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SUMMARY 

This report describes the work performed in consideration of special studies in the concept development work of a 
floating bridge over Bjørnafjorden. Considered effects are hydrodynamic effects such as viscous damping, wave-current 
interaction, hydrodynamic interaction effects and freeboard exceedance.  

Preliminary global analysis with wave-current interaction shows large influence on almost all response variables, partly 
due to a doppler-shift of the wave excitation frequency and partly due to an additional change in the radiation solution 
and wave excitation loads due to wave-current interaction. With a current in opposite direction of the waves, the 
encounter frequencies for the waves on the pontoons are decreased and different eigenmodes are excited. With a 
current velocity of 1.5 m/s combined with the 100-year easterly wind wave, the resulting motion is significantly 
increased compared to the zero-current case. Especially the strong axis moment is influenced. The realism of the 
studied case with an extreme current opposing the extreme wind wave is questionable as extreme currents are 
believed to be wind-driven. Met-ocean data must be updated in order to find a realistic combination of opposing 
current and wind waves before the effect on the load effects for the selected concept can be determined. 

The hydrodynamic interaction between pontoons has an influence on the response. The effect is found to be largest 
for the vertical motion and the weak axis moment. Further, the hydrodynamic interaction effect is larger for shorter 
span widths. This is checked in the global analysis by comparing 100 m span width and 125 m span width, with and 
without hydrodynamic interaction. The effect may be important for typical fatigue sea states, especially for 100 m 
pontoon spacings. 

The effect of computing full quadratic transfer functions (QTF) in WAMIT for the slowly varying drift loads on a pontoon 
has been compared with the Newman approximation. The comparison shows that the Newman approximation is 
conservative for the most relevant wave periods.  

A simplified analysis has been performed with an inhomogeneous wave field. A fully uncorrelated wave field between 
the pontoons have been simulated by changing the phase angle of the wave excitation load coefficients for every 
pontoon. More analysis is needed, but the preliminary results show that it potentially can give a slight increase in the 
response. Studies with varying wave height across the fjord have been completed, where the results show some local 
effects towards the abutments.  

A methodology to assess the effect of freeboard exceedance has been developed. The methodology is checked for both 
a single pontoon and on the global bridge system. The first analysis on the global bridge system in 100-year wind wave 
event resulted in negligible change in response compared to the equivalent simulation without the methodology.  

The effects studied in this report have been considered in terms of their global consequence. They were not explicitly 
accounted for in the global analysis run in Appendix G, but considered as a requirement to robustness of the design 
that has affected the design development throughout the project.  
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1 Introduction 

This report describes the work performed in consideration of special studies in the concept 

development work of a floating bridge over Bjørnafjorden. Considered effects/areas are 

hydrodynamic effects such as viscous damping, wave-current interaction, hydrodynamic interaction 

effects and freeboard exceedance.  
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2 Viscous loads on pontoons 

This section estimates the viscous loads on a single pontoon. The viscous loads are expressed 

through a quadratic drag coefficient like in the well-known Morison equation. The considered 

pontoon is of circtangel shape with length 53 m, breadth 14.9 m and draught 5 m. The focus is on 

sway, as this is the degree of freedom where viscous forces are expected to be most significant for 

the global bridge response. Viscous sway damping is expected to be especially important in the swell 

wave period range, where the potential-flow damping is small.  

Although strictly speaking valid for a circular cylinder, we use the Morison equation to describe the 

loads on the pontoon. The Morison equation takes different forms depending on if the structure is 

fixed in an ambient flow, moving in still water or a combination of the two. We here refer to the 

equations as stated in DNVGL-RP-C205 [1]. If the structure is fixed, the sectional normal force (here 

corresponding to the force per unit draught) is 

𝑓(𝑡) = 𝜌(1 + 𝐶𝐴)𝐴𝑢̇ +
1

2
𝜌𝐶𝐷𝐷𝑢|𝑢|, 

where 𝜌 is the water density, 𝐶𝐴 is a mass coefficient, 𝐶𝐷 is a drag coefficient, 𝐴 is the cross-sectional 

area, 𝐷 is the diameter and 𝑢 is the incident fluid particle velocity. If the structure is moving in still 

water, the Morison equation is written 

𝑓(𝑡) = −𝜌𝐶𝐴𝐴𝑟̈ −
1

2
𝜌𝐶𝐷𝐷𝑟̇|𝑟̇|, 

where 𝑟 is the position of the structure so that 𝑟̇ and 𝑟̈ are respectively the velocity and acceleration 

of the structure. For a structure that is moving in waves and/or current, the Morison equation may 

be written  

𝑓(𝑡) = −𝜌𝐶𝐴𝐴𝑟̈ + 𝜌(1 + 𝐶𝐴)𝐴𝑢̇ +
1

2
𝜌𝐶𝐷𝐷𝑢|𝑢| −

1

2
𝜌𝐶𝐷𝐷𝑟̇|𝑟̇|. 

The latter equation can alternatively be reformulated using a relative velocity 𝑢𝑟 = 𝑢 − 𝑟̇ and 

acceleration 𝑎𝑟 = 𝑢̇ − 𝑟̈: 

𝑓(𝑡) = 𝜌𝐴𝑢̇ + 𝜌𝐶𝐴𝐴𝑎𝑟 +
1

2
𝜌𝐶𝐷𝐷𝑢𝑟|𝑢𝑟|. 

In principle every shape has a specific drag coefficient 𝐶𝐷 that needs to be determined separately by 

model tests or CFD simulations solving the Navier-Stokes equations. The drag coefficient can also be 

estimated based on empirical data for similar shapes and theoretical considerations. Such estimate is 

presented in section 2.1. In section 2.2, force coefficients in the Morison equation obtained from CFD 

analysis are presented. The relation between the empirical/theoretical drag coefficients and those 

obtained from CFD analysis are discussed in section 2.3. Recommended drag coefficients to be used 

in the global analysis are proposed. 
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2.1 Drag coefficient from empirical and theoretical considerations 

Using empirical data and theoretical considerations, the drag coefficient is estimated from the 

following stepwise procedure: 

1. Determine the 2-dimensional drag coefficient for steady current from relevant literature 

2. Determine the 3-dimensional correction factor for steady current from relevant literature 

3. Estimate the KC-number for the case to be considered, based on the expected relative 

velocity between the pontoon and the water 

4. Determine a KC-dependent correction factor to the steady drag coefficient from step 2. 

Inherent in each step is the consideration of the roughness due to the marine growth and the effect 

is has on the drag coefficient.  

2.1.1 2-dimensional drag coefficient 

Figure 2-1 from [1] gives the 2-dimensional drag coefficient for the considered circtangle shaped 

pontoon. The pontoon has 𝐿 𝐷⁄ ≈ 3.5 and 𝑅 𝐷⁄ = 0.5, for which Figure 2-1 suggests a 2-dimensional 

drag coefficient between 0.29 and 0.4 for a Reynolds number around 105. For a circular cylinder this 

is below the super-critical flow regime, where the flow separation point changes because of fully 

turbulent flow and the drag coefficient is reduced. If a Reynolds number of 105 is large enough for 

the flow to be considered fully turbulent for the considered circtangle geometry is however not fully 

understood and should be subject to further examination. In full scale when the bridge pontoons are 

installed, the flow conditions are expected to be fully turbulent due to the large Reynolds number, 

the surface roughness and possibly turbulent inflow conditions.  

 

Figure 2-1 Table with 2-dimensional drag coefficient for the circtangle shape from [2] 

Note that the change in drag coefficient with respect to the direction of the relative velocity for the 

considered pontoon is expected to be relatively large. As an example, consider an ellipse with aspect 

ratio of 1.2. For flow in the longitudinal direction of the ellipse, there will be one separation point at 

the end of the ellipse. However, for flow in the transverse direction of the ellipse there will be two 

separation points, one at each side. As a result, the drag coefficient changes significantly between 

the two cases. Similar flow behaviour can be expected for the considered circtangle shape. A relevant 

question to ask is how large inflow angle is needed for flow separation to occur at the upstream end. 

Here however the focus is on the drag coefficient for flow/motion perpendicular to the pontoon 

longitudinal axis. 
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2.1.2 3-dimensional drag coefficient 

For a circular cylinder the finite length of the cylinder changes the flow locally around the edges. This 

has mainly two consequences for the flow pattern: At the edge, a tip-vortex is created which isolated 

leads to an increase in the drag force on the structure. The tip-vortex furthermore creates a 

downwash that disturbs the flow separation along the rest of the cylinder. The downwash effect 

reduces the viscous drag force. For cylinders with relatively large aspect ratios AR (𝐻 𝐷⁄ ), the 

reduction of the viscous drag force due to downwash is larger than the increased viscous drag force 

due to the tip vortex. At a critical AR, the downwash from the edge will suppress the vortex 

separation from the rest of the structure, see for instance [3]. Note that in [3] the conclusion is based 

on a study with a cylinder of finite length over a flat ground, where the ground-boundary layer 

thickness influences the results.  

 

Figure 2-2 Principle sketch of the downwash due to the tip vortex, from [3]. 

For the present scenario, it is unknown how large influence the vorticity created on bottom of the 

pontoon has. Figure 2-3 illustrates the vorticity created on top of the cylinder in the case studied by 

[4].  

 

Figure 2-3 Tip-vortex due to flow separation from the front edge of an upright cylinder. 
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Several studies suggest a reduction of the drag coefficient for the 3-dimensional case compared to 

the 2-dimensional case for a circular cylinder. It is however not clear if these conclusions can be 

extrapolated to the circtangle pontoon.  

2.1.3 KC-number 

The Keulegan-Carpenter number KC is defined as  

𝐾𝐶 =  
𝑉𝑇

𝐿
 

where V is the amplitude of the oscillatory velocity, T the period of oscillation and L a characteristic 

length scale. For harmonic motion the KC number can be rewritten as  

𝐾𝐶 =  
2𝜋𝐴

𝐿
 

where A is the motion amplitude.  

The characteristic length will be relevant for the flow separation. For the 2-dimensional flow, the 

width of the structure can be a relevant parameter, as it says something about how far the flow has 

travelled along the half-circle before a possible separation occurs. For the 3-dimensional flow it 

depends on the relative magnitude of the tip-vortex versus the inline vorticity. If the drag coefficient 

is dominated by the tip-vortex, it seems natural to use the draught of the structure as the length 

parameter in estimating the KC-number. Hence, there is no obvious unique definition of the KC 

number in this case. However, to compare with literature we must use a similar definition as in the 

relevant sources. 

2.1.4 KC-dependent correction factor on the drag coefficient 

The behavior of the drag coefficient for a smooth circular cylinder compared to a sharp-edged object 

is different for low and high KC-numbers. For a smooth circular cylinder, the vortex shedding 

disappears for low KC-numbers, see illustration of the different flow regimes in Figure 2-4. This 

reduces the drag coefficient. However, at very low KC-numbers the drag force due to skin friction 

becomes dominant and the drag coefficient increases again.  

For objects with sharp edges, the KC-dependence is somewhat more predictable since the flow will 

always separate from the sharp corners. Several studies found in the literature report a drag 

coefficient that is continuously increasing with decreasing KC-number, see for instance [5].  

For the present geometry it is difficult to determine which of the two literature cases that are most 

relevant, since it is consists of a blunt “base shape” but has a sharp edge at the bottom. If the 2-

dimensional flow separation governs the viscous force, the KC-number dependence for an infinitely 

long circular cylinder is relevant. However, if the 3-dimensional effect governs the viscous forces, the 

KC-number dependence for a sharp edge object is more relevant. Getting closer to answering this 

question with confidence requires model tests, CFD analysis or ideally a combination of the two. 
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Figure 2-4 Illustrations of the different flow regimes for a smooth circular cylinder, from [6] 

2.1.5 Recommended drag coefficient based on literature review 

For the present geometry it has been challenging to determine a proper drag coefficient only based 

on literature for reasons that are discussed above. However, in the early phase of the project it was 

decided that 𝐶𝐷 = 0.3 was a reasonable assumption for the drag coefficient in sway based on the 

literature survey. Some of the effects explained above lean towards increasing this drag coefficient, 

but there are also effects that would suggest reducing the drag coefficient.  

