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ARTICLE INFO ABSTRACT

Keywords: As pontoons of floating bridges respond to the dynamic actions of the wind and wave loading,
Floating bridge additional forces are imposed on the pontoons due to the hydrodynamic interaction of these
Pontoon

floating bodies. The wave forces on a selected pontoon and consequently its motion are affected
by the presence and motion of adjacent pontoons through the motion of the fluid between the
bodies. Here, we investigate the effect of such interactions on the global bridge dynamic re-
sponses. The hydrodynamic interaction effects are modeled using multibody potential theory with
added artificial damping. The stochastic dynamic analyses of the bridge in the frequency-domain
under combined wind and wave excitation revealed significant differences in the girder section
forces when the interaction effects were included. The results imply that the hydrodynamic
interaction effects should be considered in the design of such structures. The methodology pre-
sented here provides practical means for the analytical assessment of such effects.
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1. Introduction

Floating bridges offer feasible alternatives when crossing wide straits to the more common cable-supported bridges, especially as
the crossings get longer. In the cases where the bedrock lies deep which makes building classical pylons rather impractical, very long
spans can be crossed using floating bridges. Despite its many advantages, floating bridges are much less common compared to cable-
supported bridges. The longest floating bridge in the world as of today is the Evergreen Point Floating Bridge in Washington State, USA
with its 2350 m span. Many other floating bridges with similar designs can be found in the Washington State (e.g. the Hood Canal
Bridge), but other noteworthy examples can also be found elsewhere, such as the Demerera Harbour Bridge (1815 m, Guayana) or the
Hobart Bridge (961 m, Australia). Solutions with both discrete and continuous pontoons exist, the latter being the most common. The
longest discrete pontoon bridges without side-mooring can be found in Norway, namely the Bergsgysund and the Nordhordaland
bridges. Further reading on floating bridges can be found elsewhere [1-5].

A floating pontoon bridge is planned in Norway for crossing the Bjgrnafjord, which will be referred to hereafter as the Bjgrnafjord
Floating Bridge (BFB). The fjord crossing is 5 km wide and therefore calls a bridge that is significantly longer than the existing so-
lutions. This, combined with the mountainous complex topography and the harsh environmental conditions typical of the region,
makes the design of the bridge against the wind and wave actions a challenging engineering task. Moreover, there is a lack of
experience and monitoring data from similar structures (except the work of [6] due to their scarcity. Consequently, utmost caution is
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Fig. 1. Bjernafjord, the geographical location of the future floating bridge.

required in the design stage, especially when handling dynamic phenomena. Dynamic effects due to wind and wave loads and the
fluid-structure interaction should be modeled accurately for a good representation of the actual dynamic behavior. To that aim,
stochastic dynamic analyses of these structures can be carried out using random vibration theory in either the time-domain [7-11] or
the frequency-domain [2,12-15], where the latter requires that the nonlinearities in the system are omitted.

Accordingly, the dynamic effects on the bridge were investigated by the consultancy firms working on the concept development of
the bridge. The reports including the dynamic analyses are now publicly available.! Besides, the dynamic response of the BFB was
assessed by several researchers for earlier designs of the bridge [16-18]. The studies used commercial software to carry out
time-domain simulations and focused on different issues such as the effect of inhomogeneous waves [19], wave directionality [18],
pontoon optimization [20] and software-dependency [21]. Long-term extreme responses were assessed by Giske et al. [22] and Xu
etal. [15]. Although most studies mentioned the potential effects of hydrodynamic interaction among the bridge pontoons, the studies
neglected such interaction effects in their analyses.

Floating bodies in close proximity interact with each other such that the motion of a body is influenced by the presence of the
adjacent bodies. It is well recognized that such an interaction can cause amplification of the dynamic response of the bodies due to
resonant motion of the fluid between the bodies [23-28], a phenomenon also referred to as gap resonance [29-31]. The problem was
highlighted in many early works and the theoretical background was outlined [27,32,33]; R.H.M [34,35]. In the context of marine
operations, where side-by-side operations of large floating bodies such as ships, barges, or FPSOs are common, the hydrodynamic
interaction effects and the consequent dynamic amplification or shielding effects in body responses were shown both experimentally
and numerically [31,36-44]. When it comes to numerical analysis, although there are nuances in methodology, the most commonly
used approach is to carry out potential flow analyses with artificial damping to account for viscous effects [30,38,44-46], which is
calibrated using model tests or in rare occasions with CFD simulations. In most cases, the studies focused on very narrow gaps and
parallel bodies but recent studies also present significant effects for wider gaps and non-parallel configurations [38].

In the case of floating bridges resting on discrete pontoons, hydrodynamic interaction effects on the bridge response can also be
important, resulting in higher dynamic responses. This was highlighted by earlier works [10,16,47,48]. Despite the recognition of the
potential effects, the issue has not been investigated yet, except the preliminary works of [48,49], where significant differences in
global bridge responses due to pontoon interaction were reported. In these works, the authors have used commercial software and
neglected viscous effects. Although the preliminary works are useful in understanding the potential effects, development of a fast and
efficient framework is necessary for early assessment and quantification of such interaction effects. Here, we shall develop a such
framework in frequency domain and introduce a method to account for viscous damping effects.

In this study, we present stochastic dynamic analyses of a super-long end-anchored floating pontoon bridge crossing the Bjprnafjord
in Norway and focus on the influence of hydrodynamic interaction of the bridge pontoons. First, the bridge concept is described
(Section 2) and the frequency-domain framework used in the analyses is introduced (Section 3). In sections 4 and 5, we present
pontoon interaction effects using potential theory and their implementation to the framework, respectively. Section 6 summarizes the
environmental load modeling and the analysis results are presented in Section 7. Important differences in the load effects are reported
between the cases with and without interaction. The results are discussed critically considering their potential implications on bridge

! https://www.vegvesen.no/Europaveg/e39stordos/fjordkryssing-bjornafjorden/rapportar.
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Fig. 2. Illustration of the Bjgrnafjord Floating Bridge (courtesy of Statens vegvesen).

