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Abstract  
More offshore wind projects are being developed. Shallow locations are more occupied and a 

tendency to deeper water and to larger wind turbines is seen. These create more bending 

moment which can be more easily resisted by jacket substructures.  

The state of the art installation process of a jacket is as follows. The foundation piles are driven 

into the seabed. The jacket leg is installed by sticking a stabbing cone into the stick-up length of 

the foundation pile and fill the space between the cone and the pile with grout. In this situation 

a lot of grout, steel and installation time are used. An alternative connection could be a wedge 

connection which is considered in this thesis.  

A wedge connection consists of four parts: jacket leg, connector element, wedges and 

foundation pile. The challenge to apply this connection to jackets is to overcome the installation 

tolerances. Due to the inaccuracy of the driving of the foundation piles, the holes in the jacket 

legs and the foundation piles do not align and the wedges cannot be installed. The installation 

tolerances consist mainly of center-to-center distance, pile verticality and a vertical tolerance. 

The maximum translational tolerances are 75 millimeter while the maximum rotational 

tolerance is maximum 0.83 degrees.  

23 different concepts have been developed to deal with the installation tolerances. All the 

concepts have some drawbacks and do not fully solve the problem without downsides. The 

magnitude of the installation tolerances is therefore reduced and from a multi-criteria analysis a 

screw thread connection is proposed. The advantages of the screw thread connection are: a 

reduced amount of material, no grout is required and the installation time of the jacket to 

foundation pile connection can be reduced up to 75 percent.  

The screw thread connection overcomes the vertical tolerance and the tolerance around the 

longitudinal axis of the foundation pile by rotation of the connector element. In case of an pile 

inclination, the connector element and the foundation pile do not fully align and a gap remains 

in between them. By applying a preloading force to the connection it is still not possible to close 

this gap. The space between the connector element and the foundation pile has to be filled with 

an epoxy resin.  

The screw thread connection does fulfill the requirements for the ultimate limit state based 

upon hand calculations for net stresses, bending stresses and contact stresses. The fatigue limit 

state of the wedge connection meets the requirements. Only the fatigue limit state of the screw 

thread does not fulfill the requirements based upon a hand calculation.  

The three largest issues of the screw thread connection are the fabrication of the screw thread 

profile, the fatigue in the screw thread and the installation of the epoxy resin between the 

connector and the foundation pile. The first step to develop the screw thread connection 

further is an more extensive investigation to these three issues.  
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𝑎𝑜𝑢𝑡,𝑓𝑙  Center to center distance outer flange to pile   [mm] 

𝐴  Soil parameter for static loading     [-] 
𝐴𝑎𝑙𝑖𝑔𝑛  Cross-sectional area of aligners      [mm2] 

𝐴𝑐𝑜𝑛,𝑤𝑒𝑑𝑔𝑒 Contact area between wedges and connector     [N/mm2] 

𝐴𝑐𝑜𝑛𝑡,𝑤𝑒𝑑𝑔𝑒,𝑝𝑖𝑙𝑒 Contact area between wedges and foundation pile   [mm2] 

𝐴𝑓𝑢𝑙𝑙  Whole Cross-sectional area of the pile (including air)  [m2] 

𝐴𝑓𝑢𝑙𝑙,𝑤𝑒𝑑𝑔𝑒 Circular cross-sectional area of the wedge   [mm2] 

𝐴𝑓𝑙𝑎𝑛𝑔𝑒𝑠 Cross-sectional area of flanges of connector   [mm2] 

𝐴𝑖𝑛,𝑓𝑙  Area of the outer flange of the connector   [mm2] 

𝐴𝑛𝑒𝑡,𝑝𝑖𝑙𝑒 Net area of foundation pile     [mm2] 

𝐴𝑜𝑢𝑡,𝑓𝑙  Area of the outer flange of the connector   [mm2] 

𝐴𝑝𝑖𝑙𝑒  Cross-sectional area of the pile     [mm2]  

𝐴𝑤𝑒𝑑𝑔𝑒  Cross-sectional area wedge     [mm2] 

𝑏  Width of 1 meter      [mm] 
𝑏0  Width of the jacket at the bottom braces   [m] 
𝑏𝑁𝑏

  Width of bay number 𝑁𝑏     [m] 

