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Abstract 7 

Extensive hydrodynamic and hydro-elastic tests for a long floating bridge have been carried out in the 8 

ocean basin of SINTEF Ocean for the Bjørnafjord floating bridge project. The complexity of the 9 

floating bridge plus cable-stayed bridge, in addition to its 52.58 meters model length, mark this test 10 

campaign a major undertaking in ocean basin model testing. The design, execution and analysis of the 11 

test program has been an iterative process over 5 years. The tests provide data for validation of 12 

numerical analysis, study of hydrodynamics phenomenon that cannot be well simulated by state-of-13 

the-art engineering tools, and verification of the design under controlled environmental loads. Wave-14 

current-structure interaction, hydrodynamic interaction between pontoons, and their impacts on 15 

hydro-elastic global responses of floating bridge (with cable stayed bridge) are the main scope of tests. 16 

Oscillation tests under different Keulegan–Carpenter (KC) numbers were also carried out for viscous 17 

drag coefficient of a pontoon in defined direction. Correlation of test results with numerical analysis is 18 

an important part of the work scope, which provides solid basis for a robust design with reduced risk. 19 

This article tries to provide an overview of the background, design, execution and correlation work of 20 

this extensive tests. Selected examples of correlation work are also provided in the article. The tests 21 

have validated the analysis method and software, provided important input to the next phase design, 22 

and enhanced the structural reliability of the bridge concept in continuous evolution. 23 
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Background 26 

The Norwegian Government has the long run ambition to make the E39 coastal highway route of 27 

‘ferry free’ standard between Trondheim and Kristiansand, Regjeringen (2017).  Figure 1 illustrates 28 

all the existing fjords along this route of approximately 1100 km length.  The remaining fjords to be 29 

crossed are usually wide (more than 3 km) and deep (more than 500 meters), which require new 30 

technologies and unconventional strait crossing concepts. Construction has been started for 31 



Boknafjorden (E39 Rogfast: between Stavanger and Haugesund) which will be a subsea rock tunnel. 32 

And now the Bjørnafjord crossing is among the top of list to be realized due to its high ‘social return 33 

on investment’, Statens vegvesen (2020). Together with the E39 Rogfast subsea road tunnel project, 34 

Hordfast (Bjørnafjord crossing + Langenuen suspension bridge) can permanently connect Bergen and 35 

Stavanger, the second and fourth largest cities of Norway, in a region where over one million people 36 

live and create a significant part of the total export value of Norway, Mellbye et.al. (2015).   37 

 38 

Figure 1  The existing fjords along the E39 coastal highway route from Kristiansand to Trondheim, 39 

along the west coastal of Norway 40 

Engineering News-Record (2018) lists the ten longest floating bridges in the world. Among them the 41 

three longest (1988 – 2350 meters, floating part) are all located in the Seattle region of the USA. The 42 

Nordhordland and Bergsøysund floating bridges of Norway rank number seventh and eighth by the 43 

length of floating part. The Nordhordland bridge is unique among all of the installed floating bridges 44 

by including a cable stayed bridge part (founded on rock), which extended the flexibility of the whole 45 

bridge by allowing relatively large ships to pass, Aas-Jakobsen (2020). With a total length greater 46 

than 5000 meters, the Bjørnafjord floating bridge in planning will become the longest when realized. 47 

The Bjørnafjord bridge will be a completely new variant of the floating bridge based on that the 48 

floating bridge part is attached to the cabled-stayed high bridge part continuously and the transition is 49 

supported by a floating pontoon. In other words, the whole bridge girder is continuous from one end 50 

to the other end of the bridge. Figure 2 shows an artist’s impression of the bridge. Different bridge 51 

components like cable stayed bridge part (with a tower and cables), bridge girder, pontoons and 52 

mooring lines are also marked in the figure. Pontoons shown in the bridge are under waves and 53 



current loads, and the distance between centerlines of two neighboring pontoons is 125m. Pontoons 54 

are connected to bridge girder via pontoon columns. In addition to the pontoons, mooring lines are 55 

also under hydrodynamic loads. All the bridge part that is above water will experience complex 56 

aerodynamic loads, which is important but not included in discussion in this article. Dynamics 57 

analysis methods of similar floating bridges under waves and current loads have been reported for 58 

either earlier phases of this bridge or earlier model tests, see Viuff (2020), Xiang et. 59 

al.(2017,2018,2019a).  60 

The overall purpose of model tests is to verify hydrodynamics analysis theory, methods and numerical 61 

tools applied in the bridge design. The model tests were carried out also to identify hydrodynamics 62 

phenomenon that may be overlooked during the design analysis. The tests campaign is extensive, and 63 

a significant database of test results were obtained. Aside from the overview report in this article, four 64 

other articles have discussed different groups of test campaigns, Ravinthrakumar et.al. (2023a, b) (for 65 

the one and three pontoons tests) and Viuff et.al. (2023a, b) (for the high bridge hydro-elastic tests). 66 

To this article, these four articles are recommended as reference for model tests setup, model 67 

construction and other relevant tests description. 68 

 69 

Figure 2  Bjørnafjord floating bridge illustration: mooring lines, pontoons, bridge girder and cable-70 

stayed bridge part (bridge girder, piers, cables and A-shaped pylon); note that the transition between 71 

cable-stayed bridge part and floating bridge part is supported by a floating pontoon (the first pontoon 72 

from left in the figure) 73 

Model test planning and design 74 

The design of hydrodynamics model tests for a 5 kilometers long floating bridge is never an easy task. 75 

To the author’s best knowledge, no hydro-elastic model test of this size and complexity in an ocean 76 

basin has been reported. NPRA carried out extensive model tests for the two installed floating bridges 77 



last century, Løken, et.al. (1990). The test model was for curved floating bridge without a high bridge 78 

part. The model length was 20.42m under scale of 1:40. These tests have been re-analyzed in detail by 79 

NPRA, Løken and Xiang (2018), Xiang and Løken (2019 a, b), and by the doctoral project of Viuff 80 

(2020), Viuff, et. al. (2020a, b).  The most recent test campaign that is similar to the test here, was 81 

carried out by Rodrigues (2022) for a part of a straight floating bridge from the phase-3 design of 82 

Bjørnafjord floating bridge project. The main extra complexity now comes from that the new test 83 

model will include a cable-stayed bridge part, and the bridge girder is curved in the 3-D space 84 

(including the vertical direction), which brings higher requirements on position control and a larger 85 

length of test model. 86 

Design, planning and realization of the model tests have been an iterative process over 5 years. The 87 

NPRA project has collected test requirements from the continuous bridge design, third-party review, 88 

and earlier floating bridge tests. Dedicated workshops were held in this process with our expert group 89 

and framework contract test facilities. In summary, the test design task may be answered from three 90 

aspects:  91 

(1) What hydrodynamics parameters to be tested – choice of loads and response parameters for tests. 92 

(2) What physical model to be tested – choice of bridge components for hydrodynamic tests and 93 

bridge part for hydro-elastic tests. 94 

(3) Design considerations of the tests in an ocean basin – scale, similarities, environmental conditions, 95 

practical execution considerations, and so on. 96 

What hydrodynamic parameters to be tested? 97 

Hydrodynamic loads and responses of a long floating bridge crossing a typical Norwegian fjord are 98 

related to wave and current conditions. The bridge structural modes are usually many and in a wide 99 

range from seconds to minutes, depending on design of bridges. This means that the bridge has the 100 

potential to respond to a wide range of excitation sources from wind, waves and current, among others. 101 

