deg] 3.75e-01 5.85e-01 5.84e-01 5.84e-01 1.56 1.56 1.56
RXG Pos. 5 [deg] 2.70e-01 2.85e-01 3.03e-01 3.23e-01 1.06 1.12 1.20
MYG Pos. 1 [kNm] 1.48e+04 1.32e+04 1.36e+04 1.40e+04 0.89 0.92 0.95
MYG Pos. 3 [kNm] 1.15e+04 8.50e+03 9.30e+03 9.77e+03 0.74 0.81 0.85
MYG Pos. 5 [kNm] 1.51e+04 1.46e+04 1.45e+04 1.42e+04 0.97 0.96 0.94
MZG Pos. 1 [kNm] 2.43e+04 2.94e+04 2.68e+04 2.52e+04 1.21 1.10 1.04
MZG Pos. 3 [kNm] 3.53e+04 3.73e+04 3.75e+04 3.79e+04 1.06 1.06 1.07
MZG Pos. 5 [kNm] 2.15e+04 2.54e+04 2.45e+04 2.52e+04 1.18 1.14 1.17
QZG Pos. 1 [kN] 3.03e+02 2.20e+02 2.31e+02 2.41e+02 0.73 0.76 0.79
QZG Pos. 3 [kN] 1.67e+02 5.28e+01 4.55e+01 3.87e+01 0.32 0.27 0.23
QZG Pos. 5 [kN] 3.05e+02 2.55e+02 2.46e+02 2.37e+02 0.84 0.81 0.78
QYG Pos. 1 [kN] 4.05e+02 3.93e+02 3.94e+02 3.98e+02 0.97 0.97 0.98
QYG Pos. 3 [kN] 1.21e+02 1.16e+02 7.39e+01 6.09e+01 0.95 0.61 0.50
QYG Pos. 5 [kN] 3.96e+02 3.48e+02 3.47e+02 3.42e+02 0.88 0.87 0.86

FXG End 1 [kN] 2.03e+03 1.93e+03 1.91e+03 1.91e+03 0.95 0.94 0.94
FXG End 2 [kN] 2.02e+03 1.87e+03 1.89e+03 1.91e+03 0.93 0.93 0.95
QYG End 1 [kN] 7.05e+02 6.24e+02 5.90e+02 5.59e+02 0.89 0.84 0.79
QYG End 2 [kN] 6.48e+02 5.09e+02 5.30e+02 5.59e+02 0.79 0.82 0.86
QZG End 1 [kN] 5.29e+02 4.88e+02 4.90e+02 4.92e+02 0.92 0.93 0.93
QZG End 2 [kN] 4.84e+02 4.85e+02 4.91e+02 4.92e+02 1.00 1.01 1.02
MXG End 1 [kNm] 4.30e+03 3.47e+03 3.52e+03 3.62e+03 0.81 0.82 0.84
MXG End 2 [kNm] 4.25e+03 3.86e+03 3.71e+03 3.62e+03 0.91 0.87 0.85

the numerical model. Figure 7 highlights the directional sen-
sitivity in the corresponding response spectra of the horizontal
response types and also RXG at locations along the bridge where
they are most influenced. It is clear that the energy around the
first horizontal mode Y2 is strongly influenced by the small
changes in the wave direction. The mode is clearly present in
the measured response spectra, while it is only present in the
response spectra from the computed response types for wave
directions -89.0◦ and -89.5◦ due to the symmetrical properties
of the numerical model. The shapes of the response spectra
compare best at -89.5◦. This is also seen in the factors listed in
Tab. 6, where the standard deviations of the computed horizon-
tal response fit best at that particular wave direction. Looking
at the average factor for each response type over all the listed
positions for -89.5◦, the horizontal response types YG, MZG and
QYG are within 3%, 10% and 18% of the experiment. Some of
the remaining differences for the horizontal response types are
related to the energy in the response spectra around mode Y3,
where the numerical model have relatively larger amplitudes,
depending on the response type. The energy around this mode,

however, does not seem to be affected by changes in the wave
direction.