𝑏𝑛𝑒𝑡,𝑠𝑒𝑔  Distance between the holes     [mm] 

𝑐𝑝𝑖𝑙𝑒  Circumference of foundation pile    [-] 

𝐶𝐷  Drag coefficient       [-] 
𝐶𝑀  Inertia coefficient      [-] 
𝑑  Water depth       [m] 
𝑑0  Diameter of hole in connector/foundation pile   [mm] 
𝑑𝑓𝑙,𝑐𝑜𝑛  Thickness of the flange of the connector    [mm] 

𝑑𝑝𝑖𝑙𝑒  Thickness of the foundation pile     [mm] 

𝐷  Damage       [-] 
𝐷𝑏𝑟,𝑑  Diameter of diagonal braces     [m] 

𝐷𝑏𝑟,ℎ  Diameter of horizontal braces     [m] 
𝐷𝑐𝑜𝑛𝑛,𝑡𝑜𝑤𝑒𝑟 Diameter of connection jacket structure and tower   [m] 

𝐷𝑒𝑞,𝑠𝑖𝑑𝑒1 Equivalent diameter with wave loading from side 1  [m] 

𝐷𝑖𝑛,𝑐𝑜𝑛  Inner diameter of connector     [mm] 
𝐷𝑜𝑢𝑡,𝑐𝑜𝑛 Outer diameter of connector     [mm] 
𝐷𝑝𝑖𝑙𝑒  Outer diameter of the foundation pile    [mm] 

𝐷𝑝𝑖𝑙𝑒,𝑖𝑛  Inner diameter of the foundation pile    [mm] 

𝐷𝑤𝑒𝑑𝑔𝑒  Diameter of the wedge      [mm] 

𝐸  Young’s modulus of steel      [GPa] 
𝑓𝑦  Yield strength of steel      [MPa] 

𝑓𝑢  Ultimate strength of steel     [MPa] 
𝐹𝑎𝑐𝑡𝑢𝑡𝑎𝑡𝑒 Required force from actuator to preload wedges  [N] 
𝐹𝑎𝑐𝑡𝑢𝑡𝑎𝑡𝑜𝑟 Force feasible from actuator to preload wedges   [N] 
𝐹𝑎𝑥𝑖𝑎𝑙  Axial force on foundation pile     [kN] 
𝐹𝐵𝑢𝑜𝑦𝑎𝑛𝑐𝑦 Buoyancy force       [N] 

𝐹𝑐𝑢𝑟𝑟𝑒𝑛𝑡,𝑤𝑎𝑣𝑒𝑠 Horizontal load due to current and waves   [N] 

𝐹𝑏,𝐸𝑑  Applied force at the outer flange of the connector  [N]  
𝐹𝑏,𝑅𝑑  Bearing resistance of the outer flange of the connector  [N] 

𝐹𝑏,𝑅𝑑,𝑝𝑖𝑙𝑒  Bearing resistance of the foundation pile   [N]  

𝐹𝐷  Drag force       [N] 
𝐹𝐸𝑑,𝑐𝑜𝑚𝑝 Compressive load on the connection in the ultimate limit state [N] 

𝐹𝐸𝑑,𝑡𝑒𝑛𝑠𝑖𝑜𝑛 Tensile load on the connection in the ultimate limit state [N] 

𝐹𝑓𝑟,𝑤𝑒𝑑𝑔𝑒 Friction force developed around the wedge due to preloading [N] 

𝐹ℎ𝑜𝑟,𝑝𝑟𝑒  Required load from actuator to overcome only tension  [MN] 
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𝐹𝐼  Inertia force       [N] 
𝐹𝑀𝑜𝑟𝑖𝑠𝑜𝑛 Morison force       [N] 
𝐹𝑛𝑒𝑡,𝑠𝑒𝑙𝑓𝑤 Buoyancy subtracted from self-weight jacket per leg  [MN] 

𝐹𝑠𝑝𝑎𝑡𝑖𝑎𝑙  Horizontal force due to self-weight of jacket structure  [MN] 

𝐹𝑡𝑜𝑟𝑞𝑢𝑒,𝑎𝑙𝑖𝑔𝑛 Force in aligners due to torqueing force to rotate the connector [kN] 