There are two main wave systems in the Bjørnafjord: locally generated wind waves and swell that 102 

penetrates from the North Sea. This is illustrated in Figure 3. The wind waves are relatively short, 103 

while the swell is much longer but low in wave height due to the ingress process via a long route from 104 

the North Sea to the intended bridge site. A typical example of 100 years wind waves is Hs = 2.1 m 105 

and Tp = 5.5s, and swell Hs = 0.34m and Tp = 14.0s, Statens vegvesen (2022).  In a typical design 106 

process the wave conditions shall also be combined with current and wind. Without well documented 107 

correlation information, the 100 years waves are usually combined with 10 years current, which is 108 

according to NORSOK N-003, Standard Norge (2017).  109 

Waves and current effects interact directly with the floating bridge through all the pontoons. This 110 

means that the pontoon hydrodynamic loads and responses are the basic parameters to be measured. 111 



The distance between pontoons is usually in the order of around 100 meters, which may lead to 112 

hydrodynamic interaction between pontoons and further impact the loads and global responses of the 113 

bridge, Xiang et.al (2018, 2019a, 2019b). The distance between pontoon is a design issue which can 114 

be considered from both static and dynamic aspect. The gravity and wind, wave, and current induced 115 

static loads on the bridge girder between two pontoons will consume part of the girder structural 116 

capacity, while dynamic wind, waves and current induced loads will consume anther part. A 117 

preliminary study of pontoon distance optimization can be found in Giske (2019). Wave-current-118 

structure interaction has been demonstrated to increase the loads and response on a floating bridge by 119 

model tests, Xiang and Løken (2019a, 2019b), Løken and Xiang (2018). This issue shall be studied by 120 

this new test campaign. 121 

 122 

Figure 3  Informative sketch of wave and current systems in the Bjørnafjord floating bridge site (map: 123 

maps.google.com); Pink line: North Sea swell penetration route; Green line: example of local wind 124 

waves; Yellow line: example of current route; red box: floating bridge crossing location. 125 

Another issue is about the hydrodynamic damping from pontoons. One may classify this damping to 126 

potential and viscous damping. The potential damping is linear and a result of wave generation when 127 

a pontoon is under forced oscillation; and the viscous damping is quadratic and related to surface 128 

friction and vortex generation of a pontoon in relative motion to the water. The typical dimensions of 129 

a pontoon (around 50 meters long, 10-20 meters width) are much less than the swell wavelength, thus 130 

little linear damping is expected at the swell period region. Damping sources like structural damping, 131 

aerodynamic damping play important roles in the floating bridge dynamic response, but usually they 132 

are not known as a prior in the design. For aerodynamic damping uncertainties come from the lack of 133 



documentation about the correlation between wind climate and the swell waves. One exemption here 134 

is for material damping: an example is that structural damping of 0.3% critical damping may be 135 

applied with relatively good safe margin for steel. Under swell wave condition the analysis results 136 

may become very conservative if no viscous hydrodynamic damping is included. Further, proper 137 

hydrodynamic viscous damping is especially important for providing right level of responses of 138 

nonlinear resonance that may happen in swell region. 139 

Based on above discussion, the parameters to be tested shall include hydrodynamic loads and 140 

responses of pontoons and floating bridge under waves, wave-current-structure interactions, and 141 

hydrodynamic pontoon interaction conditions; the Cd (drag coefficients) of a pontoon under both 142 

static current and under different oscillation periods and amplitudes (Keulegan–Carpenter (KC) 143 

numbers); relative motions between pontoons and the water surface, and free surface elevations at 144 

selected locations.  145 

What physical model to be tested?  146 

Two aspects are important to answer this question. For the first what bridge components should be 147 

included in the test campaign in hydrodynamics tests of pontoons; for the second which parts of the 148 

bridge should be modelled in a hydro-elastic test of the floating bridge. The earlier test campaign in 149 

1989, Løken et.al (1990), included a single pontoon test group and a full floating bridge tests group. 150 

Now the bridge becomes much more complex. To test the parameters defined in last section, it was 151 

decided that three groups of tests will be carried out, one for a single pontoon and one for a three 152 

pontoons system, and the third group is a hydro-elastic model of floating bridge. The environmental 153 

conditions are made similar for all groups; but for the single pontoon test group extra cases for wave-154 

current-structure interaction and oscillation tests are added. By this way, the test results from different 155 

groups can be made comparison with. 156 

For the first two groups pontoon tests, a natural question is how to include the influence from the rest 157 

of bridge (bridge girder, cables, tower and so on) in the model design. This influence can be 158 

considered as a very complex dynamic spring system, for which the equivalent stiffness is nonlinear 159 

and change with the dominate modes that are excited in the floating bridge. This is obvious not 160 

realistic to be realized in a single or three pontoons tests. Further, considering that the tests have 161 

hydrodynamics loads and responses as the main goal, the project group adopted a linear spring system 162 

that provides stiffness to the pontoon in two transverse and one rotational motion. The stiffness has 163 

been obtained numerically by a two-step iterative process. A static offset test in the full bridge model 164 

was carried out in different directions on a pontoon by applying different levels of loads, thus the 165 

static stiffness is obtained accordingly. The second step applies the stiffness obtained as initial value, 166 

while an iteration was carried out to fit the adjusted stiffness to allow the pontoon connected has as 167 

closest response values of the pontoon in the full bridge under selected design sea states.  168 



For the third group, hydro-elastic tests, two design issues are most important. The first is which part 169 

of the floating bridge should be tested. Remember that the full bridge is over 5000 meters long, and 170 

even a 1:100 model means 50 meters ocean basin length. Recall that our 100 years wind waves peak 171 

period is less than 6.0 second, and for 1:100 scale this becomes less than 0.6 second in the model 172 

basin. This period is lower or on the boundary of the wave generation capacity of a typical ocean 173 

basin, for example that of Sintef Ocean (2022). Of course, wavemaker capacity is only one of many 174 

challenges if such a model is adopted. Thus, we must accept a truncated model that allows a larger 175 

scale. For better quality of waves and current conditions, the model scale should be as large as 176 

possible. But to include a larger part of the bridge in an ocean basin, the scale should be as small as 177 

possible. Final decision was based on a compromise of both and a scale of 1.31 was adopted. Half of 178 

the cable-stayed bridge part plus the first ten pontoons and the corresponding bridge girder were 179 

included in the high bridge model,  Figure 22. Only one side of the cables were included in the model 180 

for simplification, but this is also based on the restrained motion of bridge girder by the earth-founded 181 

cable-tower at the tower-girder connection, where only axial motion of the bridge girder is allowed in 182 

the full bridge design. Further, the number of cables were reduced while the equivalent stiffness from 183 

the original cables was maintained. It is important to point out that the cables’ top ends are connected 184 

to fixed boundary (the ocean basin wall) in the model tests, so the pylon dynamics and its impact on 185 

the floating bridge dynamics were not modelled in the model tests. This means that the cable stayed 186 

bridge modelling is not complete and does not reflect the full dynamics of the original design. All 187 

these design simplifications were analyzed and iterated many times in the model test design process. 188 

The second is how to design the boundary conditions at the truncation positions. Ideally, these could 189 

be modelled by a complex active system that tries to simulate the characteristics of the truncated part 190 

(motions, mass, stiffness, and other inertia properties). But this seems quite challenging due to the 191 

complexity of the full bridge dynamics, if not impossible. Keeping in mind that hydrodynamics tests 192 

are the core task here, we decided to avoid such a system and choose end conditions as simple as 193 

possible. The advantage of this is that quality of hydro-elastic loads and responses could be prioritized. 194 

