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SUMMARY 

The straight floating bridge concept for crossing Bjørnafjorden has been developed further through a phase III project 
stage. The documentation of the final concept from this development is presented in this report. The design basis for 
this documentation has been developed by the client, see [16] and [17].  

This main report gives an overview of the central findings and documentation concerning analysis and design of the 
developed base case concept for a straight floating bridge. The report has several appendices, which are partly stand-
alone documents and covers a further documentation of the various topics / disciplines. 
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1 REVISION HISTORY 

Revision Changes 

A First issue 

B Second issue – updated from some comments from client 
 
Chapter 2, summary written. 
Chapter 16, Hold of chapter.  
 

0 Final issue 
 
Chapter 2. Rewrite of the summary for side-anchoring 
Chapter 6. Small correction in pontoon section. 
Chapter 9: 
9.2: Included a section on correlation between environmental conditions. 
9.3.5: Included brief description of design procedure for mooring lines. 
Chapter 10. Updated figure 10.2 
Chapter 11. New reference in fig. text for fig. 11.16 
Chapter 12. 12.3.1: Included table for ULS-capacity of stay cables. Included text for description. 
Chapter 16. Hold removed and 16.3 updated. 
Chapter 20. 20.3 updated. 
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2 EXECUTIVE SUMMARY 

Statens Vegvesen launched during the Automn 2016 the third development phase of a straight 

floating bridge concept for crossing of the approximately 5 km wide Bjørnafjord on the west coast of 

Norway. The concept comprised a straight floating bridge on pontoons in combination with a cable-

stayed bridge on one end to allow for ship traffic. The floating bridge is equipped with mooring lines 

on selected pontoons, connected to anchors on the seabed. 

Multiconsult has performed the actual phase three study in cooperation with the companies Aker 

Solutions, Johs Holt, NGI, Entail and Rambøll. The project group is formed in this way to ensure 

continuity from the former phases in addition to represent leading expertise and experience within 

all involved areas like marine geotechnics, floating bridges and floating structures in general, 

permanent mooring systems, marine operations and large cable-stayed bridges. 

In addition, Multiconsult’s international bridge partners, Michel Virlogeux and T engineering, have 

been involved as a review body emphasizing on the cable-stayed part of the bridge 

2.1 General 

An extensive study has been performed with the aim of verifying that it is feasible and cost efficient 

to cross Bjørnafjorden with a floating bridge side anchored to seabed by mooring lines. 

The proposed bridge will be approximately 5 km long and consist of a steel box bridge girder 

supported by pontoons with approximately 125 m spacing. At the south end a stay cable bridge is 

placed to allow for a ship traffic passage. The bridge is stiffened laterally by mooring lines attached to 

four pontoons. The bridge is straight and is fixed at abutment in south. In north the bridge is allowed 

to move longitudinally by an arrangement of sliding bearings and expansion joint. 

 

Figure 2-1: Overview of base case bridge 

The floating bridge is designed in accordance with the limit state method given in Eurocode. 

Exceptions are mooring and anchor design where ISO and DNV rules have been used.  For fatigue 

design, traffic loads are taken from Eurocode while the design procedure is in accordance with DNV 

rules. In addition, has the client given design criteria which are relevant for the floating bridge in the 

Design Basis. 

In the study a large number of advanced analyses have been performed in order to cater for static 

and dynamic load effects, non-linear geometry, fatigue loading, ship impact and geotechnical aspect 

regarding seabed anchors. The analyses accounts for loads from permanent weight, traffic, 

temperature, tidal variation and environmental loads from current, waves and wind. 
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This study is a continuation of phase 2 and the main focus has been to develop the concept further 

regarding 3 issues: (1) feasible anchor design, (2) sliding bearings and expansion joint in north and (3) 

optimization of pontoons. 

1. Feasible anchor design 

The purpose of the mooring system is to stiffen the bridge laterally. It is desired to distribute the 

anchored pontoons equally along the length of the bridge to give the most efficient stiffening system. 

4 pontoons are chosen to be anchored with a center distance of approximately 1000 m. It is desired 

to have a smaller distance than 1000 m from tower to the first anchored pontoon in order to stiffen 

the stay cable bridge properly.  Each anchored pontoons have 8 mooring lines anchored at seabed. 

The mooring lines are based on standard composition for taut to semi taut system, with bottom 

chain towards anchor, sheeted wire in the free span and top chain segments towards the pontoon 

connection. The lines have a pretension between 1900 kN and 3100 kN in order to give adequate 

restoring stiffness to limit lateral movement of the bridge. The layout of mooring lines is such that 

the anchored pontoon will be in equilibrium for permanent loading and hence not induce forces into 

to bridge girder. 

Bathymetry data from Bjørnafjorden show that the sediment basin is not flat as normally seen in 

fjords. In south the inclination down to the basin is steep. Towards north there is mostly exposed 

bedrock. In between there are several raised areas, and plateaus, due to the undulating bedrock. 

Considering the variable seabed conditions and requirement for anchor spacing and equilibrium for 

anchored pontoons, there has been a challenge to find suitable anchor points at seabed. The main 

factor for the selection of anchor types and anchor location have been the sediment thickness and 

seabed inclination. In areas with thick sediments suction anchors are chosen. In areas with little or no 

sediment cover, gravity anchors are used. For areas with intermediate sediment cover, a 

combination of suction and gravity anchor is used. Out of the 32 anchors there are 24 suction 

anchors, 6 gravity anchors and 2 mix anchors. Design for all anchors are based on corroded breaking 

strength of mooring lines of 14 000 kN, and not on the design loads which in general are considerably 

lower for most anchor positions. Thus, it is expected possible to reduce the size of several anchors in 

next stage. 

The main risk related to the feasibility of the proposed anchor concept are potential interaction by 

submarine landslide. Therefore, in design, all anchored pontoons are designed for loss of 2 mooring 

lines. The criterion is that the bridge shall survive a 100 years storm for this condition. For the 

southernmost anchor groups (1&2)  it is concluded that more than two anchors can potentially be hit 

by a single submarine landslide. Landslide impact assessment shows that it is possible to adjust the 

anchor design, for group 1 and 2, in order to resist a “base case” submarine landslide, representative 

for the southernmost area. In addition, the bridge is  designed for 100 year environmental conditions 

combined with loss of all 4 mooring lines at the same side of anchored pontoon in south. 

2. Sliding bearings and expansion joint in north 

Regarding the abutment in north the bridge is allowed to move longitudinally and rotate about 

vertical axis (axis 37). To allow for these movements an arrangement of sliding bearings and 

expansion joint is made. There are 4 bearings to take vertical load action (placed horizontal) and two 

bearings to take lateral force (placed vertical). All bearing are multidirectional and will only transfer 

axial loads. The expansion joint has 75 lamellas each with a maximum gap of 80 mm. A control 

system ensures the gaps to be equal. The project team has been in contact with 2 major suppliers 

during this study (Mageba and Maurer). Both say they can develop feasible and cost efficient 

solutions for the bearings and expansion joint for this concept at Bjørnafjorden.  One of the 
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challenges is the large longitudinal movement of +/-3 m arising mainly from temperature changes of 

91 degree. The large temperature range is in accordance with the current Eurocode and gives 

conservative estimates compared with regulations given in former handbook HB185(1996). Even 

though an expansion joint of this size has never been produced before, both suppliers say they can 

produce an expansion joint fulfilling all the requirements. One of the supplier will use components 

from already known and applied technology. Further, there is a challenge regarding the wearing 

parts for the sliding bearings and the expansion joint.  One of the supplier has tested the sliding 

material for the bearing for 50 km. Analysis show that it is the small movement from wave loading 

that add up to most of the movement. Based on analysis of accumulated movement, a best estimate 

of the lifetime of sliding material is 10 years. It is also possible to install dampers which will filter out 

the small movement from wave loading increasing the lifetime of sliding material.  It will be possible 

to replace the wearing parts for bearings without removing the bearing. It is recommended that 

client continues the dialog with the two suppliers in order to develop the best solution regarding 

maintenance for the bearings and expansion joint. 

3. Pontoon optimization 

In phase 2 the bridge concept was based on large concrete pontoons spaced at 200 m. It was then 

possible to lift all eigen-periods for vertical motion above wind driven wave periods and in this way 

reduce the girder stress and the movement of bridge due to wave loading. In this study several 

alternative layouts for pontoon geometry, material and spacing have been considered. The chosen 

base case concept is based on light steel pontoons with a relatively small spacing of 125 m. The 

chosen pontoons have a boat shape in order to reduce the response from lateral wave load. The 

length of pontoon is also chosen such that the response is minimized. Typical dimension of pontoons 

are 62 m length, 16 m width and 5 m draft. The eigen periods of the base case concept will lay within 

the windriven sea state. It is however found that the hydrodynamic damping is significant for these 

periods, limiting the dynamic amplification. Advantages with the base case concept is that the stress 

in girder due to permanent loads and traffic is low due to the smaller span length. The response in 

mooring lines which is dominated by wind loading will be smaller for a bridge with smaller span 

length and therefore smaller girder height. The stresses in girder due to wave load is reduced due to 

the optimized shape of pontoons. The disadvantage with the concept with small steel pontoons is 

that eigen periods for the free floating pontoons in roll and heave are close to the peak period of the 

100 years storm. The movement in such a storm will therefore be large. However, the bridge will be 

closed for traffic for storm return with periods above 1 year. For 1 year storm condition the 

movement will be relatively low. The design of base case meet all the requirements for movements 

given in design basis. 

2.2 Analysis 

The waves in the fjord are described by narrow-banded spectra and cover a wide combinations of 

heights, period range and directions. This requires performing a thorough screening of the structure 

global response to the applicable range of sea state spectra both with regards to the main direction 

and the peak periods (Tp). The screening is run for the defined extreme 1-year, 100-year, 10.000-year 

wind-driven waves and swell with a range of 10 periods from Tpmax/2 to Tpmax for every 5 degrees 

direction, giving a total of 720 wave states per return period. From the screening a set of four critical 

wave design conditions have been selected based on the response in the bridge girder (forces and 

motion), tower, columns, mooring lines and cables, where the design conditions comprise all 

significant maxima of the response for the structural components. The wind is applied with the main 

direction perpendicular to the bridge axis. This is seen as conservative as the wind from other angles 
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results in a decomposition of the loads, where the loads along the bridge are not accounted for, and 

because the damping from wind is found to have a minor effect on the wave response.  

The time domain response analysis for waves is performed in Orcaflex, where the stochastic wave 

field is computed accounting for the wave spreading spectrum and the defined JONSWAP-spectrum. 

The hydrodynamic analysis account for linear wave loads, added mass, radiation damping, mean drift 

loads and second order wave loads by Newman´s approximation. The frequency dependent added 

mass and damping is accounted for by a convolution integral of the velocity / position and the 

impulse response function. The response analysis for wind are also performed in Orcaflex, and is 

based on aerodynamic buffeting theory in the time domain. The stochastic wind field is computed 

accounting for the spatial co-variation and the defined-one point wind spectrum. The analysis takes 

into account both the static wind loads and the turbulent buffeting loads with drag loads, lift loads 

and moments applied in the neutral axis. The buffeting loads take into account a linearization of the 

turbulent wind load component, the linear damping terms and the stiffness load term. Linear static 

analysis for permanent loads (including construction stages), traffic loads, tidal loads and 

temperature loads are performed in Sofistik. The model is benchmarked with Orcaflex showing 

overall a very good compliance. 

The main method used for design has been to determine the characteristic response of the individual 

load components and using combination factors to account for correlation between dynamic load 

groups and load components. The design level for capacity check is achieved by multiplying the 

characteristic response with the corresponding load factors and combination factors to account for 

correlation between dynamic load groups. An alternative method is applied to verify the chosen 

combination factors for correlation. Here the utilization is calculated directly from the simulated 

response to combined realizations of wind and wave. The verification of the combination factors 

show that these are conservatively selected, approximately by 10%-15% for the bridge girder.  

For ULS the characteristic response is taken as the 90% fractile maximum from a Gumbel-fit of the 

maxima from ten 1-hour realisations, to accommodate for difference between short term and long-

term response. 

2.3 Design 

The total cost of the proposed bridge crossing is dominated by the steel amount in bridge girder and 

pontoons. In this study focus has been to optimize these construction parts in order to reduce the 

total cost. In addition, design checks of construction parts of stay cable bridge, abutments and 

anchor systems have been done. 

The bridge girder design is governed by the ultimate limit state for 100 years storm in a situation 

where the bridge is closed for traffic. The situation with traffic is also designed for, but in this case 

the storm is limited to 1 year return period. The bridge girder is a steel box with longitudinal through 

stiffener and transverse stiffeners with 4 m spacing. The width is approximately 30 m wide including 

the wind nose and it accommodate 4 lanes of traffic and a pedestrian lane. The height is 3.5 m over 

the stay cable bridge and 4.0 m over the floating part. Top plate has a minimum thickness of 14 mm 

for most of the bridge length. The bottom plate varies from 10 mm in mid-span section to 20 mm at 

some of the supports. It is planned to use S420 steel in the bridge girder giving an allowable stress of 

382 MPa.  Typical stress in low part of floating bridge is 250 MPa and 320 MPa for top plate and 

bottom plate respectively.   

Fatigue life has been checked for the steel girder due to environmental and traffic loads. Typical 

details such as butt-weld in skin plates and attachment of transverse stiffeners are considered. 

Calculated fatigue life is above 100 years for DFF=3 (inspection required) for all details. In this study 
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fatigue checks for local details in girder/column connection have not been performed. The bulkheads 

in the girder will match the walls from column and thus induce small bending moments in plates. 

Only minor adjustment of plate thickness is expected to give satisfying fatigue life in these areas. 

Fatigue life of the mooring lines has also been investigated and found satisfactory.  Fatigue life for 

concrete tower and stay cables have not been calculated in detail for this phase. From experience of 

concrete members subjected to high permanent compression forces, the tower is not expected to be 

sensitive to fatigue. Regarding stay cables, which are dominated by static tensile forces, influence 

from fatigue is only expected for the longest stay cables in main span. A moderate increase in stay 

areas for these cables will give significant increase in fatigue capacity. Simplified classical spot checks 

with allowable stress range of order 300Mpa for the PSS cables , including half the traffic and 

dominating environmental loads give acceptable utilization regarding fatigue. 

Head-on-bow collisions with pontoons and deckhouse collisions with bridge girder have been 

assessed locally for the pontoons and the bridge girder, and globally for design check of all structural 

components in bridge. The local analysis of the bridge girder has been performed by NTNU, showing 

that the girder has a residual strength of 90% of the intact capacity. However, there remains an 

uncertainty for the cyclic loading of the damaged areas in a post-impact storm scenario. The global 

analysis shows that there is some local stress exceedance in the bridge girder above the pontoon 

closest to the ship channel. These can be reduced with small reinforcements, but are not 

implemented at this stage.  

The pontoons are governed by external water pressure. Stiffened plates and bulkheads with skin 

thicknesses varying from 12 to 17 mm are used. Super-dublex steel plates are used in the splash zone 

3 m high, which do not require maintenance. Ordinary S420 carbon steel with cathodic protection is 

used for submerged plates.  

2.4 Additional studies of wind response 

A number of separate studies on wind effects have been performed. These include a) aerodynamic 

optimization of the main girder geometry, b) assessment of turbulence model sensitivity and c) 

assessment of aerodynamic stability.  

a) The aerodynamic optimization of the main girder geometry focused primarily on minimizing 

drag loads and secondarily on minimizing lift loads. A literature study was performed and on this 

basis, three different cross-section geometries were defined for further investigation. The cross-

sections represented different balances between aerodynamic and structural performance. A 

comparative study was performed using computational fluid dynamics which provided a ranking 

of the cross-sections from an aerodynamic perspective. The results have been incorporated in 

the final choice of cross-section geometry.  

b) The assessment of the turbulence model sensitivity has provided response sensitivities towards 

the length scale factors and the coherence decay factors. The sensitivities have been quantified 

by parameter variation according to the ranges provided in the SVV design basis. Resulting 

average changes in main girder displacements and bending moments have been presented. The 

response calculations were performed in the frequency domain. 

c) The assessment of the aerodynamic stability has been performed using multi-modal flutter 

analysis. The assessment involves detailed studies of potential flutter mechanisms of the 

structure which shows that critical aeroelastic vibration modes form a combinations of several 

still-air modes. Estimates of modal hydrodynamic damping ratios have been performed using 

analytical calculations which have to some extent been validated by free decay simulations. A 

flutter screening has been performed for the first 200 still-air vibration modes. It is shown that 
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under the present assumptions, flutter does not occur for relevant wind speeds. This is primarily 

due to the presence of significant hydrodynamic damping in the eigenfrequency range of the 

critical modes. On the basis of these investigations, the concept S03-02 is considered robust in 

terms of aerodynamic stability. It is recommended that in future design developments, 

consideration is given to the fact that the hydrodynamic damping is only available in a relatively 

narrow frequency range. A recommendation is further given on how to obtain better validation 

of modal hydrodynamic damping ratios. It is also recommended that in further work, 

aerodynamic derivatives including terms associated with transverse motion are determined by 

section model tests. 

2.5 Construction  

A wide range of approaches for construction and installation of the floating bridge have been 

assessed during the study. There are many feasible alternatives, but for the current bridge design the 

herein proposed method is considered to have the best combination of robustness, cost efficiency , 

small local impact, large flexibility with respect to use of existing construction yards and large 

possibility for parallel activities. The estimated construction time is five years. 

The main philosophy for construction of the floating bridge is to assemble the bridge at the final 

bridge location in Bjørnafjorden utilizing the permanent bridge mooring system and the established 

bridge infrastructure giving road access to both the South and North end of the bridge. 

The installation could in short be summarised as follows: 

 Bridge elements prefabricated in Europa or Asia and transported to assembly yard  

 Assembly of bridge elements, columns and pontoons to larger building blocks 

 Installation of anchors and mooring lines 

 Installation of cable stayed bridge 

 Installation of abutment in North 

 Transport of building block to bridge site, repeat for each building block 

 Hook up of pontoons to pre-installed mooring system, repeat for each moored pontoon 

 Welding of catamaran building blocks to infill sections 

 Installation of section towards abutment in North 

 Installation of section towards cable stayed bridge 

The installation is performed with the assistance of barges and tugs, no larger construction or crane 

vessels are required for the bridge installation. For the anchor installation a smaller crane vessel 

might be required. 

As an alternative to the installation of building blocks at bridge site it is possible to assemble bridge 

elements to a larger units at a temporary site near the bridge site. In this way the final installation at 

bridge site can be performed with a few large units in shorter time. 

For the construction of the cable-stayed bridge the first step is to construct the foundation and 

tower.  At the same time the back span structures in concrete are done, followed by a launching of 

the back span steel girder on ground-supported formwork or supports. Then, the classical cable-

stayed cantilever method to erect the main span. The lifting of elements from sea is performed using 

“Derric Cranes”. Simultaneously, the stay-cables for the back and main span are installed. 
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2.6 Alternative concept 

A concept where the steel pontoons are replaced with concrete pontoons have also been developed. 

The concept is identical to the base case with pontoon spacing of 125 m. Analysis and design checks 

show that the steel amount in girder must be increased by approximately 15 %. It is also possible to 

replace only the anchored steel pontoons with concrete pontoons giving only a marginal increase in 

girder stresses. This shows that the side anchored bridge is very robust and will work in the condition 

of Bjørnafjorden for a variety of pontoon types. This alternative concept is documented in a separate 

report. 
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3 INTRODUCTION  

In October 2016, Statens Vegvesen awarded Multiconsult a contract for an extensive study of the 

straight floating bridge concept for crossing of the approximately 5 km wide Bjørnafjord on the west 

coast of Norway. 

 

 

Figure 3-1 Map showing the Bjørnafjord crossing on Norway’s west coast  

The actual concept has been developed through two phases in parallel with other concepts. It 

comprised a straight floating bridge on pontoons in combination with a cable-stayed bridge on one 

end to allow for ship traffic. The phase two concept included mooring lines on three pontoons, 

connected to anchors on the seabed. 

Multiconsult has performed the actual phase three study in cooperation with the companies Aker 

Solutions, Johs Holt, NGI, Entail and Rambøll. The project group is formed in this way to ensure 

continuity from the former phases in addition to represent leading expertise and experience within 

all involved areas like marine geotechnics, floating bridges and floating structures in general, 

permanent mooring systems, marine operations and large cable-stayed bridges. 

In addition, Multiconsult’s international bridge partners, Michel Virlogeux and T engineering, have 

been involved as a review body emphasizing on the cable-stayed part of the bridge 

The objective of the present phase three study is to develop and optimize the concept to a stage, 

which forms a relevant basis for the client to re-calculate costs, compare this concept with two 

alternatives, and choose which shall be the preferred one. Hence, identification of risk elements and 

reduction of risks and uncertainties to an acceptable level has been key elements of the study. On 

this basis, it was been agreed to concentrate on the following activities: 

1. To develop a sound mooring concept, based on the results of the seabed surveys (not 

available during the phase 2 of the project) 

2. To optimize the floating bridge part comprising bridge girder, columns and pontoons  

3. To ensure that the cable-stayed bridge, as part of the total structure, shows adequate 

structural behavior 

4. To develop the joint at the north end to a level that demonstrates feasibility (longitudinal 

displacements are taken care of by this joint) 
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The location of the bridge should accommodate a somewhat adjusted road geometry and location, 

resulting in the floating part of the bridge being somewhat extended. The north part should enter an 

area with shallow waters, for which a relevant design should be developed and the location of the 

road further adjusted to the actual seabed conditions, if needed. For the south part, the cable-stayed 

bridge should be adapted to the local conditions and allow for ship traffic in an optimal way. 

Finally, the would present updated design basis information during the study, including revised 

design criteria in addition to updated environmental data, based on latest available met ocean and 

wind data. 

An integrated project team has performed the main part of the work as a joint effort. The study has 

been conducted in the following main steps: 

1. Review of the phase 2 concept and the updated design basis  

2. Establish a first layout adapted to the revised location based on experience from phase 2, 

supplemented by simplified calculations. The 200 m span width of the floating part of the 

bridge from phase 2 was kept unchanged, whereas the concrete pontoons were somewhat 

optimized. Because of the increased length of the bridge, four pontoons were moored 

instead of three.  