𝐹𝑣,𝐸𝑑  Applied shear to the wedge     [kN] 
𝐹𝑣,𝑅𝑑  Shear resistance of wedge     [kN] 
𝑔  Gravitational acceleration      [m/s2] 
ℎ  Height of the stabbing cone     [m] 
ℎ𝑏𝑙𝑎𝑑𝑒  Thickness of elastic connection     [m] 
ℎ𝑐𝑜𝑛𝑛,𝑡𝑜𝑤𝑒𝑟 Height of turbine foot connected to jacket    [m] 

ℎ𝑓𝑙𝑎𝑛𝑔𝑒  Height of flanges of connector     [mm] 

ℎ𝑁𝑏
  Height of bay number 𝑁𝑏     [m] 

ℎ𝑝𝑖𝑡𝑐ℎ  Pitch of the screw threads      [mm] 

ℎ𝑡𝑜𝑡,𝑏𝑎𝑦𝑠 Height of all the bays       [m] 

ℎ𝑤𝑒𝑑𝑔𝑒  Distance of wedge from the middle of circle to inclined plane [mm] 

𝐻  Depth below the seabed     [m] 
𝐻𝑗𝑎𝑐𝑘𝑒𝑡  Height from bottom brace to the top of the jacket  [m] 

𝐻𝑤𝑎𝑣𝑒  Wave height       [m] 
𝐼𝑏𝑙𝑎𝑑𝑒  Second moment of inertia of the blade per meter  [mm4] 
𝐼𝑓𝑙𝑎𝑛𝑔𝑒  Second moment of inertia of flanges connector   [mm4] 

𝐼𝑓𝑢𝑙𝑙,𝑤𝑒𝑑𝑔𝑒 Second moment of inertia of round wedge   [mm4] 

𝐼𝑙𝑒𝑔  Second moment of inertia of the jacket leg   [mm4] 

𝐼𝑝𝑖𝑙𝑒  Second moment of inertia of the foundation pile  [mm4] 

𝐼𝑤𝑒𝑑𝑔𝑒  Second moment of inertia of the wedge    [mm4] 

𝑙𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 Half the length of the flanges of the actuator   [mm] 
𝑙𝑏𝑙𝑎𝑑𝑒  Length of elastic connection     [m] 
𝑙𝑔𝑎𝑝  Length of gap between foundation pile and connector  [mm] 

𝑙𝑚𝑎𝑥,𝑏𝑙𝑎𝑑𝑒 Upper bound of elastic connection    [mm] 
𝑙𝑚𝑖𝑛,𝑏𝑙𝑎𝑑𝑒 Minimum length of elastic connection    [mm] 

𝐿  Diameter of members      [m] 
𝐿𝑗𝑎𝑐𝑘𝑒𝑡  Length of jacket leg between connection and lowest brace [m] 

𝐿𝑙𝑒𝑔  Length of jacket leg      [m] 

𝐿𝑏𝑟,𝑑  Length of diagonal braces     [m] 
𝐿𝑏𝑟,ℎ  Length of horizontal braces     [m] 
𝐿𝑠𝑡𝑖𝑐𝑘−𝑢𝑝 Length of pile above seabed     [m] 

k   Surface roughness      [m] 
𝑘  Wave number       [1/m] 
𝑘1  Coefficient for flange resistance of connector   [-] 
𝑘𝑓𝑙𝑎𝑛𝑔𝑒  Stiffness of flanges of connector     [N/mm2] 

𝑘𝑠ℎ𝑒𝑙𝑙,𝑓𝑝 Stiffness of the foundation pile      [N/mm2] 

𝑘𝑠ℎ𝑒𝑙𝑙,𝑗𝑙  Stiffness of jacket leg      [N/mm2] 

𝑘𝑝𝑦  Initial modulus of subgrade reaction     [kN/m3] 

𝑚  Exponent in the S-N curve     [-] 
𝑚𝑎  Weight of structural jacket member per meter    [kg] 
𝑚𝑗𝑎𝑐𝑘𝑒𝑡  Ratio between the bays of the jacket    [-] 

𝑀𝑐𝑖𝑟𝑐,𝑐𝑜𝑛 Circumferential bending moment of foundation pile   [kNm] 
𝑀𝐸𝑑,𝑝𝑖𝑙𝑒 Applied bending moment on the pile    [kN] 