In principle the geometry of the pontoon can be modified to achieve a higher drag coefficient by 

forcing flow separation, which could be attractive e.g. to increase the viscous damping. However, this 

will influence other hydrodynamic parameters as well as local structural stresses and strains. Before 

introducing means to increase the viscous loads on a pontoon, a careful consideration of these 

effects should be done. 

2.2 Force coefficients from CFD analysis 

A CFD analysis has been performed by CoreMarine to estimate the drag coefficient in sway of a single 

pontoon in steady and oscillatory flow. Their results are documented in [7], Enclosure 2.  

Here an extended discussion is given together with force coefficients obtained from fitting the force 

time series from the CFD analysis to the Morison equation.  

2.2.1 Analysis setup 

The analysis is performed with the IHFOAM version of OpenFOAM, solving the Reynolds averaged 

Navier-Stokes (RANS) equations for two-phase incompressible flow. The interface between the two 

phases (air and water) is captured using the volume of fluid (VOF) method. Since the mesh is too 

coarse to resolve turbulent boundary-layer flow, and since the RANS equations are solved, an SST 

turbulence model is applied. The pontoon is kept fixed and the free-surface deformation is 
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neglected, i.e. the free surface is modelled as a frictionless flat plate. The fluid domain is 250x250 m 

in the horizontal plane and with a water depth of 50 m. Along the vertical outer domain boundaries, 

uniform (velocity) boundary conditions are given. 

2.2.2 Assumptions and simplifications 

The choice of incompressible flow in the analysis is deemed reasonable. Solving the compressible 

Navier-Stokes equations is associated with a substantial increase in CPU time. Moreover, 

compressibility effects are generally only important when dealing with violent flow phenomena such 

as slamming or cavitating flows. None of these are relevant here. 

Neglecting the deformation of the free surface implies that the time-varying wave elevation due to 

incident and diffracted surface waves contribute insignificantly to viscous loads. Although these 

assumptions are not uncommon and clearly simplifies the analysis, their validity is not obvious. As an 

attempt to verify the assumption, an analysis with the pontoon oscillating in still fluid with a 

deforming free surface was attempted with rigid wall boundary conditions along the vertical outer 

walls of the computational domain. However, it was discovered that the dimensions of the fluid 

domain were too small for this scenario (the fluid disturbances did not die out towards the ends of 

the domain and this is likely to influence the pressure on the structure due to blockage effects and 

reflections, see Figure 2-5). Clearly, this type of setup requires a larger domain that than of a fixed 

cylinder in an ambient flow. Verifying the flat free-surface assumption is hence left as future work. 
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Figure 2-5 Free-surface elevation in computational domain at different time instants for an oscillating pontoon 
in initially still water. Contour levels: red; elevation 0.25 m, blue; elevation -0.25 m. 

While the flow separation from the bottom of the pontoon should be straightforward to predict in 

the CFD analysis, the separation points along the vertical sides of the pontoon depend amongst 

others on the turbulence in the boundary layer. The turbulence model used in the analysis may 

influence this, and hence also the drag coefficient. The turbulence model used in the present analysis 

has not been validated for this particular project but was chosen based on the CFD analyst’s 

preference and experience. 

2.2.3 Results 

Processing of CFD data for oscillatory flow 

Mass and drag coefficients 𝐶𝐴 and 𝐶𝐷 are estimated through fitting the Morison equation to the time 

series of the sway force on the pontoon obtained from the CFD analysis. Since the pontoon is fixed in 

an ambient flow, we use the following form of the Morison equation: 

𝑓(𝑡) = 𝜌(1 + 𝐶𝐴)𝐴𝑢̇ +
1

2
𝜌𝐶𝐷𝐷𝑢|𝑢|. 

The velocity 𝑢 and acceleration 𝑢̇ of the ambient flow are given as 
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𝑢 = 𝑈𝑎 cos(𝜔𝑡), 

𝑢̇ = −𝜔𝑈𝑎 sin(𝜔𝑡), 

where 𝑈𝑎 is the velocity amplitude and 𝜔 is the oscillation frequency given as 2𝜋 𝑇⁄  with 𝑇 the 

oscillation period. It is verified that these analytical expressions for the fluid velocity and acceleration 

correspond to those imposed in the CFD analysis, see Figure 2-6. In fitting the Morison equation to 

the CFD results, we apply the velocity as reported from the CFD analysis together with the 

acceleration estimated from a second order finite-difference method. In general, there is little 

difference between using the velocity and acceleration reported from the CFD analysis and the 

analytical values (other than an initial ramp-up that is not represented by the latter). 

 

Figure 2-6 Fluid velocity and acceleration for case 𝐾𝐶 = 1.0. The dashed lines correspond to the cosine/sine 
analytical expressions while the full lines correspond to the values imposed as boundary conditions in the CFD 
analysis. 

The following procedure is followed to fit the Morison equation to the CFD results: 

1. Select one period of oscillation between time steps 𝑛1 and 𝑛2 after transient effects have 

vanished in the CFD results 

2. Guess initial values for 𝐶𝐴 and 𝐶𝐷 

3. Compute the square error ∑ (𝐹𝐶𝐹𝐷 − 𝐹𝑀𝑜𝑟𝑖𝑠𝑜𝑛)2𝑛2
𝑛1

 

4. Use a non-linear solver in Excel to minimize the square error by iterating on 𝐶𝐴 and 𝐶𝐷. 

The procedure has been verified with a least square approach in pyhton. Another approach has also 

been attempted where the entire force is assumed to be due to drag when the acceleration is zero 

and the entire force due to inertia when the velocity is zero. The above procedure to minimize the 

square error is however found to give a better agreement and is preferred. 

For the case where the flow is uniform, the mass force is zero so that the drag coefficient is 

straightforward to derive. For the oscillatory-flow cases, different values for the flow velocity and 

oscillation period are considered. These are characterized by two non-dimensional numbers: 

The Keulegan Carpenter (KC) number is again defined as 

𝐾𝐶 =
𝑈𝑎𝑇

𝐵
, 
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where 𝑈𝑎 is the velocity oscillation amplitude, 𝑇 is the oscillation period and 𝐵 is the pontoon 

breadth.  

The viscous frequency parameter 𝛽 is defined in [1] as 

𝛽 =
𝑅𝑒

𝐾𝐶
, 

where 𝑅𝑒 = 𝑈𝐵 𝜈⁄  with 𝜈 = 1.05 ∙ 10−6 𝑚2𝑠−1 the kinematic water viscosity. An overview of the 

simulated cases is given in Table 2-1. It is noted that the cases considered here are the most relevant 

cases from the CFD analysis. Postprocessing of the CFD results to determine Morison coefficients is 

done by AMC using simulation data provided by the CFD subcontractor. 

Table 2-1 Oscillatory-flow cases in CFD analysis. 

Case ID 𝑲𝑪 (−) 𝑻 (𝒔) 𝑼𝒂 (𝒎𝒔−𝟏) 𝑹𝒆 (−) 𝜷 (−) 

KC = 0.5 0.5 15 0.5 7.10E+06 1.42E+07 

KC = 1.0 1 15 0.99 1.40E+07 1.40E+07 

KC = 2.0 2 15 1.99 2.82E+07 1.41E+07 

KC = 3.0 3 15 2.98 4.22E+07 1.41E+07 

KC = 4.0 4 15 3.97 5.63E+07 1.41E+07 

KC = 20.0 20 30 9.935 1.41E+08 7.05E+06 

KC = 1.0B 1 8 1.87 2.65E+07 2.65E+07 

KC = 1.0C 1 25 0.595 8.44E+06 8.44E+06 

KC = 2.0B 2 8 3.725 5.29E+07 2.64E+07 

 

Both the total load and the load on individual 1 m strips of the pontoon is reported, see Figure 2-7. 

We here follow the approach of fitting the coefficients of the Morison equation for each of the five 

individual strips. Formally, this is more theoretically sound since also the Morison equation is 

formulated so that it represents the force per unit height of the structure. It also enables us to study 

the distribution of the drag coefficient as a function of depth, which can give information regarding 

which flow mechanisms that matter. Finally, the total mass and drag coefficients are taken as the 

average of the drag coefficients for each strip. It is noted that the forces on the individual strips are 

found to be in phase with each other. The frictional drag on the flat bottom (“HULL_Bot”) is 

neglected in this procedure, which can be justified by the fact that this force is in orders of 

magnitude smaller than the forces on any of the vertical strips. 

  

Figure 2-7 CFD model of pontoon hull. The individual load on the strips “HULL1” – “HULL5” are reported. 

An example of the fitted Morison forces on each section compared with the CFD results for KC = 1.0 

is shown in Figure 2-8. The Morison equation with fitted coefficients is generally seen to reproduce 

well the CFD forces for all cases in Table 2-1. Hence, the results indicate that the Morison equation is 

well suited to describe the loading on the pontoon for the studied scenario (oscillatory flow without 

free-surface deformations). 
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𝒛 =  −𝟎. 𝟓 𝒎 𝒛 =  −𝟏. 𝟓 𝒎 

  

𝒛 =  −𝟐. 𝟓 𝒎 𝒛 =  −𝟑. 𝟓 𝒎 

  
𝒛 =  −𝟒. 𝟓 𝒎 Flat bottom 

  

Figure 2-8 Morison equation fitted to sway force on the different structural components in Figure 2-7 from CFD 

analysis for case KC = 1.0 in Table 2-1. 

2.2.4 Discussion of results 

Constant (non-oscillatory) current 

First we consider the case where the pontoon is placed in a constant flow with uniform flow velocity 

𝑈 = 1.5 𝑚/𝑠. The drag coefficients for flow in surge and sway direction, respectively, are given as 

𝐶𝐷,𝑠𝑢𝑟𝑔𝑒 =
𝐹𝑠𝑢𝑟𝑔𝑒

1
2

𝜌𝐿𝑈2
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𝐶𝐷,𝑠𝑤𝑎𝑦 =
𝐹𝑠𝑤𝑎𝑦

1
2

𝜌𝐵𝑈2
, 

where 𝐹𝑠𝑢𝑟𝑔𝑒  is the force with flow perpendicular to the length dimension and 𝐹𝑠𝑤𝑎𝑦 is the force with 

flow parallel to the length dimension, 𝜌 is the water density, 𝐿 is the pontoon’s length and 𝐵 is the 

pontoon’s breadth. 

The drag coefficients on the individual structural sections in Figure 2-7 are plotted as a function of 

the distance to the free surface in Figure 2-9. Especially the surge drag coefficient is reduced towards 

the bottom of the pontoon. The drag coefficient in sway is more uniformly distributed over the depth 

of the pontoon. Here we see only a small reduction of drag coefficient towards the bottom of the 

cylinder. This may suggest that flow separation occurs also from the vertical downstream sides of the 

pontoon, which is also indicated in Figure 2-10 showing the velocity field from the CFD analysis. 

 

 

Figure 2-9 Drag coefficients for pontoon in steady flow on individual sections plotted as a function of the vertical 
coordinate z (the vertical position of the centre of the section relative to the waterline). The sway force is 
parallel with the longest dimension of the pontoon. 
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Figure 2-10 Velocity fields for pontoon in steady flow seen in a centre-cut parallel with the pontoons length axis. 

The average drag coefficients in steady flow is 𝐶𝐷 = 0.41 in sway direction and 𝐶𝐷 = 1.52 in surge 

direction. In comparison, the sway drag coefficient recommended based on the literature survey in 

section 2.1.5 was 𝐶𝐷 = 0.3, i.e. some 25% lower than the CFD value. 

 

Harmonically oscillating current 

For the cases with oscillatory flow, we restrict ourselves to consider forces in sway direction with 

current parallel to the length dimension of the pontoon. The Morison mass and drag coefficients on 

each section, as well as the average value, for all cases in Table 2-1 are listed in Table 2-2. 

Table 2-2 Best-fit mass and drag coefficients in Morison equation, both for the individual structural sections in 
Figure 2-7 and the average coefficient between all sections. The z-values indicates the vertical position of the 
centre of the section relative to the waterline. 