3. Conceptual development based on global analyses of environmental loads and structural 

response has occupied a major part of the available time schedule. Extensive work was 

performed for concepts with 200m as well as 100m span widths of the floating part of the 

bridge. Pontoon designs of both steel and concrete were developed and their influence on 

the structural response of the total system investigated. Updates of the design basis was 

taken into account during the work. 

4. In parallel with the above mentioned work, the mooring system was developed and suitable 

locations for anchors on the seabed, and their design, were developed and included in the 

global analyses. 

5. Based on the understanding gained by the above mentions efforts a final conceptual layout 

was concluded, named the Base Case concept comprising pontoons of steel (except the one 

closest to the ship lane) and 125m span width between them. 

The present report summarizes the analyses and design work performed to document the Base Case 

concept whereas notes and presentations have documented the conceptual development work.  

For the Base case concept, the following subjects are covered by separate reports: 

a) Construction and marine operations 

b) Geohazard 

c) Risk assessment  

d) Cost estimation (Grunnlag for anslag) 

e) Inspection, Operation, Maintainance 

f) Bedrock anchor qualification 

In addition a brief description of the load carrying system in general has been made, and an 

alternative base case concept with pontoons of concrete are going to be described in a separate 

report. 
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Separate appendices document the individual analyses of the Base Case concept, as well as the 

design of each individual part. Each appendix is edited as a separate report. The present report 

summarizes the individual activities and presents the understanding of the structural behavior of the 

total structure. The appendices are as follows (see reference list at the document end for report 

numbers): 

 App. A, Static analysis [1]  

 App. B, Environmental loads analysis [2] 

 App. C, Global response [3] 

 App. D, Robustness and sensitivity analyses [4] 

 App. E, Design of high bridge [5] 

 App. F, Design of bridge steel girder and steel columns [6] 

 App. G, Design of pontoons [7] 

 App. H, Design of abutments, bearings and joint [8] 

 App. I, Design of mooring lines [9] 

 App. J, Design of anchorages [10] 

 App. K, Fatigue [11] 

 App. L, Ship impact [12] 

 App. M, Verification (Handcalculations) [13] 

 App. N, Aerodynamics [14] 

The main authors of this main report are Per N. Larsen (Johs Holt), Anders Nesteby, Basile 

Bonnemaire and Daniel Melin (Multiconsult), Mads F. Heiervang (Entail) and Nora Haug (Aker 

Solutions). 
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4 DEFINITIONS AND ABBREVIATIONS  

This section presents some main definitons. Reference is made to the appendices for further 

definitions (in particular [2]) 

 

Figure 4-1: Overview of bridge with nomenclature for substructures 

In this report, unless specified otherwise, the directions for the environments (waves, wind and 

current) are the direction from with regards to geographic North 

 

 

Figure 4-2: Defined local coordinate system for bridge pontoon 
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5 DESIGN CRITERIA  

In this chapter some relevant criteria from design Basis are given. For more details refer to Design 

Basis. 

5.1 Rules and regulation 

The floating bridge design is in accordance with Design Basis [16] received from client revision March 

2017. More specifically the design is based on the following rules and regulations. 

 Handbooks from Norwegian Public Road Administration 

o N100 Veg og gateutforming 

o N400 Bruprosjektering [18] 

 Limit state method according to Eurocode Standards is used for design of the floating bridge.  

 Design Basis Metocean rev C March 2017, [17] 

 Ship Impact in accordance with Eurocode and based on internal risk assessment as defined in 

Design Basis. 

 

Exceptions from the use of Eurocode are listed below: 

 Fatigue design in accordance with DNVGL “Combination of environmental and traffic fatigue 

loads Side- and end anchored floating bridge, Rev A, 06.04.2017”. Traffic loads are taken 

from Eurocode, NS-EN 1991-2:2003+NA:2010 - Laster på konstruksjoner - Trafikklast på 

bruer, 2010. 

 Mooring design performed in accordance with ISO 19901-7 Station keeping systems for 

floating offshore structures and mobile offshore units, second edition 2013-05-01. 

 Anchorage 

o Design principle according to – DNV-OS-C101 

o Design loads according to – DNVGL-OS-E301 

o Suction anchor calculation methodology according to – DNV RP-E303 

o Geohazard assessment: 

 Risk analysis framework according to Norsok Z-013 and OGP report 425  

o Seismic considerations: 

 Seismic loads according to Eurocode 8-1 and Eurocode 8-2. 

 Partial factors according to Eurocode 8-5 
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5.2 Functional criteria 

A summary of functional criteria is listed in Table 5-1. 

Table 5-1: Summary of important functional criteria for the bridge.  

Summary of functional criteria  Description 

Design road class  H8 

Design traffic volume  (year 2040) 20 000 ÅDT 

Speed limit  110 km/h 

Carriage way with  4 lanes each 3.5m wide 

Shoulder  1.5m on both sides 

Pedestrian lane 3m wide 

Max incline 5 % 

Navigation channel 400 x 45 

Free clearance low bridge  14m 

Guard rail  Strength class H2, working width 1m 

Protective wind screen Not used (CSB-At towers) 

5.3 Motion limitation 

These are given in design basis and listed in Table 5-2. 

Table 5-2: Motion limitations as defined in the design basis [16]. 

Motion limitation Load scenario Maximum motion Unit 

Vertical deformation from traffic loads 0.7 x traffic <1.5 m 

Rotation about bridge axis from traffic loads 0.7 x traffic <1 Deg 

Rotation about bridge axis from environmental loads 1 year storm < 1 deg (RMS) 

Rotation about bridge axis from static wind load 1 year static wind <0.5 deg 

Vertical acceleration 1 year storm < 0.5 m/s2 (RMS) 

Horizontal acceleration 1 year storm < 0.5 m/s2 (RMS) 

 

For motion limitation due to traffic load the LMV (internordic traffic load) is used. 

5.3.1 Freeboard 

The design basis defines the following: 

“The freeboard from permanent loading shall at a minimum be large enough that the undisturbed 

wave height (100-year) and the dynamic motion of the pontoon does not exceed the pontoon deck.”  

In the next phase it should be discussed whether the 100-year freeboard criterion should be defined 

as a pure relative wave elevation criteria, or as stability criteria considering securing the bridge 

integrity and its bearing capacity (from a temporary loss of water-plane stiffness if the wave height 

exceeds the pontoon deck elevation).  

5.4 Boundary condition 

For side anchored bridge the connection at North abutment is fixed for rotation about lateral and 

longitudinal axes and free to rotate about vertical axis. This is in accordance with Design Basis 

provided that the rotation is limited to 1.0 deg in SLS characteristic limit state condition.  

 



Bjørnafjorden, straight floating bridge phase 3 multiconsult.no 

Analysis and design (Base Case) 5 Design criteria 

 

SBJ-31-C3-MUL-22-RE-100 16.06.2017 / Rev 0  Page 26 of 130 

5.5 Environmental loads for bridge open for traffic. 

The characteristic environmental load with traffic is calculated as the largest of the 1-year loading or 

the loading that corresponds to wind gusts of 35 m/s at bridge deck elevation. 35 m/s gust speed 

measured at the bridge deck elevation at axis 2 corresponds to 20m/s mean wind at the reference 

height of 10m.  This is higher than the 1-year mean wind speeds for some of the sectors. This has not 

been accounted for in the analyses, but is expected to have minor effect on the design. 
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6 CONCEPT DESCRIPTION  

6.1 General 

The general layout of the proposed floating bridge for the crossing of Bjørnafjorden is shown in 

Figure 6-1 and Figure 6-2.  

 

 

Figure 6-1 Plan overview of the floating bridge 

 

 

Figure 6-2 Elevation overview of the floating bridge 
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Figure 6-3 Elevation overview of the stay cable bridge at the south end of the floating bridge 

In south there is a stay cable bridge (high bridge) with backspan of 430 m and mainspan of 470 m, 

satisfying the requirement for a free navigation clearance of 400 x 46 m.  

Towards north the bridge (floating bridge) continues with a 4 m high steel box girder supported on 

33 pontoons from axis 3 to 36. The span length in this part varies from 125  to 133 m. Steel pontoons 

are chosen for all axis except in axis 3 where a larger concrete pontoon is placed.  Axis 3 is close to 

navigation channel and due to risk of ship impact a larger pontoon in concrete will be beneficial.  

The straight bridge is stiffened laterally by mooring lines attached to 4 pontoons in axis 6,14,22 and 

30. The bridge is fixed at the south abutment (axis 0). At north abutment at axis 36 and 37 vertical 

and lateral movement are restrained as well as rotation about longitudinal and lateral axes. Rotation 

about vertical axis and longitudinal movement are allowed by an arrangement of sliding bearings and 

expansion joint. 

North of axis 37 the road continues on a rock fill and then descends to the rock tunnel through a 

concrete through and a concrete portal. The total length of bridge from axis 0 to 37 is 5158.5 m. The 

total length including the road to the rock tunnel is 5650 m. 

6.2 Key quantities  

The key quantities for the bridge are given in Table 6-1. The quantities are given for the total bridge 

length and the road from the north abutment to the start of the tunnel. Total length is 5647m, from 

profile number 38363 in South to 44010 in North.  
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Table 6-1: Key quantities for the bridge.  

Material / component Quantity 

Steel (S355 / S420) (girder, columns, pontoons and anchors) 110 000 T 

Concrete (abutment, tower, south-columns, pontoon in axis 
3, tunnel portal and trough) 45 000 m3 

Stay-cables (high bridge) 1250 T 

· Ballast (gravel / olivin) 60 000 m3 

Mooring (wire + chain) 32 lines; 5150 T 

Rock-filling at north abutment 850 000 m3 

Estimated construction and installation time 4-5 years 

6.3 Stay cable bridge 

Figure 6-3 shows the main structural components of the cable stay bridge with navigation channel 

and tower at shore.  

The main design challenges for the proposed Cable Stay Bridge, relative to other large existing cable 

stay bridges with span length of this order as Sutong, Russky or Stonecutter is the interaction with 

the floating bridge regarding environmental loads and ship impact on pontoons axis 3-4. Large 

normal forces, about +/-60MN are transferred through the bridge girder from wind and wave loads 

to the floating bridge fixed point in axis 1. So far, the safety regarding stability seems sufficient. Ship 

impact create large tower and back span transverse reactions and large horizontal deflections of the 

bridge deck (6-7m). Some stay cables are subjected to higher fatigue loads than ordinary bridges. The 

movements and accelerations of the bridge girder around axis 3 is acceptable, but must carefully be 

considered and looked at in further design.  

The tower is placed at shore near Svarvahelleholmen, at axis 2. The tower has a shape of inverted Y. 

It is founded on caissons at approximately 10 m depth. The height of tower is approximately 250 m 

high and constructed in normal density concrete.  

At the tower crossbeam, an arrangement of standard sliding bearings are proposed. Two 40MN 

bearings are installed on the tower-crossbeam transferring vertical forces from bridge girder, and 

two 40MN bearings installed vertical on the tower legs transferring horizontal forces from bridge 

steel girder. 

The back span and main span are supported by 2 planes of stay cables. There are in total 4 x 19 stays. 

In main span the stays support the bridge girder at 20 m spacing. It is suggested to use stay cables 

consisting of high strength steel strands (S1860), each with steel area of 150 mm2, which is 

individually galvanized, waxed and sheathed. The bundle of strands is covered by an external HDPE 

pipe equipped with small helical ribs. The problem with cable vibration can be solved by installing 

dampers at cable ends. Stay cables are anchored in tower top using steel cassettes fixed to the end 

walls of tower. It is planned to pretension the stays from tower end. At lower end the stays are 

anchored to the bridge girder constructing suitable brackets. 

6.4 Bridge girder 

The bridge girder is a steel box with longitudinal through stiffener. Transverse stiffener in the steel 

box are spaced at 4 m. The bridge girder has a 26 m wide top plate to accommodate for 4 lanes of 

traffic and a pedestrian lane. The total width of girder is approximately 30 m including wind noses. 

The inclined webs makes an angle of approximately 15 degree to the horizontal in order to minimize 

the wind loads on girder. The height of steel box is 3.5 m for the high bridge and 4 m for the floating 
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bridge. The bridge deck falls from from about 55 m above water line at axis 3 to 18 m at and beyond 

axis 12.  

In the south end of the backspan of stay cable bridge, the bridge girder consists of a multicell 

concrete box (ref Figure 12-9). The 165 m long concrete girder is supported on concrete piles spaced 

at 50 m. The purpose of this arrangement is to provide weight in backspan to counterbalance the 

weight in mainspan and to provide for extra stiffness to reduce the deflection of main span due to 

imposed loads. The connection between concrete girder and steel girder is performed by 

prestressing cables. The connection is placed in an area where there is considerable axial 

compression force in bridge girder from permanent load. The overall tension in ULS is therefore 

moderate. In ultimate limit case where traffic is dominating (ULS2) the overall axial force is near zero 

at this section. In  ultimate limit state with 100 years storm condition (ULS3) the axial tensile force is 

approximately 20 MN. The moment about strong axis is also considerable reduced 25 m out from 

axis 1D. By moving the joint further 10 m it is possible to hit the zero moment crossing for bending 

moment about strong axis. It has been discussed if it would be beneficial to construct the whole 

backspan as concrete girder on concrete piles. This could be beneficial regarding construction 

method and would give a rigid stay cable for vertical deflection of main span. However, the 

disadvantage is that the force couple that arise between tower and backspan piers will be large due 

to lateral loading on floating bridge. Lateral loading comes from wave and wind loading and from 

ship impact at axis 3. It is beneficial to increase the lever arm between backspan piers and tower to 

reduce this force couple.  

The bridge girder is governed in ultimate limit state for 100 years storm condition and no traffic on 

the bridge. The bridge girder is also controlled for fatigue loading due to environmental and traffic 

loads. This will govern how long the plate thickness at support must be extended. In current design 

the support section is extended to 1/8 point in girder. 

For the steel girder the skin plate thickness in top plate is varying from minimum 14 mm used for 

most of the bridge length to 20 mm at some support points. The bottom plate and inclined webs vary 

from 10 mm to 20 mm. Steel quality S420 is used. The stresses in ultimate limit state in the steel 

girder are low in most part of the bridge, especially for the low part of floating bridge where the 

stress in top plate in span sections are approximately 250 MPa. High stresses are only found in the 

high part of floating bridge and typically at support points. It is therefore considerable rest capacity in 

large parts of bridge girder, which imply that steel amounts can be optimized or that a lower steel 

quality of S355 can be used in large parts.  

Local bending stresses in top plate due axle loads from traffic was evaluated in last phase. Since ULS 

condtions with no traffic is governing (ULS3), there are large reserves for local stresses. In ULS with 

traffic (ULS2) typical stress in top plate is  220 MPa giving rest capacity of more than 100 MPa for 

local stresses. In Eurocode local stresses from traffic can be combined with factor 0.7 together with 

global response. 

6.5 South abutment. 

The abutment is a 20 m long, 30 m wide and 8 m tall concrete caisson filled with gravel. The 

abutment is monolithically connected to the multicell concrete box. The abutment shall take global 

forces coming from the bridge girder. The most significant force component is axial load in bridge 

girder coming from wave loading on floating bridge; in ULS 3 this axial force is approximately 80MN. 

Sufficient gravel is filled in abutment to take this force by friction towards rock ground. 
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6.6 North abutment 

The north abutment consists of two concrete caissons filled with gravel, one in axis 36 and one in axis 

37. The caissons are founded on shallow water, roughly 10m. At abutment north the bridge girder 

will be restrained for vertical and lateral movement as well as rotation about lateral and longitudinal 

axes. Vertical force is taken by two bearing in axis 36 (50MN), lateral force is taken by two bearings 

placed in axis 37 (10 MN). In addition 2 bearings are placed in axis 37 (35MN) to give the rotational 

restraint about lateral axis. The reason for placing the horizontal force bearings in axis 37 and not 36 

is to reduce the lateral movement to be taken by the expansion joint. Rotational restraints are taken 

by force couples in the bearings and the larger the distance between bearings the smaller the forces 

will be. The distance between bearings is 16 m in lateral direction and 40 m in longitudinal direction. 

It is not allowed to prestress for uplift forces. Thus uplift due to rotational restraints must be taken 

by ballast. It is decided to fill the steel box section with concrete. All bearings must have a sliding 

plate to accommodate for longitudinal movements of +/- 3m. 

At axis 37 the bridge girder is allowed to rotate about vertical axis and to move freely in longitudinal 

direction. To provide for the free movement an expansion joint is installed which can take 

movements of +/- 3 m. The movement is based on a conservative high temperature range of 91 

degree according to the specification in the current Eurocode. By comparison, the former handbook 

HB185 (1996) assigned a maximum range of 63 degrees which is only 70 % of the current Eurocode. 

Several major suppliers are conferred regarding manufacture of a joint with the considerable 

longitudinal movement of ca. ±3.0 m. The feedback from relevant supplier all is that they can produce 

a lamella/modular joint that fulfils the requirements. This is a joint type that has been in the market 

from various suppliers for years. According to Design Basis [1] part 10.2/N400 [18] part 12.5.4 the 

maximum gap is limited to 80 mm in SLS-Charact. With a maximum range of 5.94 m this gives 

 

N  = 5.94 / 0.08 = 74.3 ≈ 75 lamellas 

 

This is about the double size of what has been installed earlier (around 30 lamellas), and comprises 

thus a component of development and innovation. 

For more information refer to Appendix H [8]. 

6.7 Steel Columns 

A single steel column supports the bridge girder at each pontoon. A rectangular shape with 

chamfered corners are chosen. This is done to improve wind drag and to give the columns a more 

aesthetic appearance. A transition from chamfered corners to rectangular shape is introduced in top 

of column in order to improve load transfer to bridge girder. Bulkheads is introduced in bridge girder 

which match the walls of columns. This arrangement will improve the strength and fatigue capacity 

of the connection. Also towards pontoon the transition to rectangular shape is introduced. The 

design of columns are governed by eccentric ship impact where torsion is the dominant load effect. It 

is seen that the transition to chamfer will reduce the overall capacity of  column and introduce local 

stresses. From a structural point of view it would be beneficial to omit the chamfering and use 

rectangular shape over the whole height. The size of columns varies from 5 x 7 m in low part to 8 x 8 

m in the high part of floating bridge. 
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6.8 Pontoons 

The steel pontoons has a kayak  shape. This shape has been developed in order to reduce the lateral 

wave force on floating bridge. The dimension of pontoons shall provide for sufficient buoyancy and 

roll stability to carry the weight of the girder. In addition the roll stability must be sufficient to satisfy 

the roll limit due to traffic which is set to 1 deg. For the low part of bridge the pontoons have a 

length of 62 m, a width of 15 m and a draft of 5 m. The freeboard is set to 3.5 m.  For the anchored 

pontoons the draft is increased to 8.5 m to provide for sufficient buoyance to carry the vertical force 

from mooring lines. For the high part of floating bridge the dimension is increased to cater for an 

increased girder weight at increased level. Typical size is length of 65 m, width of 17.5 m and draft of 

7m. For current design the safety factor for the critical roll mode is approximately 2. For further 

design it is possible to increase the roll stability by increasing the length and decreasing the draft of 

pontoon and still maintain the buoyancy and pontoon weight. The governing design load is external 

water pressure. Global bending of pontoon due to concentrated load through the column is also 

accounted for. Stiffened plates and bulkheads with skin thicknesses varying from 12 to 17 mm are 

used. Super dublex steel plates is used in the splash zone 3m high, which do not require 

maintenance. Ordinary S420 carbon steel with cathodic protection is used for submerges plates. 

6.9 Mooring lines and anchors 

Please refer to the description in chapter 15 and 16 for a description of the mooring lines and anchor 

design. 

6.10 Static and dynamic behavior of floating bridge 

The bridge girder is fixed for all degrees of freedom at abutment in axis 1. At tower at axis 2 the 

girder is supported by sliding bearings so that vertical displacements and lateral displacements are 

restrained. In north at axis 36/37 the girder is restrained for all degrees of freedom except for 

longitudinal movements and rotation about vertical axis. This is provided by an arrangement of 

sliding bearings and expansion joint. Further, the bridge girder is moored to the seabed to restrict 

the lateral motion due to wind, waves and current. The mooring system is connected to four of the 

pontoons on axis 6, 14, 22 and 30.  

Vertical permanent loads from girder will be in equilibrium with the buoyancy of the pontoons. The 

resulting bending moments in girder will then be qL^2/12 at supports and qL^2/24 at midspan. 

where L is the span length between pontoons.  

For vertical loading from traffic the floating part of the bridge behaves as a flexible beam on spring 

supports. The vertical spring supports corresponds to the water plane stiffness of the pontoon 

(S=Aρg). The flexural stiffness of girder can be expressed by K=48EI /L^3, where E is steel modulus, I 

second moment of area about weak axis and L the span length between pontoons. The stiffness ratio 

µ = K/S  will indicate how the vertical loads are carried, where 0 indicate stiff supports and 100 very 

soft supports. For the chosen pontoons a stiffness ratio of 3.0 is resulting, indicating that the spring 

supports are relatively stiff. For local loads in one span the bending moment in sag will then be 

approx. 50 % larger than for a beam on stiff supports (M=qL^2/8.8). 

For horizontal loading the bridge girder is simply supported at abutment in north at axis 37. In south 

the beam is fixed by a force couple from the lateral restraints at tower in axis 2 and piers in back 

span near abutment in axis 1. As a result the beam will have a flexible restraints for rotation  at axis 2 

which is somewhat below full fixation.  For the floating part the mooring lines act as spring supports 

resulting in a beam on flexible supports. For the chosen mooring lines an equivalent stiffness for each 

pontoon of approximately S=1500 kN/m can be extracted.  The flexural stiffness of girder can be 
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expressed by K=48EI /L^3 ,where E is steel modulus, I second moment of area about strong axis and L 

the span length between anchored pontoons which is approximately 1000 m. For the chosen 

mooring lines a stiffness ratio of approximately 1.0 is resulting, indicating that the spring supports 

are stiff. The mooring stiffness is most important in south where they restrain the movement of 

girder and reduce the forces going into the stay cable bridge. With the chosen mooring layout the 

stay cable bridge behaves very similar as a two tower stay cable bridge with span length of 

approximately 1000m.  