Fig. 3. Overview of the BFB (top: elevation view, bottom: plan view). Units are in meters.
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Fig. 4. Technical drawing of the bridge girder. Units are in mm.
design. The paper ends with a few concluding remarks.

2. Floating bridge over bjernafjord

Norwegian Public Roads Administration (NPRA) is currently working on developing a floating bridge solution for crossing the 5 km
wide Bjgrnafjord. The Bjgrnafjord lies at the west coast of Norway (Fig. 1) with little shelter from the North Sea. The local topography
of the bridge site is complex, composed of steep mountains, small islands, and many fjord branches, a typical condition for the
Norwegian fjords. Moreover, the environmental conditions, namely the current, wind, and the waves at the bridge site are quite harsh
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Table 1

Pontoon types in BFB.
type P1 P2 P3 P4
Pontoons 1 2-4 5-10 11-46
Length (m) 58 58 58 58
Width (m) 16 14 12 10
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Fig. 5. Technical drawing of the low bridge pontoons (P4). Units are in mm. Top: elevation view. Botton: plan view.

largely due to the North Sea exposure. Therefore, the Bjprnafjord Floating Bridge (BFB) is a unique structure both due to its colossal
size and the environmental conditions it is subjected to.

The lack of experience from similar structures requires a very careful investigation of all possible effects on the dynamic behavior of
the structure in the design stage since such phenomena can be more difficult to deal with after the project is realized. Here, an up-to-
date design of the BFB will be considered to study the hydrodynamic interaction effects among the bridge pontoons. Since the concept
development is ongoing, the detailed design is subjected to changes. The bridge conceprt is a curved deck with a radius of 5000 m that
rests on 46 floating pontoons (Fig. 2-Fig. 3). The girder is a streamlined steel box girder, a type commonly used for wind-sensitive
cable-supported bridges. The deck cross-section is shown in Fig. 4, which is only 31 m wide and 3.5 m high.

The south end of the bridge transitions into a cable-stayed high bridge with a clear span of 510 m to allow ship passage. There, the
bridge deck is 55 m above sea level. Towards the north end, the bridge deck gradually lowers to 14 m above sea level. The bridge deck
is supported by 46 stainless steel floating pontoons. The pontoon dimensions vary slightly from the high bridge to the low bridge and
are given in Table 1. A detailed drawing of the low-bridge pontoon (P4) is given in Fig. 5.

3. Stochastic dynamic analysis of floating bridges

A floating pontoon bridge such as the BFB will be subjected to random dynamic excitation due to environmental actions comprised
of wind and wave loads. In order to predict the dynamic response of the bridge to such loading with good accuracy, the dynamic
properties of the structure, the aerodynamic and hydrodynamic loads, and the fluid-structure interaction should be modeled properly.

Owing to the random nature of the loading, the dynamic response of the bridge can only be evaluated stochastically based on the
random vibration theory. Such an analysis can be carried out both in the frequency and time domains. When the nonlinearities such as
geometrical or material nonlinearities or nonlinear forces can be neglected and the system can be described as linear and time-
invariant, the frequency-domain approach is time-efficient and well-suited for modeling the fluid-structure interaction. Here,
owing to small deflections and the aerodynamically linear girder, the system is linearized after the static loads are applied. A frequency
domain framework is then adopted to evaluate the dynamic response of the BFB and study the effects of hydrodynamic interaction. The
framework is largely adopted from Kvile et al. [2]; which was further developed by Xu et al. [11] to include the wind effects. The
possible effect of nonlinearities on the dynamic response of the bridge is considered out of scope of the study, where our focus is the
hydrodynamic interaction of the bridge pontoons.

Our starting point is a finite element (FE) model of the bridge, which was created by the NPRA using ABAQUS FE [50] software
(Fig. 6). The model is composed of the bridge deck, the tower, cables, pontoon columns, and pontoons. The deck, the tower, and the
columns are modeled by B31 beam elements, which are 3D elements with 12 degrees-of-freedom and linear interpolation. The cables
are modeled using simple cable elements. All degrees of freedom at the end nodes of the girder are fixed. The pontoons are modeled as
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Fig. 6. Finite element model of the BFB.
Table 2
Properties of the bridge deck section.
Area (m?) 1.43
Second moment of area (I;;) — weak axis (m?%) 2.67
Second moment of area (I,,) — strong axis (m®) 114.83
J(m®) 6.88
E (MPa) 2.10E+45
G (MPa) 8.08E+4
Table 3
Properties of the pontoon columns.
P1 P2&P3 P4
Area (m?) 1.75 115 0.67
Iy & I (m¥) 27.22 12.014 4.27
J (m%) 54.436 24.03 8.54
E (MPa) 2.10E+5 2.10E+5 2.10E+5
G (MPa) 8.08E+4 8.08E+4 8.08E-+4
Table 4
Hydrostatic stiffness and mass of the pontoons.
P1 P2 P3 P4
mass (kg) 1,969,970 1441880 1273912 958856
Kz (KN/m) 8.78E+03 7.74E403 6.68E+03 5.61E+403
Ko (kN.m/rad) 8.27E+04 3.79E+04 3.22E+03 —1.66E+04
Koy (kN.m/rad) 2.11E406 1.89E106 1.65E406 1.40E+06

rigid beams to include their hydrostatic stiffness and mass contributions. The fluid-structure interaction will be modeled outside the FE
model. The pontoon mass contributions are included using lumped masses at the pontoon locations. The hydrostatic stiffness of the
pontoons is calculated from the buoyancy and modeled using additional "translational and rotational" springs at the pontoon nodes.
The geometry and material input for the deck elements and the pontoon columns are given in.