Case ID 
𝑪𝑨 (−) 𝑪𝑫 (−) 

Hull 1 
𝒛 = −𝟎. 𝟓𝒎 

Hull 2 
𝒛 = −𝟏. 𝟓𝒎 

Hull 3 
𝒛 = −𝟐. 𝟓𝒎 

Hull 4 
𝒛 = −𝟑. 𝟓𝒎 

Hull 5 
𝒛 = −𝟒. 𝟓𝒎 Avg. Hull 1 

𝒛 = −𝟎. 𝟓𝒎 
Hull 2 

𝒛 = −𝟏. 𝟓𝒎 
Hull 3 

𝒛 = −𝟐. 𝟓𝒎 
Hull 4 

𝒛 = −𝟑. 𝟓𝒎 
Hull 5 

𝒛 = −𝟒. 𝟓𝒎 Avg. 

KC = 0.5 0.148 0.145 0.140 0.131 0.111 0.135 3.017 3.038 3.118 3.431 4.871 3.495 

KC = 1.0 0.140 0.138 0.133 0.123 0.105 0.128 1.400 1.455 1.601 1.984 2.442 1.776 

KC = 2.0 0.142 0.139 0.134 0.124 0.104 0.129 0.906 0.958 1.099 1.372 1.324 1.132 

KC = 3.0 0.142 0.140 0.134 0.122 0.099 0.127 0.807 0.844 0.932 1.079 0.994 0.931 

KC = 4.0 0.142 0.139 0.133 0.121 0.097 0.126 0.754 0.788 0.863 0.984 0.904 0.859 

KC = 20.0 0.131 0.132 0.133 0.135 0.124 0.131 0.467 0.495 0.548 0.632 0.605 0.549 

KC = 1.0B 0.159 0.157 0.152 0.142 0.123 0.147 2.295 2.346 2.494 2.887 3.301 2.665 

KC = 1.0C 0.134 0.131 0.126 0.117 0.099 0.121 0.999 1.065 1.219 1.581 2.107 1.394 

KC = 2.0B 0.157 0.154 0.149 0.138 0.117 0.143 1.403 1.456 1.597 1.869 1.813 1.628 

 

The Morison mass coefficients are plotted as a function of the KC number in the upper panel of 

Figure 2-11. In the lower panel, the mass coefficients are plotted as function of 𝛽 for KC = 1.0. Similar 

plots for the drag coefficients are given in Figure 2-12. In general, the average mass coefficient is 

insensitive to KC and equal to 𝐶𝐴 ≈ 0.13 if 𝐾𝐶 ≳ 1.0. A somewhat stronger KC dependence is 

observed for the lowest section (z = -4.5 m), which is likely related to flow separation from the 

pontoon bottom. The mass coefficients tend to increase weakly with 𝛽.  
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Figure 2-11 Mass coefficients for pontoon in oscillatory flow. The lower plot shows results for 𝐾𝐶 = 1 with three 
different values of 𝛽 = 𝑅𝑒 𝐾𝐶⁄ . The dashed lines in the upper plot are curve fits on the form 𝑎 ∙ 𝐾𝐶𝑏 and in the 
lower plot on the form 𝑎 ∙ 𝛽𝑏, where 𝑎 and 𝑏 are arbitrary coefficients. 

From Figure 2-12, the drag coefficient depends strongly on the KC number, in particular for KC 

numbers below approximately 2.0. This is qualitatively consistent with the wake amplification factor, 

i.e. the ratio between the drag coefficient in oscillatory and stationary flow, given in DNVGL-RP-C205 

[1] where the drag coefficient for an infinitely long circular cylinder is seen to increase significantly 

for low KC numbers. The magnitude of the increase as well as the KC number where it starts to do so, 

however, cannot be directly compared since the pontoon’s shape is substantially different from an 

infinitely long circular cylinder and hence other quantitative results should be expected. We also 

note that when the KC number increases, the drag coefficient tends towards the constant-flow value 

of 0.41, as it logically should. However, it is possible that even higher KC numbers have to be 

considered in order to reach the exact same value (in [1] a KC number of 60 is required for the wake 

amplification factor to be exactly equal to unity). At 𝐾𝐶 = 20, [1] suggests a wake amplification 
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factor of approximately 1.25. In our case we have 0.549 0.41⁄ ≈ 1.34, which is considered a 

reasonable agreement given that the results are for different geometrical shapes.  

For 𝐾𝐶 = 1, it is found that the drag coefficient increases somewhat with 𝛽. This tells us that the 𝛽 

parameter do have some importance for the results at low KC numbers (a Reynolds dependency so 

that the period of oscillation has an effect). 

 

 

Figure 2-12 Drag coefficients for pontoon in oscillatory flow. The lower plot shows results for 𝐾𝐶 = 1 with three 
different values of 𝛽 = 𝑅𝑒 𝐾𝐶⁄ . The dashed lines in the upper plot are curve fits on the form 𝑎 ∙ 𝐾𝐶𝑏 and in the 
lower plot on the form 𝑎 ∙ 𝛽𝑏, where 𝑎 and 𝑏 are arbitrary coefficients. 

In Figure 2-13, the drag coefficient on each pontoon section is plotted as a function of the sections’ 

mean submergence. Especially for low KC numbers the drag coefficient tends to increase towards the 
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bottom of the pontoon, while for higher KC numbers the drag coefficient is more uniformly 

distributed over the draught similar to the constant-flow curve for sway in Figure 2-9. One may 

anticipate that for low KC numbers, the flow will not separate properly from the vertical pontoon 

sides, whereas the flow will always separate from the pontoon bottom where there is a sharp edge. 

In this interpretation, the results suggest that the flow separation from the pontoon bottom 

contributes to substantially increase the viscous drag force on the pontoon at low KC numbers. 

Although not conclusive, the results do also suggest that the 𝛽 dependence is stronger for low KC 

numbers than for higher ones (indicated by looking at “KC = 1.0B” relative to “KC = 1.0” compared to 

“KC = 2.0B” relative to “KC = 2.0”). 

 

 

Figure 2-13 Morison drag coefficients for pontoon in oscillatory flow on individual sections plotted as a function 
of the vertical coordinate z (the vertical position of the centre of the section relative to the waterline). All cases 
defined in Table 2-1 are included in the plot. 

Constant and harmonically oscillating current superimposed 

An additional analysis was performed to investigate the effect of having an oscillatory current 

superimposed on a constant current. The oscillatory flow has velocity amplitude period 𝑈𝑎 =

0.99 𝑚 𝑠⁄  and period 𝑇 = 15 𝑠, while the steady current has velocity 𝑈 = 1.0 𝑚 𝑠⁄ . Following [1], 

the combined KC number for this scenario is defined as 

𝐾𝐶 =
(𝑈𝑎 + 𝑈)𝑇

𝐵
≈ 2.0. 
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Hence, the constant current effectively increases the KC number, and according to Figure 2-12 one 

would expect the drag coefficient to decrease. This is indeed the case; the depth-averaged mass and 

drag coefficients for this case are found to be 𝐶𝑎 = 0.123 and 𝐶𝑑 = 0.66. This can be compared to 

the case 𝐾𝐶 = 1.0 which is similar expect from the constant current. This case gave be 𝐶𝑎 = 0.128 

and 𝐶𝑑 = 1.78. Hence, the mass coefficient is not significantly influenced by the constant current 

whereas the drag coefficient is reduced because of an increased KC number. The distribution of the 

drag coefficient over the individual strips is plotted in Figure 2-14, where the case with constant and 

oscillatory current superimposed denoted “KC = 1.0D” is compared with the other simulations with 

KC = 1.0 and 2.0, respectively. Clearly the drag coefficient is more uniformly distributed when the 

constant current is introduced than for the other KC = 1.0 cases, and qualitatively more like KC = 2.0.  

 

Figure 2-14 Morison drag coefficients for pontoon in oscillatory flow on individual sections plotted as a function 
of the vertical coordinate z (the vertical position of the centre of the section relative to the waterline). The case 
with a constant and oscillatory current superimposed is denoted “KC = 1.0D”. 

More work is required to understand fully how different combinations of oscillatory and constant 

current influences the drag forces. It may also be more relevant to define the KC number in a 

different manner. Nevertheless, it seems evident that a constant current tends to reduce the drag 

coefficient. It is further recommended that one common drag coefficient is used in the global analysis 

that combines the current and the oscillatory flow.  
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2.2.5 Discussion of uncertainty in CFD analysis 

There are indeed aspects that gives confidence in the accuracy of the adequacy of the performed 

CFD analysis: 

 The mass coefficient is less sensitive to the KC number than the drag coefficient, as is also 

indicated in DNVGL-RP-C205 [1] 

 The drag coefficient has a well-defined decrease with increasing KC numbers and tends 

asymptotically towards the value found for stationary-flow conditions. 

Especially for low KC numbers, the obtained drag coefficient is somewhat sensitive to the way of 

fitting the CFD force time series to the analytical (Morison) force time series. To estimate reliable 

drag coefficients at low KC numbers is generally known to be a challenging task. Even though the 

results from the CFD analysis have an apparently logical behaviour both with respect to KC number 

and the importance of the flow separation from the sharp edge at the bottom, the absolute values of 

the mass and drag coefficients have not been validated against model tests. Eventually, this is 

necessary in order to increase the confidence to the level required for future phases of the project. 

There are also other sources of uncertainty that has not been clarified in the present analysis and 

that may be of importance: 

 The structure will generate waves when it oscillates, and moreover there will be incident 

waves that will disrupt the generation of vorticity. Hence, the assumption that free-surface 

deformations can be neglected may not always be adequate. An attempt was made to verify 

this assumption, but as described in section 2.2.2, these results were disqualified due to a 

too small domain. 

 Here the scenario studied is a fixed pontoon in a harmonically oscillating flow. Generally, 

waves in the ocean are irregular and not necessarily well described by Airy wave theory. 

Although the draught of the pontoon is small, the wave particle velocity may vary slightly 

over the draught. It is possible that the idealized conditions used in the CFD analysis not fully 

reflects the wave loading in a realistic condition. 

 Boundary-layer turbulence is important especially for the drag forces due to flow separation 

from a smooth wall. For sharp edges, such as the bottom of the pontoon, the turbulence has 

less importance since the flow always separates at the sharp corner. Thus, the drag forces 

due to flow separation from the upright cylinder walls contains some uncertainty because 

the verification of the turbulence model is not properly documented. When flow separation 

from the bottom edge dominates, however, there is less uncertainty. One may therefore 

claim that the choice of turbulence model leads to some uncertainty for the value of the drag 

coefficient, but this uncertainty is smaller for very low KC numbers than for larger KC 

numbers (because the flow separation from the bottom edge appears to be more dominant 

at low KC numbers). 

 Since the drag coefficient is highly dependent of parameters such as KC and 𝛽, one should 

consider this as a sea-state dependent parameter. Thus, it is difficult to indicate a single 

value to be used in the analysis model without including significant uncertainty. An 

alternative is to, at a later stage when the general uncertainty is reduced, have a functional 

relationship that expresses the drag coefficient to be used as a function of fundamental sea 

state parameters and pontoon motions. 

 The convergence studies performed for the time step in the CFD analysis is not performed 

with the high Reynolds number cases in mind. Hence, there is some additional uncertainty 
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for the results with high 𝛽 especially. Further time step convergence studies are necessary in 

future studies. 

 Turbulence modelling of the wake. The flow pattern for every structure can be considered to 

be unique and hence the turbulence model that fitted the experimental data for one 

structure might not be applicable for the next.   

In order to reduce the level of uncertainty in relation to the choice of drag coefficient in general and 

in the CFD analysis, the following is suggested: 

1. Short term: Do more CFD work to investigate properly the effect of the free surface 

deformation, incident waves, turbulence modelling etc. 

2. Long term: Do model tests designed to extract the mass and drag coefficients on a single 

pontoon both in idealized conditions (such as here studied in the CFD analysis) and in 

realistic conditions (i.e. being part of a larger bridge model and subject to motions and 

incident current, waves and possibly wind). 

Neglecting the uncertainty due to the simplified conditions studied, the consistency of the CFD 

results does give confidence that the obtained mass and drag coefficients are realistic. Hence, the 

CFD results add value to the present phase of the project. 