The average factor for the vertical response types ZG, MYG

and QZG for -89.5◦, are within 4%, 10% and 24% of the ex-
periments, respectively. The largest outlier is the vertical shear
force at Pos. 3, with a factor of 0.27. This is mainly connected
to the uncertainty of 64 kN in the measurements combined with
the relatively small standard deviation values at this position
equivalent to 0.01% of the yield stress capacity of the bridge
girder cross-section used in the experiment. Excluding this out-
lier then the average QZG response is only 13% lower than that
of the experiment, with the best comparison at the two ends of
the bridge. This uncertainty also influences the measured QYG

response at Pos. 3.
The torsional rotation RXG of the bridge seems to compare

poorly with an average factor of 1.29 along the bridge and with
a factor of 1.56 at Pos. 3 for -89.5◦. Furthermore, the response
shows a low sensitivity towards changes in the wave direction.
From Fig. 7 it seems that the numerical model overestimates
the torsional response at the peak period of the wave spectrum
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Figure 7: Directional sensitivity in response spectra for long-crested irregular
wave test 532 [10, 11]

and at mode RX2 for beam sea. The accuracy of the rotation
measurements are however 0.08◦, corresponding to 21-30% of
the measured values [10]. A similar study [13] between the
same experiment and another numerical software found similar
differences in the torsional rotation response.

The axial force FXG and the vertical shear force QZG at the
two ends of the floating bridge show a low sensitivity towards
the wave direction and are both well within the 10% uncertainty
related to the measurements. Instead, the torsional moment
MXG is roughly 15% different and is thought to be linked to
the discrepancies observed for the torsional rotation.

Other less significant sources of error is the presence of
transient effects such as slamming which was present during
the experimental tests, especially for beam sea [11]. This effect
is not included in the numerical model.

4.4.1. Sensitivity towards structural damping ratio
Due to the low potential damping from the pontoons at the

natural period of mode Y3, it is worth investigating the influ-
ence from the amount of structural damping applied to the nu-
merical model. The specified target structural damping ratio
of 0.32% is for the entire range of active wave periods and the
actual structural damping ratio value at the natural period of
mode Y3 is instead 0.27%. Using a target structural damping
ratio of 0.5% the actual damping ratio in the range of mode Y3
is 0.38%. The effect on the computed standard deviation values
for the horizontal response types is, however, only 0.5%.

4.5. Short-crested irregular wave global response

Short-crested sea was investigated using the directional spread-
ing function in Eqn. (4), with the spreading exponent s = 2 and
the main wave direction θ0 = −90.0◦ according to Tab. 4. In the
experiments a total of up to 120 wave directions is possible us-
ing a snake wave spectrum [14] although the exact number used
is uncertain. The default option in SIMO-RIFLEX is to spec-
ify an odd number of wave directions in the spreading function,
although the option for manually defining a directional wave
spectrum is also available. In the present paper the computed

Table 7: Comparison of standard deviations for test 540. The factor is defined
as numerical/experiment and the numerical model is based on θ0 = −89.5◦.

Resp. Pos. Unit Exp. [11] Num. Fac.

YG Pos. 1 [m] 3.60e-02 4.13e-02 1.15
YG Pos. 2 [m] 5.40e-02 5.41e-02 1.00
YG Pos. 3 [m] 9.20e-02 9.96e-02 1.08
ZG Pos. 1 [m] 3.80e-02 4.49e-02 1.18
ZG Pos. 2 [m] 4.60e-02 4.66e-02 1.01
ZG Pos. 3 [m] 4.50e-02 4.44e-02 0.99
RXG Pos. 3 [deg] 2.35e-01 3.11e-01 1.33
QZG Pos. 1 [kN] 1.66e+02 1.60e+02 0.96
QZG Pos. 3 [kN] 1.98e+02 1.53e+02 0.77
QYG Pos. 1 [kN] 2.56e+02 2.62e+02 1.02
QYG Pos. 3 [kN] 1.04e+02 1.05e+02 1.01
MYG Pos. 1 [kNm] 7.65e+03 8.14e+03 1.06
MYG Pos. 3 [kNm] 9.33e+03 9.38e+03 1.01
MZG Pos. 1 [kNm] 1.67e+04 1.90e+04 1.14
MZG Pos. 3 [kNm] 2.71e+04 2.81e+04 1.04