Table 2 and Table 3, respectively. Note that the transverse axis of the girder section will be referred to as the weak axis (due to its
lower bending stiffness) where the vertical axis will be referred to as the strong axis of the bridge girder section throughout the paper.
The hydrostatic stiffness contributions due to the floating pontoons are given in Table 4.

3.1. Eigenvalue analysis

The system miatrices in still-air and dry-pontoon conditions, namely the structural stiffness, mass, and damping matrices are
assembled using the finite element method. The structural damping is modeled using Rayleigh damping with coefficients g = 0.0009,
A = 0.01102, for mass and stiffness, respectively. The classical eigenvalue problem is then solved to obtain the still-air dry mode
shapes and frequencies of the structure. The first 30 vibration modes are summarized in Table 5 and a few first modes are plotted in
Fig. 7.
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Table 5

Still-air dry vibration modes of the BFB bridge.
Mode No f(Hz) T (s) Motion® mode no f(Hz) T (s) Motion®
1 0.009223 108.43 H 16 0.20338 4.917 H
2 0.017115 58.427 H 17 0.21044 4.752 H
3 0.030574 32.708 H 18 0.21326 4.6892 v
4 0.043776 22.843 H 19 0.21724 4.6033 H
5 0.063739 15.689 H 20 0.22055 4.5341 v
6 0.075672 13.215 H 21 0.22447 4.455 \Y
7 0.092569 10.803 H 22 0.22467 4.4511 v
8 0.10827 9.2359 H 23 0.22468 4.4508 v
9 0.12236 8.1728 H 24 0.22472 4.4499 v
10 0.13517 7.3979 H 25 0.22474 4.4497 v
11 0.14456 6.9177 H 26 0.22484 4.4475 v
12 0.16564 6.0373 H 27 0.22513 4.4419 \Y%
13 0.18368 5.4441 v 28 0.22549 4.4348 v
14 0.18929 5.2829 v 29 0.22606 4.4236 v
15 0.19696 5.0771 H 30 0.22649 4.4153 v

a

H = horizontal mode, V = vertical mode, f:natural frequency, T: natural period.

Model N
£=0.00922 Hz : Mode2 Mode 3

f=0.0171 Iz ?r £=0.0306 Hz
=

Mode 4
f=0.0438 Hz I

Fig. 7. Mode shapes of the BFB.

After obtaining the still-air dry mode shapes of the structure, the structural system matrices can be written in terms of the
generalized coordinates of these mode shapes as

M, =@’ M®, K, = &K@, C, = uM; + K, &)

where M, K, and C; are the structural mass, stiffness, and damping matrices and the hat indicates that the matrices are in generalized
coordinates. @ is the mode shape matrix.

3.2. Hydrodynamic loads

The hydrodynamic loads acting on floating bodies such as the BFB pontoons can be modeled as a superposition of the so-called
Froude-Krylov, diffraction, and radiation forces. The former two represent the forces on the fixed body due to the incident and the
diffracted waves, respectively. The superposition of these two forces will be referred to as the wave excitation forces, which can be
described in terms of a spectral density matrix as follows:

Spi P Spivm H
Sw)= |1 ] S (0= (040, 05, (0, 0)0," (0. 0000 @
SPnFI SPnFm 4

where O, (w, ) denotes the wave excitation transfer function for pontoon n and (..)¥ is the Hermitian transpose. The cross-spectral
density of the wave elevation S, , can be written for each pontoon pair as

T ( i%(d.mm cos 04+ Aynm sin a))
Su= | Si@D(0-on)e 40, Ay~ |1, 5] ®

s

where S, (@) is the one-dimensional wave elevation spectrum and D(#) is the directional spectrum. Further, 6, denotes the mean wave
direction, where Ax,, and Ay,, denote the distances between pontoons n and m. The cross-spectral density matrix of the wave
excitation forces can also be written in generalized coordinates as follows:



A. Fenerci et al. Marine Structures 83 (2022) 103174

Tp!om 0
S ( ) ml{wmepums ( )Tptmtq’hvdrm Tpom = - )]
0 T
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Here, the cross-spectral density matrix is first transformed to the global FE coordinates from the local pontoon coordinates using
Tpone and then transformed to the generalized coordinates using ®yy4,, which is the mode shape matrix of the pontoon degrees-of-
freedom.

The remaining radiation forces are motion-dependent and commonly represented using frequency-dependent added mass (M (@))
and damping (Cp(w)) matrices. The 6 x 6 matrices Mj(w) and Cj(w) for each pontoon n are first transformed and assembled to the
global degrees-of-freedom of the FE model as

Np

M) =3 (To) Mi@)(T,n). Cul) = i”j(T;o,,,)"Cﬂm(T;w) )

Then, the matrices in generalized coordinates will read:

M, (@) = @), M (0) @10, Co(@) = B, Ci (@)D, (6)
3.3. Aerodynamic loads
Aerodynamic loads acting on the structure are composed of the so-called buffeting loading due to the wind turbulence and the self-

excited forces which occur as a result of the motion of the bridge deck submerged in the moving air. Neglecting the aerodynamic
admittance, the buffeting forces for acting on a section of a beam element can be written as:

0 0 0
0 2(D/B)C» (D/B)C,—C, "
UB|0 2cC ¢, +(D/B)C ult
40 =B, T, V() B=L20 |0 5 PG i = (v @
0 —2BCy,  —BCy ()
0 0 0
0 0 0

Here, T, is the transformation matrix between the wind coordinate system and the local coordinate system of the beam element.
The wind coordinate system is a cartesian coordinate system defined by the three turbulence components {u, v, w} where u is directed
at the mean wind direction. Cp, Cr, Cy denote the drag, lift, and moment coefficients for the section where C},. CT'L1 C}w are their de-
rivatives with respect to the angle-of-attack. p, U, B and D are the air density, mean wind speed, and the width and the height of the
section, respectively. The buffeting forces acting on the degrees-of freedom of the beam element can then be obtained using the finite
element formulation:

Qbuﬁ"( )=GB,T,,V(r), G = N".(x)dx @

where N(x) is the matrix of shape functions and L, is the length of the beam element. It is assumed that the mean wind speed and the
section properties are constant along the element. The spectral density matrix of the buffeting forces in the global FE coordinates of the
structure can then be assembled by summing up the contributions from each beam element as follows:

N, N, .
w):22Tg,ZG"Bq"T;,lsv(x".x,,,,m)(T';) (B'") (6™ ()" ©)
n m=I

Here, T, is the transformation matrix between the local element and global coordinate systems and Sy (X, Xm, @) is the cross-
spectral density matrix of turbulence. In generalized coordinates of the still-air and dry mode shapes, the buffeting force spectral
matrix will read:

g‘TI (w) = (Dz;msqq (w)q)uem (1 0)

where @, is the mode shape matrix, given at the aerodynamic degrees-of-freedom of the structure.