2.3 Discussion and recommendations 

The drag coefficient suggested from the CFD analysis in steady-flow conditions is 0.41, which is 

somewhat higher than the value of 0.30 estimated based on literature review. To add some 

conservatism, the following procedure is suggested: 

 Let the KC-dependence be expressed by the draught-averaged drag coefficient in Figure 2-12 

 Multiply the KC-dependent drag coefficients with a correction factor 0.30/0.41 for oscillating 

flow. 

 Use 0.41 as drag coefficient for stationary flow. 

This gives a set of data points, where linear interpolation can be assumed between them, as 

presented in Figure 2-15. The values are tabulated in Table 2-3. It is conservatively assumed that the 

drag coefficient for KC < 1.0 is equal to the value at KC = 1.0. Furthermore, it is assumed that at KC = 

60 the drag coefficient is equal to in steady-flow conditions. 
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Figure 2-15 KC-dependent Morison drag coefficients for pontoon proposed for global analysis model (red line 
with square markers). The numbers indicate the value of the drag coefficient in the different data points. 

Table 2-3 Value of drag coefficient in sway for various values of the KC number. 

𝑲𝑪 = 𝑼𝒂𝑻 𝑩⁄  𝑪𝑫 

0.00 1.30 

0.50 1.30 

1.00 1.30 

2.00 0.83 

3.00 0.68 

4.00 0.63 

20.00 0.40 

60.00 0.30 

 
The method proposed here is a pragmatic one that combines a confidence in that the CFD results are 

qualitatively correct with the uncertainty that is inherent in the CFD analysis and the value of the 

drag coefficient in general at very low KC numbers. It is believed that the proposed functional 𝐾𝐶 −

𝐶𝐷 relationship yields values for 𝐶𝐷 on the conservative side (in terms of the amount of damping 

originating from viscous effects). 

In using these data, it is important to realize that the Keulegan-Carpenter number is defined as  

𝐾𝐶 = 𝑈𝑎𝑇 𝐵⁄ , 

where 𝑇 might be approximated as the peak spectral period 𝑇𝑝 in an irregular sea state and 𝑈𝑎 =

0.5𝜔𝑝𝐻𝑠 with 𝜔𝑝 = 2𝜋 𝑇𝑝⁄  and 𝐻𝑠 the significant wave height. Other ways to define 𝑈𝑎 and 𝑇 may 

be equally valid/suitable. 

It is also important to ensure that the drag force is defined in the same way as assumed here, i.e. 
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𝐹𝐷 =
1

2
𝜌𝐴𝑝𝑟𝑜𝑗𝐶𝐷𝑈2 

Where 𝐴𝑝𝑟𝑜𝑗  is a projected area. If the definition differs, the drag coefficient must be modified 

accordingly. 

In order to further reduce this uncertainty and increase the accuracy of the viscous loading on the 

pontoon, it is recommended to do dedicated model tests in future phases. Since the drag forces are 

much smaller than the inertia forces, one must design these tests in a clever way so that the drag 

force can be extracted in a reliable manner. Furthermore, model tests can give additional 

information regarding possible added damping (and excitation) in waves. One should also do 

additional CFD studies, using the model tests to validate these. A properly validated CFD model 

enables more thorough parameter studies to be performed with increased confidence in the results. 
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3 Wave-current interaction 

Wave-current interaction effects are examined by performing hydrodynamic analysis in Wasim [8] 

and comparing hydrodynamic coefficients, i.e. radiation and wave excitation loads, with results 

obtained with Wadam (Wamit) [9]. 

3.1 Theory 

Wasim is a program developed for the purpose of analyzing loads and response of a vessel with 

forward speed (as long as the vessel is not planing) in time domain. The fact that the analysis is 

performed in time domain implies that in order to compute wave excitation loads, the vessel must be 

fixed (i.e. restricted form undergoing wave-frequency motions), and to compute wave radiation 

loads, the vessel must be subject to forced oscillations in the motion-mode of interest. Hence, to 

perform analysis in Wasim is a more comprehensive task than to perform analysis in frequency 

domain in Wadam or Wamit. 

Wasim uses the Rankine panel method, as opposed to Wadam or Wamit that use Green functions 

(that automatically satisfies the linear free-surface condition). Hence, not only the wetted part of the 

hull but also a portion of the free surface must be discretized in Wasim. 

Wasim can be run both as a linear and non-linear analysis. The latter is strictly speaking not a fully 

non-linear analysis since e.g. the radiation potential is still linear. In the present analysis, the linear 

option is used, which is sufficient because the wave-current interaction problem is covered by linear 

theory. 

Some relevant aspects, largely taken from a presentation given by Torgeir Vada in DNV GL [10], are 

summarized below. 

The combined linear kinematic and dynamic free-surface condition is modified to 

𝜕2𝜑

𝜕𝑡2
− 2𝑈

𝜕2𝜑

𝜕𝑡𝜕𝑥
+ 𝑈2

𝜕2𝜑

𝜕𝑥2
+ 𝑔

𝜕𝜑

𝜕𝑧
= 0 𝑜𝑛 𝑧 = 0, 

where 𝜑 is the velocity potential, 𝑈 is the forward speed (or equivalently the current velocity) and 𝑔 

is the acceleration of gravity. The two terms in red are due to wave-current interaction, while the 

remainder of the equation is similar as the one that applies in Wadam/Wamit with zero velocity.  

An important parameter to assess the importance of wave-current interaction effects, and the 

applicability of a theory, is the non-dimensional frequency 

𝜏 =
𝑈𝜔𝑒

𝑔
, 

where 𝜔𝑒 is the frequency of encounter given as 

𝜔𝑒 = 𝜔0 + 𝑘𝑈𝑐𝑜𝑠(𝛽 − 𝛼). 

𝜔0 is here the wave frequency, 𝑘 is the wavenumber, 𝛽 is the wave direction and 𝛼 is the current 

direction. Physically, this means that if the current is in opposite direction of the waves the 

wavelength will increase and vice versa. There is a numerical singularity at 𝜏 = 0.25, around where 

one should pay particular attention towards the accuracy of numerical results. Values for 𝜔𝑒 and 𝜏 

for relevant conditions in the present analysis are shown in Figure 3-1 below. Clearly, the only 

scenarios where 𝜏 is close to 0.25 is for 𝑈 = −1𝑚/𝑠 and −2𝑚/𝑠 around 𝑇 = 3𝑠 and for 𝑈 = 2𝑚/𝑠 

around 𝑇 = 6𝑠. This is to be kept in mind when analyzing the numerical results. A positive value of 𝑈 

means that the current direction and wave direction coincide, while a negative value means that the 

current direction is opposite of the wave direction. Based on the figures, one may expect that the 
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wave-current interaction effects are stronger for low and intermediate wave periods than for longer 

wave periods typically associated with swells. 

  
Figure 3-1 Frequency of encounter 𝜔𝑒 and non-dimensional wave frequency 𝜏 plotted as function of the incident 
wave period T. 

In order to establish the diameter of the free-surface mesh to be used in Wasim, it is of interest to 

examine the wavelength associated with the encounter frequency, i.e. 𝜆𝑒 = 2𝜋/𝑘𝑒 where 𝑘𝑒 =

𝜔𝑒
2/𝑔. These are plotted in Figure 3-2. 

 
Figure 3-2 Wavelength 𝜆𝑒 associated with encounter wave plotted as function of the incident wave period T. 

 

3.2 Numerical model 

The free-surface mesh used in the analysis is shown in Figure 3-3. The diameter of the mesh is 

approximately 650m, i.e. longer than any of the wave lengths in Figure 3-2, but with a diameter 

slightly lower than  𝜆𝑒 for wave periods 𝑇 > 13𝑠 when the current direction is opposite of the wave 

direction. However, as noted in the Wasim user manual [8], it is often sufficient that the mesh has an 

extent at least five times the length of the vessel. This condition is here satisfied. Based on these two 

criteria, the extent of the applied mesh is considered sufficient. 
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Figure 3-3 Wasim free-surface mesh seen from above. 

The hull mesh, as well as the details of the free-surface mesh close to the pontoon, are shown in 

Figure 3-4. The hull mesh is refined in vertical direction close to the free surface, and the number of 

panels in the horizontal directions is established with short wavelengths in mind. 

     
 

Figure 3-4 Wasim model seen from above and below. 

 

3.3 Analysis cases 

Due to symmetry, only wave directions 𝛽 = 0 − 90° are simulated with a spacing Δ𝛽 = 10°. In 

addition to 𝑈 = 0𝑚/𝑠, current velocities 𝑈 = 1𝑚/𝑠 and 𝑈 = 2𝑚/𝑠 are simulated with current 

directions 𝛼 = 0° and 𝛼 = 180°. 

For each case in the analysis matrix, simulations are performed with the pontoon fixed (in order to 

obtain wave excitation loads) and forced harmonic motions in surge, sway, heave, roll, pitch and yaw 

in order to obtain wave radiation loads.   
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Since the analysis is performed in time domain, a Fourier analysis is performed to express the results 

in frequency domain for comparison with Wadam results. The Fourier analysis is performed by an 

internal function included in Wasim. 

 

3.4 Results wave excitation 

We here compare results with Wadam analysis without any current. With respect to wave excitation 

loads, we may separate the effect of the current into two parts: 

1. A pure Doppler-shift effect 

2. What we may refer to as additional wave-current interaction effects. 

If the former effect dominates, the wave excitation loads computed in Wasim can be expected to 

compare well with Wadam results plotted as a function of the encounter frequency. Otherwise, one 

may conclude that there are important wave-current interaction effects that are beyond a simple 

shift of frequency. 

The wave excitation loads in sway, heave and roll for wave directions 𝛽 = {0°, 20°, 40°} are shown in 

the following figures, with motions and wave and current directions defined in Figure 3-5. 

 

Figure 3-5 Definition of environmental directions and motions. 

The Wasim results with zero current are in good agreement with Wadam, which gives confidence 

that the numerical setup in Wasim is adequate. 

The general observations to be made from the results are: 

 In sway, there are significant wave-current interaction effects that are not fully accounted for 

by introducing a Doppler shift in the Wadam results. This is especially evident for 𝑇𝑒 larger 

than 6 − 8 𝑠, depending on the current velocity. Amplitudes are more affected than phase 

angles. 

 In heave, the excitation is well represented in Wadam if the Doppler shift is considered. The 

effect of additional wave-current interactions is small.  

 In roll, wave-current interaction effects appear to give a significant increase in the wave 

excitation moment beyond introducing the Doppler shift in the Wadam results. The deviation 

can be seen over a broad range of encounter periods, and phase angles are affected. 
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Figure 3-6 Wave excitation loads in sway, wave direction 0°. Wadam results plotted as a function of encounter 
period 𝑇𝑒 are dashed with (+) markers. 

Figure 3-7 Wave excitation loads in sway, wave direction 20°. Wadam results plotted as a function of encounter 

period Te are dashed with (+) markers. 
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Figure 3-8 Wave excitation loads in sway, wave direction 40°. Wadam results plotted as a function of encounter 
period 𝑇𝑒 are dashed with (+) markers. 

 

 

Figure 3-9 Wave excitation loads in heave, wave direction 0°. Wadam results plotted as a function of encounter 
period 𝑇𝑒 are dashed with (+) markers. 
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Figure 3-10 Wave excitation loads in heave, wave direction 20°. Wadam results plotted as a function of 
encounter period 𝑇𝑒 are dashed with (+) markers. 

 

Figure 3-11 Wave excitation loads in sway, wave direction 40°. Wadam results plotted as a function of encounter 
period 𝑇𝑒 are dashed with (+) markers. 
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Figure 3-12 Wave excitation loads in roll, wave direction 0°. Wadam results plotted as a function of encounter 
period 𝑇𝑒 are dashed with (+) markers. 

 

Figure 3-13 Wave excitation loads in roll, wave direction 20°. Wadam results plotted as a function of encounter 
period 𝑇𝑒 are dashed with (+) markers. 
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Figure 3-14 Wave excitation loads in roll, wave direction 40°. Wadam results plotted as a function of encounter 
period 𝑇𝑒 are dashed with (+) markers. 

 

3.5 Results radiation 

This section presents results for the wave-current interaction for the radiation loads for a current 

speed of 1.5 m/s.  

Note that the encounter frequency is equal to the intrinsic frequency (i.e. not equal to the encounter 

frequency) for the radiation problem.  