FXG End 1 [kN] 1.20e+03 1.42e+03 1.18
QYG End 1 [kN] 4.25e+02 3.91e+02 0.92
QZG End 1 [kN] 2.06e+02 1.90e+02 0.92
MXG End 1 [kNm] 3.49e+03 3.70e+03 1.06

results are based on 101 equally distributed wave directions, al-
though 12 was used in the numerical model in [11].

A comparison of the response standard deviations is given
in Tab. 7 showing a good agreement between computed and
measured reponse in short-crested waves. Here, the main wave
direction is -89.5◦, although changes in the response when com-
pared to waves from -90.0◦ is within 1%, which indicates that
the response in short-crested waves is less sensitive to changes
in the main wave direction. This is supported by [17] who
showed a low sensitivity in the extreme response of a longer
but similar floating pontoon bridge for main wave directions
within 15◦ from beam sea. A check using 12, 13 and 51 wave
directions indicate that for 12 and 13 wave directions, the re-
sults vary on average with 5% of the experimental values with
some up to 13%. Instead the variation is on average less than
1% and up to 2% when using 51 and 101 wave directions.

4.6. Comparison of the current-wave interaction effect

Table 8 lists the measured and computed response standard
deviations normalized by Hs for test 530, 531, 533 and 534
with varying Hs and Uc values. In the experiments with and
without current, the same 6% increase in the response is found
with increasing Hs. In the numerical model this effect is 9% in
both cases. When Hs is kept constant in the experiments as in
test 530 and 533 or 531 and 534, there is an average increase
of 18% and 17% when adding current, respectively. This ef-
fect is also captured in the numerical model, although slightly
smaller. When Hs is kept constant there is an 11% and 10%
increase when adding a current to the low and high Hs cases,
respectively. According to [11] there is a 17% increase with
increasing Hs for cases with current, although this is found by
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Table 8: Standard deviations normalized by Hs. Test 530 and 533 have lower Hs than test 531 and 534. The numerical model is based on θ = −89.5◦.

Resp. Pos. Unit Experiment [11] Numerical

Uc = 0.00 m/s Uc = 0.92 m/s Uc = 0.00 m/s Uc = 0.92 m/s

530 531 533 534 530 531 533 534

YG Pos. 1 [m/m] 3.48e-02 3.62e-02 4.14e-02 4.31e-02 4.92e-02 5.43e-02 5.49e-02 6.04e-02
YG Pos. 2 [m/m] 5.90e-02 6.00e-02 6.65e-02 7.15e-02 7.21e-02 7.94e-02 8.06e-02 8.88e-02
YG Pos. 3 [m/m] 9.92e-02 1.03e-01 1.15e-01 1.26e-01 1.37e-01 1.51e-01 1.53e-01 1.68e-01
ZG Pos. 1 [m/m] 2.95e-02 3.31e-02 3.37e-02 3.94e-02 2.18e-02 2.41e-02 2.19e-02 2.41e-02
ZG Pos. 2 [m/m] 3.29e-02 3.81e-02 4.05e-02 4.96e-02 3.27e-02 3.64e-02 3.12e-02 3.51e-02
ZG Pos. 3 [m/m] 3.89e-02 4.66e-02 4.73e-02 6.05e-02 3.90e-02 4.33e-02 3.78e-02 4.23e-02
RXG Pos. 3 [deg/m] 1.81e-01 1.99e-01 1.93e-01 2.05e-01 3.20e-01 3.56e-01 3.17e-01 3.47e-01
MYG Pos. 1 [kNm/m] 7.40e+03 7.13e+03 8.79e+03 7.29e+03 4.87e+03 5.15e+03 6.30e+03 6.31e+03
MZG Pos. 1 [kNm/m] 1.69e+04 1.76e+04 1.95e+04 2.12e+04 2.50e+04 2.76e+04 2.79e+04 3.07e+04
MZG Pos. 3 [kNm/m] 2.80e+04 2.89e+04 3.23e+04 3.53e+04 3.79e+04 4.17e+04 4.23e+04 4.66e+04
QYG Pos. 1 [kN/m] 3.12e+02 3.19e+02 3.62e+02 3.65e+02 3.76e+02 4.12e+02 4.31e+02 4.70e+02