The self-excited forces acting on the bridge girder and columns are commonly modeled as frequency-dependent aerodynamic
stiffness and damping matrices. If the quasi-steady assumption is adopted, the frequency-dependency can be removed and the matrices
read:
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00 0 00 0
0 fzc,,(e) ledu(%) 000
cae:%pUB 0 -2¢, —c‘,l—c,)(%) 000
0 —2Cy BC,, 00 0
00 0
00 0
L . (11)
0000 00
00 0 c;)(%) 0 0
kae:%plﬂﬁ' 000 —c’; 00
0 0 0 BC, 00
0000 00
0000 00

for a section of the beam element. Alternatively, the matrices can be modeled using the so-called aerodynamic derivatives [51], which
can only be obtained using wind tunnel tests. However, for wind speeds concerning buffeting analysis and streamlined box sections
such as the BFB section, the quasi-steady assumption gives reasonably accurate estimations. The aerodynamic damping and stiffness
matrices can then be obtained for the element degrees of freedom as:

L L
cl = [ N (x)eaeN(x)dx, K& = f N7 (x)kegeN(x)dx (12)
1]

0
and then transformed and assembled to the degrees-of-freedom of the FE model, similar to the buffeting forces:

Net - Nei -
Cae= 3 (T2) Co(T2), Kae =3 (T2,) Kl (T75) (13)
n=I

n=1

Finally, the matrices in generalized coordinates will read:
Eae :‘I’T Cae(baerm Kae - (I'T Kaeq’acm (14)

aera aera

3.4. Stochastic dynamic response

Combining the fluid-structure interaction due to the wind and the waves, the frequency response function of the whole system in
generalized coordinates is written as:

H(w) = [ — @*(My + My(@)) + i0(Cq + Cae + Cu(@)) + (Ks + Kae)] (15)
where the cross-spectral density matrix of the combined buffeting and wave loading in generalized coordinates reads:
St (@) =Sp() + Sq(@) (16)
The response of the system in generalized coordinates can then be obtained using the frequency response method:

Si(@) =H (0)Sy(w)H(w)" (17)

where the asterix denotes the complex conjugate. The displacement response in FE model coordinates can be retrieved using the mode
shape matrix:

S, (@) = @S, () D" (18)
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X

Fig. 8. Panel model of the BFB pontoon P4 in Wadam and the body coordinate system: Degrees-of-freedom from 1 to 6 represent surge, sway, heave,
roll, pitch, and yaw motions, respectively.

4. Hydrodynamic interaction of bridge pontoons

Multiple bodies floating in close proximity are known to interact with each other hydrodynamically. This interaction is often a
combination of the radiation and the diffraction effects. The wave excitation forces on the bodies will be different due to the altered
diffraction wave field because of the presence of the nearby bodies (i.e. changed boundary conditions). Moreover, the radiation forces
will also be different since the motion of a body will also induce forces on another body. Such interaction effects can be investigated by
model tests, potential flow analyses, or computational fluid dynamics (CFD) simulations. Among these, potential flow theory offers the
most practical yet reasonably accurate solution and is therefore widely used.

In the case of the pontoons of the BFB, hydrodynamic interaction effects can also be modeled and the forces on the bodies can be
estimated using the potential theory. However, a known problem when using potential theory to model hydrodynamic interaction
among multiple bodies is that the theory tends to overestimate the resonant gap responses since it neglects viscous effects. This may
consequently result in unrealistically large forces on the bodies at several resonant frequencies. Although this causes an obvious
exaggeration of the wave response in very narrow gaps in marine applications (ships in close proximity, side-by-side barges, etc.), the
overestimation in the case of the pontoons of a floating bridge is expected to be less severe since the wave energy can still dissipate due
to waves propagating outside the computational domain. This is due to the relatively large gap between each pontoon compared to
their length. The lack of viscous energy dissipation in the potential flow analyses is commonly overcome by introducing artificial
damping to the water surface, which is usually calibrated using model tests. This approach will also be adopted in this study.

4.1. Investigations using potential theory

Two panel-models are used to study the hydrodynamic interaction effects among the BFB pontoons. The first one represents the
case neglecting the interaction effects and composed of a single pontoon (P4). The single-pontoon model is shown in Fig. 8. The second
model is a multibody model composed of three side-by-side pontoons, modeled as they are in the BFB. Only three pontoons are
modeled to reduce the computational complexity and taking advantage of the fact that the pontoons are placed on a circular arch along
the bridge. The orientation of the pontoons is shown in Fig. 9 and the coordinates are given in Table 6. It should be noted that any
interaction among pontoons that are further than 200 m will be neglected, assuming that the interaction is minor. Furthermore, the
models are created in two different solvers, namely Wadam [52] and OrcaWave [53], to verify the results and reduce any
software-related bias.

4.2. Artificial damping in potential flow analyses

As introduced at the beginning of the section, the potential theory neglects any viscous effects and tends to overestimate the
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Fig. 9. The 3-pontoon configuration and the body coordinate systems.