Response from wave loading depends on pontoon geometry, eigen periods of system and damping 

effects. During concept evaluation various span lengths and pontoon geometries have been 

evaluated. The final choice was made on short span length of 125 m and use of light steel pontoons. 

It is obvious that smaller span lengths will give smaller stresses in girder due to permanent loading 

and traffic load. The stresses are approximately proportional to the span length. It is not so obvious 

that shorter span lengths with light pontoons will give smaller response from wave loading. In 

addition to excitation forces, response from waves will strongly depend on eigen periods, damping 

and peak period of the waves. Thus, it can make sense to increase the size of pontoons and the 

length of span of girder in order to move the eigen periods out of the winddriven sea state and in this 

way reduce the response from wave loading. This was the strategy in phase 2. In phase 3 shorter 

span and lighter pontoon has been investigated and it is found that the overall weight of girder and 

pontoons can be reduced in this way.  

The benefit of the light steel pontoons are smaller excitation forces. The eigen periods will lay within 

the wind driven sea state, but it is found that there are significant hydrodynamic damping for these 

periods. In addition is the shape of pontoon chosen such that the lateral wave excitation force is 

minimized. Thus, the overall response in girder will be relatively low for wave loading. The 

disadvantage of the light pontoons is that the free floating eigenperiods for roll and heave is very 

close to 6 sec which is near the peak period for 100 year storm ( T= 2(d(1+a33)^0.5 = 2 (5(1+1))^0.5 = 

6.3 sec). From the formula above it seems to be smart to increase the draft in order to increase the 

free floating period. However, the added mass factor will be reduced nearly by the same magnitude 

as draft is increased. The matching of free floating eigen periods and peak periods induce relatively 

large movements in roll and heave for 100 year storm, although the considerable damping prevent 

the movement to be resonant. In contrast to the small pontoons, a large pontoon with added mass 

plate will not move at all for this sea state. However, according to design basis the vertical 

acceleration and roll movements shall be limited for rms values for 1 year storm and for the chosen 

concept with steel pontoons these are well within the allowable limits given in design basis. 

For lateral response from dynamic wind loading and wave loading it is shown that the damping effect 

of mooring lines reduce the strong axis moment in girder considerable. For dynamic wind loading this 

seems plausible since the wind loading can trigger longer eigen periods which mobilize the mooring 

lines and hence the damping. For wave loading the mode length of critical eigen periods are shorter 

than the span length between anchors. However, the sea is irregular and the exited modes will move 

and start to exite the mooring lines and in this way create damping. Another effect is that lateral 

modes in windriven sea is very much coupled with roll modes which have longer shape and will 

mobilize the anchored pontoons and create damping. Further, it can be seen from results that for the 

combined effect of dynamic wind and dynamic waves most of the effect from dynamic waves is 

cancelled out. A typical factor to account for this is found to be 0.3. Part of this cancellation effect for 

waves when dynamic wind is present can be due to mobilization of mooring lines. 

The floating bridge has been controlled for buckling of structural elements and roll stability. It is 

chosen to define these two effects separately, although they both are effects of large deformation.  
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In non- linear analyses both effects are accounted for and will couple. Roll stability is dominant for 

the high part of floating bridge and is merly governed by the waterplane stiffness of pontoons and 

weight of structure (GM). Stiffness of members such as columns and girder will only affect the roll 

stability marginally. A torsional stiff girder will help to mobilize other parts of bridge to increase the 

stability somewhat, but the main driver is the roll stability of axis 3 to 6. The lowest buckling mode is 

therefore dominated by roll stability of this part and the safety factor is approximately 2.0 with 

respect to permanent loads. This factor can be increased by adjusting the pontoon dimension of axis 

3 to 6 by increasing waterplane area for roll and decreasing the draft. In this way the buoyancy and 

pontoon steel weight will remain the same. The buckling stability of tower is high and have a safety 

factor of more than 7. It seems that the stability of tower is not so much affected by the roll of axis 3 

to 6 since the stay cables are flexible and the pontoons tends to roll about the bridge girder, giving 

less horizontal movement of girder. Lateral buckling load of bridge girder between anchors has a 

buckling load of approximately 240 MN, which is well above the ULS axial force of 60MN. This force 

arise from skew waves and includes a load factor of 1.6 and is a dynamic force.  
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7 ANALYSIS AND DESIGN PROCEDURE 

The dynamic wind and wave responses, which are governing the response together with the 

permanent loads, have been calculated based on a stochastic description of the conditions using 

power spectra to describe the loads. In the design phase it is necessary to break the response in the 

girder down into its separate load components, since optimization of response ultimately boils down 

to making design decisions that minimize load components. A direct stress screening is only 

considered as verification, as the relationship between load and response is difficult to extract based 

on stresses, as stated in DNV-RP-C103 chapter 4.1: 

“For structural design evaluation, engineering judgement and knowledge of structural behaviour is 

vital for designing a sound and safe unit. For this purpose, stochastic stress results are not well 

suited, as simultaneity of force and stress distribution is lost, making it difficult to judge the most 

effective ways of improving the structure. Application of “design wave” approach or regular wave 

analyses are effective methods for design evaluation and engineering judgement.” 

Because of this the main method used for design is based on determining the characteristic response 

of the individual load components and using combination factors to account for correlation between 

stochastic load groups and load components. The design level for capacity check is achieved by 

multiplying the characteristic response with the corresponding load factors and combination factors. 

 

 

An alternative method is applied to verify the chosen combination factors for correlation, only 

performed for the ULS case with 100y environmental loads and no traffic. Here the stress is 

calculated directly for each combined realisation of wind and wave, and the design stress is finally 

calculated by a statistic estimate from all the realisations. The verification of the combination factors 

show that these are conservatively selected, approximately by 15% for the bottom plate and 10% for 

the top plate 
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All design load cases for wind and wave are analyzed in the time domain in Orcaflex, however the 

screening and sensitivity studies are calculated in frequency domain (also in Orcaflex). In the time 

domain analysis all non-linear geometric effects are accounted for, while a tangential stiffness 

linearization is used in the frequency domain analysis. The permanent loads of the bridge are 

included in the wind and wave analysis to account for inertia effects, and are subtracted post-

calculation. Inertia effects from other load groups have not been accounted for in the wind and wave 

analysis.  

The static analyses of traffic loads, temperature, water level variations etc. have been conducted in 

Sofistik.  

7.1 Calculation of characteristic responses of dynamic load groups 

The characteristic responses are based on short-term response statistics from simulations of the 

critical storm states and fractiles are used to accommodate for difference between short term and 

long-term response. For ULS the characteristic response is taken as the 90% fractile maximum from 

ten 1-hour realisations, for SLS the 50% fractile from and for ALS the 95% fractile. The fractiles are 

found by a Gumbel-fit of the maximums from the realisations. For the 1-year and 10,000 year a 

simplified method is applied, which is found to be representative and only demand one realisation.  

7.2 Sea state screening 

The characteristic responses and utilizations are determined for critical sea states, which are selected 

from a sea state screening of the response. The wave spectra are quite narrow-banded load 

processes making it necessary to do a thorough screening of sea states to determine the critical sea 

states from all the given extreme sea states with regards to the important responses in the structure.  
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8 LOADS 

8.1 Permanent loads 

The permanent loads for the bridge girder are given in Table 8-1. The discretization of the cross-

sections along the bridge girder is given in Figure 8-1. Note that the listed permanent loads and 

discretization are given as implemented in the analyses. After the final analyses the S1, S2 and S3 

cross-sections have been updated and elongated to 1/8L of the span-width as opposed to the 1/16L 

of the span-width that is implemented in the analysis and shown in Figure 8-1. 

For the permanent load of the other structural components of the bridge, see Appendix A [1].   

Table 8-1: Permanent loads for the bridge girder 

Cross section type H1 H2 S1 S2 S3 F1 F2 F3 C1 

 Total girder weight 12.03 18.3 14.28 17.02 22.61 10.54 13.99 18.4 64.42 [t/m] 

Asphalt, railings etc 5.49 5.49 5.49 5.49 5.49 5.49 5.49 5.49 5.49 [t/m] 

Total permanent loads 17.53 23.8 19.78 22.52 28.11 16.04 19.49 23.901 69.92 [t/m] 

 

 

Figure 8-1: Discretization of cross-sections along the bridge girder. Each colour denotes a separate cross section. 
The cross section from axis 36-37 is missing, however here the S1 cross-section is used. Note that the cross-
sections above the support deviate from what is given in final drawings. The cross sections are taken as 1/16L of 
the span-width between pontoons as opposed to the 1/8L in the final drawings. 

 

8.2 Traffic loads 

The vertical traffic load models is defined in the project design basis [1]: 

 LM1 for ULS capacity checks and general SLS checks- defined in the Eurocode NS-EN 1991-2 [5].  

 LMV for specifically checking girder motions and freeboard, independent on influence length. 

This internordic load model is defined in [6]. 
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For the LM1 load model three notional lane configurations are analysed: from left to right, from right 

to left and from centre and outwards. The mid barrier is conservatively considered as driveable area. 

LM1:TS and LM1:UDL are placed in these lanes to find maximum bending and torsional effects, and 

the three most relevant cases and corresponding equivalent line loads along the bridge girder are 

shown Figure 8-2. 

For the LMV/internordic load model the four real driving lanes are loaded with 9 kN/m and the 

footway with 2 kN/m. As for LM1, the lanes are loaded to find maximum bending and torsional 

effects, and the three most relevant cases and corresponding equivalent line loads along the bridge 

girder are shown Figure 8-2. 

 

 

 

 

Figure 8-2: Traffic loads. LM1 and LMV transverse placement and resultant line loads 

Maximum equivalent vertical line load from LM1 (UDL) and LMV are 69 kN/m and 38 kN/m 

respectively. Maximum equivalent torsional line load from LM1 (UDL) and LMV are 272 kNm/m and 

125 kNm/m respectively.  
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8.3 Water level variations 

Water level variations to be considered are defined in [16] and summarized in Table 8-2. The water 

level variation loads are applied as the water level variations multiplied by the heave stiffness of the 

pontoons.  

Table 8-2: Water level variations 

Tide Up 0.73m / down 0.73m 

Storm surge 1 year Up 0.35m / down 0.20m 

Storm surge 100 year Up 0.64m / down 0.50m 

Future rise of sea level Up 0.8m 

Characteristic WLV 1 year Up 1.88m / down 0.93 m 

Characteristic WLV 100 year Up 2.17m / down 1.23 m 

 

8.4 Temperature loads  

Temperature loads are calculated according to the design basis [16] which refers to Eurocode. Base 

load cases are summarized below (temperatures are given as related to a mean temperature): 

(1) Uniform temperature expansion is 𝑇𝑁,𝑒𝑥𝑝 = 38℃  (𝑠𝑡𝑒𝑒𝑙) 𝑎𝑛𝑑 𝑇𝑁,𝑒𝑥𝑝 = 19℃ (𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒)  

(2) Uniform temperature contraction is 𝑇𝑁,𝑐𝑜𝑛 = −33℃  (𝑠𝑡𝑒𝑒𝑙) 𝑎𝑛𝑑 𝑇𝑁,𝑒𝑥𝑝 = −22℃ (𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒) 

(3) Temp. gradient (warmer upper side) is Δ𝑇𝑀,ℎ𝑒𝑎𝑡 = 14.8℃  (𝑠𝑡𝑒𝑒𝑙) 𝑎𝑛𝑑 Δ𝑇𝑀,ℎ𝑒𝑎𝑡 =

8.2℃ (𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒)  

(4) Temp. gradient (colder upper side) is Δ𝑇𝑀,𝑐𝑜𝑙𝑑 = 14.6℃  (𝑠𝑡𝑒𝑒𝑙) 𝑎𝑛𝑑 Δ𝑇𝑀,𝑐𝑜𝑙𝑑 =

5.6℃ (𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒)  

For checking bearings and expansion joints, it is assumed that the temperature at the time of 

installation is known: 

(5) Uniform temperature expansion is 𝑇𝑁,𝑒𝑥𝑝 = 48℃  (𝑠𝑡𝑒𝑒𝑙) 𝑎𝑛𝑑 𝑇𝑁,𝑒𝑥𝑝 = 29℃ (𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒)  

(6) Uniform temperature contraction is 𝑇𝑁,𝑐𝑜𝑛 = −43℃  (𝑠𝑡𝑒𝑒𝑙) 𝑎𝑛𝑑 𝑇𝑁,𝑒𝑥𝑝 = −32℃ (𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒) 

Base load cases (1), (2) and (5) and (6) are applied to all modelled structural elements (bridge girder, 

stay cables, columns in high bridge back span, tower axis 2 and low bridge columns). 

Base load cases (3) and (4) are only applied to the bridge girder. 

The base load cases (1) to (4) are combined using combinations factors 𝑤𝑁 = 0.35 and 𝑤𝑀 =

0.75 according to Eurocode. 

8.5 Wind loads  

The extreme wind speeds have been given for six sectors, where the highest 100y wind 1-hour mean 

wind speed of 29.5 m/s is from the west sector, defined at 10m from sea level. For the east sector 

the wind speed is reduced by a factor of 0.85. A complete table is given in Table 8-3. The vertical 

wind profile is described by an exponential function, where the profile factor 𝛼 is defined as 0.127 in 

the metocean report [17]. 

The turbulence spectrum is defined in accordance with N400, and the resulting standard deviation of 

the turbulence in the mean wind direction is 4.64m/s for the west sector. The transverse and vertical 

turbulence are given as 85% and 55% of the mean wind direction. The turbulence intensity in the 

mean wind direction Iu is given in the metocean report as 14% from 0 to 50 m height, and decreases 
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linearly to 12% at 200 m height. The integral length scale factors are defined as:  Au = 6.8, Av = Aw = 

9.4.  

An exponential decay function is used to define the spatial variation of the wind, where the decay 

factor (Cu) is set to 10 for the main direction and 6.5 for the other. 

Table 8-3: 1-hour mean wind speed at 10m height for the defined sectors in the metocean report 

Sectors 1 yrp 10 yrp 100 yrp 10000 yrp 

0 - 75 15.1 m/s 18.2 m/s 20.7 m/s 25.2 m/s 

75 - 225 18.3 m/s 22.1 m/s 25.1 m/s 30.6 m/s 

225 - 255 19.4 m/s 23.4 m/s 26.6 m/s 32.4 m/s 

255 - 285 21.5 m/s 26.0 m/s 29.5 m/s 36.0 m/s 

285 - 345 19.4 m/s 23.4 m/s 26.6 m/s 32.4 m/s 

345 - 360 15.1 m/s 18.2 m/s 20.7 m/s 25.2 m/s 

 

 

Figure 8-3: The turbulence wind spectra as defined in N400 for each of the three directions. The variability of the 
spectra indicates the spectra at different elevations of bridge. 
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Figure 8-4 The coherence spectra for the mean wind direction for four different periods given as a function of 
distance along the bridge. 

The wind loads coefficient are presented in Table 8-4. 

Table 8-4: Non-dimensional wind load coefficients for cross-sections in bridge girder 

Cross section CD(0) CL(0) CM(0) dCL/dα dCM/dα 

H1, H2, HC 0.529 0.133 0.048 4.980 0.600 

F1, F2, F3, S1, S2, S3 0.600 0.100 0.050 4.600 0.700 

 

8.6 Wave loads  

The wave conditions are separated into two wave sets, local wind-driven waves and swell. Both 

waves are defined from a JONSWAP-spectra.  The highest 100y wind-driven waves are from the east 

sector with a peak period (Tp) of 6.6s and significant wave height (Hs) of 2.8m. The highest wind 

driven waves from west occurs from the north-west sector with a Tp of 6.2s and Hs of 2.5m. Swell, 

which are only combined with wind driven waves from west, occur only from the north-west sector 

and has a Hs of 0.4m.  An overview of the extreme sea states are given in Table 8-5 for wind driven 

seas and shown in Figure 8-6 for swell.  

In the metocean report [17] it is recommended that the peak shape parameter in the wave spectrum 

(gamma) is varied from 1.8-2.3 and 3-5 for respectively wind generated waves and swell, however 

gamma is set to 2.3 (wind-waves) and 5 (swell) for all analysis. A sensitivity study is presented in 

appendix D [4]. 

A cosinus directional spreading function is used to define a spatial variation of the waves. For wind 

generated waves, the spreading factor 𝑛 is set to 4 and for swell n is set to 20 in all analysis. A 

sensitivity study is presented in [4].  
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Table 8-5: Extreme wave conditions, note that the highest peak period are given, and lower peak periods are 
also assessed. If a Hs/Tp combination exceeds wave breaking criteria, then the wave height is reduced to fit the 
limiting wave breaking criteria 

Return 
period / 
Sectors 

1  year 100 year 10 000 year 

Hs [m] Tp max [s] Hs [m] Tp max [s] Hs [m] Tp max [s] 

345° - 75° 0.8 4 1.5 5 2.3 5.4 
75° - 105° 1.6 5.3 2.8 6.6 3.9 7.1 

105° - 165° 1.1 4.4 1.6 5.3 2.3 5.6 
165° - 225° 1.2 4.4 1.9 5.3 2.7 5.6 
225° - 315° 1.3 4.6 2.4 5.9 3.3 6.3 
315° - 335° 1.5 5.1 2.5 6.2 3.5 6.7 
335° - 345° 1.2 4.3 2 5.6 2.9 6 

 

 

Figure 8-5: Extreme wind waves - Overview over sectors and 100-year significant wave heights and peak 
periods.  

For the 100y extreme conditions, the wind-, wave-, current- and storm surge conditions are assumed 

fully correlated.  
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Figure 8-6: Defined extreme swell conditions for the 1-year, 100-year and 10,000-year return period. 

8.7 Current 

In Table 8-6 the vertical profile is defined for current for different return periods. It is assumed that 

there is no variation of the current velocity along the bridge. The drag coefficients of the pontoons 

have been assumed at 0.8.  

Table 8-6: Current velocity [cm/s] related to return period  

 
Depth [m] 

 
1 year 

𝐕𝟎 [cm/s] 
10 year 

 
100 year 

0-5 100 120 140 

15 60 80 95 

25 40 50 60 

50 35 45 55 

100 20 25 30 

 

8.8 Accidental loads 

The following accidental loads has been evaluated: 

 Ship impact (both deckhouse and pontoon impact), see section 18 and appendix L [12]. 

 Flooding of compartments in pontoons, see appendix L [12]. 

 Loss of mooring lines, see section 15 and appendix I [9]. 

 Loss of stay-cables. See the high-bridge report, Appendix E [5], where the structural impact 

regarding  loss of outer cables is evaluated, with acceptable results for main structural 

elements. 
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9 LOAD COMBINATION FOR ULTIMATE LIMIT STATE  

The bridge is designed in ULS by the use of partial factor method according to Eurocode. Material 

factor for steel design in ULS is 1.1. 

Three load combinations are considered for the design of girder and columns in ULS: 

 ULS1: Dominating permanent load. Traffic is included with 1 year environmental load. 

 ULS2: Dominating traffic. Traffic is included with 1 year environmental load. 

 ULS3: Dominating environmental load. 100 years environmental load is included. Bridge is 

closed for traffic. 

It is also possible to develop additional load combinations by treating temperature or storm surge as 

dominant loads. However, these combination will not be governing. It can be seen that the bridge 

girder is mainly governed by ULS 3. 

In Table 9-1, Table 9-2 and Table 9-3 the 3 load combinations are shown. Load factor γ is taken from 

table NA.A2.4(B) in NS-EN 1990:2002/A1 [1]. Combination factor Ψ is taken from table NA.A2.1 in 

NS-EN 1990:2002/A1 [1]. Ψ is a factor to account for non-dominant action. 

9.1 Load combinations 

Table 9-1 ULS 1 - Dom. Permanent 

 
Load factor 

 

Comb. Factor 

0 

Tot. factor 

 * 0 
Env. return period 

Permanent 1.35 1.0 1.350  

Current 1.60 0.7 1.120 1.0 

Stat. Wind 1.60 0.7 1.120 1.0 

Dyn. Wind 1.60 0.7 1.120 1.0 

Wave 1.60 0.7 1.120 1.0 

Traffic 1.35 0.7 0.945  

Tide (+/-) 1.10 1.0 1.100  

Waterlevel (+/0) 1.10 1.0 1.100  

Storm surge(u/d) 1.60 0.7 1.120 1.0 

Temperature 1.20 0.7 0.840  
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Table 9-2 ULS 2- Dom. Traffic Load 

 
Load factor 

 

Comb. Factor 

0 

Tot. factor 

 * 0 
Env. return period 

Permanent 1.20 1.0 1.20  

Current 1.60 0.7 1.12 1.0 

Stat. Wind 1.60 0.7 1.12 1.0 

Dyn. Wind 1.60 0.7 1.12 1.0 

Wave 1.60 0.7 1.12 1.0 

Traffic 1.35 1.0 1.35  

Tide (+/-) 1.10 1.0 1.10  

Waterlevel (+/0) 1.10 1.0 1.10  

Storm surge(u/d) 1.60 0.7 1.12 1.0 

Temperature 1.20 0.7 0.84  

 

Table 9-3 ULS 3 - Dom. Environmental Load 

 
Load factor 

 

Comb. Factor 

0 

Tot. factor 

 * 0 
Env. return period 

Permanent 1.20 1.0 1.20  

Current 1.60 1.0 1.60 100.0 

Stat. Wind 1.60 1.0 1.60 100.0 

Dyn. Wind 1.60 1.0 1.60 100.0 

Wave 1.60 1.0 1.60 100.0 

Traffic 1.35 0.0 0.00  

Tide (+/-) 1.10 1.0 1.10  

Waterlevel (+/0) 1.10 1.0 1.10  

Storm surge(u/d) 1.60 1.0 1.60 100.0 

Temperature 1.20 0.7 0.84  

 

9.2 Correlation between environmental conditions 

All environmental conditions are assumed fully correlated, as given in Table 9-4 (according to the 

design basis [17]).  