𝑀𝐸𝑑,𝑤𝑒𝑑𝑔𝑒 Applied bending moment on wedge    [Nmm]  

𝑀𝑚𝑎𝑥,𝑏𝑙𝑎𝑑𝑒 Maximum allowable moment in elastic connection  [Nmm] 
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𝑀𝑅𝑑,𝑤𝑒𝑑𝑔𝑒 Maximum bending resistance of wedge    [Nmm] 

𝑛  Expected number of cycles during lifetime   [-] 
𝑁  Allowable number of cycles during lifetime   [-] 
𝑁𝑎𝑙𝑖𝑔𝑛  Number of aligners at foundation pile     [-] 

𝑁𝑏  Number of bay       [-] 
𝑁𝑐  Reference number of cycles      [-] 
𝑁𝑟   Design life time expressed as number of cycles   [-] 
𝑁𝑤𝑒𝑑𝑔𝑒𝑠 Number of wedges in the foundation pile   [-] 

𝑝2  Center to center distance between holes   [mm] 
𝑝𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 Maximum pressure delivered from the actuator   [N/mm2] 
𝑝𝑢  Ultimate soil resistance       [kN/m] 
𝑅𝑒  Reynolds number      [-] 
𝑟𝐴,𝑤𝑒𝑑𝑔𝑒 Reduction factor of cross-sectional area of wedge  [-]  

𝑟𝑏𝑢𝑜𝑦  Reduction factor for buoyancy force    [-] 

𝑟𝑖𝑛   Ratio of inner area to area of connector    [-] 
𝑟𝑜𝑢𝑡  Ratio of outer area to area of connector    [-] 
𝑟𝑜𝑢𝑡/𝑖𝑛  Ratio of outer area to inner area of the connector  [-] 

𝑟𝑊,𝑤𝑒𝑑𝑔𝑒 Reduction factor of moment of inertia of wedge   [-] 

𝑅𝑝𝑖𝑙𝑒  Outer radius of the foundation pile    [mm] 

𝑅𝑚𝑖𝑑,𝑝𝑖𝑙𝑒 Radius of the foundation pile at middle of the wall  [mm] 

𝑡𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 Wall thickness actuator      [mm] 
𝑡𝑎𝑛𝑛𝑢𝑙𝑢𝑠 Thickness of the annulus     [mm] 
𝑡𝑐𝑜𝑛𝑛,𝑡𝑜𝑤𝑒𝑟 Equivalent thickness connection jacket to tower 
𝑡𝑗𝑙   Wall thickness of jacket leg     [mm] 

𝑢ℎ,𝑟𝑜𝑡  Horizontal displacement of connection due to tilt of the pile [mm] 

𝑇  Wave period       [s] 
𝑇𝑐𝑜𝑛−𝑗𝑙  Maximum torqueing moment between connector and jacket leg [kNm] 

𝑇𝑐𝑜𝑛−𝑝𝑖𝑙𝑒 Maximum torqueing moment between connector and pile [kNm] 

𝑇𝑡𝑜𝑡𝑎𝑙  Maximum torqueing moment to rotate connector  [kNm] 
𝑢𝑣  Vertical deviation pile edge to middle pile   [mm] 
𝑣  Horizontal velocity of water     [m/s] 
�̇�  Horizontal acceleration of water    [m/s2] 
𝑣𝑐,𝑡𝑖𝑑𝑒  Tidal current velocity      [m/s] 
𝜈𝑤𝑎𝑡𝑒𝑟  Kinematic viscosity of water     [m2/s] 
𝑉𝑒𝑝𝑜𝑥𝑦−𝑟𝑒𝑠𝑖𝑛 Required volume of epoxy resin     [m3] 

𝑉𝑔𝑟𝑜𝑢𝑡  Volume of grout in a stabbing cone    [m3] 

𝑉𝑗𝑎𝑐𝑘𝑒𝑡,𝑏𝑒𝑙,𝑤𝑎𝑡 Volume of jacket under water     [m3] 