Table 6
The 3-pontoon configuration (the coordinates are for the center of gravity of the pontoons in the B2 coordinate
systen, Rotation-z indicates the orientation of the longitudinal axis of the pontoon).

x(m) y(m) Rotation-z (deg)
B1 1 —100 1.15
B2 0 0 0
B3 1 100 -1.15

resonant gap responses between side-by-side floating bodies. Although this effect is expected to be less severe in the case of the BFB
pontoons owing to the relatively large distance between the pontoons, the resonant responses will still be overestimated by a potential
theory multibody analysis.

This handicap of the potential flow analyses is often remedied by introducing artificial damping to the flow surface. The con-
ventional linearized free surface condition reads:

o
— g, +g%:0onz:0 (19)

which represents the non-viscous solution. In the equation, ¢, is the velocity potential and g is the gravitational acceleration. In
potential flow solvers, artificial damping can be introduced modifying the free surface condition. Modification of the condition is
rather arbitrary and can vary depending on which software is used for analysis. In Wadam, the modified condition is given as:
dp
~0 (1 2iew —£}) + g5 =00onz=0 (20)
1z
with the damping coefficient ¢,. The damping coefficient has no direct physical meaning, therefore usually calibrated using data,
essentially from model tests or viscous flow simulations. In OrcaWave, the modified free surface condition is given as:

—@ . (1 —i %7 -
(1 —ie,) +g . =0o0nz=0 (21)

Given that the damping coefficient is a small number, it is deduced that that £, = 2, meaning that one should use half of the
coefficient used in OrcaWave in their Wadam model to achieve the same amount of damping. Model test data are not yet available for
the BFB pontoons considered here. Therefore, it is necessary to use reasonable coefficients recommended in the scientific literature for
similar systems. Chen [32] recommends using &, = 0.016 for the case of narrow gaps between two barges. Considering also that the
damping in our case is likely to be slightly lower due to the larger distance between the bodies, four different damping coefficients are
used to conduct the potential flow analyses to observe the sensitivity of the system behavior against the damping coefficient. The
coefficients are chosen as 20%, 80%, 100% and 125% of the recommended value &, = 0.016. and they are summarized in Table 7.

10
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Table 7
Damping coefficients used in potential flow analyses.
Chen [32] 20% 80% 125%
Wadam (&) 0.008 0.0016 0.0064 0.01
OrcaWave (&) 0.016 0.0032 0.0128 0.02

Fig. 10. 3-pontoon multibody model and the damping suiface.
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Fig. 11. Wave-excitation transfer functions — 0° Heading — Amplitude (no-int: without interaction effects, damp: with artificial damping).
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Fig. 12. Wave-excitation transfer functions — 45° Heading — Amplitude (no-int: without interaction effects, damp: with artificial damping).
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Fig. 13. Wave-excitation transfer functions — 45° Heading — Phase angle (no-int: without interaction effects, damp: with artificial damping).
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4.3. Wave excitation transfer functions

According to (2), the calculation of the cross-spectral density matrix of the wave excitation forces on the bridge pontoons requires
O, (w,8); the so-called wave excitation transfer functions. These are simply frequency-dependent matrices that deseribe the forces on
the floating body for a unit wave amplitude and they can be obtained using potential flow solvers. For each pontoon, matrices read:

0, (w,0) = {11},(,0).17,(@,0). ..

£, (@,6) }

w (rad/s)

Fig. 14. Wave-excitation transfer functions — 90° Heading — Amplitude (no-int: without interaction effects, damp: with artificial damping).

where six transfer functions fgy4(@, 8) are for the six degrees-of-freedom of the pontoon. In the case where the hydrodynamic inter-
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Fig. 15. Added mass coefficients (Degrees-of-freedom 1-6 is of body B1, 7-12 is of B2 and 13-18 is of B3) (no-int: without interaction effects, damp:
with artificial damping).

action of the pontoons is neglected, the transfer functions for each pontoon can be obtained using a single-body panel model in a
potential flow solver (Fig. 8) for pontoon P4. For the sake of simplicity, only the most common pontoon (P4, Table 1) is modeled. The
amplitude of the transfer functions for the pontoon are presented through Figs. 11-14 for different heading angles. For the 45° heading,
the phase angles of the transfer functions are also presented as an example.

Following the same methodology, multibody analyses are also conducted using the multibody panel model shown in Fig. 10. Three
floating pontoons are modeled and artificial damping is applied to the water surface between the bodies. Similar to the case of the
single-pontoon model, the transfer functions are obtained for each body. The difference is that the resulting transfer functions account
for the changed diffraction wave field due to the presence of the adjacent pontoons. The resulting transfer functions are presented in
figures through Figs 11-14 for different damping coefficients along with the single-pontoon case. The degrees-of-freedom with
negligible forces are omitted from the figures. The degrees-of-freedom for a body are defined earlier in Fig. 8. It should be noted that
the results presented here are obtained by Wadam, but replicated with very good agreement in OrcaWave. Only Wadam results are
plotted for brevity.

The results show some peaks in the force transfer functions due to the resonant motion of the fluid between the bodies. The increase
in forces in the case of 0° heading angle (waves perpendicular to the pontoon x-axis) is visible but small. However, when the waves
become more skewed (45-90° heading angle), it is seen that many resonant peaks are seen and the forces at peaks may be significantly
larger compared to the single pontoon case. This is especially the case for the lateral force and the torsional moment for 45°. In the case
of beam sea (90° approach angle), a shielding effect (reduced forces on a body due to shielding from another body) can also be
observed in degrees-of-freedom 2,3 and 4, where the average of the peaked curves lies below the curve of the single-pontoon case.
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Fig. 16. Potential damping coefficients (Degrees-of-freedom 1-6 is of body B1, 7-12 is of B2 and 13-18 is of B3) (no-int: without interaction effects,
damp: with artificial damping).