Table 9-4: Correlation between environmental conditions (from [17]) 

Return 
period 
(Years) 

Wind 
Waves Current Sea level 

Wind  Swell 
 

Astronomical Surge 

1 1 1 1 1 MSL 1 

100 100 100 100 100 MSL 100 
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9.3 Combination factors for correlation between dynamic load groups and force components 

The wave and wind responses have been analysed stochastically in the time domain. To combine the 

characteristic response of force components and dynamic load groups (dynamic wind and wave) 

combination factors have been used to account for the correlation.  

The selected correlation factors have been verified through direct stress calculation checks, showing 

the conservatism in the chosen approach. This verification is given in 11.4.  

The combination between load groups and force components are treated somewhat different for the 

different structural components of the bridge, and are explained in the following subsections. 

9.3.1 Bridge girder 

In Table 9-5 and Table 9-6 combination factors for correlation between waves and dynamic wind as 

well as combination factors for dynamic force components are given. Response from static 

environmental loading such as static wind and current are combined with the full response, i.e. fully 

correlated.  

Table 9-5 Combination factors, dominating wave 

 Dynamic Wave Dynamic Wind 

Dominating Force A Mx My T A Mx My T 

Axial Force (A) 1.0 0.4 0.4 0.4 0.4 0.3 0.2 0.4 

M Strong Axis (Mx) 0.4 1.0 0.4 0.4 0.4 0.3 0.2 0.4 

M Weak Axis (My) 0.4 0.4 1.0 0.4 0.4 0.3 0.2 0.4 

Torque (T) 0.4 0.4 0.4 1.0 0.4 0.3 0.2 0.4 

 

Table 9-6 Combination factors, dominating wind 

 Dynamic Wave Dynamic Wind 

Dominating Force A Mx My T A Mx My T 

Axial Force (A) 0.4 0.3 0.2 0.4 1.0 0.4 0.4 0.4 

M Strong Axis (Mx) 0.4 0.3 0.2 0.4 0.4 1.0 0.4 0.4 

M Weak Axis (My) 0.4 0.3 0.2 0.4 0.4 0.4 1.0 0.4 

Torque (T) 0.4 0.3 0.2 0.4 0.4 0.4 0.4 1.0 

 

9.3.2 Columns 

For the columns, only ULS3 load combination has been considered for the design against ULS. In the 

load combination dynamic wind and wave have been treated as one load group, meaning that the 

characteristic response of the different force components has been calculated from a combined 

analyses of both load groups. The combination factors between force components are conservatively 

set to 1.0. 

9.3.3 Tower, stay-cables and south-columns 

For the towers, stay-cables and south columns, all the listed load combinations above have been 

considered for the design against ULS. In the load combination dynamic wind and wave have been 

treated as one load group for the 100-year return period. For the 1 year return period the dynamic 
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wind and wave responses are calculated separately and combined with a combination factor set to 

1.0. All the combination factors between force components are also set to 1.0, conservatively. 

9.3.4 Abutments 

For the abutment, also all the listed load combinations above have been considered for the design 

against ULS. In the load combination dynamic wind and wave responses are calculated separately 

and combined with a combination factor set to 0.6.  All the combination factors between force 

components are set similar to combination factors between force components for the bridge girder. 

9.3.5 Mooring 

Dynamic wind and wave actions are treated as one load group and the mac tension in the mooring 

lines is calculated directly in the time domain with 1-hour realisations. The expected extreme 

response has been calculated from 10 realisations of wind and wave. As the rules/code that are used 

for the mooring system require an estimation of the 3-hour most probable maximum a conversion is 

made by using a statistical representative factor. The conversion is explained in the environmental 

analysis report, appendix B [2]. 
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10 ANALYSIS 

A set of software is combined in order to perform global response analysis of the floating bridge. 

Figure 10-1 gives an overview of the analysis framework used to derive time series of the bridge 

global response to permanent and variable loads. 

 

Figure 10-1 Analysis framework 

Analyses models have been established in Orcaflex for dynamic analysis and Sofistik for static 

analyses and global buckling analyses. The bridge girder is modelled by beams, which follow the 

curvature of the roadline. The columns connect the bridge girder with the pontoon node, where the 

hydrodynamic and current loading on the pontoons is applied.  

In Orcaflex, line elements with no compression or bending stiffness are used to model the mooring 

lines and stay-cables. The hydrodynamic loading of the mooring lines is applied using Morrison 

equation. The wind loading is applied on all elements above water including the stay-cables and 

tower. The south abutment is fixed to the bridge girder in all 6DOF, while at the north abutment the 

bridge is free to elongate and to rotate about vertical axis. At the tower the bridge girder has a fixed 

connection for rotation, vertical translation and horizontal translation. A linear material model is 

used for all elements. An overview of the Orcaflex model is given in Figure 10-2. 

The numerical model of the structure is used to document the bridge characteristics against the 

design requirements. Some reinforcements have been made after the last update of the numerical 

model resulting in some deviations as compared to the final: 

 The bridge cross-sections above support reinforced only 1/16L of the span-width between the 

pontoons as opposed to the 1/8L of the span-width in the final design. This is not believed to have 

significant impact on the estimated bridge responses.  

 Mass and mass inertia of the pontoons are estimated based on simplified estimations, as the 

design of the pontoons has been finished at the very end of the project. The deviations are minor 

as the mass is either distributed as pontoon self-weight or ballast.   

 The column cross sections above the pontoons deviate from what has been used in the analyses, 

as the column design has been adjusted after the final analysis model was set up. This is not 

believed to have any significant impact on the estimated bridge response. 
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Figure 10-2: Overview of Orcaflex model used for environmental analyses. 
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10.1 Summary of methodology for wind and wave analysis  

The wave analyses are performed based on hydrodynamic inputs generated by Wamit and coupled 

non-linear response analysis simulated by Orcaflex.  

 The hydrodynamic analysis account for linear wave loads, added mass, radiation damping, mean 

drift loads and second order wave loads by Newman´s approximation. The coefficients that are 

used to generate the loads are calculated in Wamit by establishing a BEM-model of the pontoons 

and solving the Laplace equation with linear free surface boundary conditions.  

 In Orcaflex a stochastic wave field is computed accounting for the wave spreading spectrum and 

the defined JONSWAP-spectrum. The hydrodynamic loads are applied in the instantaneous 

position of the pontoons by transforming the wave elevation to loads using the calculated load 

coefficients in Wamit. The frequency dependent added mass and damping is accounted for by a 

convolution integral of the velocity / position and the impulse response function.  

The wind analyses are performed based on aerodynamic buffeting theory in the time domain using 

Windsim for generating the wind velocity field and Orcaflex for response analysis.  

 In Windsim a stochastic wind field is computed accounting for the spatial co-variation and the 

defined-one point wind spectrum.  

 An external function iterating with Orcaflex is used for the aerodynamic analysis. The 

aerodynamic analysis takes into account both the static wind loads and the turbulent buffeting 

loads. Orcaflex simulate the response of the structure to the aerodynamic loads computed by the 

routine. 

o All loads are given in three degrees of freedom, drag, lift and moment about the cross-

section, and are applied in the neutral axis.  

o The static wind loads are calculated iteratively based on the deformed geometry (resulting 

after applying static wind loads and permanent loads).   

o The buffeting loads take into account a linearization of the turbulent wind load component, 

the linear damping terms and the stiffness load term. 

In the combined wind and wave analysis these two stochastic load models are applied 

simultaneously.  

10.2 Limitations for the wind and wave analyses 

The following are the main limitations for the environmental analyses: 

 Inertia from variable loads (such as traffic) are not considered 

 Hydrodynamic interaction between pontoons is not accounted for (assessed preliminarily to 

be of less importance) 

 Shear deformation is not accounted for in the element formulation in Orcaflex (assumed to 

be of small importance for the present case) 

 At the north abutment neither the ballast mass nor the friction is accounted for in the 

analysis model 

 Sum-frequency wave loads are not considered, and are assumed to be negligible for this 

concept. 

 Slowly varying difference-frequency wave loads are calculated using Newman’s 

approximation, where the validity in short crested waves can be questionable  
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 The mean drift loads have been calculated assuming a fixed body. 

 Mean drift loads from waves are not included in the main load combination, as they are 

found to be of negligible value. It is however accounted for in the direct stress combination 

and the calculation of characteristic response for mooring lines.  

 The vertical viscous drag effect from waves on the pontoon is neglected. There is a certain 

positive effect of including this due to the induced damping, but because of the related 

uncertainty it has not been accounted for.  

 1st order wave theory is applied, implying that the difference between wave crests and wave 

troughs are neglected. Also the wave loads are only calculated up to the undisturbed 

waterline. 

 Slamming loads are not considered, as there are not assumed to affect the global behaviour 

of the system. 

 The pre-bended elevation is not accounted for in the analysis model, causing a artificial 

vertical deformation, which can give a minor second-order bending effect.  

 

10.3 Summary of analysis in Sofistik 

A global structural finite element model (GSFEM) has been established in the software Sofistik.  

3D isometric 

 
View XZ 

 
 

View XY 

 

 

View YZ 

 

Figure 10-3: Overview global structural finite element model (GSFEM) in Sofistik 

The bridge girder is modelled with in total 712 beam elements between start axis 1 and end axis 37. 

Each stay cable is modelled as one cable element with exact theoretical length, and the pretension 

and unstressed cable length of each cable is calculated in a formfinding analysis of the high bridge as 

free standing. The concrete tower is modelled with exact geometry using haunched beam elements. 

The four bearings, two vertical and two transverse, connecting bridge girder and tower are modelled 

as linear spring elements. The abutment is axis 1 is modelled with a supporting spring fixing all 6 

DOFs in the girder centre of gravity. The abutment is axis 36-37 is modelled with 5 supporting springs 

representing the 2 vertical bearings in axis 36 and 2 vertical and 1 transverse bearing in axis 37. 

The floating low bridge from axis 3 to axis 36 is connected stress free to the high bridge. The 33 

pontoons are modelled as massless rigid beam elements with explicit nodes defined at the keel, 

centre of ballast, centre of buoyancy, centre of gravity, water plane and freeboard. The weight of the 

pontoon, the buoyancy, the ballast and the vertical mooring pretension are applied as vertical nodal 
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loads in the relevant nodes described above. From the freeboard node and up to the lower edge of 

the girder, the low bridge columns are modelled with 5 beam elements. Hydrostatic properties such 

as water plane stiffness and moreover hydrodynamic properties such as added mass are applied in 

the water plane node. For linearized analysis an effective hydrostatic stiffness is applied accounting 

for the change in centre of gravity because of the bridge mass. Furthermore, for the side-anchored 

axes 6, 14, 22 and 30, a linearized stiffness matrix has been calculated in Orcaflex for the water plane 

node. The diagonal contributions in these matrices are included and added to the hydrostatic 

stiffness for the water plane node for the four side-anchored axes.   

The following main analyses are done in the GSFEM 

 Linear static analysis for permanent loads including main construction stages. First the entire 

high bridge is activated up to Pr39223 (Axis3-60m). A linear formfinding analysis with 82 targets 

(displacement criteria) and corresponding scalable load cases is done to find stay cables forces. 

As a simplification, superimposed self-weight is included for the high bridge is this construction 

stage. In the next construction stage the entire low bridge including the abutment is attached 

stressfree to the high bridge in PR39223, and the weight of the pontoons, buoyancy and ballast is 

activated. As a simplification for the analysis, the low bridge columns are fixed at the bottom and 

hinged at the top when calculating effects from permanent loads. This is to avoid displacements 

and rotations of the pontoons because of unbalanced permanent loading of the bridge girder. 

 Linearized static analyses for traffic loads, tidal loads and temperature loads. A linearization is 

necessary especially for the influence line method in the traffic analysis. The term ‘linearized’ 

refers to the use of the effective rotational hydrostatic stiffness and linearized mooring stiffness 

described above.  

 Eigenmode analysis of the in-place bridge. Simplifications include the effective hydrostatic 

stiffness described above in addition to the assumption of frequency independent (constant) 

added mass. Representative values are chosen according the relevant frequency range. Added 

mass for surge and sway is relatively constant between 8 and 35 seconds, but vary greatly 

between 1 and 8 s. Added mass for heave, pitch and roll have less frequency dependency. 

 Buckling analysis of the in-place bridge. The gross water plane stiffness ρgI is applied for all 

pontoons as rotational springs in the water plane node.  

 High bridge construction stage analyses. Two key construction stages are evaluated: the 

complete free standing tower and the complete free standing cable-stayed bridge. Static 

analyses include: permanent load analysis, buckling analysis, static mean wind analysis and 

seismic analysis using the quasi-static modal response spectrum method. Dynamic analyses 

include: eigenmode analysis and dynamic wind analysis. 

 Benchmarking analyses for comparing with the global hydrodynamic model. Static analysis 

benchmarking of permanent load effects, transverse load effects and torsional load effects. 

Dynamic analysis benchmarking of undamped eigenmodes of the in-place bridge both with and 

without added mass. 
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10.4 Important eigenperiods 

Illustrations of the most critical eigenmodes are given in Figure 10-4 to Figure 10-7, where the 

dominating vertical, transverse, longitudinal and rotational eigenmodes are shown.  

The weak axis moment response is dominated by vertical and pendulum eigenmodes. The longest 

vertical eigenperiod in the low part of the floating bridge is at 6.3s and the shortest vertical 

eigenperiods with displacement of pontoons is at 3.3s.  

The torque response is low for the low part of the floating bridge. This comes from that the 

eigenmode at the critical sea state (7.0s) has a large elongation and does not induce a large curvature 

/ bending of the girder. The shortest rotational eigenmode is at roughly 1.7s.  

The strong axis moment response is dominated by transverse modes. The transverse modes spans 

from the longest eigenperiods of the bridge at 34s to the eigenperiod with every second pontoon 

moving in opposite transverse direction, rougly at 1.5s. For swell the response is highest for a load 

that triggers mode 5 (21s) and the wind sea the response is dominated by mode 21 (6.5s). 

 

Figure 10-4: Illustration of transverse eigenmodes  
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Figure 10-5: Illustration of the longitudinal eigenmode 

 

Figure 10-6: Illustration of vertical eigenmodes  
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Figure 10-7: Illustration of eigenmodes that are dominated by rotation about bridge axis.  

 

10.5 Wind response 

A fast-fourier-transform of the wind realisations shows that the first five modes contribute to 

bending moment about strong axis. Modes 10 and 53 contribute to the response of weak axis 

moments at axis 3, while a set of modes around 3.5 seconds contribute the response in the low part 

of the floating bridge.  

Conventional long-span bridges are often characterised with a relatively high wind response because 

of a low associated damping for the long eigenmodes. For the straight floating bridge the wind 

response is significantly reduced because of hydrodynamic damping. The strong axis moment in the 

bridge girder is reduced by the viscous drag damping of the mooring lines, and the weak axis 

moment is reduced by 1st order damping of pontoons.  

10.6 Hydrodynamic optimization  

During the concept development phase several pontoon types have been evaluated. Some 

optimization principles on a simplified model were found useful to follow in the design phase. These 

principles and the some selected results were used a basis for the conference article written by the 

analysis group [24]. To evaluate different pontoons from a 6 degree of freedom hydrodynamic 

calculation, criteria based on hand calculation of some of the important eigenmodes and expected 

response at resonance were used. Since resonance along both weak and strong axis can be expected 

over a large range of periods, we are interested in estimating the response at resonance. This can be 

estimated for a one degree of freedom system as the absolute value of the complex wave excitation 

force amplitude divided by the imaginary unit, angular frequency and potential flow damping 

coefficient. It was later seen that the resulting force divided by damping ratio predicted the response 
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level in the global analysis quite accurately. See Figure 10-8 for values of the force divided by 

damping ratio for the chosen pontoon in the low bridge part.  

In the initial phase of the project were we studied a floating bridge with 200m span width and 

concrete pontoons the following three optimization principles were found useful: 

1. Controlling the weak axis eigenmodes and resonances through adding sufficient large bottom 

flange of the pontoon to gain enough heave added mass to lift the eigenperiods out of the 

wind driven domain.  

2. Control the lengths of the pontoon to allow cancellation of the Froude-Kriloff pressure at the 

front and back ends. I.e. the pontoon should have lengths close to the critical wave lengths in 

the wind spectrum with the highest energy. In our case here for waves with periods around 

6.6s.   

3. Control the geometry such that there is a phase distribution of the force in the length 

direction of the pontoon, this is best achieved by using a diamond shaped pontoon.  

Both of the last two optimization principles are most efficient for waves incoming normal to the 

bridge.  

Even though this was found effective for the 200m concrete bridge with much large displacement of 

the pontoons than the final design presented here as the base case, we have shaped our pontoons as 

diamonds with rounded edges (without the bottom flange). It is believed that the difference 

between a circtangle shaped pontoon and the chosen pontoon is smaller for the base case design of 

the bridge than for the 200m concrete bridge.  

 

Figure 10-8 Force divided by damping ratio for the pontoons in the low bridge part for wave coming normal to 
the bridge. 
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10.7 Sea state screening 

The screening is run for 1 year, 100 year, 10.000 year wind generated waves and swell seas with a 

range of 10 periods from Tpmax/2 to Tpmax for every 5 degrees direction, giving a total of 720 wave 

states per return period. For more information, see appendix B.   

For a visualization of all the wave states, see Figure 10-9 below. Each dot represents the response at 

the axis marked in the top plot, which shows the envelope over all screenings. The colour and area of 

the dots in the bottom plots indicate the relative response for that particular sea state.  

 

Figure 10-9: Example plot showing torsion from a screening of wind driven waves on an early concept 

Four design wind-driven sea states have been selected from the 100-year screening. For the east 

sector with the highest peak period, two sea states have been selected, wave direction 90deg (case 

1) and 75deg (case 2). Case 1 gives the individual highest response of the strong axis moment and 

torque in the high part of the floating bridge, while case 2 gives the highest combination of weak axis 

moment, strong axis moment and torque. In addition, a wave condition perpendicular to the bridge 

from west (280deg, case 4), is selected as well as the north-west sea state (335deg, case 3), which is 

the sector from west with the highest peak period, and the sea state with the largest expected heave 

and surge forces on the pontoons.  

For the 1year waves, only two design wind-driven sea states have been selected from the 1-year 

screening. For the east sector with the highest peak period, the wave direction 90deg (case 1) has 

been selected. Case 1 gives the individual highest response of the strong axis moment. Also the 

north-west sea state (335deg, case 3) is selected, which is the sector from west with the highest peak 

period and which induces the highest heave and surge forces on the pontoons. 

As for the 100year waves, four design wind-driven sea states have been selected from the 10,000-

year screening. For the east sector with the highest peak period, two sea states have been selected, 

wave direction 90deg (case 1) and 75deg (case 2). Case 1 gives the individual highest response of the 

strong axis moment and torque in the high part of the floating bridge, while case 2 gives the highest 

combination of weak axis moment, strong axis moment and torque. Also the north-west sea state 

(335deg, case 3) is selected, which is the sector from west with the highest peak period. In addition a 

sea state that has a main direction along the bridge (190 deg, case 4) is selected as it induces the 

highest weak axis moments in the low part of the floating bridge. 
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Only one design sea state is selected for swell. The reason for this is that the swell only gives a 

significant response for the bridge strong axis moment, which has a maximum for the sea state 

presented in Table 10-1.  

10.7.1 Design storm conditions 

Based on the sea state screening four sea states have been selected for the 100-year and 10,000-year 

extreme environmental conditions, and two sea states for the 1-year extreme environmental 

conditions. It is decided to run wind and current load perpendicular to the bridge axis for all design 

cases. Swell is only included for load cases from the west, north-west and southwest sectors, as 

defined in the metocean report [17]. The design storm conditions for respectively 100y, 1y and 

10,000y is given in Table 10-1, Table 10-2 and Table 10-3. Note that only the 100year wind, swell and 

current conditions have been used in the analyses for 10,000y return storm, however there is a high 

margin for the resulting utilization, and therefore not assumed to be necessary to rerun the analysis 

with 10,000y wind and current, as defined in the metocean report [17]. The characteristic responses 

for the design load cases are given in Appendix C [3]. The spectrum and an illustration of the 

distribution of the wave frequency components are presented in Figure 10-10 and Figure 10-11. 

 

Table 10-1: Design storm conditions for wind, waves and current for 100y environmental conditions 
(environmental directions from) 

Load Group Wind-driven waves Swell Wind Current 

Cases Hs Tp 
Dir 

(from) 
Hs Tp 

Dir 
(from) 

Mean 
speed 
(10m) 

Dir 
(from) 

Speed 
Dir 

(from) 

Design case 1 2.8 6.6 90 - - . 25.1 100 1.4 100 

Design case 2 2.8 6.6 75 - - - 25.1 100 1.4 100 

Design case 3 2.5 6.2 335 0.4 20 300 29.5 280 1.4 280 

Design case 4 2.4 5.9 280 0.4 20 300 29.5 280 1.4 280 

 

Table 10-2: Design storm conditions for wind, waves and current for 1y environmental conditions 
(environmental directions from) 

Load Group Wind-driven waves Swell Wind Current 

Cases Hs Tp 
Dir 

(from) 
Hs Tp 

Dir 
(from) 

Mean 
speed 
(10m) 

Dir 
(from) 

Speed 
Dir 

(from) 

Design case 1 1.6 5.3 90 - - . 18.3 100 1.0 100 

Design case 2 1.5 5.1 335 0.26 20 300 21.5 100 1.0 280 

 

Table 10-3: Design storm conditions for wind, waves and current for 10,000y environmental conditions 
(environmental directions from) 

Load Group Wind-driven waves Swell Wind Current 

Cases Hs Tp 
Dir 

(from) 
Hs Tp 

Dir 
(from) 

Mean 
speed 
(10m) 

Dir 
(from) 

Speed 
Dir 

(from) 

Design case 1 3.9 7.1 90 - - . 25.1 100 1.4 100 

Design case 2 3.9 7.1 75 - - - 25.1 100 1.4 100 

Design case 3 3.5 6.7 335 0.4 20 300 29.5 280 1.4 280 

Design case 4 2.7 5.6 190 0.4 20 300 29.5 280 1.4 280 
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Figure 10-10: Illustrations of the wave spectra for the four 100-year design cases 

 

 

Figure 10-11: Illustrations of the directional wave spectra frequency components for the four  100-year design 
cases. The contours illustrate the location of the frequency components in both direction and period. The closer 
to the center of the contour the higher the values of the frequency components. The swell conditions are applied 
together with the design cases 3 and 4, but not with case 1 and 2. 
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11 GOVERNING RESPONSE  

11.1 Summary of responses for selected cross-sections 

A summary of the governing response for a selected set of cross-sections on the bridge is presented 

in Table 11-1. In the table, the maximum of the four 100-year design storm conditions are presented 

for the environmental loads.    