𝑉𝑠𝑡𝑒𝑒𝑙,𝑐𝑜𝑛𝑒 Minimum amount of steel of the stabbing cone   [m3] 
𝑊𝑒𝑙   Moment of inertia of wedge     [mm3] 
𝑊𝑓𝑢𝑙𝑙,𝑤𝑒𝑑𝑔𝑒 Moment of inertia of round wedge    [mm3] 

𝑊𝑝𝑖𝑙𝑒  Moment of inertia of pile     [mm3] 

𝑧𝑚𝑎𝑥  Maximum distance from center of wedge   [mm] 
𝑤0  Deviation of foundation pile in horizontal plane   [mm] 
𝛼  Inclination of the wedge     [degree] 
𝛼𝑏  Coefficient for bearing resistance of flange connector  [-] 
𝛼𝑐,𝑡𝑖𝑑𝑒  Coefficient for the current profile    [-]  

𝛽  Angle between the contact surface and center of wedge  [degree] 
γ  Effective soil weight      [kN/m3] 
γ𝑚0  Reduction factor yield strength of steel    [-] 
γ𝑚2  Reduction factor ultimate limit state of steel   [-] 
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∆h𝑙−𝑟  Gap between connector and pile    [mm] 
∆ℎ𝑤𝑒𝑑𝑔𝑒,𝑝𝑖𝑙𝑒 Gap between wedge and hole in pile due to inclination   [mm]  

∆𝑉  Vertical accuracy wedge     [mm] 
∆𝜎𝑐  Reference value of fatigue strength at 𝑁𝑐= 2 million cycles [N/mm2] 
∆𝜎𝑟  Modified fatigue strength for different number of cycles  [N/mm2] 
𝜃𝑗𝑎𝑐𝑘𝑒𝑡  Rotation of jacket leg at connection    [-] 

𝜃𝑙𝑒𝑎𝑑  Lead angle        [degree] 
𝜃𝑜𝑑𝑑  Angle of diagonal braces with horizontal    [-] 
𝜃𝑝𝑖𝑙𝑒  Pile top rotation      [-] 

𝜗𝑗𝑎𝑐𝑘𝑒𝑡   Tilt of the jacket structure     [degree] 

𝜗𝑚𝑎𝑥   Maximum difference between tilt jacket structure and pile [degree] 
𝜗𝑚𝑎𝑥,𝑐𝑜𝑛  Maximum required rotation of the connector    [degree] 
𝜗𝑚𝑎𝑥,𝑗𝑎𝑐𝑘𝑒𝑡  Maximum tilt of the jacket structure    [degree] 

𝜗𝑚𝑎𝑥,𝑝𝑖𝑙𝑒  Maximum tilt of the pile     [degree] 

𝜗𝑠𝑒𝑒𝑘𝑒𝑟   Angle of seeker to the vertical     [degree] 
𝜆  Wave length        [m] 
µ  Friction coefficient of steel to steel    [-] 
µ𝑤𝑎𝑡𝑒𝑟  Dynamic viscosity of water     [m/s2] 
µ𝑗𝑎𝑐𝑘𝑒𝑡  Angle from braces to wave direction    [degree] 

𝜌𝑤𝑎𝑡𝑒𝑟  Density of water      [kg/m3] 
𝜎𝑏𝑒𝑛𝑑,𝑎𝑐𝑡 Bending stress in connector due to actuator   [N/mm2] 
𝜎𝑐,𝑝𝑖𝑙𝑒  Compression stress in the foundation pile   [N/mm2] 

𝜎𝑐,𝑛𝑒𝑡,𝑝𝑖𝑙𝑒 Compression in net section of pile      [N/mm2] 

𝜎𝑐𝑜𝑛,𝑤𝑒𝑑𝑔𝑒 Stress between wedges and connector      [N/mm2] 

𝜎𝑐𝑜𝑛𝑡,𝑝𝑖𝑙𝑒,𝑤𝑒𝑑𝑔𝑒 Contact stress between wedges and pile    [N/mm2] 

𝜎𝑝𝑟𝑒𝑙,𝑐𝑜𝑛 Tensile stress in connector due to preloading   [N/mm2] 

𝜎𝑡,𝑎𝑑𝑑,𝑛𝑒𝑡,𝑝𝑖𝑙𝑒 Tension in foundation pile due to asymmetry    [N/mm2] 

𝜎𝑡,𝑐𝑜𝑛  Tension stress in connector     [N/mm2] 