What special design considerations of the tests in an ocean basin? 195 

For one and three pontoons tests, the pontoons will be attached to a rig that is again attached to the 196 

ocean basin roof. Together they form a system that may have eigen modes interacting with the 197 

measurements of pontoon motions or hydrodynamic loads. Thus, model test design must assure that 198 

the system be stiff enough, at least to a level where no eigen modes (resonance) come into the test 199 

measurements. Further, the wave and current conditions are key input to the tests and must be 200 

carefully calibrated. An important point to check here is the shape of calibrated spectrum. The target 201 

parameters are usually set as Hs and Tp, which are in principle statistical parameters of a spectrum. 202 

This indicate that different shapes of spectrum may give close Hs and Tp values. An example is 203 

shown in  Figure 4 for a target JONSWAP spectrum Hs = 3.1m and Tp = 6.5s. The difference 204 



between calibrated Hs and Tp with the target is 4.2% and 0.5%, respectively. But it is obvious that the 205 

calibrated spectrum has lower energy in the frequency range of (1.5 rad/s, 2.5 rad/s), which may be 206 

related to the wavemaker’s capacity of short waves generation. This indicates that calibrated wave 207 

spectrum should be applied in a correlation numerical analysis.  208 

For high bridge tests, there are other special considerations. The test model will occupy a big part of 209 

the ocean basin water area, and some part of the model will also be attached to the ocean basin walls. 210 

This leads to two accuracy control requirements. The first is the static positions of the bridge 211 

(pontoons, bridge girder and other components) shall follow the specification with acceptable 212 

tolerance. Further, the waves and current conditions at different positions in the ocean basin (at least 213 

the positions where pontoons are located) shall be well calibrated and documented for the analysis and 214 

interpretation of test results. The re-analysis of the earlier floating bridge tests demonstrated the 215 

bridge responses are quite sensitive to a small change of wave directions, Xiang and Løken (2019). 216 

Thus, in the present tests the model is rotated in the ocean basin for achieving required wave and 217 

current directions, with the belief of better accuracy control.  218 

Water depth is an important parameter for all three groups of tests. According to maximum depth of 219 

the Bjørnafjord (around 550m), all the possible waves to be tested are deep water waves. But there are 220 

some compromises to make for this test campaign. The first is that a higher current velocity can be 221 

generated under a smaller water depth in the ocean basin. This is needed for our highest current 222 

velocity 1.5m/s, even under the high bridge test scale of 1:31. The second is about the potential 223 

application of support structures in water. The 1989 tests applied two heavy and stiff structures at the 224 

two ends of bridge model in a water depth of 1.5 meters for holding the bridge in place. It would be an 225 

extra challenge if the present model needs a supporting structure in a water depth of 10 meters. Such a 226 

structure will be difficult to setup, heavy, flexible and may introduce unwanted uncertainties to the 227 

tests. Numerical study was carried out during the design phase by computing floating bridge 228 

responses under three different water depths: WD=550m, WD=150m and WD=75m, for both full 229 

bridge and truncated high bridge. Radiation and diffraction analysis results under different water 230 

depths were imported to the corresponding models and three hours’ time domain simulations under 231 

swell (Hs =0.34m, Tp=13.5s) were carried out. Figure 5 shows standard deviation of weak axis 232 

bending moments under different conditions. It demonstrates that the water depth impact is quite 233 

small for the checked case, in addition to that the truncation effect is small for this parameter. Note 234 

here the full cable-stayed bridge is included in this computation but the model test included only half. 235 

For other parameters, the water depth effects are generally quite small, and the WD=75m leads to 236 

slightly higher responses. The model tests adopted water depths of 77.5m for the high bridge test and 237 

62.5m for one and three pontoons tests. If one follows the definition that waves with half wavelengths 238 

smaller than the water depth are deep water waves, these two water depths guarantee waves periods 239 

less 10.0s and 9.0s are deep water, respectively. 240 



 241 

Figure 4  Example: calibrated and standard Jonswap spectrum: target Hs =3.1m, Tp=6.5s; PSD: 242 
Power Spectrum Density. 243 

 244 

Figure 5  Example results for weak axis bending moment (standard deviation presented): depth 245 
sensitivity of a full bridge under swell of Hs =0.34m, Tp=13.5s; FullB: full bridge; HighB: truncated 246 
bridge; for HighB the value drops to zero before 2000m where the FullB truncated; 247 

Model tests and analysis 248 



Three groups of tests were carried out in the Ocean basin of SINTEF Ocean. The size of the basin is 249 

80 m × 50 m × 10 m (length × width × depth). The ocean basin is equipped with wave generation 250 

systems on two sides as well as current generation from one side (the short side) with wave maker. 251 

More technical details of the ocean basin can be found from SINTEF Ocean (2022). The tests were so 252 

extensive that it is not practical to include all the details in this article, but they are reported separately 253 

in articles of Ravinthrakumar et.al. (2023, a, b) for single and three pontoons tests, Viuff et.al. (2023, 254 

a, b) for high bridge tests. These articles shall be read together with this article for better 255 

understanding of the test campaigns.  256 

Similarity laws 257 

Similarity laws assure that model test results can be applied to full scale condition. Different physical 258 

phenomena similarities are usually guaranteed by different nondimensional parameters. But it is 259 

almost impossible that all similarities can be achieved in a scaled test. Thus, it is important to decide 260 

which parameters shall be kept based on the objective of the test. Let the scale ratio be 𝜀𝜀 =261 

𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐿𝐿𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠⁄ , where 𝐿𝐿 is any linear dimension. The common scaling law applied is Froude 262 

number similarity for inertia scaling, and mass scaling that requires 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠⁄ = 𝜀𝜀3 . 263 

Additionally, for hydro-elastic tests the elastic scaling is applied to the bridge girder: 264 

[𝐴𝐴𝐴𝐴]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜀𝜀3[𝐴𝐴𝐴𝐴]𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 265 

[𝐺𝐺𝐺𝐺]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜀𝜀5[𝐺𝐺𝐺𝐺]𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 266 

[𝐸𝐸𝐸𝐸]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜀𝜀5[𝐸𝐸𝐸𝐸]𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 267 

Here 𝐸𝐸𝐸𝐸, 𝐸𝐸𝐸𝐸 and 𝐺𝐺𝐺𝐺 are axial, bending, and torsional stiffnesses of the bridge girder. However, it will 268 

be quite challenging to satisfy all these scaling at the same time in the girder modelling. The final 269 

decision was to focus on the bending and torsional stiffness scaling of the girder, while the axial 270 

stiffness of the model was around 30 times higher than the original bridge. An axial spring is attached 271 

to the boundary condition at the floating bridge end to account for this change. Details on girder 272 

modelling are documented in Viuff et.al. (2023a). 273 

For the viscous effects to be similar between model and prototype, the Reynolds number must satisfy 274 

[𝑈𝑈𝑈𝑈/𝜗𝜗]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = [𝑈𝑈𝑈𝑈/𝜗𝜗]𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 , where U is a representative fluid velocity and 𝜗𝜗  is the fluid 275 

kinematic viscosity. This is almost impossible to be achieved in relevant hydrodynamic tests. 276 

Turbulence triggering mechanism is usually applied to ensure that the tests are under turbulence as in 277 

the full scale, thus, to reduce the scale effect, Faltinsen (2005). 278 

One pontoon and three pontoons tests 279 

The first group ‘single pontoon tests’ and second group ‘three pontoons tests’ were carried out under 280 

scale of 1:25 (WD =62.5 m). Figure 6 and Figure 7 show one and three pontoons tests in the basin. 281 