Table 11-1: Summary of results for a selected set of cross-sections  

Component 
Descrip-

tion 
Response Perm. 

Temp. 
(LM1) 

Traffic Tidal 
Current 

100y 

Wave,  

100y 

Stat. 
wind, 
100y 

Dyn. 
Wind 

100y 

Stay cable 

  

  

back span 
longest 
cable 

N [MN] 4.7 0.16/-0.19 1.76/-0.57 0.15 - ±0.86 0.04 ±0.58 

Stay cable  

  

main span 
longest 
cable 

N [MN] 4.6 0.34/-0.38 1.32/-0.7 0.47 0.04 ±1.50 0.11 ±0.626 

Mooring line 
3 

axis. 6 N [MN] 2.5 - - - 0.19 1.16 0.83 0.84 

Mooring line 
22 

axis. 22 N [MN] 2.9 - - - 0.22 1.33 0.84 0.71 

Tower top 
el.  u [m]  -  App. A   App. A   App. A 0.01 0.3 0.02 * 

el. v [m]  -   App. A   App. A   App. A - 0.055 - * 

Tower foot El 5 

N [MN] -187 - -29.8 1.1 0.25 13.4 23.3 15.6 

M (E/W) [MNm] - 75 280 6 0.4 63 10.8 221 

M (N/S) [MNm] -167 75 25 - 5.5 158 95 73.6 

T [MNm] - - 11 0.4 0.2 2.5 6 0.5 

Girder 
support  

axis.9 

N [MN] - 2.1 - - 0.17 32 0.5 5 

M (weak) [MNm] 210 30 120 - - 190 - 55 

M (strong) [MNm] - 2 25 - 35 420 210 250 

T [MNm] 3.2 - 65 - 3 87.5 14 22 

Girder span axis.9-10 

N [MN] - 2.1 - - 1.7 31 0.5 5 

M (weak) [MNm] 96 30 -158 - - 135 . 40 

M (strong) [MNm] - 2 25 - 35 400 200 260 

T [MNm] - - 65 - 3 80 12 18 

Abutment 
south 

axis.1  

N [MN] - - - - 0.15 37 0.8 6 

M (weak) [MNm] - - - - - - - - 

M (strong) [MNm] - - - - - - - - 

T [MNm] - - - - - - - - 

Abutment 
north  

axis.36 

N [MN] - - - - - - - - 

M (weak) [MNm] 190 35 240 65 0 215 - 80 

Shear (Transverse) 
[MN] 

0 0 0 0 0.14 3.6 0.6 0.9 

T [MNm] 75 0 80 0 1.5 110 8 24 

 

Most of the stay-cables are governed by the ULS load combinations. The loading from the pretension 

of the system dominates the loading. For the back span the traffic load is the second highest loading, 
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while for the main span wave loading is the second highest.  The longest cables in the back span and 

main span are presented in the table.  

The mooring lines are mainly governed by the pretension of the system. The spread of the mooring 

system causes a significantly variation of the loading for the different lines. The loading of the most 

utilized line in the south cluster and the most utilized line at the cluster axis 22 is given in the table. 

The contribution from static and dynamic wind is in the same order of magnitude as wave. 

Accounting for the correlation between wave and dynamic wind entails that the wave response does 

not contribute to a significant increase of the total loading. 

The tower top does not move significantly, neither in the lateral or longitudinal direction of the 

bridge. The largest movement of 30cm in the longitudinal direction is dominated by wave loading. 

The tower foot of the tower legs is placed 2.5m above sea-level. There is a dominant loading (axial 

loading) from the self-weight of the system. The response for the moment about the lateral axis is 

dominated by wind loading, and the response for the moment about the other axis is dominated by 

wave loading. 

 The bridge girder is dominated by a combination of ULS2 and ULS3 (dominating traffic load and 

dominating environmental load with no traffic). A further discussion on the bridge girder response is 

given in section 0.  

The abutment in south is mainly affected by axial loading, which is dominated by wave loading.  

At the north abutment there is a relatively equal contribution from wave and traffic loading for the 

weak axis moment and torque. The transverse shear force is dominated by wave loading. The 

longitudinal motion is dominated by temperature loads with only a minor deformation from other 

load groups. 

 

11.2 Motion criteria 

In the following motions in the bridge girder that are governing for the design are summarized. It is 

assumed that the bridge is closed to traffic for winds stronger than 1 year extreme condition. Since 

the wave conditions are assumed to be fully correlated with the wind conditions, no traffic is 

combined with wave conditions with return period above 1 year. Therefore 1 year storms are 

governing for all motion criteria. 1 year storms give motions well within the dynamic design criteria. 

For static 1 year wind the rotation in the bridge girder about longitudinal axis is 0.56 degrees, while 

the design criterion is 0.5 degrees. Note that the criterion is exceeded in a very short area of the 

girder above the first mooring. See Figure 11-9 below. Simple measures can be taken to increase the 

roll stiffness of the first moored pontoon, i.e. increasing the length and decreasing the draft slightly, 

to accommodate the design criterion.  

Note that the dynamic design criteria are stated as RMS values. That means that for a considerable 

amount of time the response is going to be larger than the criterion. In the concept development 

project that finished in June 2016 the criteria were stated as max values. There is roughly a factor of 

4 between the RMS and the max value for these load processes. It should be investigated further 

whether the design criteria should be stated as RMS or expected max, and the corresponding design 

values.  
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11.2.1 Summarizing tables 

In Table 11-2 below the motions from traffic, dynamic wave and dynamic wind are listed together 

with the corresponding criteria. In  

Table 11-3 the standard deviation and maximum motions from 1 year wave and 1 year wind in 

addition to 90-percentile motions from 100 year wave and wind are listed.  

For traffic loads the rotation about bridge girder is 0.63 deg which is lower than the required 

limitation of 1.0 deg. The criterion is checked with internordic traffic loads (LMV) and with load factor 

0.7. 

With reference to Table 11-3, 100 year storm condition gives a lateral displacement of 6.5 m. The 

displacement is totally dominated by the mooring stiffness and wind loading. This shows that the 

chosen mooring system is adequate.  Further, the table shows that the vertical movement and the 

rotation about longitudinal axis are relatively small for 1 year storm when bridge is open for traffic. 

For 100 years storm condition, however, the vertical movement and rotation about bridge axis are 

large. This is due to that the free floating eigen periods for vertical motion and roll are very close to 

the peak periods for 100 year sea state. The concept with light steel pontoons will always have free 

floating eigen periods in this range and thus the bridge will move much more for 100 year storm 

conditions than a concept with larger concrete pontoons. 

Table 11-2: Governing motion design criteria and motions from dynamic loading and traffic 

Motion limitation Load scenario 
Maximum 

motion 
Units Wave 

Dynami
c wind 

Static 
wind 

Traffic 

Vertical deformation from 
traffic loads 

0.7 x traffic < 1.5 m - - - 0.70 

Rotation about bridge axis 
from traffic loads 

0.7 x traffic < 1 deg - - - 0.63 

Rotation about bridge axis 
from environmental loads 

1 year storm < 1.5 deg (RMS) 0.45 0.12 - - 

Rotation about bridge axis 
from static wind load 

1 year static wind < 0.5 deg - - 0.56 - 

Vertical acceleration * 1 year storm < 0.5 m/s2 (RMS) 0.22 0.21 - - 

Horizontal acceleration 1 year storm < 0.5 m/s2 (RMS) 0.14 0.03 - - 

* Note that the vertical acceleration listed is calculated at the outer point on the bridge girder and thus takes 
into account the vertical component due to rotation about the longitudinal axis. This effect has been checked 
and it is in the order of 0.01m/s2 RMS for both dynamic wind and dynamic wave. 
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Table 11-3: Motions from environmental loading 

 

100 yr (static 
and dynamic)  

Wave 1yr 
Wind 1yr 

  max* std max* std max* 

Vertical displacement 1.8 0.17 0.65 0.07 0.27 

Rotation about bridge girder 5.7 0.45 1.7 0.12 0.42 

Horizontal displacement 6.5 0.14 0.52 0.39 1.4 

Vertical acceleration 1.9 0.22 0.84 0.21 0.78 

Horizontal acceleration 1.5 0.14 0.52 0.03 0.1 

* max denotes the 90% maximum value for a 1-hour storm condition for the 100 yr response and thr 

expected maximum value for the 1 yr response. 

 

11.2.2 Expected maximum acceleration and rotation for 1 year wave  

  

Figure 11-1: Expected maximum vertical acceleration in bridge girder for 1 year wave 
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Figure 11-2: Expected maximum horizontal acceleration in bridge girder for 1 year wave 

 

Figure 11-3: Expected maximum rotation about longitudinal axis in bridge girder for 1 year wave 
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11.2.1 Expected maximum acceleration and rotation for 1 year wind 

 

 

Figure 11-4: Expected maximum vertical acceleration in bridge girder for 1 year wind 

 

Figure 11-5: Expected maximum horizontal acceleration in bridge girder for 1 year wind 
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Figure 11-6: Expected maximum rotation about longitudinal axis in bridge girder for 1 year wind 

 

11.2.2 Displacement due to traffic loading 

 

Figure 11-7: Vertical displacement in bridge girder due to traffic loading 
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Figure 11-8: Rotation about longitudinal axis in bridge girder due to traffic loading 

 

11.2.3 1 year static wind 

 

Figure 11-9: Rotation about longitudinal axis in bridge girder due to static wind 
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11.2.4 90-percentile motions for 100 year wave and dynamic wind 

 

Figure 11-10: 90-percentile vertical displacement in bridge girder for 100 year wave and wind 

 

 

Figure 11-11: 90-percentile horizontal displacement in bridge girder for 100 year wave and wind 
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Figure 11-12: 90-percentile rotation about longitudinal axis in bridge girder for 100 year wave and wind 

 

11.2.5 90-percentile motions for 100 year wave, wind and all static effects 

 

Figure 11-13: 90-percentile vertical displacement in bridge girder for 100 year wave, wind and all static effects 
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Figure 11-14: 90-percentile horizontal displacement in bridge girder for 100 year wave and wind 

 

 

Figure 11-15: 90-percentile rotation about longitudinal axis in bridge girder for 100 year wave and wind 
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11.2.6  Freeboard 

From the simulated bridge motions and incoming wave amplitude it is possible to estimate the 

accumulated freeboard. The design basis has a criteria based on the relative motions between the 

pontoons and the undisturbed wave. It is however unclear how to estimate it with regards to 

simultaneity and extreme estimate.  

The freeboard criteria is assumed to be linked with stability and structural integrity. The duration and 

quantity of a possible green-water and the associated slamming loads are then of importance to 

assess. 

For the present bridge we see that for Case 2 at axis 29 we have a roll of about 5.5 deg and heave of 

1.3 m (90 percentile), with a significant wave height of 2.8 m. The relative motions between wave 

and the pontoons were not monitored during the simulations. If one assumes an independent 

process (meaning that a quadratic sum can be applied) and considers a 50 % percentile for the 

extreme, this adds-up to about 3.9 m. For the other cases, lower freeboard requirements are found. 

The concept presented here-in has a free-board of 3.5 m. Some water may reach the pontoon top, 

however it is estimated that the quantity and duration will be short, such that it will not affect the 

bridge from a stability and structural integrity. 

The pontoons freeboard can also be increased somewhat, and this expected to only have a minor 

impact on the total weight of the bridge. 
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11.3 Selected design results for bridge girder 

In Figure 11-16 and Figure 11-17 the maximum von-mises stress for each of the ULS-combinations 

that are considered for the bridge girder are presented for the top flange and bottom flange, 

respectively. For the bottom flange it can be seen that the combination with dominating traffic loads 

(ULS2) and the combination with dominating environmental loads (ULS3) are governing. For the top 

flange it is solely the combination with dominating environmental loads that governs the design. In 

the following subsections the loads contributions are broken down to given an understanding of the 

governing loads. 

 

Figure 11-16: Maximum von-mises stress in the top flange for each of the ULS-combinations considered for the 
bridge girder. For discussion of the local exceedance, see section 13.4.3. 

 

Figure 11-17: Maximum von-mises stress in the bottom flange for each of the ULS-combinations considered for 
the bridge girder.  
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11.3.1  Max response in top-flange 

For the top-flange in the bridge girder it is the load combination with dominating 100-year 

environmental loads (ULS3, no traffic loads) with dominating strong axis moments from waves that 

governs the design. The governing wave case is from the east sector (75deg), which is the sector that 

has the highest wave heights and peak periods. The 75-deg wave direction (relative to global 

north/south axis) induce higher torque and weak axis moments than the 100-deg wave direction 

such that most of the top flange cross-sections along the bridge are dominated by this sea state.  

The wind loading is significantly larger from the west sector, however as the strong axis moment 

from dynamic wind is dampened by the mooring system the strong axis moment response is 

dominated by wave action, as illustrated in Figure 11-18.  

In Figure 11-19, the strong axis moment response from wave loading is illustrated, and for wind 

loading in Figure 11-20. In Figure 11-21, the combination of the two load groups are illustrated 

showing that square-sum combination or a combination factor of 0.3 are representative. In Figure 

11-22, the strong axis moment from static loads are given. 

 

Figure 11-18: Break-down of the load contributions for the ULS3 load combination in the top flange. Note that 
traffic loads are not included for this load combination, even though it is labelled in the legend.  

 



Bjørnafjorden, straight floating bridge phase 3 multiconsult.no 

Analysis and design (Base Case) 11 Governing Response 

 

SBJ-31-C3-MUL-22-RE-100 16.06.2017 / Rev 0  Page 74 of 130 

 

Figure 11-19: The 1-year and 100-year strong axis moments from wave loading. As can be seen from the plot, 
both sea states from the east sector give the highest strong axis moment, depending on the position along the 
bridge.    

 

Figure 11-20: The 1-year and 100-year strong axis moments from dynamic wind. The west sector has the 
highest mean wind speeds and therefore also induced the highest strong axis moments on the bridge. 
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Figure 11-21: Combination of strong axis moment from dynamic wind and wave. The loads are analysed in a 
simultaneous wind and wave analysis (labelled in green), and compared to a square-sum summation (labelled 
in black) and compared to a linear combination with combination factor of 0.3 for dynamic wind (labelled in 
yellow). The effect of static wind on wave loading is also shown (labelled in red). The combination and analyses 
are further explaned in appendix B. 

 

 

Figure 11-22: The 1-year and 100-year strong axis moments from static wind. The west direction induced the 
highest moments as is reasonable because the highest mean wind speed is from this direction. 
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11.3.2  Max response in bottom-flange 

For the bottom flange in the bridge girder the stress is dominated by weak axis moment from the  

ULS2 (dominating traffic loading with 1-year environmental loads) and ULS3 (100-year environmental 

loads with no traffic).  The different load contributions for ULS2 are presented in Figure 11-23, 

showing that the load combination is dominated by traffic action. Wave and permanent loading 

contributes secondary, but also significantly to the response. The weak axis moments traffic loads are 

given in Figure 11-25 and are dominated by the Eurocode LM1 loads.  

The different load contribution from ULS3 are presented in Figure 11-24. The maximum stress in the 

bottom flange for ULS3 comes mainly from the north-west sea state with dominating weak axis 

moment. This is the sea state that induces the highest weak axis moment response, see Figure 11-26 

for response from the four design sea states. Also wind loading induces some weak axis moment 

response, however when combined in a simultaneous analysis of wind and load it is seen that the 

combination factor between the individual responses are very low, see Figure 11-27.  

 

 

 

Figure 11-23: Break-down of the load contributions for the ULS2 load combination in the bottom flange for the 
1-year environmental case 2.   
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Figure 11-24: Break-down of the load contributions for the ULS3 load combination in the bottom flange for the 
100-year environmental case 3.  Note that traffic loads are not included for this load combination, even though 
it is labelled in the legend. For discussion of the local exceedance, see section 13.4.3.  

 

 

Figure 11-25: Response from traffic loads, weak axis moment. Case 1 and 2, which are dominating, are from the 
LM1 traffic loads.  
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Figure 11-26: The 1-year and 100-year strong axis moments from wave loading. As can be seen from the plot, it 
is the sea state from the north-west sector (335deg)  that induced the highest weak axis moments.  

 

 

Figure 11-27: Combination of weak axis moment from dynamic wind and wave. The loads are analysed in a 
simultaneous wind and wave analysis (labelled in green), and compared to a square-sum summation (labelled 
in black) and compared to a linear combination with combination factor of 0.2 for dynamic wind (labelled in 
yellow). The effect of static wind on wave loading is also shown (labelled in red). The combination and analyses 
are further explained in appendix B. 
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11.4 Verification of factorized method (main method) by direct stress check  

In order to verify the main method used for load combination in the bridge girder design, a direct 

stress check has been conducted. The factorized method using combination factor between load 

components and load groups has been compared to the direct stress calculations for the ULS3 load 

combination (dominating environmental loads with no traffic). The load factor for environmental 

loads is 1.6, and for permanent load 1.2.   

For the factorized method a combination factor for correlation of 0.4 has been used for all non-

dominant load components and 1.0 for the dominant load component. Between combination of 

wave and wind a combination factor of 0.2 has been given for the non-dominant weak axis moments 

and 0.3 for the non-dominant strong axis moment. A combination factor of 0.4 is given for non-

dominant axial force and torque. The characteristic responses from the dynamic responses are 

calculated as the 90% fractile maximum from extreme value statistics of 10 realisations. 

The envelope von-mises 90% fractile maximum stress in the worst point in bottom plate from all 

environmental 100year cases for dominant weak axis moment, dominant strong axis moment, 

dominant torque and the direct stress calculation is presented in Figure 11-28. In Figure 11-29 the 

same is presented for the top plate. The method for estimating the 90% fractile maximum from 

extreme value statistics is presented in appendix B [2].  

Note that for the direct stress calculation, the loads from sea level change (tide, storm surge and 

increase of sea level), as well as the loads from temperature have been neglected. The loads from 

sea level change only affects the loads between axis 2-3 and 34-36. The temperature gives an 

equivalent stress of approximately 20MPa.  

The figures show that the factorised method is conservative for the whole part of the bridge girder 

for both the top and bottom plate. Direct stress reports for each load case are given as separate 

appendixes. 
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Figure 11-28: Comparison of von-mises stress in bridge girder using the method of combination factors and the 
direct stress calculation. The figure shows the worst stress result for the bottom plate from all the four design 
load cases. 

 

 

Figure 11-29: Comparison of von-mises stress in bridge girder using the method of combination factors and the 
direct stress calculation. The figure shows the worst stress result for the top plate from all the four design load 
cases. 
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12 DESIGN OF HIGH BRIDGE 

In this chapter, a brief summary of design is given for the main structural parts of the high bridge. A 

comprehensive design report can be found in Appendix E [5]. 

 

 

Figure 12-1: Elevation Cable-Stayed bridge (CSB) 

 

 

Figure 12-2: Plan CSB 

 

Figure 12-1 and Figure 12-2 show the cable-stayed bridge (CSB) and its main structural elements and 

dimensions. Tower, abutment, back span concrete columns, box girders and the parallel strand 

system (PSS) cable system. Cable dampers are not shown. 

The analysis and design comprise the whole floating bridge, including the CSB. Separate simplified 

analysis of freestanding tower and finished CSB during construction is performed as well, see App .E. 

Detailed sequential analyses for the construction stages have not been included in this phase of the 

project. 
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Figure 12-3: Concrete tower 

12.1 Tower 

The inverted Y tower with wall thickness 0,6m, have an estimated concrete volume of 8500m3. 

In addition, the fender plate and foundations add up with a concrete volume of 8500m3. The tower 

height is 255m. Foundation at shore at 10m water depth near Svarvahelleholmen. Prefabricated steel 

boxes for cable anchorages in tower crown. 

Capacity diagrams for one tower leg of the completed Floating Bridge are shown on the following 

pages. For tower construction stages and ship impact axis 2, see Appendix E,  
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Figure 12-4: Tower legs bottom, Z=+2.5m, 12m*7m*0.6m, in-place 

A conservative axial force of N=-100MN is chosen for design.  

 

 

Figure 12-5: Tower legs below cross beam, Z=+53.5m, 10.95m*6.42m*0.6m, in-place 
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Figure 12-6: Tower legs top, Z=+175m, 8.44m*5.05m*0.6m, in-place 

 
 

 

Figure 12-7: Tower crown bottom, Z=+175m, 8.44m*11.98m*0.6m, in-place 
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12.1.1 Tower cross beam 

  

Figure 12-8: Capacity check diagram for the tower cross beam 

The crossbeam will be prestressed. 

12.2 Box girders 

The steel and concrete deck girders are shown below. Global ULS stress plot are shown in Figure 13-5 

and Figure 13-6. The stresses in deck girders are acceptable.  

        

Figure 12-9: Illustration of bridge girder cross-sections in high bridge 

The steel box girder is strengthened with transverse and longitudinal stiffener plates together with 

increased plate thicknesses approximate 35m at each side of the tower axis 2. 

For simple design check of main dimensions of concrete box, see Appendix E [5].  

For design check of bridge girder (steel) see also appendix F [6]. 