𝜎𝑡,𝑚𝑎𝑥,𝑝𝑖𝑙𝑒 Maximum tension in foundation pile in net section  [N/mm2] 

𝜎𝑡,𝑛𝑒𝑡,𝑐𝑜𝑛 Tension stress in net section of connector   [N/mm2] 

𝜎𝑡,𝑛𝑒𝑡,𝑝𝑖𝑙𝑒 Tensile stress in net section of foundation pile    [N/mm2] 

𝜎𝑤𝑒𝑑𝑔𝑒,𝑚𝑎𝑥 Maximum tensile stress in the wedge    [N/mm2] 

𝜏𝑎𝑙𝑖𝑔𝑛  Shear stress in aligners      [N/mm2] 

𝜏𝑐𝑜𝑛  Shear stress next to actuator in flange of connector  [N/mm2] 
𝜑′  Friction angle of sand      [degree] 
𝜓  Internal wedge angle       [degree] 
𝜔  Wave frequency      [rad] 
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1. Introduction 

1.1. Tendency in the offshore wind industry 
Since humanity is realizing that fossil fuels are not unlimited available and are harmful to the 

environment there is a tendency to green energy. In the Netherlands the focus is on wind 

energy. This is logical because the area of the Netherlands consist for a considerable part of a 

windy North Sea. Near the coast of the Netherlands a couple of wind farms have been 

developed. And more wind farms will be 

built in the near future (Rijksoverheid, n.d.). 

The current government’s coalition decided 

that 40 percent of the energy in 2030 will be 

from wind turbines in the North Sea 

(Rijksoverheid, 2018). The total energy 

delivery from the North Sea was 8.33 PJ in 

2016 and the total energy usage was 2119 PJ 

(CBS, 2017). So there is still a long way to go. 

However, suitable locations for wind farms in 

shallow or intermediate water depth are 

becoming scarcer. Therefore, there is a 

tendency to construct wind farms in deeper 

water. This gives additional challenges for 

the substructures. Together with the 

increasing size of the wind turbines the 

substructure has to withstand a much bigger 

moment. Because jackets are wider at foundation 

level than monopiles (figure 1) and have lower wave and current loads (Chen, Wong, Lin, Chau, 

& Huang, 2016), they are more suitable as substructure for deeper water and are therefore 

likely to be installed more in the coming years.  

1.2 State of the art of the jacket structure installation process 
A jacket is a partial underwater structure which connects the foundation piles to the wind 

turbine. The jacket has to be connected to the foundation piles offshore and below the water. 

The jacket structure itself is constructed onshore. After finishing the construction of the jacket 

an installation vessel will transport the jacket to the installation site. The jacket is taken from 

the barge, and lowered into the sea. Finally the jacket structure will be connected to the 

foundation piles which were already driven into the seabed. After securing of the connection 

between the jacket structure and the foundation piles the wind turbine can be built on top of 

the jacket.   

1.3 Wedge connection 
A proposed option to connect the jacket to the foundation piles is with the BLUE Wedge 

connection. The BLUE Wedge connection is under development by Fistuca B.V. The BLUE Wedge 

Connection can connect large diameter tubulars, such as a monopile (MP) and a transition piece 

(TP) or different segments of a wind turbine tower. A large number of holes and fasteners are 

evenly distributed around the circumference of the tubulars. For the MP-TP connection the 

Figure 1 - Remittance of force of the jacket (left) and 
the monopile  (right) 
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fastener consists of 2 shells and 2 wedges, which creates a vertically expanding mechanism 

(figure 2). The fastener is moved through over dimensioned holes in the TP and MP. 

Subsequently, the wedges are pulled together with a bolt. The horizontal movement expands 

the shells vertically, which in turn compresses the MP and TP together.  

 

Figure 2 - The wedge connection applied between the monopile (MP) and transition piece (TP) 

The idea is to replace bolted ring flange connection between the segments of wind turbines. The 

bolted connections suffer on fatigue and to prevent a failure, the bolts in the ring flange 

connection have to be checked every year. The wedge connection is expected to be less fatigue 

sensitive because no prying forces will occur. If the BLUE Wedge connection is proven to be 

more fatigue resistant, the wedges do not have to be checked frequently anymore on fatigue 

and will make the wedge connection a good alternative to connect two circular sections. 