FXG End 1 [kN/m] 1.31e+03 1.41e+03 1.40e+03 1.54e+03 1.61e+03 1.76e+03 1.71e+03 1.87e+03
QYG End 1 [kN/m] 4.94e+02 5.04e+02 5.70e+02 6.02e+02 5.38e+02 5.92e+02 6.10e+02 6.69e+02
QZG End 1 [kN/m] 2.12e+02 2.18e+02 2.83e+02 2.51e+02 1.54e+02 1.65e+02 1.73e+02 1.79e+02
MXG End 1 [kNm/m] 2.38e+03 2.73e+03 3.29e+03 3.12e+03 2.89e+03 3.00e+03 4.03e+03 4.06e+03

normalizing the response with the specified Hs and not the mea-
sured one.

5. Conclusion

An extensive model uncertainty assessment and experimen-
tal verification of the coupled hydro-elastic SIMO-RIFLEX pro-
gram is presented for wave- and current-induced global response
of a 830 m long end-anchored floating pontoon bridge.

An assessment of the sensitivity (effect) in the computed
static and modal results is carried out for a list of known ex-
perimental model uncertainties. The list includes static hor-
izontal load orientation (low), bridge girder bending stiffness
(high), rotational spring stiffness at the two ends (medium),
bridge girder torsional stiffness (low) and bridge girder torsional
inertia (low). An agreement in static and modal properties is
achieved by increasing the original bridge girder bending stiff-
ness with 18% due to the relatively larger bending stiffness of
the bending and shear force gauges inserted at the 1/4, 1/2 and
3/4 span of the bridge in the experiment. With the increased
bending stiffness, the computed natural periods of the first three
vertical modes and the first two horizontal modes corresponds
to the peaks observed in the response spectra from the experi-
ments with an accuracy within 5% and 1%, respectively.

The response amplitude operators (RAOs) are compared be-
tween the experimental model and time domain results for two
wave directions showing a good agreement. Due to the sym-
metrical shape of the first horizontal mode, a high sensitivity
towards the long-crested wave direction is found in the hori-
zontal response close to beam sea, which explains most of the
differences between the calculated and measured response. In-
significant changes are observed in the computed RAOs when
changing the values of the applied drag coefficients with ±50%.

This is assumed to be a consequence of the high amount of po-
tential damping at the pontoons.

For irregular long-crested waves, a low sensitivity towards
the structural damping ratio is found in the response and, sim-
ilar to the RAOs, a high sensitivity in the horizontal response
towards wave direction changes of 0.5◦ and 1.0◦ is found. Rel-
atively large differences in the rotational response of the bridge
is observed, which are partly due to a low accuracy in the mea-
surements. Still, this finding indicates challenges regarding the
modelling of the torsional motion of the floating bridge pre-
sented in the present paper.

For short-crested waves a low sensitivity towards the main
wave direction is found in both the computed and measured
response and a good agreement is found using 101 wave direc-
tions in the directional spreading function. The same compari-
son is valid using 51 wave directions but for 13 wave directions
the uncertainty increases significantly.

In the case of adding current to the long-crested waves, a
similar amplifying effect is observed in the measured and com-
puted response. Due to lack of information, some uncertainty
persists regarding whether or not the excitation effect increases
with larger significant wave heights and further investigations
are needed before any concluding remarks can be made.
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