4.4. Added mass & potential damping

If a single pontoon is modeled in the potential flow solver, the added mass and potential damping terms are obtained by forcing a
unit motion in one degree-of-freedom and solving for the forces in all degrees-of-freedom. This results in 6 x 6 matrices for the floating
body. Alternatively, if a multibody model is adopted composed of 3 bodies as in Fig. 9, there will be additional terms due to interaction
among bodies. For instance, the motion of body B1 shown in Fig. 9 will induce forces on the other bodies B2 and B3. Furthermore, the
forces on a body due to its own motion will be altered because of the presence of the other bodies. The resulting added mass and
potential damping matrices for a certain frequency will then be 18 x 18 matrices for 3 bodies.

Some important added mass and potential damping terms are presented in Figs. 15 and 16 for the 3-pontoon configuration given in
Fig. 9. The relative importance of the terms are determined by sensitivity analyses. The terms that cause the largest impact on the
global responses are chosen to be presented. However, in total, there are 324 terms for both matrices and the matrices are symmetric.
The results are given for different artificial damping coefficients and the single-pontoon term (no-interaction) is plotted along with the
results if relevant. Many resonant peaks can be observed in both the added mass and the potential damping terms, especially between 1
and 2 rad/s. The peaks are especially pronounced in the case of lateral and vertical motions and forces.

5. Implementation of hydrodynamic interaction effects in the frequency domain framework

Having obtained the wave-excitation transfer functions and the added mass and potential damping matrices from potential flow
analyses, we need to integrate the interaction effects to the framework described in Section 2 to predict the bridge response.

For the case of the wave-excitation transfer functions, the assembly is quite straightforward, as @, (®,#) matrices for each pontoon
will be replaced by the ones obtained from the multibody analysis with three pontoons. For the end pontoons, Og; (@, §) and @gs(w®, 6)
will be used for the bodies B1 and B3 shown in Fig. 9. The remaining pontoons will be assembled using @32 (®.0), which represents the
case with pontoons on both sides. Both the coordinate transformations and the assembly follow the same procedure highlighted earlier.
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Fig. 17. Aerodynamic forces acting on a bridge section.

If the hydrodynamic interaction among the pontoons is neglected, the added mass and potential damping matrices of the bridge can
be assembled using (5), after transforming each matrix to global coordinates. More explicitly, the system matrices will look like:

TIM,T, 0

T/M, T,

M, = (23)

0 T'M,T,

where T, is the local to global transformation matrix for pontoon n. Only added mass is written as potential damping follows the same
rules. If the hydrodynamic interaction effects are accounted for; however, additional terms will have to be introduced since the
pontoons in close proximity (—200 m) will interact with each other. This will result in a banded matrix which can be assembled as
below:

T'M,)'T, T'MPT, TIMPT,
TIM;'T, T:MPT, TiM7PT: TM}T,
TIM;'T, TM’T, T;MPT;

M, = T'M;'T, T MT, | (24)
™ M2T, , T! MZT, T;:V ,MET,
T, M/T, s T, MPT,. T, MPT,, T, M'T,
TM;'T, » T/M?T,: T'M]'T,

where Mg. i=1{1,2,3}, j={1,2,3} are the matrices obtained from the multi-body potential flow analyses. The potential damping
will not be repeated as it is similar. The transformation to the generalized coordinates will follow the same procedure as given earlier in
Eqn. (6).

6. Global analyses
6.1. Modeling of the environmental loads

The purpose of the study is to investigate the effects of the hydrodynamic interaction among the bridge pontoons on the global
responses. Therefore, we seek a realistic representation of the extreme environmental loading on the structure to observe the effects of
hydrodynamic interaction on the bridge response. The wind and the wave conditions are therefore modeled based on the design basis
documents prepared by the Norwegian Public Roads Administration (NPRA) for the recent design stages of the bridge [54]. The
environmental conditions were obtained using a combination of site measurements and hindcast simulation data. The Weather
Research Forecasting (WRF) model [55] was used for the hindcast simulations of the mean wind conditions, where SWAN (TU Delft
[56], was used to model the wave conditions. The wind measurements were taken using anemometers on meteorological masts near
the bridge site and the wave heights and directions in the fjord were measured using Datawell Waverider buoys. A common averaging
period of 1 h is used for obtaining the wind and wave statistics, an interval where both processes are assumed to be reasonably
stationary.

6.1.1. Wind loads

The dynamic wind loads on the bridge are comprised of the buffeting loading due to the incident turbulence in the wind and the
self-exited forces which arise due to the fluid-structure interaction. For the analyses here, we will consider the dynamic wind loading
on the main girder and the pontoon columns. The wind actions on the cables of the high-bridge at the south end of the bridge will be
neglected as their impact is insignificant for our application. The formulation of the self-excited forces is given in Eqn. (11) and the
buffeting forces are given in Eqn. (7) under the quasi-steady assumption. Both formulations require the static force coefficients of the
girder. These are defined as:
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Table 8
Steady-state aerodynamic coefficients of the BFB deck section.
Cp Cr Cu Ch [l Chr
0.95 —0.629 —0.076 —2.33 3.59 1.105
Fp Fi Fu
CpH= C, = L Cy = 25
PT05pPD Tt T 05078 Y T 05pUB? (25)

where Fp, F; , Fy, are the aerodynamic forces acting on the section as shown in Fig. 17. The coefficients for the BFB deck were obtained
through wind tunnel tests by Ref. [57] and given in Table 8. The drag coefficient of the pontoon columns is taken as 0.8. The derivatives
of the coefficients were estimated against the angle-of-attack in the range (—3°,3°).