In addition to the hydrodynamic coefficients given in figures below for the main diagonal, new 

coupling terms between motions appear that do not exist for the zero-current case.  
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Figure 3-15 Added mass (left) and potential flow damping (right) for the sway motion for 1.5m/s current from 
270 degrees. WADAM represents the zero-current case.  

 

Figure 3-16 Added mass (left) and potential flow damping (right) for the heave motion for 1.5m/s current from 
270 degrees. WADAM represents the zero-current case.  
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Figure 3-17 Added mass (left) and potential flow damping (right) for the roll motion for 1.5m/s current from 270 
degrees. WADAM represents the zero-current case.  

 

3.6 Global analysis results 

Two different inputs in the global analysis must be changed in order to study the wave-current 

interaction problem. First, the frequency dependent added mass, damping and wave excitation force 

coefficient. Secondary, the input wave spectra must be changed to account for the frequency of 

encounter, since they are in the metocean design basis [11] given without current present. A 

simplified approach has been chosen here, where analysis of long-crested waves incoming normal to 

the K13_06 bridge is possible. Other effects are also turned off, resulting in a study where it is purely 

the effect of wave-current interaction that influences the results. The study is performed in the 

frequency domain. The results below are for a current velocity of 1.5 m/s in either following or 

opposing direction to the waves. The realism of the opposing current is questionable, since the 

extreme currents in Bjørnafjorden may be wind driven. However, this needs to be further 

investigated and clarified as part of the metocean design basis. 

The result in Figure 3-18 shows a significant increase in the strong axis moment for waves and 

current opposing each other. Waves and current in opposing directions give waves with lower 

frequency of encounter, resulting in excitation of modes with higher periods.  

The vertical motion is increased in opposing current as seen in Figure 3-19. For the weak axis 

moment, it is difficult to conclude from long-crested beam sea. Further studies with other directions 

and short-crested seas are needed.  

As seen in Figure 3-20 and Figure 3-21 the torsional moment and rotational motion of the bridge are 

also significantly higher than the zero-current velocity with waves and current in opposing direction. 
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Figure 3-18 Comparison of the strong axis moment for long crested 100-y waves normal to the bridge (Hs=2.1m 
and Tp=5.5s). In blue is waves and current in opposite directions, red is without current and green is for waves 
and current in same direction.   

 

Figure 3-19 Comparison of the vertical acceleration for long crested 100-y waves normal to the bridge (Hs=2.1m 
and Tp=5.5s). In blue is waves and current in opposite directions, red is without current and green is for waves 
and current in same direction.   
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Figure 3-20 Comparison of the torsional moment for long crested 100-y waves normal to the bridge (Hs=2.1m 
and Tp=5.5s). In blue is waves and current in opposite directions, red is without current and green is for waves 
and current in same direction.   

 

Figure 3-21 Comparison of the rotation about the bridge axis for long crested 100-y waves normal to the bridge 
(Hs=2.1m and Tp=5.5s). In blue is waves and current in opposite directions, red is without current and green is 
for waves and current in same direction.   
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3.7 Uncertainties and limitations 

The wave-current interaction studies presented herein are based on the following limitations: 

- Metocean data in [11] for the wind waves are interpreted as valid without any current present. 

o Input wave spectrums to the global analysis have been frequency shifted to account for 

the presence of current. It is assured that the wave components have the same 

amplitudes after the frequency shift (i.e. the energy is conserved).  

- Long-crested 100-year wind wave (Hs=2.1m and Tp=5.5s) normal to the bridge. 

- Uniform current of 1.5 m/s across the fjord opposing or following the waves 

o Spatial variation across the fjord is not considered 

o Extreme currents may be wind driven, the realism of an extreme current opposing wind 

waves is then questionable  

- Viscous drag has not been included. This will give an additional static contribution to the 

response, but also increase the damping in the cases with current compared to the non-current 

case.  

- Frequency domain OrcaFlex calculations 

Based on the preliminary results the consequence on the bridge response may be significant. A 

simplified estimate gives an increase in the total stresses in the order of 20%, which for some areas 

on the bridge will be dimensioning, see Figure 3-22. However, the study is still somewhat immature 

and further work is needed to fully establish the consequence and realism of the preliminary results.  

 

Figure 3-22 Simplified estimate on the consequence on the resulting stresses on K13_06 for ULS3, where the 
original strong axis and torsional moments from wind sea are multiplied by a factor 2.  
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3.8 Summary of wave-current interaction 

The comparison between Wasim and Wadam analyses showed that wave-current interactions may 

have a significant effect on wave excitation loads beyond a pure frequency (Doppler) shift. The effect 

was more significant for sway and roll than for heave. The effect on added mass and damping was 

much less pronounced. Importing the Wasim transfer functions into OrcaFlex revealed an increase in 

global responses such as the strong axis moment. The effect of wave-current interactions is more 

severe for K13 than for K12. The analysis is however done only with a current speed of 1.5 m/s, 

assumed uniform over the span of the bridge, and with current either aligned with or opposite of the 

wave direction. In order to have a better understanding of the significance of wave-current 

interaction effects, more detailed metocean data is required. Information about the instantaneous 

spatial variation of current across the fjord as well as the joint distribution of wave and current 

directions is needed. In general, it is found that the wave-current interaction effects are more 

significant for the Bjørnafjorden bridge than for typical offshore projects, since the waves are both 

shorter and lower compared to the current velocity than in design sea states offshore. It is also a 

matter of fact that the global response of the bridge is sensitive to wave-current interaction effects, 

largely because different modes can be triggered depending on the encounter frequency. 

One of the principles for the pontoon design have been to have a cancellation in sway excitation for 

at the highest wave period for the 100-year wind wave. This has been achieved by having the length 

of the pontoon close to the 1.5 times the critical wave length. A small shift in the frequency of 

encounter due to current can therefore lead to a large change in the sway excitation loads on the 

pontoon, see Figure 3-6 - Figure 3-8. The global analysis results with long-crested waves (𝐻𝑠 = 2.1 𝑚 

and 𝑇𝑝 = 5.5 𝑠) normal to the bridge with an opposing current of 1.5 m/s show a significant increase 

in response. The strong axis moment is for instance increased by a factor up to 2.5. The influence of 

wave-current interaction on typical fatigue sea states must be investigated.   

It is not possible to conclude on the importance of wave-current interaction without better 

environmental data with correlated wave and current. Using the current metocean design basis with 

worst-case assumptions (most likely unrealistic) yields an increase of 20% in the bridge girder 

utilization.  

Since wave-current interactions have an important effect that should be accounted for in the design, 

it is recommended to do a further effort to reduce the uncertainty in future phases of the project. 

This effort should consist in 1) obtaining more accurate metocean data with respect to the joint 

distribution of waves and current, 2) to validate and verify the numerical model through model tests 

for a single pontoon and 3) to do more extensive studies on the global bridge model in OrcaFlex. The 

present assessment of wave-current interaction effects in OrcaFlex is done solely in frequency 

domain. This assumption should be verified by doing additional studies in time domain. An additional 

difficulty in OrcaFlex is that the wave spectrum must be modified manually in order to shift its 

different frequency components. This operation is not straightforward in short-crested waves, and 

hence only long-crested waves are considered here. Future work should investigate how to properly 

scale wave spectra for short-crested sea states and further assess the importance of wave-current 

interaction effects in short-crested versus long-crested waves. 
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4 Inhomogeneous wave conditions  

One of the challenges in numerical modelling of the floating bridge is that environmental conditions 

in the fjord, for instance waves, are inhomogeneous. This can for instance be that the wave spectra 

changes for different points along the fjord. The global models used until now in the project have 

employed fully correlated short crested seas. This means that every wave component has an infinite 

extent with constant amplitude and phase both transverse and parallel to the wave propagation 

direction. Further, the correlation length of individual wave components is difficult to determine by 

either measurements or numerical analysis. This correlation length is dependent on several 

parameters and difficult to determine at the present stage of the project.  

4.1 Varying wave phase 

For the analysis considered here, the correlation between each pontoon is considered negligible. In 

principle this means that a new seed for the wave elevation is drawn at each pontoon. In OrcaFlex 

this is achieved by changing the phase angle on the excitation force with a separate random variable 

for each pontoon. This still allows the simulations to be performed in frequency domain.  

To get the purest excitation of an eigenmode, in addition to having the wave frequency overlapping 

with the eigenmode it is also important that the form of the excitation coincides with the form of the 

eigenmode. In a sea state with fully correlated wave components between the pontoons, there exists 

a limited amount of excitation forms. However, in an inhomogeneous wave condition a much larger 

selection of excitation forms will exist and possibly an excitation form that will overlap more closely 

with the mode form. In the present study with only a small selection of different seeds, it is hard to 

determine if this effect is captured. In most cases the creation of an inhomogeneous sea state by the 

proposed method creates a wave field with an excitation form that lowers the response of the 

bridge. Either a larger selection of seed needs to be checked, or an inverse methodology must be 

developed. I.e. for every mode, find the wave pattern that gives the highest excitation. This quickly 

escalates to an unmanageable amount of numerical simulations.  

A simplified study of varying phase between the pontoons was conducted, with three different 

realizations of phase difference. An example of the result is shown below, in which the response with 

inhomogeneous conditions was compared to the correlated short-crested seas assumption as used 

for the main global analysis as a relative difference in %. Figure 4-1 to Figure 4-3 shows the strong-, 

weak- and torsional moments respectively. A significant variation is observed when then phase 

variation is introduced for the various sea states that are checked, and there is a randomness to 

where the results increase or decrease due to the phase variation. A large variation in percentage 

may occur for a low sea state where two low numbers are compared, whereas a large variation in 

response may give a low variation in percentage for a governing sea state. The results are not 

weighted to assess the variation of the absolute value of response in the governing sea states, and as 

such inconclusive both considering FLS and ULS/ALS.  
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Figure 4-1 Difference of the standard deviation for strong axis moment between fully correlated sea and a 
single seed with inhomogeneous sea for a range of wave directions, periods and heights. Red indicates that the 
inhomogeneous sea state gives lower response. The picture on top shows the maximum standard deviation 
from all simulations along the bridge, the difference at axis 10 is illustrated here in the rose plots.   

 

Figure 4-2 Difference of the standard deviation for weak axis moment between fully correlated sea and a single 
seed with inhomogeneous sea for a range of wave directions, periods and heights. Red indicates that the 
inhomogeneous sea state gives lower response. The picture on top shows the maximum standard deviation 
from all simulations along the bridge, the difference at axis 10 is illustrated here in the rose plots.   
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Figure 4-3 Difference of the standard deviation for torsional moment between fully correlated sea and a single 
seed with inhomogeneous sea for a range of wave directions, periods and heights. Red indicates that the 
inhomogeneous sea state gives lower response. The picture on top shows the maximum standard deviation 
from all simulations along the bridge, the difference at axis 10 is illustrated here in the rose plots.   

 

4.2 Varying wave height 

According to Table 7 in the metocean design basis [11] the significant wave height varies across the 

fjord. To sum up the table, waves coming from north/northwest gives waves that are higher towards 

the south and sheltered towards the north. For waves coming from south/southwest the result is 

opposite. Two wave screenings were conducted in which the excitation RAOs of the pontoons were 

modified to include the variation of significant wave height across the fjord as specified in [11]. This 

kind of inhomogeneity gives a clearer trend than the wave phase inhomogeneity and is as such easier 

to account for during design.  

Figure 4-4 and Figure 4-5 give bending moments (strong axis and weak axis) for inhomogeneous 

wave waves heights for wind waves from the sector between 285 and 315 degrees. In the north 

abutment the maximum response is decreased, while minimal effect is seen in the south abutment.  

Figure 4-6 and Figure 4-7 gives bending moments (strong axis and weak axis) for inhomogeneous 

wave waves heights for wind waves from the sector between 195 and 315 degrees. In the north 

abutment the maximum response is increased up to 16% at axis 38.  
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Figure 4-4 Difference of the standard deviation for strong axis moment between inhomogeneous sea with 
different wave height for waves from 285 and 315 degrees. Red indicates that the inhomogeneous sea state 
gives lower response. The picture on top shows the maximum standard deviation from all simulations along the 
bridge, the difference at axis 38 is illustrated here in the rose plots.   