Figure 8 describes coordinate systems. All pontoons use a global coordinate system OXYZ that 282 



coincides with the mid-pontoon (pontoon-2) local coordinate system at static condition. A standard 283 

right-hand coordinate local system oixiyizi (i=1,2,3) is defined for each pontoon with yi-axis in 284 

transverse direction and xi axis in the length direction of the pontoon, zi-axis pointing upwards with zi 285 

= 0 in the waterline. The global direction of waves and current is defined by the angle from the 286 

positive X-axis to the (going towards) direction of the waves (current) using right hand principle. This 287 

gives 0-degree direction in positive X-axis and 90 degrees in positive Y-axis. Note that for high 288 

bridge tests different coordinate systems are applied for different components. 289 

 In these two groups, loads and motions of one pontoon or three pontoons under different regular and 290 

irregular waves with or without current were tested. In Figure 7 the central pontoon is connected to a 291 

flexible stiffness system which can be locked in fixed condition tests for excitation loads. The 292 

pontoon in the center is named pontoon-2 and the other two pontoons as pontoon-1 and pontoon-3. 293 

For one pontoon tests the same rig setup was used by removing only the two side pontoons which 294 

were fixed under three pontoons tests. Pontoon geometry is composed of two half circles (with same 295 

diameter as the pontoon width) at two ends and a rectangular in the middle. The pontoon-2 296 

dimensions and stiffnesses in x-, y-, and Ry- directions in the tests are listed in Table 1 and Table 2.  297 

Wave probes are setup around the center pontoon and on the pontoon. Oscillation tests of a pontoon 298 

different KC numbers were also tested for the purpose of extracting viscous damping coefficient in 299 

the direction of oscillation, and this is referred to Ravinthrakumar et. al. (2023a). 300 

 Unit Dimension 
Length m 53 
Width m 14.9 

Radii (r2,yy) m 18.145 
(x2,CoG, y2,CoG, z2,CoG ) m (0, 0, 0) 

Draft m 5.0 
Freeboard m 3.5 

Displacement m3 3710.281 
Table 1 Main dimensions for the center pontoon; the pontoons 1 and 3 have the same geometry and 301 
displacement but are fixed in three pontoons tests 302 

Stiffness in DOF Stiffness 
Kxx (translational spring along the x2 axis) 4.6944E+03 (kN/m)  
Kzz (translational spring along the z2 axis) 1.1740E+03 (kN/m)  
Kry (rotational spring around the y2 axis) 2.5770E+04 (kN.m/degree)  

Table 2 Required stiffnesses for the connection system (of pontoon-2) in motion tests  303 
 304 



 305 

Figure 6  Single pontoon tests, wave testing; scale 1:25, WD=62.5m; The instrumentation includes 306 

stiffness rig, motion tracking system, wave probe arrays at each side of pontoon and green water 307 

probes mounted to the pontoon deck 308 

 309 

 310 

 311 

Figure 7  Floating bridge model tests - three pontoons tests; note that for one pontoon tests the same 312 

setup was used by only removing the two side pontoons which were fixed under tests 313 

 314 



 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 8  Global(OXYZ) and local coordinate systems to three pontoons; note that Pontoon-1,3 are 
removed during single pontoon test 

 

One pontoon and three pontoons tests – numerical comparison 315 

Different types of numerical models have been setup for comparison between model tests and 316 

computations.  OrcaWave were applied to compute basic hydrodynamic coefficients, Response 317 

Amplitude Operators (RAOs) of wave excitation loads and wave elevations at specified points. 318 

OrcaFlex was applied to compute motions under both regular and irregular waves in the time domain. 319 

The measured waves at reference point in ocean basin are applied as input in all OrcaFlex simulations. 320 

For cases with (waves + current), some computations were also carried out in a Rankine-source-based 321 

time domain software DNV-Wasim for wave loads. The comparison is extensive and only results 322 

from regular wave cases under zero current will be discussed here.  323 

For pontoon motion computations there are two ways of specifying the stiffness. One way applies 324 

directly a stiffness matrix based on values given in Table 2; while a more complete way models the 325 

whole test rig structure shown in Figure 9.The pendulum rig is composed of a stiff tube structure 326 

supported by three springs (one vertical and two horizontal). It is allowed to rotate about an end 327 

universe joint in up-down and sideways directions, but not allowed to have torsional motion. The 328 

pontoon pitches about a hinge at the waterline of the model. The full rig OrcaFlex model is presented 329 

in Figure 10. And the modelling follows the details of rig setup in the model test report, SINTEF 330 

Ocean(2020a). The pretension of the springs, and the stiffness applied at the pontoon reference point 331 

(local coordinate system at the free surface) can be checked by static tests in the OrcaFlex model 332 

similar to the wet pull test in the model basin. The eigen periods of the system can also be check by 333 

modal analysis, which is an iteration process. In all the computations in OrcaFlex for motions of 1 and 334 

3 pontoons tests, Cd = 0.75 was applied to x- and y- direction, and Cd =4.1 to the z- direction.  335 

The six linear excitation loads on pontoon-2 under the wave direction of 220 are compared from 336 

Figure 11 to Figure 16. Loads from calculation and model tests of both single and three pontoons are 337 

compared. The comparison is generally good for both one and three pontoon cases. It is demonstrated 338 
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by the comparison that hydrodynamic interaction effects on the wave loads are not negligible and can 339 

be well captured by a panel model method. Further, comparing the peak locations and amplitude 340 

between model tests and computation, one can confirm that the resonances produced by 341 

hydrodynamic interaction are mostly physical, and the peak values predicted are on the right level. 342 

This indicate no extra damping is needed for numerical prediction on this for engineering design. 343 

First order pontoon-2 motions are compared from Figure 17 to Figure 19 under wave direction of 220. 344 

The comparison between model tests and computations have demonstrated clear effects of 345 

hydrodynamic interaction on the motion responses of the center pontoon, especially in the heave 346 

direction. For surge and pitch motions are effects less prominent. In addition, the computation by full-347 

rig model provides better comparison with model tests than the simple (frequency + stiffness) model, 348 

indicating that the hydrodynamic interaction effects are coupling with the (nonlinear) mechanical 349 

properties of the rig system.  350 

 351 

Figure 9  Pontoon attached to the pendulum rig. The pendulum is allowed to rotate about the 352 
universal joint (up-down, sideways). Torsional motions are prevented. The pontoon pitches about a 353 
hinge at the waterline of the model (5 m above baseline, full scale). 354 



 355 

Figure 10  OrcaFlex model of the flexible rig system in the model tests – 3 pontoon tests; the springs 356 
are modelled as equivalent wires; Note that the same rig setup applies to 1 pontoon tests 357 

 358 
 359 

 360 

 361 

Figure 11   First order wave loads RAOs on the pontoon, with/wo hydrodynamic interaction, model 362 

tests comparing with numerical results (SVV, by OrcaWave); wave direction = 220-degree, x2- force. 363 

x axis: wave period in second, y axis: RAO in kN/m 364 

 



 

 
Figure 12   First order wave loads RAOs on the pontoon, with/wo hydrodynamic interaction, model 
tests comparing with numerical results (SVV, by OrcaWave); wave direction = 220-degree, y2- 
force. x axis: wave period in second, y axis: RAO in kN/m 

 
 