12.3 Stay Cables 

Total cable length is 21,4km and estimated steel weight 1200t. Longest cable is 449m. The purposed 

cable system is the parallel strand system (PSS), with high strength steel fu=1860Mpa. Dimension 

varies from 23-61 strands with area 150mm2. An alternative cable system is LCS. The cable layout is 

shown in Figure 12-1. The layout is 19x4-cable plan, cable anchorages at distance 20m at steel box 

girder and 15m at concrete girder. The cables will be stressed with active anchors at tower. The 

compact PSS cable system should be evaluated in the next phase, with favorable low diameters and 

drag. 
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12.3.1 Maximum and minimum tensile force of in-place ULS-cases 

 

Figure 12-10: The maximum and minimum tensile force compared to GUTS (guaranteed ultimate tensile 
strength. The limiting strength is 0.56 of GUTS as the material factors are 1.2 and 1.5.  

 

Table 12-1: ULS capacity of stay-cables used in design check 

  Number Guts (MBL) 0.56 Guts 

Cable no of strands kN kN 

1 55 15345 8593 

2 31 8649 4843 

3 31 8649 4843 

4 31 8649 4843 

5 31 8649 4843 

6 37 10323 5781 

7 37 10323 5781 

8 37 10323 5781 

9 43 11997 6718 

10 43 11997 6718 

11 43 11997 6718 

12 55 15345 8593 

13 55 15345 8593 

14 55 15345 8593 

15 55 15345 8593 

16 55 15345 8593 

17 61 17019 9531 

18 61 17019 9531 

19 61 17019 9531 
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In the design check in ULS, see Figure 12-10, the capacity of stay cables is based on the strand number given in table 
above. The same number of strands is used in main span and back span. On final drawings the number of strands is 
smaller for some stays, see drw SBJ-31-C3-MUL-22-DR-140. The difference of steel amounts for the two layouts is 9 %, 
increasing the total staycable amounts from 1200 to 1300 tons. An optimized amount will be between these values 
and for "anslag" 1250 tons is chosen as expected amount for stay cables in this phase.  

12.3.2 Characteristic load groups max 

 

 

Figure 12-11: The characteristic load group maxima for the stay-cables. G-EQ is the permanent load, Q-TR LM1 
is the traffic load, Q-TEMP is the temperature load. RP denotes return period and 90fr denotes the 90% fractile 
maxima from a 1-hour realisation.  

 

Ship impact pontoon axis-3 give a cable normal force of order 3.1MN in the outer cable, and in ALS 

this is acceptable. The longest cable will have a sag of approximate 4m, and the stiffness reduction is 

included in design. 
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12.4 Bearings  

Standard POT bearing at tower crossbeam and tower legs, TA14, movement +-200mm 

Nrd= 38,8MN. 

 

   

 

Figure 12-12: Bearings at tower crossbeam. 

 

12.5 Wind stability. 

Preliminary a simple check of critical flutter wind velocity according to Prof. Selbergs theory is 

adapted. Conclusions to these issues are not possible before model tests have been performed. This 

applies to the streamlined bridge deck and the tower as well. Anyway, the ratio of torsion against 

bending frequencies ft/fb is approx. 3, giving vkr>85m/s, and above the project design criteria 

v=70m/s. Inverted Y towers with same design and heights above 300m have been build and proved 

feasible during construction. Other forms of instability among them, coupled wave and wind, vortex 

shedding, wind rain on cables have to be carefully studied in later phases as well.  
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13 DESIGN OF BRIDGE STEEL GIRDER AND STEEL COLUMNS 

13.1 General 

A bridge girder profile with favourable weight and stiffness for a 125m span is designed for the 

Bjørnafjorden straight floating bridge. Main dimensions are shown in Figure 13-1. Longitudinal 

trapezoidal stiffeners are used with transverse stiffeners at every 4 m for major parts of the bridge. 

The transverse stiffeners are built from T-profiles and circular tube trusses. 

 

Figure 13-1 Girder dimensions floating bridge 

Steel columns connect the bridge girder to each pontoon. A section through the beam girder, column 

and pontoon is shown in Figure 13-2. The columns are built with horizontal L-stiffeners and vertical 

bulb-stiffeners. Over each column, vertical walls in the bridge girder in transversal- and longitudinal 

direction are used to transfer forces between girder and column. Vertical walls in the girder match 

the column walls. 

A finite element analysis is performed to verify the load transfer from column to girder in ULS and 

ALS(ship impact), refer to Appendix F for more detailed description. The FE-analysis show that the 

connection works well for ULS loads. For ALS loads the stress is exceeded in the kink in column due to 

the transition from chamfered shape to rectangular shape. As discussed previously under concept 

description this chamfer can be omitted. 

The total weight of the floating bridge girder is 54 961 tonne. Total length of the floating bridge is 

4 283.5 m. The average unit weight for the floating bridge girder is 12 831 kg/m. 

The total weight for all steel columns is 6 905 ton. 
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Figure 13-2 Pontoon-column-girder connection 

13.2 Bridge steel girder properties 

Steel with quality S420N is used for all parts.  

Three field sections and three support sections are designed for the floating bridge part, see 

discretization in Figure 8-1. 

 F1 – Normal field secion. The most common field section for the bridge. 

F2 – High capacity field section. Used for field span with high forces. 

F3 – Extra high capacity field section. Used near axis 3. 

 S1 – Normal support secion. The most common support section for the bridge. 

S2 – High capacity support section. Used for supports with high forces. 

S3 – Extra high capacity support section. Used for axis 3 and 4. 

Six types of longitudinal trapezoidal stiffeners are used. Stiffeners at the top plates are designed to 

withstand traffic loads. The stiffener dimensions are chosen so that the stiffener and skin plate lose 

as little effective thickness as possible when subjected to compression and without adding to much 

weight.  

Table 13-1 lists properties for all floating bridge sections, and also the two high bridges steel sections 

H1 and H2. Axis definitions: X-axis in bridge direction, pointing north. Y-axis pointing west. Z-axis 

pointing up. 

Section modulus and moment of inertia was calculated by using the mid plane of the equivalent plate 

thickness. 
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Table 13-1 Section properties 

Section Location Weight*  Ax Ix Iy Iz 

 

 [kg/m] [m^2] [m^4] [m^4] [m^4] 

F1 Floating bridge 10439 1.172 6.649 3.175 89.600 

S1 Floating bridge 17160 1.649 7.471 4.014 116.100 

F2 Floating bridge 13896 1.610 9.368 4.374 125.600 

S2 Floating bridge 19514 1.997 9.368 4.866 140.000 

F3 Floating bridge 18924 2.170 11.712 5.865 170.500 

S3 Floating bridge 24301 2.707 11.712 6.540 190.600 

H1 High bridge 12030 1.380 5.785 2.870 107.221 

H2 High bridge 18300 2.180 9.040 4.562 173.277 

 

 
Centroid 

     
Section 

from 
bottom 

from 
 top 

W_y_top 
plate 

W_y_bottom 
plate 

W_z_top 
plate 

W_z_bottom 
plate 2*t*AE 

 
[m] [m] [m^3] [m^3] [m^3] [m^3] [m^3] 

F1 2.280 1.728 1.837 1.392 6.921 11.276 1.906 

S1 2.089 1.922 2.089 1.922 8.978 14.636 2.288 

F2 2.165 1.847 2.368 2.020 9.703 15.809 3.050 

S2 2.122 1.890 2.574 2.293 10.822 17.640 3.050 

F3 2.122 1.896 3.093 2.765 13.169 21.454 3.813 

S3 2.087 1.930 3.388 3.134 14.731 24.008 3.813 

H1 1.972 1.529 2.425 1.456 7.951 13.426 2.006 

H2 1.828 1.672 3.438 2.495 12.851 21.703 3.344 

 

 
Skin plate Equivalent plate thickness 

 
Section 

Web & 
bottom Top flange 

Bottom 
flange Webs 

 

 

[mm] [mm] [mm] [mm] Comment 

F1 10.0 21.5 17.0 17.0 
 S1 12.0 21.5 21.2 21.2 Incl. 4 vert. plates (21.2 mm) in long. dir. 

F2 16.0 27.0 25.2 25.2 
 S2 16.0 27.0 25.2 25.2 Incl. 4 vert. plates (25.2 mm) in long. dir. 

F3 20.0 35.0 35.0 35.0 
 S3 20.0 35.0 35.0 35.0 Incl. 4 vert. plates (35 mm) in long. dir. 

H1 12.0 25.0 20.0 20.0  

H2 20.0 35.0 35.0 35.0  

*Note that the weight is higher at supports compared with the given permanent weight in Table 8-1 
that is used in the analyses. The added weight comes from bulkheads in introduced after the final 
analysis model was set up. 

 

Due to local buckling of panels and Euler buckling of through stiffener the effective thickness of 

girder sections is reduced for axial forces. The reduction due to buckling of through stiffener depends 

on the distance between diaphragm walls. Typical distance is 4 m for span sections. Effective 

thickness is calculated conservative assuming a constant axial force (buckling factor k = 4.0). 

For support sections the bottom plate of the girder will be in compression which reduce the effective 

thickness. At supports, extra transverse stiffeners are added in the bottom plate such that the 

distance is approximately 2.5 to 3.0 m. Also here constant force is conservatively assumed (k = 4.0). 
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For field sections, F1, F2 and F3, the top flange will be in compression, and thus have reduced 

effective thickness. For support sections, S1, S2 and S3, the bottom flange will be in compression, 

and thus have reduced effective thickness. The results of effective sections are shown in Table 13-2, 

Table 13-3 and Table 13-4. 

Table 13-2 Effective field sections with top flange in compression, based on transverse stiffeners c/c 4.0 m 

  W_y_top W_y_bottom W_z_top W_z_bottom 

 [m3] [m3] [m3] [m3] 

F1 - Field - Top in compression 1.490 1.359 6.373 10.387 

F2 - Field - Top in compression 2.047 1.982 9.196 14.988 

F3 - Field - Top in compression 2.873 2.737 12.824 20.894 

 

Table 13-3 Effective support sections with bottom flange in compression, based on transverse stiffeners  
c/c 4.0 m 

  W_y_top W_y_bottom W_z_top W_z_bottom 

 [m3] [m3] [m3] [m3] 

S1 - Support - Bottom in compression 2.036 1.742 8.886 14.489 

S2 - Support - Bottom in compression 2.508 2.075 10.716 17.470 

S3 - Support - Bottom in compression 3.217 2.820 13.979 22.782 

 

Table 13-4 Effective support sections with bottom flange in compression, based on transverse stifferers  
c/c 2.5 m 

  W_y_top W_y_bottom W_z_top W_z_bottom 

 [m3] [m3] [m3] [m3] 

S1 - Support - Bottom in compression 2.062 1.826 8.932 14.563 

S2 - Support - Bottom in compression 2.540 2.177 10.769 17.555 

S3 - Support - Bottom in compression 3.245 2.922 14.032 22.866 

 

The change in section modulus is calculated, and used later for investigating the max stress 

allowable. This is presented  in chapter 13.4.1. 

Table 13-5 Change in strength, field sections with top flange in compression, based on transverse stiffeners c/c 
4.0 m 

  W_y_top W_y_bottom W_z_top W_z_bottom 

 [m3] [m3] [m3] [m3] 

F1 - Field - Top in compression 81.1 % 97.6 % 92.1 % 92.1 % 

F2 - Field - Top in compression 86.4 % 98.1 % 94.8 % 94.8 % 

F3 - Field - Top in compression 92.9 % 99.0 % 97.4 % 97.4 % 

 

Table 13-6 Change in strength, support sections with bottom flange in compression, based on transverse 
stiffeners c/c 4.0 m 

  W_y_top W_y_bottom W_z_top W_z_bottom 

 [m3] [m3] [m3] [m3] 

S1 - Support - Bottom in compression 97.5 % 90.6 % 99.0 % 99.0 % 

S2 - Support - Bottom in compression 97.4 % 90.5 % 99.0 % 99.0 % 

S3 - Support - Bottom in compression 95.0 % 90.0 % 94.9 % 94.9 % 
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Table 13-7 Change in strength, support sections with bottom flange in compression, based on transverse 
stiffeners c/c 2.5 m 

  W_y_top W_y_bottom W_z_top W_z_bottom 

 [m3] [m3] [m3] [m3] 

S1 - Support - Bottom in compression 98.7 % 95.0 % 99.5 % 99.5 % 

S2 - Support - Bottom in compression 98.7 % 95.0 % 99.5 % 99.5 % 

S3 - Support - Bottom in compression 95.8 % 93.2 % 95.3 % 95.2 % 

13.3 Bridge steel column properties 

Steel with quality S420N have been used for all parts. Tree column profiles are chosen. Dimensions 

and section properties are summarized in Table 13-8. The columns are designed as quadratic or 

rectangular sections. The middle part of the columns has chamfered corners. This is done to improve 

wind drag, and to give the columns a more aesthetic appearance. The chamfering and transitions are 

unfavorable when transferring loads through the column. From a structural design point of view, the 

chamfering can be removed to increase the load bearing capacity of the columns. The transition 

between column-girder and column-pontoon is designed with a bracket to make a soft transition to 

reduce stress concentrations. 

Table 13-8 Column dimensions 

Axis Height [m] Width [m] Length [m] Platethickness [mm] 

3 48.03 8 8 40 

4 46.22 8 8 40 

5 43.16 8 8 40 

6 38.88 8 8 40 

7 33.74 8 8 40 

8 27.63 8 6 40 

9 21.36 8 6 40 

10 15.21 8 6 40 

11 11.34 8 6 40 

12 – 27 10.50 8 6 40 

28 – 35 10.50 7 5 45 

36 10.03 7 5 45 

 

Column axis definitions: X-axis pointing up. Y-axis pointing north. Z-axis pointing west. 

Table 13-9 Column section properties 

Section Weight Ax Ay Az Ix Iy Iz W_y W_z 

 
[kg/m] [m^2] [m^2] [m^2] [m^4] [m^4] [m^4] [m^3] [m^3] 

Column 7x5 m 45 mm skin 11 191 1.43 0.59 0.59 8.98 10.48 6.29 3.00 2.52 

Column 8x6 m 40 mm skin 11 994 1.53 0.65 0.87 12.94 14.92 9.65 3.73 3.22 

Column 8x8 m 40 mm skin 13 721 1.75 0.87 0.87 22.65 18.39 18.39 4.56 4.60 
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Figure 13-3 Typical column 

13.4 Bridge girder stress 

Stress in the girder is controlled in ULS at the four corner points shown in Figure 13-4 below. The 

worst stress of the two points in the top plate and the two points in the bottom plate are plotted on 

figures later in this chapter. 

The stress is plotted as Von-Mises stress accounting for axial force, bending moments and torsion. 

Shear forces are not included in this check. 

 

 

Figure 13-4 Stress check points 

𝜎𝑗 = √𝜎𝑥
2 + 3𝜏2 

𝜎𝑥 =
𝑀𝑠𝑡𝑟𝑜𝑛𝑔

𝑊𝑠𝑡𝑟𝑜𝑛𝑔
+

𝑀𝑤𝑒𝑎𝑘

𝑊𝑤𝑒𝑎𝑘
+

𝐹𝑎𝑥𝑖𝑎𝑙

𝐴
 

𝜏 =
𝑀𝑡𝑜𝑟𝑠𝑖𝑜𝑛

𝑊𝑡𝑜𝑟𝑠𝑖𝑜𝑛
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The stress plots shown are based on gross cross-sectional area of the girder (Agross, Wgross) presented 

in chapter 13.4.1. Effective cross-sectional area are calculated (Aeff, Weff). It is decided to limit the 

stress in the girder based on gross cross-sectional area to: 

𝑓𝑦𝑑𝑒𝑓𝑓
=

𝑊𝑒𝑓𝑓

 𝑊𝑔𝑟𝑜𝑠𝑠
∙

𝑓𝑦

1.1
 

 

The lowest ratio Weff/Wgross comes from bending about weak axis. This ratio, which is conservative,  

will be used as the basis for stress limit. A transverse stiffener centre distance of 4.0 m is used if not 

noted othervise. 

The effective stress limit is checked for field section and support section. The plots below show that 

the final stress is below the effective stress limit for major areas with some local exceedances. The 

exceedances are discussed in chapter 13.4.3.  

13.4.1 Von Mises summary 

Figure 13-5 through Figure 13-8 show a summary of results. Results that are more detailed can be 

found in appendix F – Design of bridge steel girder and steel columns.

 

Figure 13-5 Total stress at Bottom Flange – support section stress limit overlaid 

 

Support 
Bottom flange 
(compression) 
346.0 MPa 

Transverse 
stiffener c/c 
2.5 m 
355.9 MPa 
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Figure 13-6 Total stress at Top Flange – support section stress limit overlaid 

 

Figure 13-7 Total stress at Bottom Flange – field section stress limit overlaid 

Support 
Top flange 
(tension) 
372.3 MPa 

Field 
Bottom flange 
(tension) 
372.7 MPa 
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Figure 13-8 Total stress at Top Flange – field section stress limit overlaid 

13.4.2 : Design forces for ULS 

The maximum and minimum design forces for the ULS load combination are given here for 

illustration. For the design forces for each of the load combination refer to appendix F [6].  

 

Figure 13-9: Minimum and maximum design axial load for ULS1, ULS2 and ULS3 

 

Field 
Top flange 
(compression) 
309.7 MPa 
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Figure 13-10: Minimum and maximum design strong axis moment for ULS1, ULS2 and ULS3 

 

Figure 13-11: Minimum and maximum design weak axis moment for ULS1, ULS2 and ULS3 
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Figure 13-12: Minimum and maximum design torque for ULS1, ULS2 and ULS3 

 

 

Figure 13-13: Minimum and maximum design transverse shear force for ULS1, ULS2 and ULS3 
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Figure 13-14: Minimum and maximum design vertical shear force for ULS1, ULS2 and ULS3 

 

13.4.3 : Discussion of results in stress calculation 

Stresses in the girder is governed by ULS3 with is 100 years environmental loads on closed bridge. 

For the top-slab, the stress calculation show utilization comfortable below allowable stress for the 

whole bridge, except at axis 5 to 7. Ref Figure 13-6.  

For the bottom slab, the stresses are below allowable except at supports at axis 3, 5, 6, 8 and 34 

where some exceedance occurs.  

For axis 34, it is the effect of tidal variation, which gives this exceedance. It is possible to strengthen 

this axis slightly. Governing load case for axis 3 is skew waves in case 3, giving dominant weak axis 

moments. Here the section can be strengthened slightly to get sufficient capacity. For axis 8, the 

exceedance is marginal. For axis 5 and 6 there are some exceedances in capacity for both top and 

bottom slab. Governing case is wave from 90-degree direction, load case 3. Moreover, it is dominant 

torsion, which is governing. See Figure 13-15. The large torsion is caused by wave action, and it is 

believed that the pontoons in these axes can be optimized to decrease this torsion. 

Small adjustments are required to solve the exceedances in the areas pointed out. The adjustments 

require additional steel, which is negligible compared to the total amount of steel. 
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Figure 13-15 Dominating torsion 

One thing to note is that the moments over supports are conservative as the support columns are 

modelled without an extent in the global analysis. 
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13.5 Column stress calculations 

Stress is checked at a section at the top of the columns. Full correlation between forces is used for 

ULS conditions. This is a conservative approach. Waves and wind from 335° angle in a ULS3 

combination is the dimensioning ULS condition. 

ALS is governing for design of the columns. Forces applied come from an eccentric ship impact time 

series analysis. Three situations are investigated: Time at maximum torsion with corresponding 

forces, time at maximum moment about N-S-axis with corresponding forces and time at maximum 

moment about E-W-axis with corresponding forces. 

A representative column for all three dimensions with most unfavorable column length is checked. 

The stress is calculated as follows and summarized in Table 13-10 for ULS and Table 13-11 for ALS: 

𝜎𝑗 = √𝜎2 + 3𝜏2 

𝜎 =
𝑀𝑥

𝑊𝑥
+

𝑀𝑦

𝑊𝑦
+

𝐹𝑥

𝐴𝑥
 

𝜏 =
𝑀𝑡𝑜𝑟𝑠𝑖𝑜𝑛

𝑊𝑡𝑜𝑟𝑠𝑖𝑜𝑛
 

Table 13-10 ULS stress at top column 

Top of column 
Von 

Mises 
UR 

  [MPa]   

Axis3 - ULS - Load direction = 335 330.1 0.86 

Axis4 - ULS - Load direction = 335 347.2 0.91 

Axis7 - ULS - Load direction = 335 179.9 0.47 

Axis8 - ULS - Load direction = 335 184.9 0.48 

Axis9 - ULS - Load direction = 335 148.7 0.39 

Axis10 - ULS - Load direction = 335 120.5 0.32 

Axis12 - ULS - Load direction = 335 105.7 0.28 

Axis14 - ULS - Load direction = 335 163.3 0.43 

Axis28 - ULS - Load direction = 335 135.4 0.35 

 

Table 13-11 ALS stress at top column 

Top of column Von Mises UR UR 

  [MPa]   reinforced 

Axis3 - ALS - Time history, Max E-W axis-moment 495.9 1.18 0.99 

Axis4 - ALS - Time history, Max torsion 409.6 0.98  

Axis18 - ALS - Time history, Max torsion 390.3 0.93  

 

Axis 3 stress is above allowable 420 MPa / 1.1 = 381.8 MPa. A reinforcement of this column by 

increasing the plate thickness from 40 mm to 50 mm for the upper 8.6 m is required to lower the 

stress to allowable limits. The extra weight from the reinforcement is included in the weight estimate 

earlier in this chapter. 

Plate fields are checked for plate- and stiffener buckling utilizing DNV-RP-C201. Utilization is within 

allowable limits for ULS condition. For ALS, axis 3 forces exceeds the buckling capacity without 

reinforcement. With increased plate thickness for the upper part, the buckling capacity is sufficient. 
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14 DESIGN OF PONTOONS 

There are 32 steel pontoons (axis 4 – 35) and one concrete pontoon (axis 3) for the floating bridge. 

The typical layout for the pontoons are given in Figure 14-1 and Figure 14-2. 

 

Figure 14-1: Illustration of typical design of steel pontoons. As an example the pontoon design for axis 4-7 is 
shown here. 