 

Figure 4-5 Difference of the standard deviation for weak axis moment between inhomogeneous sea with 
different wave height for waves from 285 and 315 degrees. Red indicates that the inhomogeneous sea state 
gives lower response. The picture on top shows the maximum standard deviation from all simulations along the 
bridge, the difference at axis 38 is illustrated here in the rose plots.   
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Figure 4-6 Difference of the standard deviation for strong axis moment between inhomogeneous sea with 
different wave height for waves from 195 and 225 degrees. Red indicates that the inhomogeneous sea state 
gives lower response. The picture on top shows the maximum standard deviation from all simulations along the 
bridge, the difference at axis 38 is illustrated here in the rose plots.   

 

Figure 4-7 Difference of the standard deviation for weak axis moment between inhomogeneous sea with 
different wave height for waves from 195 and 225 degrees. Red indicates that the inhomogeneous sea state 
gives lower response. The picture on top shows the maximum standard deviation from all simulations along the 
bridge, the difference at axis 38 is illustrated here in the rose plots.   
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4.3 Discussion 

By considering the phase angle of the wave excitation loads on individual pontoons as a random 

variable, the maximum bending moments about the strong and weak axes, as well as the torsional 

moment, are reduced over the bridge span. However, if the responses are investigated for a fixed 

location along the bridge for various combinations of the direction, height and period of the incident 

waves, the conclusion is more complex. Even though the extreme response is reduced, the response 

for a certain wave direction and period may very well increase as a function of inhomogeneity. This 

shows that one must carefully assess the effect of inhomogeneous sea states on a consequence level. 

As an example, increasing the response at certain critical periods may increase the risk of parametric 

excitation. When the wave height was varied along the bridge, an increase in maximum bending 

moments was observed towards the bridge ends.  

The studies performed show that spatial variations of wave properties along the bridge may have a 

significant influence on global responses that are hard to anticipate. Moreover, it cannot be 

concluded in general that neglecting these effects is conservative, and the effect of inhomogeneous 

sea states should be further analysed. In the present phase, the study has focused on maximum 

loads, while the consequences for fatigue life have not been explored. Furthermore, the focus has 

been on the phase of wave excitation loads and varying wave height. One should also consider, and 

possibly analyse, spatial changes in wave periods, wave spectra, wave spreading, wave direction and 

current. This is a comprehensive list of parameters, and rational ways to simplify the analysis matrix 

and to process results statistically are required. For such assessment to be meaningful, metocean 

data with detail level beyond what is presently available is required. 
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5 Hydrodynamic interaction effects  

All global response analysis which are used for input to design at this stage of the project are 

performed with hydrodynamic coefficients resulting from a WAMIT analysis using a single pontoon in 

infinite fluid. In this chapter the importance of hydrodynamic interaction between pontoons is 

checked. 

To understand the interaction effect better a short summary of the assumptions behind linear 

potential flow theory is given. First, the total problem is split into two, the radiation and the 

diffraction potential. Here, the radiation problem is forced oscillation of the structure in each of the 6 

degree of freedoms and the corresponding force in phase with the acceleration (added mass) and 

force in phase with velocity a (potential flow damping) is measured. Further, the second problem is 

the diffraction forces that are wave forces on the structure held in a fixed position. 

For the hydrodynamic interaction between multiple pontoons: 

- The radiation problem is further split into forced oscillation of each pontoon independently, 

while all other pontoons are kept fixed. Resulting in a force on the considered pontoon, but also 

in a hydrodynamic force on the neighboring pontoons due hydrodynamic interaction between 

pontoons. In principle, this gives added mass and potential flow damping matrixes with nonzero 

values with dimensions [6xNBp X 6xNBp] for every wave period. Where NBp is the number of 

pontoons.  

- The diffraction problem is similar to the single pontoon cases, with all pontoons kept fixed. The 

result is a force in 6 degrees of freedom for every pontoon for every wave direction and period. 

5.1 Local interaction effects 

In order to initially estimate the effect of different span widths, hydrodynamic interaction analysis of 

1 pontoon with two neighboring pontoons (one on each side) is checked in WAMIT. The pontoon 

chosen is the circtangle pontoon (53m long, 14.9m wide and 5m deep), this pontoon has a 

weight/displacement which is optimal for the 125m span width. In reality, pontoons for bridges with 

shorter span widths will also get lower displacements, similar pontoons for bridges with longer span 

widths will get higher displacements. See Figure 5-1 for how the heave added mass (A33) is 
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influenced by the span width. 

 

Figure 5-1 Heave added mass (A33) for different span widths 

Figure 5-2 shows results (wave excitation force divided by potential flow damping) for sway motion 

with waves normal to the bridge for different span widths, the results represent the expected 

response at resonance. Similar, results for heave is seen in Figure 5-3. Different span lengths have 

waves with different wave period that can setup resonant sloshing type behavior between the 

pontoons. The result of this is seen as the different oscillating behavior for different span lengths in 

both Figure 5-2 and Figure 5-3. 

Resonant response between bodies (piston-mode and sloshing type) can be overpredicted in 

potential flow theory. One alternative method to avoid this is to introduce a numerical damping lid 

on the free surface. However, the coefficient associated with the numerical damping lid must be 

calibrated towards experiments.  
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Figure 5-2 Response at resonance for sway with waves normal to the bridge (Force divided by damping) for 
hydrodynamic interaction for the circtangle shaped pontoon (53m long, 14.9m wide and 5m deep) for different 
span lengths.  

 

Figure 5-3 Response at resonance for heave with waves normal to the bridge (Force divided by damping) for 
hydrodynamic interaction for the circtangle shaped pontoon (53m long, 14.9m wide and 5m deep) for different 
span lengths. 
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Some initial WAMIT analyses were performed to establish the necessary number of pontoons to be 

included in the WAMIT analysis for export to the global OrcaFlex analyses. 

The results presented below are again for the circtangel pontoon with dimensions 53 m · 14.9 m · 5 

m, and at four different motion periods. The periods are 5 s, 6.95 s, 7.69 s and 8.95 s. The first period 

of 5 s was chosen out of convenience, and the two next periods were chosen based on the heave 

damping curve of the WAMIT run with three pontoons. The spacing between the pontoons is 125 m, 

and the last period of 8.95 s is chosen so that its wavelength matches the pontoon spacing. 

 

Figure 5-4 Non-dimensional added mass of the middle pontoon with increasing number of total pontoons. 

 

Figure 5-5 Non-dimensional damping of the middle pontoon with increasing number of total pontoons. 
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It is evident from Figure 5-4 and Figure 5-5 that there is a big jump in the results between one 

pontoon and three for certain degrees of freedom, but the difference is not as visible between three 

to more than three pontoons. A high period variation is also present. 

The sensitivity of heave coupling between two neighbouring pontoons have been studied. The results 

presented in Figure 5-6 show that the coupling effects vary with increasing number of total 

pontoons, in addition to a strong period variation. For example, the coupled heave damping (B39) 

increases quite a lot with larger number of pontoons for the highest period, but not for the other 

periods. However, all of these coupling terms are small compared to the others closer to the matrix 

diagonal. It is therefore concluded that it is sufficient to proceed with three pontoons as a basis for 

the continuing study, especially when seen in light of Figure 5-4 and Figure 5-5. 

 

 

Figure 5-6 Non-dimensional added mass and damping terms for the heave coupling of the middle and 
neighbouring pontoons as a function of increasing number of total pontoons. 

OrcaFlex allows for global simulations with hydrodynamic coefficients from a multibody analysis in 

WAMIT. However, this feature is at the moment only available in time domain simulations, the 

drawback is that then the convolution integral has to be solved to generate an impulse response 

function. The numerical inaccuracies associated with this approach is described further in section 5.3.  

To allow for frequency domain simulations the main added mass and potential flow damping 

matrices from the 3 by 3 pontoon simulation in WAMIT are used to replace the single pontoon 

solution. Similar, the wave excitation loads are replaced by the wave excitation loads on the middle 

of the three pontoons from the multibody WAMIT analysis.  

5.2 Frequency domain 

Based on Figure 5-2 and Figure 5-3 it is difficult to conclude if hydrodynamic interaction is more 

severe for shorter span widths. To get a better estimate on the importance of hydrodynamic 

interaction for different span widths the K13_03 model is used to check the hydrodynamic 

interaction with 125 m and 100 m span width. The model is further simplified by having all pontoons 

in the bridge equal to the low bridge standard pontoon.  

Here the model with 100 m span width is generated with smaller circtangle pontoons with 

dimensions, 53 m long, 12.8 m wide and 4.5 m deep. 

A full screening of wave conditions up to the 100-year environmental contour is performed, with a 

wave spreading exponent of 4 and gamma parameter of 2. Due to the oscillatory type behavior seen 

in both Figure 5-2 and Figure 5-3 the result with hydrodynamic interaction is expected to be sensitive 

to the parameters of the considered wave spectrum.  
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The results for 125 m span width is given in Figure 5-7 for the strong axis bending moment and in 

Figure 5-8 for the weak axis bending moment. The results are presented as relative difference 

between the single pontoon results (without interaction) and the results with interaction (only main 

diagonal). The strong axis bending moment show small influence of hydrodynamic interaction, 

however, the reduction of the response when considering interaction can for some directions and 

periods be significant. The weak axis bending moment is more sensitive to hydrodynamic interaction, 

with a significant increase in the response for some wave directions. The relative difference is larger 

for what is typically fatigue sea states, although there are some increase in the response for the ULS 

sea state. The latter is not significant for design.  

Comparing the response for the 125 m span width with the 100 m case, the 100 m shows higher 

influence of hydrodynamic interaction on the weak axis response (see Figure 5-10).  

125 m  

 

Figure 5-7 Difference in strong axis bending moment without (blue/wf1) and with (green/wf2) hydrodynamic 
interaction with 125m span width (K13_03)  
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Figure 5-8 Difference in weak axis bending moment without (blue/wf1) and with (green/wf2) hydrodynamic 
interaction with 125m span width (K13_03) 

100 m 

 

Figure 5-9 Difference in strong axis bending moment without (blue/wf1) and with (red/wf2) hydrodynamic 
interaction with 100m span width (K13_03) 
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Figure 5-10 Difference in weak axis bending moment without (blue/wf1) and with (red/wf2) hydrodynamic 
interaction with 100m span width (K13_03) 

5.3 Time domain  

Attempts on performing time domain simulations in OrcaFlex with a fully coupled added mass and 

potential flow damping matrix for all pontoons have failed with numerical instabilities of the 

convolution integral (impulse response function). Several attempts on stabilizing the solutions have 

been attempted; increased number of calculated wave periods in WAMIT to capture the oscillations 

in added mass and damping due to the hydrodynamic interaction between the pontoons. Further, 

the available parameters in OrcaFlex to calculate the impulse response functions from the potential 

flow damping curves has been tried. A limiting factor in this investigation has been the extremely 

long simulation time necessary to perform these OrcaFlex analysis, up to a week.  

These functions are supposed to die out after some time, but many of them don’t, or they do so only 

after a very long time. The reason for this behaviour is small damping at certain frequencies where 

the hydrodynamic interaction effects gives standing sloshing wave between the pontoons. This gives 

rise to performance issues, and possibly erroneous results, which must be understood better. There 

is a ‘cutoff’ time parameter in OrcaFlex that may be tweaked to alter the computation of these 

functions, so it is advised to do a study of different runs with different values of this parameter to 

check the sensitivity and impact on the results. For higher ‘cutoff’ time the discretization time step 

becomes too large to resolve the wave frequency oscillations, as can be seen in Figure 5-16. Changing 

the ‘cutoff’ time parameter makes a huge influence on the impulse and damping functions, as can be 

seen in the figures below. Figure 5-16 and Figure 5-17 for example, are very different – and most of 

the functions die out quickly when the cutoff time is set to 200 s, although the idealised function 

does not behave in the same manner. 

The implications of this should be investigated further. At the current stage it was not possible to 

conclude based on the time-domain simulations with interaction effects. 
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Figure 5-11 Surge-surge impulse function with standard value on the cutoff time. 