 
Figure 13    First order wave loads RAOs on the pontoon, with/wo hydrodynamic interaction, 
model tests comparing with numerical results (SVV, by OrcaWave); wave direction = 220-degree, 
z2- force. x axis: wave period in second, y axis: RAO in kN/m 

 
 



 

 
Figure 14   First order wave loads RAOs on the pontoon, with/wo hydrodynamic interaction, model 
tests comparing with numerical results (SVV, by OrcaWave); wave direction = 220-degree, Rx2- 
moment. x axis: wave period in second, y axis: RAO in kN.m/m 

 
 

 
Figure 15    First order wave loads RAOs on the pontoon, with/wo hydrodynamic interaction, 
model tests comparing with numerical results (SVV, by OrcaWave); wave direction = 220-degree, 
Ry2- moment. x axis: wave period in second, y axis: RAO in kN.m/m 

 
 



 
Figure 16   First order wave loads RAOs on the pontoon, with/wo hydrodynamic interaction, model 
tests comparing with numerical results (SVV, by OrcaWave); wave direction = 220 degree, Rz2- 
moment. x axis: wave period in second, y axis: RAO in kN.m/m 

 
 
 
 

 
Figure 17   First order motion RAOs on the pontoon, with/wo hydrodynamic interaction, model 
tests comparing with numerical results (SVV, by OrcaWave); wave direction = 220 degree, x2 
motion/surge. x axis: wave period in second, y axis: RAO in m/m 

 
 



 
Figure 18  First order motion RAOs on the pontoon, with/wo hydrodynamic interaction, model 
tests comparing with numerical results (SVV, by OrcaWave); wave direction = 220 degree, z2 
motion/heave. x axis: wave period in second, y axis: RAO in m/m 

 
 

 
Figure 19  First order motion RAOs on the pontoon, with/wo hydrodynamic interaction, model 
tests comparing with numerical results (SVV, by OrcaWave); wave direction = 220 degree, Ry2 
motion/pitch. x axis: wave period in second, y axis: RAO in degree/m. 

 

 

Hydro-elastic high bridge tests 365 

The third group ‘high bridge tests’ was carried out under scale of 1:31 (WD =77.5 m). The test model 366 

is composed of a cable-stayed bridge part and floating bridge part. In total 10 pontoons were included 367 



in the model. Only half of the full cable-stayed bridge is included in the model based on the dynamic 368 

properties of the original bridge, and the model test design after tremendous amount of analysis and 369 

screening, Xiang and Løken (2020c). Different wave and current directions were realized by rotation 370 

of the bridge model in the ocean basin. In total 3 different configurations were tested during the 371 

campaign, which includes six wave directions with or without current combined. Since current 372 

generation is only possible from one side, colinear wave and current conditions are not possible for all 373 

the directions. Control of environmental conditions modelling was given high priority during the test 374 

planning and executions. Groups of wave probes were mounted at all pontoon positions and selected 375 

reference points during calibration and test runs. Current variation has also been documented a 376 

crossing the ocean basin. These can provide information of inhomogeneity of waves and current in the 377 

basin. All the structural properties and modelling details of the floating bridge test model can be found 378 

in Viuff et.al. (2023, a) and will not be repeated here.  379 

A series of cross-sections along the bridge girder are used to describe the bridge girder’s curvature 380 

and position in the space. The right-hand coordinate system obg,kxbg,kybg,kzbg,k is applied to define the kth 381 

bridge girder cross-section, as shown by Figure 20 of a bridge section in which a pontoon and a 382 

column are also included. The whole bridge girder in the test has a uniform cross-section. The origin 383 

of each section system is always the cross point of two neutral axis (xbg,k and ybg,k axis) to the section, 384 

while zbg,k is perpendicular to the plane defined by them. The origin of the cross-section system obg,k 385 

follows the continuous curve from one end (End-1) of the girder at bridge tower to the other end at the 386 

floating bridge (End-2). Right-hand coordinate local system oixiyizi (i=1,2,3…10) is defined for each 387 

pontoon with xi-axis in transverse direction and yi axis in the length direction of the pontoon, zi-axis 388 

pointing upwards with zi = 0 in the waterline. Note that the pontoon coordinate systems are different 389 

in high bridge tests and the single/three pontoons tests, Figure 8. 390 

 391 

 392 

Figure 20 Bridge girder coordinate system obg,kxbg,kybg,kzbg,k in a bridge section with pontoon and 393 
column; shown in the figure also an example of pontoon coordinate system; At where pontoon column 394 
is connected to the bridge girder, the ybg,k is pointing in the same direction as the yi direction of the 395 
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pontoon coordinate system; The figure also shows the directions of girder towards cable-stayed 396 
bridge and floating bridge ends  397 

The installed bridge model under one configuration is shown in Figure 21. The cable stayed part is on 398 

the left-hand side, with cables attached to the basin wall. Figure 22 provides explanations about 399 

different bridge components of the model. Figure 23 sketches different components of the model with 400 

section and ballasting information. The bridge girder is varying as a 3D curve that starts from Sec-0 401 

(arc length = 0 m) and ends at Sec-16 (arc length = 1630 m). The first pontoon (Pontoon-1) connects 402 

to the girder at Sec-6 (arc length =380m) via pontoon column-1; the arc length difference between 403 

each pontoon column connection point on the girder is 125 meters. Two symmetrical groups (5 cables 404 

in a group) of cables are connected to the bridge girder between Sec-0 and Sec-6. Each group of 405 

cables are named as Cb_Fx5, Cb_Fx9, Cb_Fx12, Cb_Fx15 and Cb_Fx18, where x can be E (east) or 406 

W (west). The other ends of all the cables are connected to the tower (basin wall).  407 

The measurements were carried out for: 6 DoF motions for 10 pontoons, bridge girder sectional loads 408 

(6 DoF at two ends; 5 DoF at 10 locations), motions (3DoF at 13 locations) along the bridge girder, 409 

and cable tensions in 10 cables. Definitions, coordinate systems and how these parameters are named 410 

in results comparison are given in Table 3. Loads in pontoon columns and relative motions between 411 

pontoons and waves were also measured, but these will not be reported here.  412 

Components Measurements and presenting names in results comparison 
Pontoon motions Pontoon 6 DoF motions - translational Pontoon x, y, z motions in local xi, 

yi, zi directions, rotational Pontoon Rx, Ry, Rz motions around axis xi, yi, 
zi; measured for all pontoons; refer to coordinate system in Figure 20 

Girder motions Girder 3DoF motions – translational Girder x, y and z motions in xbg,k, 
ybg,k ,and zbg,k directions; measured at 13 positions along the girder; refer 
to coordinate system in Figure 20 

Girder loads Girder 6 DoF loads – shear and axial forces Girder x(v), y(t), z(a) forces 
in xbg,k, ybg,k ,and zbg,k directions; bending and torsional moments Girder 
Mx, My, Mz moments around  xbg,k, ybg,k ,and zbg,k axis; 6 DoF loads 
measured at two ends (END1 and END2); 5 DoF loads (without axial 
force along zbg,k) loads measured along the bridge girder at 10 locations; 
refer to coordinate system in Figure 20 

Cable tension Cable tension Cable tension – East or West measured for 10 wires divided 
to two groups (Cb_Fx5, Cb_Fx9, Cb_Fx12, Cb_Fx15), x =E or W 

Table 3 Measurements and presentation names in results comparison in the high bridge tests 413 
 414 



 415 

Figure 21  Floating bridge model tests - high bridge tests; 416 

 417 

Figure 22  Floating bridge high bridge test model with names to different parts. 418 