 

Figure 14-2: Illustration of the pontoon design at axis 3 
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14.1 Steel pontoons 

The steel pontoon have “diamond” shape, which is explained as a modified elliptical shape. Two 

cylinders in each end are connected to a large central cylinder with straight walls.  

The structural design of the steel pontoons is similar to the design of ships. Steel quality used are 

generally S420 N, but for the splash zone Duplex steel XXCXX is used for the skin plates. 

Steel plates reinforced with bulb stiffener is used for all external plates, walls and for the internal 

watertight bulkheads. Minimum plate thickness for the skin plates is 12mm with a stiffener distance 

of 800mm. Span width of each plate field in the stiffener direction is set to 3.2 m. 

All watertight bulkheads are designed to max. external water pressure, i.e. water height is equal to  

3.5m above water line (water head at top slab elevation). Global bending of pontoons due to the 

concentrated loading through the center of the columns is also accounted for. 

Load bearing transversal frames are used to obtain necessary structural capacity between the 

bulkheads. The frames are T-shaped with height 800mm and width 200mm, typical thickness are 12 

mm and 20 mm respectively. 

In the splash zone, ± 1.5 meter measured from the water liner, the external steels skin plates will be 

replaced by duplex steel plates due to corrosion and maintenance purpose.  

The main dimensions and a weight summary are given in Table 14-1 and Table 14-2, respectively. For 

more details on the design refer to appendix G. 

 

Table 14-1: Overall dimensions for the steel pontoons 

 Steel 
 

Pontoons 

 Shape Axis 
Length 

[m] 
Width 

[m] 
R1        
[m] 

R2        
[m] 

Draft  
[m] 

Freeboard 
[m] 

Displacement 
[ton] 

Diamond 4 65,0 17,5 40,0 3,0 7,0 3,5 5 553 

Diamond 5 65,0 17,5 40,0 3,0 7,0 3,5 5553 

Diamond 6 65,0 17,5 40,0 3,0 8,5 3,5 6 743 

Diamond 7 65,0 17,5 40,0 3,0 5,0 3,5 3 965 

Diamond 8 - 29 62,0 16,0 40,0 2,5 5,0 3,5 3 421 

Diamond 14/22/30 62,0 16,0 40,0 2,5 8,5 3,5 5 815 

Diamond 31 - 34 62,0 16,0 40,0 2,5 5,0 3,5 3 421 

Diamond 35 62,0 16,0 40,0 2,5 5,5 4,0 3 763 
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Table 14-2: Weigth and buoyancy summary for the steel pontoons 

Weights and Buoyancies - Steel Pontoons 

 

Steel 
Total 

Sink 
Anodes 

Bridge 
Girder 

Steel 
Column 

Marine 
Growth 

Mooring 
Lines 
*1) 

Contin-
gency 

*2) 
Total 

Weight 
Buoy-
ancy 

Weight 
Reserve 

Axis ton ton ton ton ton ton ton ton ton ton 

4 1 046 50 2 339 406 87 0 96 4 024 -5 553 1 529 

5 1 046 50 2 339 474 87 0 96 4 092 -5 553 1 461 

6 1 167 57 2 266 427 97 1 666 112 5 793 -6 743 950 

7 860 41 2 193 371 73 0 73 3 611 -3 965 354 

8 809 37 2 193 208 66 0 66 3 379 -3 421 42 

9 809 37 2 193 208 66 0 66 3 379 -3 421 42 

10 809 37 2 193 208 66 0 66 3 379 -3 421 42 

11 809 37 2 193 208 66 0 66 3 379 -3 421 42 

12 809 37 2 193 208 66 0 66 3 379 -3 421 42 

13 809 37 2 193 208 66 0 66 3 379 -3 421 42 

14 1 100 52 2 193 260 89 1 641 101 5 435 -5 815 380 

15 809 37 2 193 208 66 0 66 3 379 -3 421 42 

16 809 37 2 193 208 66 0 66 3 379 -3 421 42 

17 809 37 2 193 208 66 0 66 3 379 -3 421 42 

18 809 37 2 193 208 66 0 66 3 379 -3 421 42 

19 809 37 2 193 208 66 0 66 3 379 -3 421 42 

20 809 37 2 193 208 66 0 66 3 379 -3 421 42 

21 809 37 2 193 208 66 0 66 3 379 -3 421 42 

22 1 100 52 2 193 260 89 1 641 101 5 435 -5 815 380 

23 809 37 2 193 208 66 0 66 3 379 -3 421 42 

24 809 37 2 193 208 66 0 66 3 379 -3 421 42 

25 809 37 2 193 208 66 0 66 3 379 -3 421 42 

26 809 37 2 193 208 66 0 66 3 379 -3 421 42 

27 809 37 2 193 208 66 0 66 3 379 -3 421 42 

28 809 37 2 193 208 66 0 66 3 379 -3 421 42 

29 809 37 2 193 208 66 0 66 3 379 -3 421 42 

30 1 100 52 2 193 260 89 1 641 101 5 435 -5 815 380 

31 809 37 2 304 99 66 0 66 3 381 -3 421 40 

32 809 37 2 304 99 66 0 66 3 381 -3 421 40 

33 809 37 2 304 99 66 0 66 3 381 -3 421 40 

34 809 37 2 304 99 66 0 66 3 381 -3 421 40 

35 870 39 2 304 94 70 0 71 3 448 -3 763 314 

*1) Vertical force from Mooring Lines and Weight of Chain Stopper 
*2) Contingency;  Pontoon steel weight: 4%, Buoyancy: 1% 
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14.2 Concrete pontoon  

The main dimension for the concrete pontoon at axis 3 is given in Table 14-3. For more details on the 

design refer to appendix G. 

Table 14-3: Main dimensions for the concrete pontoon at axis 3. 

Length: 65.000 m 

Width: 25.000 m 

Height: 11.500 m 

Radius: 12.500 m (cylinder) 

Draft: 8.000 m 

Freeboard: 3.500 m 

DE placement: 12.225 m3 

Bottom plate thickness 0.500 m 

Top plate thickness 0.400 m 

Outer walls thickness 1.000 m / 0.500 m (cylinder / straight) 

Inner walls thickness 0.350 m excl. column 

Column walls thickness 0.450 m 
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15 DESIGN OF MOORING LINES 

15.1 General 

A robust mooring system design is developed for the Bjørnafjorden straight floating bridge.  The 

system consist of eight mooring lines connected to four pontoons giving a total of 32 mooring lines 

anchored to the seabed by suction anchors, mixed suction or gravity anchors or gravity anchors.  The 

anchor solution depends on the soil condition at each anchor location.   

 

Figure 15-1 Mooring system layout including line numbering 

15.1.1 Rules and regulations 

The mooring system is designed according to the ISO regulations, as stated in the design basis.  For 

mooring line fatigue, the DNV mooring regulations has been used; this regulation has also been the 

basis for the anchor design.   The use of these regulations for this application is based on advice from 

the Norwegian Maritime Authority as well as DNVGL. 

15.2 Mooring composition 

The mooring lines are based on a standard composition for a taut to semi taut system, with bottom 

chain towards the anchor, sheeted wire in the free span and a top chain segments towards the 

pontoon connection, no line on the bottom in static condition.    The lines on the North moored 

pontoon towards the west are moored in relatively shallow water, those four lines consist of chain 

only in a catenary configuration with significant amount of chain on the seabed. 
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Table 15-1 Mooring segment properties 

Line segment Segment type Diameter Corrosion 
allowance 

Breaking strength 
un-corroded 

Breaking 
strength 
corroded 

Top chain 
Studless chain, 
R4 

147 mm 20 mm 19 089 kN 14 955 kN 

Wire 
Spiral strand 
wire – SPR2Plus 

124 mm + 11 
mm coating,  

OD 146 mm 

- 15 073 kN 15 03 kN 

Bottom chain 
Studless chain, 
R4 

147 mm 20 mm 19 089 kN 14 955 kN 

Table 15-2 Mooring system composition 

Line no 
Top 

chain Wire 
Bottom 
chain 

Total 
length Pretension 

  (m) (m) (m) (m) (kN) 

1 50.0 550.8 100.0 700.8 2 500 

2 50.0 567.1 100.0 717.1 2 500 

3 50.0 490.1 100.0 640.1 2 500 

4 50.0 542.7 100.0 692.7 2 500 

5 50.0 956.4 100.0 1106.4 1 900 

6 50.0 950.8 100.0 1100.8 1 900 

7 50.0 782.3 100.0 932.3 1 900 

8 50.0 743.8 100.0 893.8 1 900 

9 50.0 1088.0 100.0 1238.0 3 000 

10 50.0 1078.8 100.0 1228.8 3 000 

11 50.0 1087.8 100.0 1237.8 3 000 

12 50.0 1081.5 100.0 1231.5 3 000 

13 50.0 1091.2 100.0 1241.2 3 000 

14 50.0 1083.7 100.0 1233.7 3 000 

15 50.0 872.4 100.0 1022.4 3 000 

16 50.0 1069.9 100.0 1219.9 3 000 

17 50.0 1120.3 100.0 1270.3 2 700 

18 50.0 1115.6 100.0 1265.6 2 700 

19 50.0 869.0 100.0 1019.0 2 700 

20 50.0 1086.9 100.0 1236.9 2 700 

21 50.0 573.7 100.0 723.7 2 900 

22 50.0 508.2 100.0 658.2 2 900 

23 50.0 866.5 100.0 1016.5 3 100 

24 50.0 882.6 100.0 1032.6 3 100 

25 50.0 213.9 200.0 463.9 2 700 

26 50.0 247.5 200.0 497.5 2 700 

27 50.0 186.2 200.0 436.2 2 200 

28 50.0 266.0 200.0 516.0 2 200 

29 50.0 - 436.8 486.8 1 900 

30 50.0 - 305.6 355.6 1 900 

31 50.0 - 312.2 362.2 1 900 

32 50.0 - 271.9 321.9 1 900 

Sum 1600.0 21991.6 4526.5 28100.1  
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The lines have a pretension between 1900 kN and 3100 kN.  The pretension level is governed by the 

required restoring stiffness normal to the bridge for each of the moored pontoons to limit offsets as 

well as to give a good behaviour of the mooring system itself.   

15.3 Mooring system stiffness 

Restoring curves for offset normal to the bridge axis is developed for each of the pontoons.  The 

restoring curves are fairly linear for offset up to about 4 m which is the expected offset range for ULS 

conditions.   

 

Figure 15-2 Horizontal restoring force from the mooring lines pr. pontoon 

 

15.4 Mooring analysis 

The mooring system is designed with relatively large safety factors, same as used for offshore 

applications with hydrocarbons connected combined with ULS and ALS conditions representative for 

the 100 year and 10,000 year conditions in Bjørnafjorden.  In addition an extra requirement is 

satisfied with two lines missing combined with 100 year environmental conditions.  The system 

design has a reasonable margin to the minimum allowable as this is a concept phase, there is a 

potential for further optimisation of the line dimensions in the next phase of the project. 

15.4.1 Screening analysis 

The screening analysis is performed with the frequency domain model and includes all 

environmental headings with 15 deg step, intact and damage mooring line conditions.  For the 

damage conditions, all potential critical combinations of line failures are evaluated.   

The identified critical conditions from the screening analysis, which are further evaluated with global 

time domain analysis model for final design results, are: 

 100 year intact, environment from east, line no. 3,4 and 21-24 

 100 year environment from east combined with 2 line failure of line 1 and 2 

 100 year environment from west combined with 2 line failure of line 22 and 23 
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15.4.2 Design analysis 

From the screening analysis with the frequency domain model, critical combinations of environment, 

environmental heading are identified.  As part of the global time domain analysis, 100 year 

environmental combination of wind, wave, swell and current are analyzed with intact mooring 

system for environment from east and west normal to the bridge.  The governing conditions for the 

intact mooring system are presented in the table below.   All lines have a robust margin to the 

minimum safety factor for intact conditions. 

ULS – 100 year conditions 

Table 15-3 Governing results ULS conditions, all pontoons 

   Orcaflex  

Pontoon Critical heading 
Critical 

line 
Max 

tension 

Actual 
Safety 
factor 

Minimum 
Required 

Safety 
factor 

 
(deg)  (kN)   

A6 90 (mimosa) 8 2 977 5.04 2.20 

A6 270 (mimosa) 3 4 617 3.25 2.20 

      

A14 90 (mimosa) 15 4 309 3.48 2.20 

A14 270 (mimosa) 11 3 999 3.75 2.20 

      

A22 90 (mimosa) 23 5 158 2.85 2.20 

A22 270 (mimosa) 19 3 931 3.82 2.20 

      

A30 90 (mimosa) 32 2 630 5.70 2.20 

A30 270 (mimosa) 25 2 700 5.56 2.20 

 

ALS – Accidental conditions, two line failure 

The critical accidental conditions are two line failure combined with 100 year environmental 

conditions.  This is an additional requirement from Statens Vegvesen and ensures a very good 

robustness with respect to line failures.   The critical line failure combinations is for the pontoon on 

axis A6 loss of line no 1 and 2 and for axis A22 with the loss of line no. 22 and 23.  Both conditions is 

documented with a margin to the minimum allowable safety factor. 

Table 15-4 Results ALS conditions, critical damage conditions 

Environment Pontoon Condition 
Critical 

heading 
Critical 

line 
Max 

tension 

Actual 
Safety 
factor 

Required 
Safety 
factor 

(year) 
  

(deg)  (kN)   

100 A6 
2 line failure 

(1&2) 
270 

(mimosa) 3 7 473 2.00 1.35 

100 A22 
2 line failure 

(22&23) 
90 

(mimosa) 21 9 058 1.66 1.35 

 

Fatigue 

Fatigue analysis of the mooring system is performed and sufficient and robust fatigue life is 

documented for all mooring lines. 
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15.5 Chain stoppers and connection to the pontoons 

The mooring system is connected to the bottom side of the pontoons with a chain stopper.  The 

chain is terminated just above the chain stopper, hence no need for chain storage in the pontoons.  

By connecting the mooring lines at the bottom of the pontoons, there are no chain going through the 

splash zone, hence eliminating chain exposed to large corrosion in the splash zone, and there is no 

chain exposed to potential ship collisions.  The four mooring lines connected at each pontoon end is 

split with two on each side of the pontoons to limit the risk of all four chain stoppers damaged by e.g. 

a severe ship collision. 

The figure below illustrates one of the solutions considered. 

 

Figure 15-3 Inline tensioner – Scana, connection including rotation about the vertical axis 

15.6 Installation 

The mooring lines are pre-installed in a separate installation campaign such that all mooring lines are 

installed in due time before assembly of the floating bridge at bridge location starts.   The mooring 

lines are installed with use of an Anchor handling vessel and temporarily connected up to 4 small 

barges.  When the bridge elements arrive, the mooring lines are transferred from the barge to the 

pontoon to be moored.  Final tensioning of mooring lines is performed as separate operation after 

the assembly of the floating bridge is completed. 

15.7 Inspection, operation and maintenance 

The mooring system is designed for a life of 100 years.  All components except for the anchors, a 

small part of the bottom chain for some of the anchors and chain stopper brackets on the pontoons 

are replaceable.  For each anchor location alternative locations are identified close by, so that in case 

of anchor failure a new anchor and line can be installed to repair the system.    

For the mooring components not documented for 100 years life replacement are included in the 

estimated maintenance cost.  The mooring system should be inspected on a regular basis with ROV, 

typical 5 years interval, and for approx. every 25 years, some line segments should be replaced and 

brought ashore for laboratory testing for documentation of strength and fatigue.  The top and 

bottom mooring chain and coupling elements are designed with a corrosion allowance of 20 mm 

which should be sufficient for 100 years design life, the wire segments are coated but due to limited 

long term experience data design life above 50 years are difficult to document at this stage.  

Replacements of all wire segments are included in the design.  For the chain stopper, the movable 

parts are designed to be replaced, the parts used for installation only are assumed stored ashore.  
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Anodes are connected to the chain stopper, wire socket and anchors for protection of these 

elements. 
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16 ANCHOR DESIGN  

16.1 Introduction 

Bathymetry data from Bjørnafjorden illustrates the variable seabed conditions. The fjord is 

asymmetrical with undulating seabed. On the northern side, there is more exposed bedrock, some 

submarine elevations and plateaus. In the south the inclination down to the basin is steep. The 

sediment basin is not flat as normally seen in fjords, there are several raised areas due to the 

undulating bedrock. In general there are sediments in the basins and the troughs. Figure 16-1 shows 

a 3D view of the bjørnafjorden, where the vertical “scale” is exaggerated with a factor of 3 in relation 

to the horizontal “scale”. 

The main governing factors for the selection of anchor types and anchor location have been the 

sediment thickness and seabed inclination. In areas with limited sediment or zero sediment cover 

gravity anchors are selected, in areas with thick sediment cover suction anchors are selected and in 

areas with intermediate sediment thickness a combination of suction anchors and gravity anchors 

are selected. Figure 16-2 shows the location of the anchor groups/clusters outlined in a 2D 

bathymetry map. 

 

 

Figure 16-1 3D view of the Bjørnafjorden. South 
to the left, north to the right. 

 

 

Figure 16-2 Proposed anchor group locations. 

 

16.2 Loads 

In accordance with the design basis the anchors shall be designed in accordance with DNV-OS-C101.  

However, the anchor design was carried out at the time where the maximum line tension, based on 

the actual environmental conditions, was not completed. Hence, the load applied in the design was 

conservatively based on the factored breaking strength of the lines, which is in the order of 14000kN. 
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The  DNV load factors are shown in Table 16-1. The calculated governing ULS and ALS loads for each 

line are presented in Figure 16-3. As seen in the figure the line loads are in general significantly less 

than the 14000kN, which the anchor design is based on.   

Table 16-1 Load factors in accordance with DNV Offshore standard C101. 

 

 

Figure 16-3 DNV- Design loads. 
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16.3 Main conclusions 

As mentioned in chapter 16.2 the anchor design and associated drawings are based on the breaking 

strength of the line (14000kN), and not the detailed design load, based on DNVGL-OS-C101, see 

Figure 16-3. 

The following three anchor concepts are recommended for the mooring system: 

 24 Suction anchors, based on 14000kN line load the required size is 12m diameter, 17m 

length incl. 2m additional skirt length due to seabed inclinations (274ton). However, 

considering the smaller line loads in accordance with the DNV rules it is expected that several 

of the anchor could be reduced significantly in size. 2 Mix anchors (skirted anchors with 

supporting rockfill). Based on 14000kN line load the required size is 25m in diameter and 

10m skirt length (334ton). However, considering the smaller line loads in accordance with 

the DNV rules the anchors could be reduced significantly in size and no supplementary 

resistance from rockfill will be required. I.e. a standard suction anchor could be used. 

 6 gravity anchors (steel box filled with ballast material), 20x20m sides and 5m high anchor 

walls (232ton). Considering the smaller DNV loads required size will be reduced slightly. 

The main risks related to the feasibility of the proposed anchors concept are potential interaction by 

submarine landslides. Hence, the mooring system is designed for redundancy and will not collapse if 

2 out of 4 lines are lost on one side of a moored pontoon, and at the same time the 100-year storm 

occur. In addition, as a robustness check, a mooring analyses was carried out to assess the 

consequence for the bridge if the entire anchor cluster 2 (south west) where lost, and at the same 

time the 100 year storm occurred. Based on the results, the bridge will still be intact in these 

conditions. 

The current calculations show that landslides may collide with anchors. For the two southernmost 

anchor groups (1 & 2) more than 2 anchors could potentially be hit by the same slide event. For 

anchor group 2 it is expected that the anchors can be re-located in such way that one slide will only 

hit 2 of the anchors. However, due to limited space for group 1, such re-location of individual anchors 

may be challenging for anchor group 1. 

Impact calculations representative for the anchor group 1 and 2 show that the current suction 

anchor design (12x17m) has sufficient robustness to resist a base-case scenario 1 landslide (slide 

riding on top of seabed). The analyses also show that anchor group 1 and 2 can be designed to resist 

the more severe base-case slide scenarios 2 and 3 (deep ploughing landslides). For an anchor with 

12m diameter, the required length, in order to resist such severe landslide, is calculated to be in the 

order of 25m. However, it should be noted that, in the southern area where the sediment thickness 

is 30m or more, the diameter/length ratio can be adjusted in such way the anchor weight vs. capacity 

is optimized.     

Based on the evaluations and analysis performed in this study, it is believed that the proposed 

anchors system represents a robust and feasible solution.  For the next phases, further analyses and 

supplementary geotechnical/geological investigations are required to fully document the anchor 

concept for the straight floating bridge across Bjørnafjorden. 
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17 FATIGUE 

17.1 General 

A design check for the Fatigue limit state (FLS) has been performed for the bridge girder. The design 

check takes into account loading from wind, wave, traffic and tide. The fatigue calculation follows the 

procedure proposed by DNVGL [22] for conservatively combining fatigue contribution from all 

relevant types of loading. 

The fatigue of the mooring lines have also been assessed and is explained in chapter 15, and further 

documented in appendix I [9]. 

The connections between the bridge girder and columns are an important area with respect to 

fatigue. However, the structural arrangement of this connection had not been detailed to a 

necessary level when the fatigue analyses were performed. The connection is designed as to have 

good transferring of loads such that the stress concentration factors are not expected be very high. 

The fatigue assessment of the connection should be looked at in the next phase of the project.  

The fatigue of the stay-cables has not been assessed. The stay-cables are not expected to be 

governed by fatigue as the loads are dominated by cable pretension. Simplified classical spot checks 

with allowable stress range of order 300Mpa for the parallel strand cables, including half the traffic 

and dominating environmental loads give acceptable utilization regarding fatigue. 

The fatigue of the tower has not been assessed. This concrete structure is dominated by compression 

forces from permanent loading, and experience show that such structures are not expected to have 

challenges with fatigue as the cycle ranges are mainly in compression. 

 

17.2 Structural details 

The structural details that have been considered are transverse plate splices (butt welds) and 

connections between transverse frames and longitudinal plating (fillet welds). These are details that 

are subject to longitudinal girder stresses and will have cracks that grow into the main plating of the 

bridge girder. The relevant details are shown in Table 17-1. These details are common along the 

entire length of the bridge and are therefore considered the most critical with respect to fatigue of 

the brigde girder. 