The mean wind speed with a return period of 100 years at a reference height of 10 m from sea level is given as Uj;p = 25.2 m/s for
the easterly winds by the design basis. The vertical profile of the mean wind speed is given as the following logarithmic profile:

In(z/2)

U.=U
7 n(10/z)

(26)

where 2y is the roughness length, which is taken as 0.01. U; denotes the wind speed at height z.
The calculation of the buffeting loading on the bridge hinges on the cross-spectral density matrix of the turbulence (Eqn. (9)), which
reads:

S (@) Cy (S @)
Sy (Spm, @) = Su(@)C, (Spm, ) (27)
S (@)C, (S, @)

where
Spm = {Ax' Ay~AZ}" Ax= |xn 7xm| (28)
if the cross-spectral terms between turbulence components are neglected. Si(w), i € {u,v,w} are the one point spectra of turbulence for

the three turbulence components: along-wind component (u), across-wind component (v), and vertical component (w). The one point-
spectra are modeled using the N400 guidelines [58] for bridge design in Norway as
COS,((J)) A,‘E)i - 7U)L,(Z)

— L W= cie{uv,w (29)
& (14 1.54,a,)" U(z) f !

where oi are the standard deviations of the turbulence components. The turbulence intensities are related to ¢i and can be written as
below:

o I, | 1084
1,7%, I, =0.112, [IW] = [0.6 ]Iu (30)
according to the site measurements. The spectral parameters Ai and the integral length scales Li are taken from the N400 recom-
mendations and shown in Table 9. As apparent from Eqn. (27), the calculation of the cross-spectral density matrix also requires the
coherence (normalized cross-spectral density) terms, which can be modeled using Davenport’s formula as

G (s.a’)) = exp( - Keq.,-%). Kegi= \/ (Kudx) + (Kydy)® + (KpAz)® (31)

The parameters K., Ky Kiz i € {u,v,w} are called decay coefficients of turbulence parameters where {x,y,z} define a cartesian
coordinate system of the turbulence components. Therefore, K, for instance, denotes the decay coefficient of the along-wind

Table 9
Turbulence parameters.
I; (%) 11.2 9.4 6.7
6.8 9.4 9.4
Aif
(27)
L; (m) 162 12.5 4.2
Ki(21) 0 0 0
Ky (27) 10 6.5 6.5
Ky (27) 10 6.5 3

16



A. Fenerci et al. Marine Structures 83 (2022) 103174

E
~— 2 [
>
no-int
— ——-int
0 S A I e | T N o |
=NV O — TN OO NS —~ N TN O -0 O — CIN T N\O -0 O — oI~
T e e o o o e e e et ] O O O O O OO O O 0000 00 00,00 0000 60 00 0N S S ST TS =T
pOI‘ltOOll no
no-int
———-1int ©
s
— 4 &
© & 0o @ [}
S '999'6-0-9.9 29
= 02F SG0o >q
N g@'g 9o
= =
0 N Y T S v v |
—en TN OO NS =N TN OO — NN TN O S — Nt N0 — O en<tvnis
e e e A A = OO L L L L Sl S e en enen en enenenen en <t <t F =ttt
pontoon no

Fig. 18. RMS displacement responses of the bridge girder in global coordinates (z: vertical, y: transverse displacement). The pontoon locations are
indicated by circular markers. (int: interaction effects included, no-int: interaction effects not included).

turbulence in the vertical direction. The decay coefficients used are shown in Table 9, which are taken from N400 [58] but in very
reasonable agreement with the site data in the average sense.

6.1.2. Wave loads

Similar to the case of the wind loads, the calculation of the cross-spectral density matrix of the wave elevation (Eqn. (3)) requires
the one-dimensional wave spectrum S, (w) and the directional spectrum D(#). Here, the one-dimensional wave spectrum is modeled
using the JONSWAP spectrum as:

(@ p)”

5Hw!(1 - 0278 In w*\ P\ T
L D) o[ —125%2)
16w, [0

S(w)

(32)
0.07 forw < w

6= g yw, =2 [ T,
0.09 for w > w,

where H; and T, denote the significant wave height and the peak period, respectively. The directional distribution is modeled using the
cos-2s distribution with the parameter s = 3 and the mean wave direction is assumed perpendicular to the bridge and approaching from
the East. Environmental contour analyses of the wave conditions in the fjord gave a 100-year sea state with H; = 2.1 mand T, = 5.5 s
for the waves coming from the East. The second-order waves are neglected owing to the preliminary investigation results [59,60]
which revealed that the low-frequency response of the bridge was dominated by the wind actions. Although they might affect the mean
responses slightly, their effect on the dynamic response was found negligible. The hydrodynamic interaction effects in second-order
wave loads, however, will be addressed in future studies and considered out-of-scope of this paper.

6.2. Analysis results

6.2.1. Displacements and section forces of the girder

Stochastic dynamic analyses of the bridge under combined wind and wave loading were performed in the frequency domain with
the framework and the environmental conditions described in the previous sections. The analyses were conducted initially without the
hydrodynamic interaction effects and repeated after including the interaction. In the case where the interaction is modeled, the
artificial damping coefficient is taken as 0.008 in Wadam (Table 7), i.e. the recommendation by Chen [32]. The displacement spectra of
the girder were obtained by transforming the spectra of generalized response into the global coordinate system of the FE model using
the mode shape matrix. The root-mean-square (RMS) response of the girder was then obtained by integrating the auto-spectra of the
response for each degree-of-freedom over the entire frequency range (0-3 rad/s). The RMS displacement responses obtained for the
transverse and vertical motions of the girder are shown in Fig. 18 for both with and without the effects of hydrodynamic interaction. A
significant and asymmetrical increase is observed in the vertical response when the interaction effects are modeled.