 

Figure 5-12 Surge-surge impulse function with the cutoff time set to 200 s. 
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Figure 5-13 Surge-surge damping function with standard value on the cutoff time. 

 

Figure 5-14 Surge-surge damping function with the cutoff time set to 200 s. 
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Figure 5-15 Pitch-heave impulse function with standard value on the cutoff time. 

 

Figure 5-16 Pitch-heave impulse function with standard value on the cutoff time, but now focused on the 200 
first seconds. 
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Figure 5-17 Pitch-heave impulse function with the cutoff time set to 200 s. 

5.4 Discussion 

The hydrodynamic analysis demonstrated that it is generally sufficient to consider three pontoons in 

a multibody analysis, i.e. to determine the loads on a pontoon it is enough to consider on adjacent 

pontoon on each side. Only small changes were observed by increasing the number of pontoons in 

the analysis to five or beyond. From the frequency domain OrcaFlex analysis, hydrodynamic 

interaction effects appear to either have little effect on or reduce the maximum bending moments 

about the strong axis. The bending moment about the weak axis is found to be more sensitive, 

especially with 100 m span width. The analysis indicates that hydrodynamic interaction effects may 

be more important in fatigue sea states than in ULS conditions. 

The method used to study global responses in frequency domain is incomplete in the sense that 

some coupling terms are neglected. Future studies should consider global time domain analysis. This 

was also attempted here but failed due to instabilities/convergence issues related to the so-called 

retardation functions (the time domain equivalents of the frequency domain added mass and 

damping). More effort is required to overcome this issue.  

One possibility that was not addressed is to neglect certain terms that are not considered important 

for the physical response, but that nevertheless can generate numerical problems. This has indeed 

been the experience when working with side-by-side mooring of LNG vessels, where the gap 

between the bodies is smaller and the hydrodynamic interaction stronger. Another measure that 

may improve the retardation functions is to use a lid in the hydrodynamic analysis in Wamit, where 

artificial damping is added to the free surface in order to avoid unrealistic sloshing wave elevations. 

This is also known to have a beneficial effect on the convergence and stability of the time domain 

retardation functions. The damping associated with such lids is however in general sea state 

dependent, and a careful calibration against model tests is necessary in order to obtain realistic 

values. This should be considered as future work, i.e. performing model tests designed to investigate 

hydrodynamic interaction effects and to calibrate the lid damping coefficient in the Wamit analysis. 

Such model tests need to be carefully planned in order to be valuable. The calibrated time domain 

model will indicate whether the frequency-domain approach is appropriate. With a validated model, 
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it is recommended to do further analysis to investigate the influence of hydrodynamic interaction 

effects on fatigue life for the chosen concept. 
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6 Second order wave effects  

Proper calculation of second order loads on the global bridge system through full quadratic transfer 

functions (QTF) is numerically challenging. In the following we will concentrate on the slowly varying 

drift force coefficients. 

Calculation of the second order potential flow force is in principle dependent on the following: 

- First order motion and velocity potentials  

- Wave-current interaction 

- Hydrodynamic interaction. 

The value of the second order slowly varying drift coefficients has previously been calculated by the 

OrcaFlex implementation of Newmans approximation. Whereas the Newman approximation follow 

the arithmetic mean of the two diagonal QTFs, OrcaFlex has implemented a variant following the 

geometric mean of the two diagonal QTFs. The mean drift force coefficient used as input to the 

OrcaFlex calculation have been based on single fixed pontoon.  

Here we present the difference between the full QTF on a single fixed pontoon for a selected number 

of frequencies against the OrcaFlex Newman approximation implementation. The selected pontoon 

is the circtangle pontoon with dimensions 53 m long, 14.9 m wide and 5 m deep.  

To avoid months of computational time, a pre-selection of frequencies has been done based on the 

following criteria; We are interested in difference periods above 20 seconds in the wind sea domain 

between 3 seconds and 10 seconds. With a discretization of the first order periods with a 0.2 s 

interval, this has given us 318 cases to analyze in WAMIT v6.4s.  

The results for the sway QTF for uni-directional waves from 90 degrees are given in Figure 6-1. The 

results show a significant drop from the diagonal for low first order wave periods. While for higher 

first order periods, the QTF is relatively flat with a small increase when you move away from the 

diagonal. The comparison with the geometric mean Newman approximation is given in Figure 6-2, 

similarly the results show that the for low first order wave periods the Newman approximation is a 

conservative approximation. While for first order wave periods from 7-10 seconds the QTF is 

somewhat higher than the approximation used in OrcaFlex. The analysis has been performed for 

other wave directions with similar results.  

It is based on this study not recommended to include the results from the full QTF into the global 

analysis calculation, as the Newman approximation is conservative and considerably less 

computational expensive.    

There are however issues to be further clarified, such as the slowly-varying drift loads and damping 

of slowly-varying motions due to wave-current interaction effects. For the present project, the 

current is more significant relative to the water particle velocities than in traditional offshore 

applications, and it is not evident that traditional methods are valid. In order to study this in more 

detail, a combination of dedicated model tests and advanced numerical methods (either non-linear 

potential flow or CFD methods) are recommended. It should also be investigated if there are 

important viscous contributions to the slowly-varying wave loads, especially when the current speed 

is significant. 

Sum-frequency loads have not been addressed in the present phase of the project. However, 

because the global bridge response has natural periods over a large period band from very small to 

large periods, one cannot conclude that these loads are not important. For instance, in a sea state 

with peak period 𝑇𝑝 = 6 𝑠, there will be energetic wave components with e.g. periods 𝑇 = 5 𝑠 and 
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𝑇 = 7 𝑠 giving rise to sum-frequency loads with frequency 𝑓 =
1

7 𝑠
+

1

5 𝑠
= 0.343 ℎ𝑧,  i.e. a period of 

approximately 2.9 s. It is possible that such difference-frequency loading, particularly in heave, roll 

and pitch, may induce global responses in the bridge. It is therefore recommended to do a numerical 

study also of second-order sum-frequency effects in future phases of the project. In planning such 

study, one must be aware that sum-frequency effects can pose a numerical challenge with respect to 

convergence and stability. A thorough assessment of the numerical convergence is thus appropriate. 

 

Figure 6-1 Full quadratic transfer function (QTF) for sway with waves from 90 degrees on the bridge axis for a 
single fixed circtangle pontoon, both sides of the diagonal is plotted).  
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Figure 6-2 Difference between the geometric mean Newman approximation and the full QTF, (only one side of 
the diagonal is plotted) 
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7 Freeboard evaluation 

The following concerns exceedance of the freeboard of pontoons due to combined bridge motions 

and wave action. A simplified model to account for the dynamic loading induced by negative 

freeboard was described in Enclosure 1, where also an extended discussion of the problem physics 

and relevant studies in the literature were given. Here, we give a short review of the key aspects of 

the model, before presenting a sensitivity study for a single pontoon in OrcaFlex. 

 

7.1 Review of freeboard-exceedance model for OrcaFlex 

As explained in Enclosure 1, a simplified model for OcraFlex is proposed in order to account for the 

loads induced on each pontoon due to freeboard exceedance. In general, it is found that the 

freeboard is only likely to be exceeded due to the combined effect of floater motions and wave 

elevations. The basis of the model lies in recognizing that the problem is physically similar to that of 

the wave-on-deck problem experienced by ship-shaped units in waves. The flow of water on deck is 

thus approximated using shallow-wave theory, where the pressure under the wave is essentially 

hydrostatic because the vertical fluid-particle motion is negligible. As found in the literature, the 

pressure is corrected to include the vertical acceleration of the deck. Each pontoon is divided into 𝑁 

strips, and the vertical force and roll moment on the pontoon are expressed as 

𝐹𝑧 = ∑ 𝐹𝑧(𝑦𝑖)

𝑁

𝑖=1

, 

𝑀𝑥 = ∑ 𝑦𝑖𝐹𝑧(𝑦𝑖)

𝑁

𝑖=1

, 

where the vertical force on strip 𝑖 is expressed as 

𝐹𝑧(𝑦𝑖) ≡ 𝐹𝑧,𝑖 = 𝜌𝐻𝑖 (𝑔 + 𝑧̈𝑝(𝑦𝑖)) 𝐴𝑖 . 

Here 𝜌 is the water density, 𝑔 is the acceleration of gravity, 𝑧̈𝑝(𝑦𝑖) is the vertical acceleration of the 

pontoon and 𝐴𝑖 is the deck area of the pontoon at strip 𝑖. 𝑧̈𝑝(𝑦𝑖) can be estimated as 

𝑧̈𝑝(𝑦𝑖) = 𝜂̈3 + 𝑦𝑖𝜂̈4, 

where 𝜂̈3 and 𝜂̈4 are the heave and roll accelerations, respectively. A sketch showing the principle 

behind the strip model is seen in Figure 7-1. 

 

Figure 7-1 Principal sketch for simplified water-on-deck model seen from the side. In general, the pontoon is 
moving, but is here shown in its mean position for simplicity. The pontoon is divided into 𝑁 evenly spaced strips. 
𝜁𝑖 is the total wave elevation at the middle of strip 𝑖. Each strip has a deck area 𝐴𝑖, which is here assumed to be 
equal for all strips. 𝑠0 is the freeboard in still water. 

The height of water on deck on each strip, 𝐻𝑖, is determined based on the relative vertical motion 

between the midpoint of the deck and the incident wave 𝜁(𝑦𝑖) ≡ 𝜁𝑖 at the same location. The 
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incident wave is corrected by a factor 𝜈(𝑦𝑖) to account for diffraction effects, i.e. 𝜁𝑖,𝑡𝑜𝑡 = 𝜈(𝑦𝑖)𝜁𝑖. For 

simplicity, 𝜈(𝑦𝑖) is set equal to 1.8. This is a conservative choice, since the value will in vary 

depending on the position and wave direction, and rarely be as large as 1.8. 𝐻𝑖  is expressed by 

considering the upwell in the same way as is done in air gap analysis of semisubmersibles 

recommended in DNVGL-OTG-13 [2], i.e. the upwell at the center of strip 𝑖 is given as 

𝜒𝑖 = 𝛼(𝑦𝑖)𝜁𝑖,𝑡𝑜𝑡 − 𝑧𝑝(𝑦𝑖), 

where 𝑧𝑝(𝑦𝑖) is the vertical displacement of the pontoons mean water line relative to the still water 

level expressed as 

𝑧𝑝(𝑦𝑖) = 𝜂3 + 𝑦𝑖𝜂4. 

This variable is calculated directly inside OrcaFlex, as is 𝜁𝑖. 𝛼(𝑦𝑖) ≡ 𝛼 is a wave asymmetry factor, 

taking into account the difference between the wave amplitude of a non-linear wave and the waves 

in OrcaFlex, which uses linear (Airy) wave theory. 𝛼 is estimated by comparing Stokes 2nd order wave 

theory and Airy wave theory for regular waves with properties according to the 100 year and 10000 

year given in the metocean report [11]: 

 100 year wave: 𝐻𝑠 = 2.1 𝑚, 𝑇𝑝 = 5.0 𝑠 

 10000 year wave: 𝐻𝑠 = 2.9 𝑚, 𝑇𝑝 = 6.1 𝑠. 

The results following from this approach are plotted in Figure 7-2. As can be seen, the wave 

steepness is relatively similar between the 100 and 10000 year waves, and the asymmetry factor is 

close to 1.15. As a conservative estimate, we therefore take 𝛼 = 1.2 in the analysis. This allows for 

the wave asymmetry factor to also include a contribution from non-linear diffraction effects, even 

though these are not expected to be as severe in the present scenario as they can be for 

semisubmersibles in harsh offshore conditions. As a result, the height of water on deck is expressed 

as 

𝐻(𝑦𝑖) ≡ 𝐻𝑖 = {
𝜒𝑖 − 𝑠0 𝑖𝑓 𝜒𝑖 > 𝑠0

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

. 

where 𝑠0 is the still-water freeboard equal to 3.5 m. In other words, if the upwell is less than this, the 

height of water on deck is zero. 
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Figure 7-2 Estimation of wave asymmetry factor for 100 and 10000 year waves. 𝜁(1) and 𝜁(2) are the wave 
elevations estimated from linear (Airy) wave theory and 2nd order Stokes theory, respectively, 𝜆 is the wavelength 

and 𝛼 is the asymmetry factor estimated as 𝑚𝑎𝑥(𝜁(1)) / 𝑚𝑎𝑥(𝜁(2)). 