 419 



 420 

Figure 23  Overview of floating bridge model with relevant nomenclature, Sintef Ocean (2021) 421 

Hydro-elastic high bridge tests – numerical comparison 422 

An OrcaFlex model was setup during the model tests given all the details of the physical bridge model 423 

in the ocean basin. The model is used to simulate the test cases in the time domain applying the 424 

measure waves at the reference position of the wave calibration. The wave tests without current can 425 

be simulated directly. However, simulation of the tests with both waves and current are more 426 

challenging. Dispersion relation under refraction effects of waves running on a current changes wave 427 

length, Svendsen (2005). Analysis of model test wave calibration data has also documented the 428 

wavelength change due to wave current interaction, Xiang (2023). This has two consequences for 429 

floating bridge response analysis: locally (for a single pontoon) and globally (for the hydro elastic 430 

bridge). Locally, the change of wavelength leads to change of e.g., pressure distribution on a floating 431 

bridge pontoon, and consequently the wave excitation forces and other hydrodynamic coefficients. 432 

Globally, the change of wavelength changes the relative phase between pontoons, thus the global 433 

responses of the floating bridge.  The wave-current interaction problem is dependent on current speed, 434 

wave periods, and relative direction between the current and waves. How to implement these shall be 435 

carefully studied, and we leave it for future report. Only waves with zero current cases simulations are 436 

to be included in this article. 437 

The OrcaFlex model applies input from OrcaWave for pontoon potential flow hydrodynamics 438 

coefficients. Pontoons experience viscous hydrodynamic loads under relative motions to water. The 439 

load can usually be modelled as a Morison type drag load with coefficient from literature or model 440 

tests. This load is considered important for bridge responses under swell cases, where potential 441 

damping level is low. An important note here is that Morison model seems not working correctly in 442 

application in the wave-current-interaction cases, where a damping effect from current to the bridge 443 

response may be expected, while observation in model tests always shows an increase of the 444 

responses. This observation is also documented in Xiang and Løken (2019a, 2019b). As explained 445 

above, this is mainly due to that wave-current-interaction is not properly accounted for. In the 446 

numerical model, Morison drag force is applied to the pontoon in local x-, y- and z- directions. 447 



Coefficients applied are listed in Table 4. According to numerical tests, the bridge responses are more 448 

sensitive to the value of drag in y- direction. A sensitivity test was carried out for this direction around 449 

the value (Cd_y = 0.75) which was the lowest Cd_y coefficient obtained from the oscillation tests of a 450 

single pontoon at under KC number in the range of (1,30).  Cd_x and Cd_z are set to 1.50 and 4.10 451 

after some trial correlation with the model tests. Shao et.al. (2019) provides some technical reference 452 

of the Cd_z=4.10 selection.  453 

ID Cd_x Cd_y* Cd_z 
CD0 1.50 0.50 4.10 
CD1 1.50 0.75 4.10 
CD2 1.50 1.00 4.10 

Reference Group** 0.00 0.00 0.00 
Table 4 Morison drag coefficients for the pontoon viscous loads; *: values for sensitivity study on 454 
drag coefficients in the pontoon y- direction  455 

Three OrcaFlex models were applied for the global response computation in the detailed correlation 456 

work, Xiang and Løken (2023). The main difference between them is what radiation/diffraction 457 

results is applied as input: 1-pontoon-model(1PM) using single pontoon results; 3-pontoon-458 

model(3PM) using 3-pontoon interaction results and 10-pontoon-model (10PM) using 10-pontoon full 459 

interaction results. Here we present results comparison from 1PM and 3PM. For efficient 460 

implementation, 3PM model has been simplified: hydrodynamic interaction problem of three 461 

pontoons in the frequency can be solved as usual, but only the self-induced 6x6 added mass and 462 

damping coefficients are input to the OrcaFlex model’s pontoon hydrodynamics. The 1st and 2nd order 463 

wave loads coefficients with full interaction are anyways imported directly into the model. The 464 

hydrodynamic coefficients of the pontoon in the middle are input for all the pontoons except for the 465 

first and the last pontoon, for which the coefficients from the pontoons on the sides of the three-466 

pontoon model are applied, respectively.  467 

Two long-crested waves are selected as example results in this article: 468 

Wind waves case:  Hs=1.8m; Tp=5.5s; Gamma=2.0; Current=0m/s; 469 

Swell waves case:  Hs=0.46m; Tp=15.4s; Gamma=4.0; Current=0 m/s; 470 

Three groups of model test results will be included in comparison of the wave tests and simulations. 471 

They are test results provided by SINTEF Ocean, postprocessed by NPRA, and measured local wave 472 

heights scaled NPRA test results. The linear scaling of results by applying local wave heights is to get 473 

some indications only of the local effects of wave height variation on test results. The scaled results 474 

are marked with ‘-Corr’ in all the figures of results presented. This is without any interacting global 475 

structurally effects considered.  476 

Static tests 477 



The static tests were carried out to verify the static behavior of the installed bridge. This includes 478 

deflections of the bridge girder, offsets of the pontoons, and the resulting static loads. Different 479 

combinations of loads at different positions were applied on the bridge girder or pontoons during this 480 

test, providing a systematic check of different static properties of the installed bridge in the ocean 481 

basin.  Here example results from one case is given. The test results postprocessed by both NPRA and 482 

SO were compared with the NPRA numerical model.  483 

In the example presented, three levels of loads (ranging between 6000 to 12000 kN) were applied on 484 

the Pontoon-1 at local coordinates (0, 24.5, 3.5). The static displacements and loads are averaged 485 

values from time windows where the model is considered static after initial disturbances of the 486 

loading process. The OrcaFlex simulates the same process of loading and postprocessing. 487 

The comparison of results includes the model test results processed by Sintef Ocean(marked with 488 

SO), by NPRA (marked with SVV) and computation by NPRA(marked with OF), Figure 24. In some 489 

figures the SO results are zero, meaning data missing from the model test reports. The comparison 490 

demonstrated that the computations agree very well with the model tests for most of the parameters. 491 

However, Pontoon Rz (yaw), girder transverse (y) force, girder transverse (y) and axial (z) motions 492 

are not included in the comparison due to their values are too small to demonstrate a reasonable 493 

comparison.  494 
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Figure 24  Static (offset) tests of the installed bridge: comparison between model tests and numerical 495 
modelling; SO-: SINTEF Ocean model test results; SVV- : NPRA model test results; OF- : NPRA 496 
OrcaFlex Simulation; different colors represent different loading levels (tests).  497 

Decay tests, modal analysis 498 

Decay tests were carried out by pulling bridge girder at specified location (horizontally) and release. 499 

The tests were carried out under three different levels (initial displacement of bridge). Analysis of the 500 

motion decaying provides the leading natural modes of the bridge. The point of force application is 501 

close to the joint of pontoon column-1 and bridge girder, towards the cable-stayed part. The modal 502 

analysis of OrcaFlex calculates the undamped modal frequencies and shapes based on standard 503 

technique, Orcina (2023).  504 

Table 5 provides a comparison of modes from modal analysis and model tests. There are two groups 505 

of modes provided for the OrcaFlex model: Single Pontoon and Interaction. The main difference 506 

between them is that if 1PM or 3PM was applied for analysis. One observes that the hydrodynamic 507 

interaction affects the modal periods and shapes. The ‘Shape’ description uses ‘T’, ‘V’, ‘P’, and ‘R’ to 508 

represent main modal shapes observed from the visualized modal shapes from OrcaFlex: (1) ‘T’: 509 