Table 17-1 Structural details 

 

Transverse attachement (E-curve) 

Used for transverse frame/bulkhead 

connection to girder plating with typ. c/c 

distance of 4 m. This detail is checked with 

nominal girder stress. 
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Two-sided butt weld (D-curve) 

Transverse plate splice with or without 

thickness transition. Checked in combination 

with an SCF taking into account misalignment 

and change in plate thickness. 

 

Two-sided butt weld, ground flush (C1-curve) 

Grounded transverse plate splice with or 

without thickness transition. Checked in 

combination with an SCF taking into account 

misalignment and change in plate thickness. 

 

 

For butt welds, stress concentration factors (SCFs) have been calculated based on actual plate 

thicknesses and a fabrication tolerance (misalignment) of 2 mm. SCFs for but welds are in the range 

1.15 to 1.65. The fatigue check has been performed at four points on the girder cross-section, the 

two outermost points on bottom and top flange and are equal to the points for the ULS design check 

of bridge girder, as shown in Figure 13-4. In the floating part of the bridge five sections on each 

bridge segment have been checked. At support (above columns), at midspan and at transition 

between support cross-section and midspan cross-section (1/8 L away from support). In the high 

bridge, checks have been performed at all plate thickness transitions and at approximately every 20 

meter along the bridge. The fatigue check points for plate spices in the low part of the floating bridge 

are summarized in Table 17-2. 

 

Table 17-2 Fatigue check points for plate splices in the low part of the floating bridge 

Section Location S-N curve Plate thickness SCF 

Support (above 
column) 

Bottom flange D 12 mm / 12 mm 1.35 

Top flange D 12 mm / 12 mm 1.35 

Thickness 
transition as L/8 

Bottom flange C1 12 mm / 10 mm 1.65 

Top flange D 12 mm / 10 mm 1.65 

Mid span Bottom flange D 10 mm / 10 mm 1.45 

Top flange D 10 mm / 10 mm 1.45 

  

A Design Fatigue factor of 3 has been used in the fatigue life calculations as all the details that 

checked can be inspected. 

A so-called system effect (or weld length effect) has been included in the calculations. A weld length 

of 100 meters have been used which gives a reduction factor of the calculated fatigue life of 0.66. 

17.3 Simulations and fatigue calculations 

Fatigue contribution from environmental loads are calculated based on the rainflow cycle counting 

method. A set of stress time series has been established for each environmental load group (wind, 

wind driven waves and swells) representative for the long-term distribution of the loads. The stress 

time series from each load group has then been combined to time series representing the total 

environmental loading. Wave loads have been analysed in the frequency domain and the stress 
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results have subsequently been transformed to time domain. Basis for the wave load analyses are 

directional scatter diagrams representing the long-term distribution of the wave loads. Wind loads 

have been analysed directly in time-domain. Basis for the wind loads are wind speeds correlated to 

the wind driven waves. 

Fatigue contribution form traffic and tidal loads are calculated based on the DNVGL method with 

stress ranges calculated based on envelope values of the weak axis bending moment in the bridge 

girder. 

Fatigue loads from traffic are based on load model FLM4 which is shown below in Table 17-3. 

Reference is made to NS-EN 1991-2:2003+NA:2010, The total number of stress cycles per year is 

calculated as 20 000 (ÅDT) * 365 * 0.12 = 876 000. As the stress ranges used in the calculation are 

based on weak axis moment only, the magnitude of the stress range is independent of traffic lane. 

The number of stress cycles have therefore not been split into different traffic lanes or directions. 

The number of stress cycles per year for each lorry and traffic type is given in Table 17-4. Fatigue 

damage has been calculated for each traffic type and the worst damage is used in further 

combination with other load types. 

Table 17-3 Load model FLM4 

 

Table 17-4 Number of stress cycles from traffic per year 

Traffic type Lorry 1 Lorry 2 Lorry 3 Lorry 4 Lorry 5 Total 

Long distance 175 200 43 800 438 000 131 400 87 600 876 000 

Medium distance 350 400 87 600 262 800 131 400 43 800 876 000 

Local traffic 700 800 43 800 43 800 43800 43 800 876 000 
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17.4 Results 

The lowest calculated fatigue life along the bridge girder is shown in Figure 17-1. All calculated 

fatigue lives are above the target design life of 100 years with a DFF of 3. The lowest fatigue life is at 

butt weld/plate splice at Axis 5 with 108 years (bottom flange). 

A critical section with respect to fatigue are the transition between mid-span and support cross-

sections in the low part of the floating bridge. At these locations, an SCF of 1.65 is applied due to the 

transition in plate thickness from 10 mm to 12 mm. 

At these sections the bottom flange butt weld has a fatigue life just below 100 year when checked 

with the D-curve (standard curve for butt welds). A measure to significantly improve fatigue life is to 

ground welds flush to the base material. This open for checking with a C1-curve which gives fatigue 

lives of 200-300 years. For now, this measure is proposed in order to get above the target fatigue life. 

This applies only to the bottom flange butt weld at thickness transitions between Axis 7 and Axis 36. 

The main contributors to fatigue are wind driven waves and traffic. At midspan in the low part of the 

bridge, traffic is especially dominating. For traffic, it is the ‘Long distance’ traffic type that is 

dominating. 

Special attention is needed for the section splices which shall be welded at site during construction of 

the bridge. For these butt welds an S-N curve no better than E-class may apply as the conditions for 

welding may not meet the criteria for a D-curve. For this reason, a fatigue calculation has been 

performed for butt welds at bridge supports (above columns) and at midspans applying an E-curve 

and relevant SCF. In the low part of the floating bridge, it is found that the on-site section splices 

should be located near the columns, and within the region for the support cross section. Here, the 

calculated fatigue lives are in the range of 300-400 years. This will, if necessary, allow for a 

fabrication tolerance (misalignment) larger than 2 mm. In the high part of the floating bridge it is 

opposite, and the splices should be closer to midspan. 

 

Figure 17-1 Fatigue life 

17.5 Discussion/Further work 

It is seen that the traffic loads contribute significantly to the fatigue damage. A more refined method 

for combining environmental loads and traffic loads can possibly improve the calculated fatigue lives. 
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By developing synthetic stress time-series for the traffic loads, these can be combined directly with 

stress time-series from environmental loads and be included in the cycle-counting based fatigue 

calculation. In addition, the fact that the bridge will be closed during large storms can be taken 

advantage of in the analysis by not combining traffic with the largest storm conditions. Another 

option is to address conservativism in the currently used traffic model (FLM4) and develop a traffic 

model more representative for future traffic in the western part of Norway. 

In addition to the two typical details addressed in the current assessment several other areas can be 

pointed out which will need attention with respect to fatigue when further developing the design. 

Both the bridge girder to column and column to pontoon connections are areas where fatigue 

hotspots typically will occur. A ‘fatigue-friendly’ design should be sought early on using FE-hotspot 

models to find appropriate structural details. Also, the termination of longitudinal diaphragms should 

be assessed. 

The wind sea scatter diagrams used as basis for the current analysis does not include extreme events 

(return periods above 10 years). Therefore, some uncertainty is present for fatigue contributions 

from wind seas. The bridge response due to wave loads will however not enter into a totally different 

dynamic regime with slightly higher wave periods (i.e. the dynamic response will be governed by the 

same type of modes). It is therefore believed that the long-term distribution of stress ranges from 

wind sea is well predicted by employing the current wind sea scatter diagram. 

Sensitivity analysis of different environmental parameters should be performed. E.g. combination of 

wind/wind sea directions and spreading/directions of swells. As both wind and swell has been shown 

to give small contribution on the total fatigue damage, these sensitivities have not been prioritized at 

this stage. 
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18 SHIP IMPACT 

A design against impact between a ship and the pontoons have been performed. This section will 

document the global bridge response due to collision, not the local design of the pontoon, which is 

presented in appendix G.   

Similar impact between the ship deckhouse and the bridge girder have been analyzed, this is given in 

appendix L [12]. 

Ship impact between ship and bow and the tower at axis 2 is evaluated in Appendix E [5]. 

18.1 Pontoon collision 

The design basis set the impact energy levels for a bridge with 200m span widths. Table 18-1 gives 

the assumed impact energy levels for the base case bridge design. The bridge response due to impact 

with pontoons in all axes have been simulated.  

Table 18-1 Distribution of impact energy for the different pontoon axes 

Collision Axis 
 

A3 A4 A5 A6 A7 A8 A9 

Impact energy (MJ) 420 160 160 70 70 70 70 

 

Collision Axis A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 

Impact energy (MJ) 70 70 70 70 70 70 70 70 70 70 

 

Collision Axis A20 A21 A22 A23 A24 A25 A26 A27 A28 A29 

Impact energy (MJ) 70 70 70 70 70 70 70 30 30 30 

 

Collision Axis A30 A31 A32 A33 A34 A35 
 

Impact energy (MJ) 30 30 30 30 30 30 

 

 

Figure 18-1 Force indentation curves for collision with a ship bow, steel pontoon and the combined indentation 
curve of both 

The numerical model, analysis methodology and simplifications is described in Appendix B [2]. The 

applied force-indentation curves for the analysis is given in Figure 18-1. For collision with the 

concrete pontoon in axis 3 the ship bow force indentation curve is used, this is given by the design 

basis [16]. For the steel pontoon a force-indentation curve was assumed early in the project and 
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given in Figure 18-1. Later a detailed analysis with a detailed model of the pontoon geometry has 

been performed, see Appendix G [7]. Further, for collision with the steel pontoons the combined 

force-indentation curve taking into account both the steel pontoon and ship bow force-indentation 

curve is implemented in the analysis.    

Table 18-2 gives an overview of the resulting maximum impact force during the collision phase and 

the resulting local deformation energy. The results show that the bridge is a compliant system, where 

most of the impact energy goes into global response of the bridge. The resulting maximum shear 

forces in the columns from an eccentric ship collision is also given in Table 18-2. 

Table 18-2 Overview of the maximum collision force between ship-bow and pontoon and the corresponding 
deformation energy in the collision phase (centric collision). The maximum shear forces from eccentric ship 
collision are given.  

Collision Axis 

 

A3 A4 A5 A6 A7 A8 A9 

Maximum Force (MN) 73.1 42.4 44.4 33.6 26.6 25.1 26.7 

Local deformation 

energy (MJ) 
133.2 16.1 18.9 8.7 5.2 4.6 5.2 

Shear force column 

N-S axis (MN) 
 28.8 20.0 17.6 11.6 19.2 14.4 24.0 

Shear force column 

E-W axis (MN) 
 25.8 19.6 17.3 10.9 15.7 11.7 20.3 

 

Collision Axis A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 

Maximum Force (MN) 28.8 30.3 30.6 30.6 37.7 30.5 30.6 30.6 30.6 30.5 

Local deformation 

energy (MJ) 
6.1 6.8 7.0 7.0 11.3 6.9 6.9 7.0 6.9 6.9 

Shear force column 

N-S axis (MN) 
23.7 26.1 26.6 26.9 19.4 26.4 26.8 25.9 26.2 26.3 

Shear force column 

E-W axis (MN) 
21.3 22.0 22.4 22.8 20.3 22.4 22.6 21.8 22.0 22.1 

 

Collision Axis A20 A21 A22 A23 A24 A25 A26 A27 A28 A29 

Maximum Force (MN) 30.6 30.6 38.4 30.5 30.6 30.6 30.6 20.6 20.6 20.6 

Local deformation 

energy (MJ) 
6.9 7.0 11.7 6.9 6.9 7.0 6.9 3.0 3.0 3.0 

Shear force column 

N-S axis (MN) 
26.2 25.8 18.8 26.8 26.2 25.8 26.8 14.7 14.8 14.4 

Shear force column 

E-W axis (MN) 
22.0 21.9 20.2 22.7 22.0 21.7 22.6 14.9 15.1 14.7 

 

Collision Axis A30 A31 A32 A33 A34 A35 

 
Maximum Force (MN) 27 20.1 20.1 20.1 20.2 21.6 

Local deformation 

energy (MJ) 
5.3 2.8 2.8 2.8 2.8 3.3 

Shear force column 

N-S axis (MN) 
11.7 14.9 14.7 14.9 14.4 14.2  

Shear force column 

E-W axis (MN) 
12.9 15.0 14.9 15.3 15.5 13.2  

 

Time-series of the contact force between the ship and the pontoons for all impacts are given in 

Figure 18-2. The pontoon in axis 3 experience both the highest maximum force and percentage 
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dissipation of energy due to deformation. This is both due to the highest impact energy, but also due 

to the larger and heavier pontoon in axis 3. For collision in axis 4 and axis 5, the system is more 

compliant, and larger percentage of the impact energy is transferred to deformation of the bridge. 

For the low bridge part the collision force are independent of the considered pontoon, except for the 

pontoons which has an attached mooring system. 

 

Figure 18-2 Time histories of impact forces for ship collision on the different axis across the bridge. Pontoons 
with moorings are highlighted with different marker types. 

18.2 Design check, bridge girder 

The bridge girder design check has been evaluated by a von-mises stress calculation at four points in 

the bridge girder, illustrated in Figure 13-4. 

Both the resulting stresses in the top (Figure 18-3) and bottom (Figure 18-4) plate have some hot 

spots where the stresses exceed the capacity limit for the chosen steel grade (420MPa). A local 

reinforcement of the critical hot spots are advised in a further optimization of the bridge girder. In 
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Figure 18-3 Envelope of resulting stresses in the top plate for all impact cases. Centric ship collisions in blue and 
eccentric ship collisions in red. 

 

Figure 18-4 Envelope of resulting stresses in the bottom plate for all impact cases. Centric ship collisions in blue 
and eccentric ship collisions in red. 
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19 ENVIRONMENTAL RESPONSE SENSITIVITIES  

By robustness we mainly mean to what extent the structure is sensitive to changes in environmental 

and structural parameters. In addition, we have checked how sensitive the methodology by 

comparing results from different software and methods.  

19.1 Overall robustness 

Based on findings presented in appendix D [4] we conclude that a 125m span side anchored bridge 

on steel pontoons is robust against changes in both structural and environmental parameters. The 

methodology applied for modeling the structure is also robust. However, more effort should be put 

into investigating the effect of hydrodynamic interaction on bridge response in the global model. 

More work and perhaps model test experiments should be put into understanding the mooring 

behaviour, especially with regards to damping. 

19.2 Structural robustness  

During the concept development phase several concepts have been evaluated that differ widely with 

regards to important structural parameters like bridge girder stiffness and total displacement. For all 

of these concepts we have seen very similar responses, both to wave and wind climate. With the 

exception of the heavy 200m span bridge with concrete pontoons none of these concepts have been 

particularly sensitive to changes in the structural parameters and for this concept it is only the heave 

response that is sensitive to structural changes, which is by design. As an example a study was 

performed to find out how low the torsional stiffness would have to be to significantly lower 

torsional moments in the high part of the floating bridge girder. The study concluded that the 

torsional stiffness would have to be lowered by a factor of 5 to see considerable changes in the 

response. There are two main reasons why these concepts are so robust. They all have a majority of 

the eigenmodes within the frequency range of the main excitation forces from wind and waves and 

they all have considerable damping for all of these frequencies. 

19.3 Robustness to wave parameters 

We have found that for wind driven waves the response is not sensitive to variation in wave 

parameters. This is probably due to a large number of eigen modes in the wind driven wave regime. 

Therefore, there is no way to “turn the nobs” so that you avoid modes that you would otherwise 

trigger. For swell the response is highly sensitive to variation in wave parameters. In the swell 

regime, only a few transversal eigen modes are triggered. Therefore, if the spectrum or direction is 

shifted only slightly another incident wave direction and spectrum will give the highest response. 

This also explains why the base case gives the highest response: the base case wave state is selected 

because it gives the highest bending moment about strong axis. Since the screening is performed 

with the base case parameters we would expect the wave state to be “tuned” to trigger the 

transversal modes. 

19.4 Hydrodynamic robustness 

The available numerical tools for analyzing the behavior of a complete float bridge system on the 

dimensions as proposed here has assumptions in the applied hydrodynamic theory. This raises some 

interesting topics which are of academic interest, but also of relevance for the design of the floating 

bridge. Several aspects have been discussed and are suggested as further works. In particular, it is 

suggested that the hydrodynamic interaction between pontoons should be taken into account in the 

global model in the next phase of the project. 
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19.5 Aerodynamic robustness 

An extensive study have been performed to investigate the effect of changes to the wind field on the 

response of the bridge. The sensitivity study showed some influence on the response.  

Initial bi-model flutter analysis with aerodynamic derivatives from flat plate theory show that the 

bridge is most likely robust against flutter. Present multi modal analysis will look further into the 

problem.  

19.6 Robustness to changes in methodology 

Frequency domain calculations are important in the concept development because of its’ superior 

solution time. It is therefore utilized for big analysis where a huge number of states are simulated like 

fatigue and screening. Ten seeds of time domain simulations have been compared with one 

frequency domain simulation for four different wave climates. The results show that frequency 

domain calculations and time domain calculations give the same response.  
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20 FASE 2 DNV VERIFICATION 

DNV-GL has written a verification report of the phase 2 design of the end-anchored floating bridge 

[22]. The main issues/ findings are adressed here to discuss the relevance to the present design and if 

relevant how it has been accounted for in the analyses. 

20.1 Fatigue 

Relevant issues/findings from the verification report, ref [22], related to fatigue of the straight bridge 

alternative have been addressed. The different topics are summarized in the following. For more 

details regarding the fatigue assessment reference is made to Section 17 and Appedix K, ref [11]. 

 

 Environmental combinations for FLS 

For environmental loads, DNVGL recommends to use time domain response models and 

appropriate environmental conditions. They also suggest that for the concept development 

phase a set of sea states with simultaneous wind wave, swell and wind (and current and sea-

level) can be established which is believed to provide a robust estimate of annual damage 

accumulation and which may be used as a benchmark set for the different concepts. Such a 

set has however not been established during the current phase (phase 3) of the project. 

 

In the current fatigue assessment, the full long term environmental load description as given 

in the metocean design basis, ref [17], have been used as basis for the response analyses. 

The response analyses have been performed separately for the individual load types. Wave 

analyses have been performed in frequency domain (wind wave and swell) and wind 

analyses have been performed in time domain. Upon the fatigue calculations, results from 

wave analysis have been transformed to time domain, and results from all load groups have 

been combined in time domain. Concurrency of the different environmental load groups is 

therefore appropriately accounted for. For wind waves, the transformed time-series have 

been verified against time-domain simulations with good agreement. Generally, the 

frequency domain results seem to be on the safe side compared to time domain. This 

comparison has also confirmed that random-seed variability and slow drift have a minor 

impact on fatigue. 

 Fatigue code 

The fatigue assessment performed for the curved bridge alternative in phase 2 of the 

Bjørnafjorden project was based on Eurocode 3, ref [23]. DNVGL recommends that for 

floating bridges the fatigue check is carried out according to offshore practise which is to use 

DNVGL-RP-C203, ref [21]. This has been adopted in the current fatigue assessment. The use 

of DNVGL rules for fatigue is also now dictated by SVV, ref [16]. 

 Selection of S-N curves 

DNVGL points out that the S-N curve used for fatigue assessment of the bridge (FAT 80) is 

more optimistic than the corresponding DNVGL curve (E curve). Since the current fatigue 

assessment is based on DNVGL rules, the E-curve is now used instead of FAT 80 where 

relevant. 

 

It is also pointed out that while the FAT 80/E-curve covers transverse attachments welded to 

the main plating (i.e. the web of transverse frames) a more critical detail is the butt weld of 

plate splices. This detail has a better fatigue curve, but when taking into account the stress 
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concentration du to transition of thickness and/or eccentricity due to misalignment of the 

plates, the butt welds come out as a more critical detail. The butt welds in transverse plate 

splices have therefore been checked with relevant SCF’s in the current assessment. 

 

 Stress concentration factors at butt welds 

Stress concentration factors for butt welds have been calculated according to the formula in 

DNVGL-RP-C203 with a maximum fabrication tolerance of 2 mm. This results in SCF’s in the 

range 1.15 to 1.65. 

 Effect of weld length 

The effect of weld length has been raised as a point in the verification report. This is referred 

to as system effect in DNVGL-RP-C203 where it relates to long pipes on ships for transport of 

compressed natural gas. No guidance has been found for establishing an appropriate weld 

length for the type of structure at hand, nor has a detailed study on the subject been 

prioritized in this phase. For the current assessment, a weld length of 100 meters have been 

applied in the calculations which gives a 0.66 reduction factor on the fatigue life. As also 

stated in the verification report, this corresponds to a reduction from a D-curve to slightly 

below an E-curve. 

 Combination of fatigue from environmental loads, traffic loads and tidal loads 

Combination of fatigue contributions from environmental loads, traffic loads and tidal loads 

follow the recipe proposed in the verification report. This is also in accordance with SVV 

requirements as given in ref [16]. 

 

 Fatigue assessment of pontoon to girder columns 

This is considered an important area with respect to fatigue. However, the structural 

arrangement of this connection has not been detailed to a level where a detailed fatigue 

analysis makes sense. This should off course be prioritized when sizes for the main structural 

elements of the bridge has been settled. 

20.2 Shear deformation 

Shear deformation is not accounted for in the element formulation in Orcaflex (used for the wind 

and wave analyses), but is assumed to be of small importance for the present case. The responses 

with and without shear deformation have been compared by using SIMA, and the results show 

negligible difference in the response, see appendix D [4] for more information. 

20.3 Combination factors 

In the DNV verification report , ref [22], the DNV states that “The use of general combination factors 

for combining different stress resultants is seen as a method that should not be used for the final 

documentation of the design.” This is something that the project group agrees with. However, at the 

present design stage it is seen as better to use the method of combination factors for correlation as it 

easier to improve/optimize the design based on the separate load effects than the stochastic stress 

resultant from direct stress calculations.  In addition, a verification of the chosen combination factors 

for correlation are conducted by direct stress calculation of ULS3 load combination.  

For the mooring design a direct method is used for calculating the total tension, directly taking into 

accounting the stochastic correlation between wave and wind. 
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