The section forces at the girder were obtained in a similar manner by transforming the generalized response spectra using the mode
shape matrix of the section forces. The integrated RMS responses are shown in Fig. 19. Significant increases are observed in the axial
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Fig. 19. RMS section forces of the bridge girder. The pontoon locations are indicated by circular markers. (trans: transverse, weak ax.: weak-axis,
str. ax.: strong-axis, tors.: torsional) (int: interaction effects included, no-int: interaction effects not included).
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Fig. 22. Change in modal damping ratio. Positive values indicate an increase in the damping ratio when the hydrodynamic interaction effects

are included.

force (at most 25%), vertical shear force (at most 126%), and the weak axis bending moment (at most 89%) of the girder. The
maximum increase in the axial force occurred at the ends of the girder, near the supports. In the case of the vertical shear, the maximum
increase occurred near the midspan, where it was concentrated around the pontoons near the high bridge for the weak axis moment.
The auto-spectra of these three response quantities are given in Fig. 20 at the girder positions where the most difference is observed.
The spectral densities show that the wind-induced response is essentially not affected by the hydrodynamic interaction as it is in the
low-frequency range. The wave-induced response, on the other hand, seems to be largely affected by the interaction. Although the
wide-banded response observed in the case without interaction remained almost the same, large peaks were introduced by the
interaction at several frequencies, indicating resonant effects. The peaks are apparent in all three response components around the
same frequencies (1.05 rad/s, 1.32 rad/s).
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6.2.2. Modal analysis
Dynamic properties of the structure, namely its natural frequencies and modal damping ratios were identified to get further insight

into the nature of hydrodynamic interaction effects. The dynamic properties of the bridge change under the combined wind and wave
loading, due to the fluid-structure interaction. As the system matrices representing the radiation and the self-excited forces are
frequency-dependent, the modal analysis was carried out in an iterative manner [2]. The resulting modal damping ratios and the
corresponding natural frequencies are presented in Fig. 21. It is seen that in the low-frequency range most of the damping is due to
aerodynamic damping, which is not affected by the hydrodynamic interaction as interaction effects are minor in this frequency range.
It should also be mentioned that drag damping, although neglected here, may provide additional damping to the system in this fre-
quency range. Between modes 20 and 60, however, the hydrodynamic damping dominates. Here, relatively large differences between
the modal damping ratios are observed when hydrodynamic interaction is accounted for. These differences are shown more clearly in
Fig. 22. It should be noticed that the damping is reduced significantly at the frequency range where we observed the increase in the
spectral responses (Fig. 20). The reduced damping combined with the increase in the wave forces at the frequency range in question
explains the observed increase in the response quantities. The auto-spectral densities of the generalized wave force are given in Fig. 23
for several dry modes of the structure. It is seen that several peaks are introduced to the spectra due to the hydrodynamic interaction of

the pontoons.
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Fig. 26. The increase in responses (load effects) due to hydrodynamic interaction as a function of the damping coefficient (reference damping
coefficient refers to €, = 0.008).

6.2.3. Wave direction

The initial analyses are carried out assuming a mean wave direction that is perpendicular to the x-axis shown in Fig. 3, which almost
coincides with the East, and is referred to as such here (i.e. waves from the East). However, the hydrodynamic interaction effects on the
wave loading depend highly on the wave direction, as can be observed from Fig. 11-14. Therefore, further analyses are carried out to
reveal the sensitivity of the results to the incoming wave direction. The analyses described earlier are repeated using two additional
mean wave directions deviating 45° from the perpendicular direction. These will be referred to as Northeast (NE) and Southeast (SE)
directions. For the two directions, the differences in RMS section forces between the cases with and without hydrodynamic interaction
are shown in Fig. 24 and Fig. 25 for the SE and NE direction, respectively. For the SE direction, the changes in the weak-axis bending
moment and the axial force are particularly noteworthy for the bridge response. The vertical shear force also increases significantly,
also for the NE direction; however, it should be mentioned that its contribution to the design stresses is relatively small [57]. Therefore,
it can be concluded that the case of the SE waves is more critical in terms of hydrodynamic interaction.

6.2.4. Artificial damping

The increases in the load effects are also dependent on the damping coefficient chosen in the potential flow solutions. The un-
certainty in this parameter is inevitable unless the coefficient is calibrated using reliable experimental data. Therefore, it is deemed
necessary to show the effect of the parameter on the load effects in question. The damping coefficient was therefore altered greatly and
the analyses were repeated for several values of the damping coefficient. The results are shown in Fig. 26. It is apparent that the change
in load effects decreases in general as the damping coefficient increases, which is an expected result. An exception of this is observed in
the case of the vertical shear force, where a peak in the response is visible for a particular damping range. This occurs due to resonance
of a vertical mode due to very low damping at that vibration mode, which in turn gives drastic increases in the shear force due to the
nature of the mode. Such counter intuitive behavior once again demonsrates the complexity of the dynamic phenomenon that is dealt
with. As can be seen in Fig. 16, the inter-pontoon potential damping terms can be negative, which might cause the total damping to be
critically low, or even negative. Still, even with drastic increases in the coefficient, we observe increased responses when hydrody-
namic interaction is included. Moreover, the system becomes less sensitive to the damping coefficient when the coefficient is large.

The proposed analysis methodology provides practical means for assessment of hydrodynamic interaction effects on floating
bridges. The next step is the verification of the methodology by comparison with test results. Such tests in the ocean basin are already
undertaken by SINTEF and research will continue toward verification of the simulation results.

7. Conclusions

The effect of hydrodynamic interaction of the bridge pontoons on the dynamic section responses of a floating bridge is investigated
numerically using state-of-the-art potential flow simulations combined with stochastic dynamic analyses in the frequency domain.
Several important conclusions can be drawn from the study concerning the design of floating pontoon bridges against dynamic wind
and wave actions.

Multibody potential flow analyses of the bridge pontoons revealed a significant interaction between bodies, which imposed
resonant peaks on both the radiation and the wave-excitation forces.

In the case study considered here, increases in the axial force and the weak-axis bending moment of the girder are observed due to a
combination of reduced hydrodynamic damping and resonant amplification in the wave excitation forces.

The findings suggest that the hydrodynamic interaction of the pontoons should be considered in the design stage of such structures,
as it can cause an increase in the design stresses.

The framework presented here will be useful in a design situation as it provides means for rapid assessment of the phenomenon. For
instance, using such an approach, the interaction effects can be minimized by altering the design, e.g. by varying the distance
between the pontoons or their orientation.
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