Transverse mode, girder and/or pontoons move in the horizontal plan perpendicular to girder axis; (2) 510 

‘R’:  Rotation mode, girder and/or pontoons rotates around an axis that is (approximately) parallel to 511 

the bridge girder; (3) ‘V’:  Vertical mode, girder and pontoons move vertically; (4) ‘P’:  Pendulum 512 

mode: pontoon/girder rotates around the axis that is (approximately) perpendicular to the bridge 513 

girder. These modal shapes are coupled with other. Thus, the description of mode shape in Table 5 is 514 

about the main components that can be observed in the mode shape. The shape components, as 515 

described above, are illustrated in Figure 25. 516 



  
Modal shape: ‘T’ Modal shape: ‘V’ 

  
Modal shape: ‘R’ Modal shape: ‘P’ 

Figure 25  Modal shapes: the components used to describe a modal shape in Table 5 517 
 518 
Mode number Model test (FFT/PSD) OrcaFlex (Single 

Pontoon) 
OrcaFlex (Interaction, 

3PM) 
 Period (s) Diff. (%) Period (s) Shape Period (s) Shape 

1 15.20 1.7 1.7 15.46 T,R 15.47 T, R 
2 13.56 2.9 2.9 13.95 T,R 13.95 T, R 
3 NA. NA. NA. 9.03 T,R 9.03 T, R 
4 NA. NA. NA. 7.60 T,R 7.61 T,R 
5 NA. NA. NA. 6.60 T,R 6.84 V,P 
6 NA. NA. NA. 6.59 V,P,R 6.72 V,P,R 
7 NA. NA. NA. 6.51 V,R 6.62 V,R 
8 NA. NA. NA. 6.48 V,P,R * * 
9 NA. NA. NA. 6.32 V,P,R 6.21 V, P 

10 NA. NA. NA. 5.95 V,P * * 
11 NA. NA. NA. 5.41 V,P 5.26 V,R,P 
12 NA. NA. NA. 5.17 R,T 5.17 V,P 
13 NA. NA. NA. 4.82 V,P 4.85 V,P 
14 NA. NA. NA. 4.29 V,P,R * * 
15 NA. NA. NA. 4.28 R,T 4.28 R,T 
16 NA. NA. NA. 3.87 V,P 4.07 V,P 
17 NA. NA. NA. 3.62 R,T 3.62 V,P 
18 NA. NA. NA. 3.52 V,P 3.49 V,P 

Table 5 Modes of the test bridge model, comparison between (test time series analysis, OrcaFlex 519 
modal analysis) (*:missing modes in the interaction model compared with single body model) 520 
 521 
Analysis of the decay tests can obviously extract the first two modes, which are listed in Table 5. The 522 

difference between the tests and computations are 1.7% and 2.9% for the first and second modes 523 

when single pontoon hydrodynamic coefficients are applied in the numerical model. The interaction 524 



model provides almost the same results. For the modal analysis results from single pontoon and 525 

interaction models, the first four modes are almost identical, while the deviation starts from the fifth 526 

mode. It seems that the 3PM hydrodynamic interaction model catches fewer modes compared with 527 

single pontoon model in the period range of (3.5s, 7.0s). A note here is that the process to find the 528 

modal periods is manual. Added mass from different periods are input each time and the mode that 529 

has the same period as input added mass is identified as a mode. To investigate the reason for this, the 530 

diagonal added mass terms with and without hydrodynamic interaction are plotted in Figure 26. It is 531 

obvious that A11, A33 and A55 are significantly affected by the hydrodynamic interaction effect 532 

when the period is less than 8.0s. The interaction effect is most significant for A11 with even negative 533 

added mass for some of the periods. Further, for some oscillations of the added mass there are only 534 

one or two frequency points between the peak and trough. This may lead to loss of modes when the 535 

manual modal analysis is carried out. It is worth to note that this indicates that increasing the 536 

frequency points at lower periods (lower than 7.6 seconds in this case) may improve the 537 

hydrodynamic interaction calculation accuracy. However, the ‘loss of modes’ only means that it is not 538 

identified by our analysis, the time domain simulation applies an interpolation strategy on dealing 539 

with the discretized frequencies. More detailed study on how much influence this will have on the 540 

computation results is undertaken. 541 

 542 

  

  



 
 

Figure 26 Comparison: diagonal added mass terms (single pontoon/Sig and mid-pontoon in a three 
pontoons group/Int) ; _E means the end pontoons and _M the middle pontoons in the hydrodynamic 
interaction model; horizontal-axis: period(s), vertical-axis: ton or ton*m2; A11-A33: added mass 
(moment of inertia) in pontoon x, y, z axis, Figure 4-5; A44-A66: added mass moment of inertia 
around pontoon x, y, z axis, Figure 4-5; 

The numerical model was also applied to a decay test to simulate in time domain the similar process 

of loads application and release as the model tests. Selected time series are postprocessed for eigen 

modes as a confirmation of the modal analysis. The simulation is damped decay carried out with Cd = 

0.75 in the pontoon y- direction. Analysis of the y- motion decay time series (1PM model) provides 6 

modes (15.50s, 13.98s, 9.05s, 7.63s, 6.64s, 4.30s), which are very close to the non-damped 1PM 

OrcaFlex model modal analysis. This indicates that the viscous damping has in general small impacts 

on the eigen modes, and that not all the modes can be identified in one decay simulation. Non-damped 

modes were used in the comparison in Table 5.   

Wind waves test 543 

Comparison of computation with model tests under the wind waves is provided in Figure 28. The 544 

wave condition:  Hs=1.8m; Tp=5.5s; Gamma=2.0; Current=0m/s; and wave direction is 220 degrees. 545 

Figure 27 provides illustration of the bridge model placed in the ocean basin and the location of 546 

bridge model under 220 degrees wave/current conditions. It can be observed that most of the pontoons 547 

are exposed under this wave direction. Further, due to their small stagers along the wave propagation 548 

direction, some pontoons may move in a coordinated way which can enhance the bridge responses. 549 

The comparison shows that numerical model without viscous loads and hydrodynamic interaction 550 

leads to in general unsatisfactory comparison. Hydrodynamic interaction has important impact on 551 

responses predictions and shall be included in the computation model: this is clearly demonstrated in 552 

the comparison of Pontoon x,z and Ry motions and the girder My moment. In contrast, viscous drag 553 

helps the comparison towards correct level for response predictions in y, Rx and Rz pontoon motions, 554 

transverse (y(t)) girder motion and girder Mx, Mz moments, but trivial effects on x, z, Ry pontoon 555 

motions. For cable tensions it is difficult to judge if the viscous drag or hydrodynamic interaction 556 

important since no clear trend is observed. However, all the numerical predictions seem to be lower at 557 

cables number 15 and 18. The reason may be related to that these two cables are closer to the first 558 



ponton column – girder connection and more dynamics are induced in the cables. This will be further 559 

investigated. 560 

The comparison for pontoon x, z, and Ry motions, girder vertical x(v) motion My moment are in 561 

general not satisfactory for the presented case. These parameters are all hydrodynamic interaction 562 

sensitive based on the earlier discussion. Thus, the reasons can be related to that the current 563 

hydrodynamic interaction model is not good enough to include all the effects, or other effects like the 564 

inhomogeneity of the wave fields along the bridge. Further study is carried out for this issue. 565 

The linear scaling (correction) of model test results by local wave heights from measurements gives 566 

no clear conclusion on its improvements on comparison between calculations and test results. 567 