The model described above is implemented in OrcaFlex, so that the loading on a pontoon due to 

excess of freeboard is computed at every time step and imposed in the pontoon’s equation of 

motion as external heave forces and roll moments. The model is schematically shown in Figure 7-3. 

 

Figure 7-3 Schematic view of the water-on-deck model implemented in OrcaFlex. 

7.2 Sensitivity studies 

In order to examine the global effects of including the model described in the previous section in 

OrcaFlex, as single pontoon is modelled (Figure 7-4) with several combinations of added heave and 

roll stiffness (Δ𝐶33 and Δ𝐶44) applied in the top of the column to represent the stiffness contribution 

to a single pontoon from the global bridge structure. The additional restoring is adjusted to give the 

following natural heave and roll periods, confirmed through decay tests: 
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 𝑇𝑛3 = 3.7 𝑠 (approximately equal to mode with lowest natural period) and 𝑇𝑛3 = 5.0 𝑠 (close 

to a representative wave peak period) 

 𝑇𝑛4 = 5.0 𝑠 (close to a representative wave peak period). 

 
Figure 7-4 Model of a single pontoon in OrcaFlex. Additional restoring is applied at the top of the column. 

 

Results of the performed decay tests are shown in Figure 7-5 - Figure 7-7. For the heave decay tests, it 

is clearly seen that the wave-radiation (potential) damping is much larger for the higher natural period. 

 

 
Figure 7-5 Heave decay test with 𝛥𝐶33 = 16500 𝑘𝑁/𝑚 giving 𝑇𝑛3 = 3.7 𝑠. 

 

 
Figure 7-6 Heave decay test with 𝛥𝐶33 = 4850 𝑘𝑁/𝑚 giving 𝑇𝑛3 = 5.0 𝑠. 
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Figure 7-7 Roll decay test with 𝛥𝐶44 = 30000 𝑘𝑁𝑚/𝑟𝑎𝑑 giving 𝑇𝑛5 = 5.0 𝑠. 

The number of strips used in the strip model is taken as 𝑁 = 25, which is expected to be sufficient. 

No additional sensitivity studies are performed for this variable. 

With the model free to move in the 𝑥𝑦 plane, the following one-hour irregular sea states are 

simulated with and without the freeboard exceedance model activated for the same wave realization 

as listed in Table 7-1, where 𝛾 is the peak enhancement factor in the JONSWAP wave spectrum and 𝜃 

is the incident wave direction. 𝜃 = 90° means that the wave direction is aligned with the longitudinal 

axis of the pontoon. Furthermore, the effect of short-crested waves is investigated by performing 

simulations with and without wave spreading. 

 

Table 7-1 Sea states used to simulate the response of a single pontoon with and without the freeboard 
exceedance model activated in OrcaFlex. 

𝑯𝒔 (𝒎) 𝑻𝒑 (𝒔) 𝜸 (−) 𝜽 (°) 
Wave 

spreading 
𝑻𝒏𝟑 (𝒔) 𝑻𝒏𝟒 (𝒔) 

2.1 5.3 2.3 90 0 5.0 5.0 
2.1 5.3 2.3 90 10 5.0 5.0 
2.1 5.3 2.3 90 0 3.7 5.0 
2.1 5.3 2.3 90 10 3.7 5.0 

2.9 6.1 2.3 90 0 5.0 5.0 
2.9 6.1 2.3 90 10 5.0 5.0 
2.9 6.1 2.3 90 0 3.7 5.0 
2.9 6.1 2.3 90 10 3.7 5.0 

 

7.2.1 Results for 100 year sea states 

Figure 7-8 – Figure 7-11 show the loads induced by freeboard exceedance and the resulting floater 

motion for the four 100 year sea states defined in Table 7-1, and with response spectra for heave and 

roll motion in Figure 7-12. Even though there are several events where the freeboard is exceeded, 

the induced loads have only a moderate effect on the heave and roll motions. In general, the effect 

on heave motion is more significant than on roll motion. For 𝑇𝑛3 = 5.0 𝑠, the heave motions are 

generally slightly reduced due to water-on-deck loading, while for 𝑇𝑛3 = 3.7 𝑠 they increase. The 

latter is likely because the heave force “impulses” are seen to be relatively short, and are more likely 

to amplify responses with short natural periods. 

The effect of short-crested waves is small to negligible. 
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Figure 7-8 Time series of applied loads and resulting pontoon motions in heave and roll for 𝐻𝑠 = 2.1 𝑚, 𝑇𝑝 = 5.3 𝑠 

with 𝑇𝑛3 = 5.0 𝑠, 𝑇𝑛4 = 5.0 𝑠 and no wave spreading. 
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Figure 7-9 Time series of applied loads and resulting pontoon motions in heave and roll for 𝐻𝑠 = 2.1 𝑚, 𝑇𝑝 = 5.3 𝑠 

with 𝑇𝑛3 = 5.0 𝑠, 𝑇𝑛4 = 5.0 𝑠 and with wave spreading. 
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Figure 7-10 Time series of applied loads and resulting pontoon motions in heave and roll for 𝐻𝑠 = 2.1 𝑚, 𝑇𝑝 =

5.3 𝑠 with 𝑇𝑛3 = 3.7 𝑠, 𝑇𝑛4 = 5.0 𝑠 and no wave spreading. 
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Figure 7-11 Time series of applied loads and resulting pontoon motions in heave and roll for 𝐻𝑠 = 2.1 𝑚, 𝑇𝑝 =

5.3 𝑠 with 𝑇𝑛3 = 3.7 𝑠, 𝑇𝑛4 = 5.0 𝑠 and with wave spreading. 
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Figure 7-12 Heave and roll response spectra for 100 year sea states defined in Table 7-1. 

 

7.2.2 Results for 10000 year sea states 

Figure 7-13 - Figure 7-16 show the loads induced by freeboard exceedance and the resulting floater 

motion for the four 10000 year sea states defined in Table 7-1, and with response spectra for heave 

and roll motion in Figure 7-17. 

As for the 100 year sea states, the water-on-deck loading is generally seen to reduce heave motions 

when 𝑇𝑛3 = 5.0 𝑠 while amplifying them for 𝑇𝑛3 = 3.7 𝑠.  

The effect on roll motions is again small, as is the effect of short-crested waves. However, in Figure 

7-14 a severe spike in the heave motion is seen around 1200 s in the case of short-crested waves that 

was not observed for long-crested waves. A sensitivity study is performed where the time step in the 

simulation is reduced, without changing the result. Hence, the observed effect is more likely due to 

an unfavorable combination of events. Indeed, by looking closer at the vertical force, it is observed 

that several water-on-deck load impulses follow shortly after each other. For the pontoon as a 

mechanical system, the effect is probably like having a single impulse with longer duration. 

Consequently, a large heave response is induced. Thus, for the 10000 year wave it appears that the 

wave spreading may have an adverse effect on the response of the floater. However, it is just as 

likely that the observation is linked to short-term variability rather than long vs. short-crestedness, 

i.e. that we just happened to encounter a severe combination of events. 
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Figure 7-13 Time series of applied loads and resulting pontoon motions in heave and roll for 𝐻𝑠 = 2.9 𝑚, 𝑇𝑝 =

6.1 𝑠 with 𝑇𝑛3 = 5.0 𝑠, 𝑇𝑛4 = 5.0 𝑠 and no wave spreading. 
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Figure 7-14 Time series of applied loads and resulting pontoon motions in heave and roll for 𝐻𝑠 = 2.9 𝑚, 𝑇𝑝 =

6.1 𝑠 with 𝑇𝑛3 = 5.0 𝑠, 𝑇𝑛4 = 5.0 𝑠 and with  wave spreading. 
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Figure 7-15 Time series of applied loads and resulting pontoon motions in heave and roll for 𝐻𝑠 = 2.9 𝑚, 𝑇𝑝 =

6.1 𝑠 with 𝑇𝑛3 = 3.7 𝑠, 𝑇𝑛4 = 5.0 𝑠 and no  wave spreading. 
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Figure 7-16 Time series of applied loads and resulting pontoon motions in heave and roll for 𝐻𝑠 = 2.9 𝑚, 𝑇𝑝 =

6.1 𝑠 with 𝑇𝑛3 = 3.7 𝑠, 𝑇𝑛4 = 5.0 𝑠 and with  wave spreading. 
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Figure 7-17 Heave and roll response spectra for 10000 year sea states defined in Table 7-1. 

7.3 Global analysis results 

The described methodology has been implemented and tested on the K11_06 model. Two 

environmental conditions have been tested: a 100-year wind-wave sea state with heading normal to 

the bridge (𝐻𝑠 = 2.1 𝑚 and 𝑇𝑝 = 5.2 𝑠). The second is a generic condition with artificially high waves 

to force some difference with and without the freeboard exceedance model. For this we have chosen 

𝐻𝑠 = 3.5 𝑚 and 𝑇𝑝 = 5.2 𝑠, and denoted the condition as higher. The results are presented in Figure 

7-18 for the strong axis bending moment and in Figure 7-19 for the weak axis bending moment. The 

results for the case with the 100-year wind wave does not show any influence from freeboard 

exceedance. For the generic extreme case there is some increase in both the strong axis and the 

weak axis moment due to freeboard exceedance. However, one should keep in mind that this wave is 

significantly higher than the 10 000-year sea state given in the metocean design basis 
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Figure 7-18 Strong-axis bending moment from global analysis simulation for the bridge model K11_06 with and 
without freeboard exceedance model. 

 

 

Figure 7-19 Weak-axis bending moment from global analysis simulation for the bridge model K11_06 with and 
without freeboard exceedance model. 

7.4 Conclusive remarks on freeboard exceedance  

The proposed freeboard exceedance model has been tested for a single pontoon in 100 and 10000 

year irregular waves, varying the natural period in heave in order to examine the effect on different 

modes corresponding to the global response of the bridge. Several events where freeboard is 

exceeded are observed both in the 100 and 10000 year condition. As expected, the magnitude of 

water-on-deck loads, and their frequency of occurrence, are largest for the 10000 year condition. In 

general, it is found that imposed loads due to excess of a pontoon freeboard may 
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1. reduce responses with long natural periods 

2. amplify responses with short natural periods. 

In practice, it seems that adverse effects at the 100 year return period level are only likely to be seen 

for the shortest mode included in the present study, i.e. the case where the heave natural period is 

set equal to 3.7 s. Moreover, the effect of short-crested waves does not significantly affect the 

water-on-deck loads and induced motions relative to the simulations with long-crested waves. 

For the 10000 year condition, a particularly large heave response is observed with wave spreading 

included, exciting heave motion with natural period 5 s. Thus, one may not formally conclude that 

the influence of wave spreading is insignificant with respect to water-on-deck loading. However, it is 

deemed more likely that the observation is due to short-term variability and a particularly 

unfavorable combination of floater motions and wave elevation. 

The present study is meant to verify that the model works as intended, and to understand the nature 

of the induced loading and its ability to induce motions that may influence the global response of the 

bridge. The boundary conditions and the behavior of the modelled single pontoon are inevitably less 

complex than when the pontoon is actually included in the global bridge model. Although it seems 

reasonable that the induced responses will be less for a pontoon that is part of the global model than 

for the single pontoon studied here, this should be verified by including the proposed model for all 

pontoons in the global model and run some relevant scenarios in time domain. This is in order to 

complete the understanding of the loading process, where the following issues are relevant: 

1. Is there a risk that the water-on-deck loading induces adverse responses through global 

coupling effects? 

2. It is reasonable to assume that the loads induced on individual pontoons are relatively 

uncorrelated i.e. statistically independent. However, what is the effect if negative freeboard 

is detected at numerous pontoons simultaneously? 

The simplified assessment indicates that exceedance of the freeboard is not a cause of great concern 

for the considered scenarios but may be provoked in extreme sea states outside of the 10 000 year 

contour.  

For future work, it is recommended that the proposed freeboard model is verified by performing 

model tests and/or CFD analysis prior to drawing any conclusions from a more comprehensive global 

simulation scheme.   
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