 568 

 569 

Figure 27 Illustration of the bridge model placed in the ocean basin; the wave and current direction 570 

from the side that generates both waves and current is 220 degrees.  571 
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Figure 28  Wind waves case comparison: all y values given as standard deviation (STDV). Parameter 579 
-SO: SINTEF Ocean model test results; Parameter -SVV: NPRA model test results; Parameter -SVV-580 
Corr: NPRA model test results, linearly corrected with local wave heights; Parameter-OF: 1PM 581 
OrcaFlex model, Reference Group drag coefficients (Table 4); Parameter-OF-CD0: 1PM OrcaFlex 582 
model, CD0 drag coefficients (Table 4); Parameter-OF-CD1: 1PM OrcaFlex model, CD1 drag 583 
coefficients (Table 4); Parameter-OF-CD2:1PM OrcaFlex model, CD2 drag coefficients (Table 4); 584 
Parameter-OF-CD1-INT:3PM OrcaFlex model, CD1 drag coefficients (Table 4) 585 

Swell waves test 586 

Figure 29 shows comparison between computation and model tests for different parameters under the 587 

swell waves: Hs=0.46m; Tp=15.4s; Gamma=4.0; Current=0 m/s; and wave direction is 220 degrees. 588 

Figure 27 provides illustration of the bridge model placed in the ocean basin and the location of 589 

bridge model under 220 degrees wave/current conditions. It is observed that most parameters are quite 590 

sensitive to that if viscous effect is included in the computation model, but not sensitive to the values 591 



of drag coefficients applied. Almost all the parameters are relatively not sensitive to if hydrodynamic 592 

interaction effects are included in the computation. Specially, pontoon z, Ry motions and bridge 593 

girder vertical x(v) motion are not sensitive to both viscous and hydrodynamic interaction effects. The 594 

observations are reasonable. For the first, hydrodynamic interaction effects will be less important at 595 

longer periods where the hydrodynamic coefficients are converging with single body coefficients. 596 

Most of the oscillations introduced by the hydrodynamic interaction find places under the wave period 597 

around 10 seconds, which can be observed in the Figure 11 to Figure 16 for 1st order excitation loads 598 

and in Figure 26 for added mass coefficients. For the second, the significant difference of responses 599 

with and without viscous drag loads included proves that the main damping source in the swell region 600 

comes from the viscous damping since the potential damping approaches zero at and beyond the swell 601 

region; or in other words, trivial wave generation happens when the pontoons are under forced 602 

motions of swell wave periods. 603 

As in the wind waves tests, the linear scaling (correction) of model test results by local wave heights 604 

from measurements gives no clear conclusion on its improvements on comparison between 605 

calculations and test results. 606 
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 619 

Figure 29  Swell waves case comparison: all y values given as standard deviation (STDV).  620 
Parameter -SO: SINTEF Ocean model test results; Parameter -SVV: NPRA model test results; 621 
Parameter -SVV-Corr: NPRA model test results, linearly corrected with local wave heights; 622 
Parameter-OF: 1PM OrcaFlex model, Reference Group drag coefficients (Table 4); Parameter-OF-623 
CD0: 1PM OrcaFlex model, CD0 drag coefficients (Table 4); Parameter-OF-CD1: 1PM OrcaFlex 624 
model, CD1 drag coefficients (Table 4); Parameter-OF-CD2:1PM OrcaFlex model, CD2 drag 625 
coefficients (Table 4); Parameter-OF-CD0-INT:1PM OrcaFlex model, CD0 drag coefficients (Table 626 
4); Parameter-OF-CD1-INT:1PM OrcaFlex model, CD1 drag coefficients (Table 4); Parameter-OF-627 
CD2-INT:1PM OrcaFlex model, CD2 drag coefficients (Table 4) 628 

Concluding remarks 629 

The model tests together with correlation analysis have laid solid basis for further design and analysis.  630 

The tests and results can be used as basis and reference for further engineering design of the floating 631 

bridge crossing the Bjørnafjord. The tests were carried out for either one or three pontoons or a 632 



truncated bridge which is approximately 1/3 of the full bridge. Extrapolation of results and 633 

conclusions from that of the truncation model to the full bridge is straightforward for most of the 634 

loads and responses excited by waves and current since what is in common here is the numerical 635 

strategies and tools (software); and validation of the tools is a central topic in the tests and correlation 636 

work. However, it is still important to keep in mind that the some of the first modes (periods longer 637 

than 16.0 second in this test) of the full bridge are missing in the model tests, which was proved by 638 

earlier analysis (during the model test design phase) to be not of critical importance for the work 639 

scope of the test project.  640 

The tests and comparison showed that hydrodynamic interaction effects shall be accounted for in the 641 

computation of the tested floating bridge. This has also proved our earlier report in Xiang et. al. 642 

(2018) and Fenerci et.al. (2022). Further, the comparison also showed that the hydrodynamic 643 

interaction model works not satisfactorily under certain cases, thus further improvement shall be 644 

carried out. An investigation showed that modal analysis may miss important modes due to the highly 645 

oscillatory added mass coefficients at short wave region, and this issue is now further studied. 646 

The implementation of viscous loads in the form of Morison-type drag term is important for 647 

improving comparison under both wind waves and swell conditions, while of special importance for 648 

avoiding overestimating most of responses under swell waves. One must note that this 649 

implementation may not work correctly for combined wave-current cases, where a damping effect 650 

may be demonstrated for the bridge responses, while all the model tests we have gone through 651 

indicate bridge responses increase under such conditions. This was emphasized in Løken and Xiang 652 

(2018), Xiang and Løken (2019a, 2019b), and our new computations of the new tests also proved this, 653 

Xiang and Løken (2023). 654 

An important observation in the model tests and comparison work is that the impact of current on the 655 

bridge loads and responses when combined with waves. Groups of waves combined with current 656 

under the same direction were tested for both the pontoons and the high bridge. The increased 657 

responses under tested wave-current conditions proved our earlier report in Løken and Xiang (2018), 658 

Xiang and Løken (2019a, 2019b). This is an issue that requires careful investigation and knowledge 659 

development before we can conclude, thus we select to only report zero current results here. Our 660 

recent study has demonstrated that one shall focus on implementing the changed dispersion equation 661 

due to refraction of waves running on a current, and its impact on hydrodynamic coefficients of a 662 

pontoon and relative phases between pontoons. Further, shortcrestedness of waves has practical 663 

importance for the impact of this effect on floating bridge design, Fredriksen and Kvåle (2023), 664 

Faltinsen (2023), Xiang (2023). 665 

The wave inhomogeneity in the model basin and its impact on test results is one uncertainty that 666 

should be further studied. The input waves to the simulations were calibrated at the center of the 667 



basin, while the bridge pontoons are distributed over the whole basin. Thus, for some cases 668 

corrections may be needed for the wave conditions. The correction may be made for: (1) The wave 669 

height at a pontoon; (2) The wave direction at a pontoon; (3) The wave period at a pontoon. 670 

Observation has shown that the wave periods are mostly consistent over all the locations where the 671 

pontoons are placed. Thus, the corrections can be made for both the wave height and directions. It is a 672 

very challenging task to identify the local wave directions in the model tests, while wave height 673 

correction seems easier to be implemented. Further, it was demonstrated in the wave tests comparison 674 

that the wave heights correction shall be included in the structural dynamics system analysis, since 675 

simple scaling of results by local wave heights provides no improvement of comparison. 676 
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