1.4 Design goal and research questions 
The goal of this thesis is to develop a concept of the BLUE Wedge connection for offshore wind 

jackets. To reach this goal the following steps are followed. The first step is to determine the 

magnitude of the tolerances and the requirements for a possible wedge connection. The second 

step is to come up with several concepts to implement the wedge connection in offshore jackets 

to overcome the tolerances. This will be the most challenging part of this thesis. By using a 

multi-criteria analysis the most suitable concept is chosen. This concept is further developed. In 

order to come up with the developed concept of a wedge connection for offshore wind jackets 

first the design goal and research questions are set up. 

Following the design goal of the thesis the main question of this thesis which has to be 

answered is: Is there a possibility to connect offshore wind jackets to foundation piles by using a 

wedge connection? 

To come up with an answer to the main question the following research questions will be 

answered in this report. After answering all the research questions there will be enough 

information to give a considered answer to the main question.  

For most of the research questions a chapter is used. But in some cases the research questions 

are too much related to each other to limit the questions to a certain chapter. Some research 
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questions are therefore answered partly in several chapters. The research questions are the 

following:  

1. What is a wedge connection and which issue(s) can be solved by applying a wedge connection 

in a jacket? This question answers what the wedge connection is, where it is applied to and 

what the advantages of the wedge connection are. This question is partly answered in this 

chapter and partly in chapter 2.  

2. Which connection is currently used and what are the disadvantages of that connection? This 

question is closely related to the first question. The wedge connection and the current grouted 

connection have to be investigated both in order to judge if the wedge connection will be a 

good alternative for the stabbing piles. The answer to this question is addressed in chapter 2.  

3. What are the installation tolerances and degrees of freedom? Here the problem of the 

tolerances is addressed and specified how big the tolerances in practice are. The answer to this 

question is discussed in chapter 3.  

4. What are possible solutions to overcome these tolerances with a wedge connection? In this 

chapter several concepts are globally described and a flow chart with all the concepts is given in 

chapter 4. Sketches of all the different concepts can be found in Appendix F. 

5. What is the best solution to overcome this tolerance? Through a multi-criteria analysis the 

best concept is chosen. The multi-criteria analysis is also discussed in chapter 4.The concept 

with the highest score in the multi-criteria analysis is elaborated in research question 6. 

6. How does this solution (question 4) perform in ULS and FLS? The concept which is chosen to 

be the best one in question 5 is dimensioned based on all the critical sections in ULS and FLS. 

The answer to this question is found in chapter 5. 

The results and the assumptions will be discussed and evaluated in chapter 6. In this chapter 

also some recommendations will be given for further research or a possible other way to 

connect the jacket to foundation pile. Finally the conclusions which are drawn from the research 

questions are given in chapter 7.  

1.5 Fistuca  
Fistuca B.V. is a small company located in Delft. It is developing technologies to drive the costs 

of offshore wind foundations down. On one hand Fistuca is developing a BLUE Piling technology 

which makes use of water instead of a traditional hydraulic impact hammer. The goal of the 

BLUE Piling technology is to drive foundation piles quieter, more powerful and to reduce the 

damage during the pile driving. At the same time the company is working on the BLUE Wedge 

connection as a good alternative for bolted connections between monopiles and transition 

pieces of offshore wind turbines. In the future the wedge connection can probably also be 

utilized for the connections between the segments of wind turbine towers.  
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Figure 3 - Schematic overview of the grouted 
connection 

2. State of the art connection compared to wedge connection 
In this chapter the state of the art connection is investigated and compared to the wedge 

connection. The state of the art connection for pile to jacket is the grouted connection. The 

installation procedure is explained in paragraph 2.1. In paragraph 2.2 the drawbacks of the 

grouted connection are numerated. In paragraph 2.3 a short introduction is given to the wedge 

connection. In paragraph 2.4 the advantages of the connection are exposed to justify the 

investigation of this connection while some drawbacks are given in paragraph 2.5. In section 2.6 

the principle of preload for the wedge connection is explained and the load path is discussed as 

well.   

2.1 Installation of the grouted connection 
In the offshore wind industry pre-piling is the common procedure. The procedure of the 

installation of a pre-piled jacket is as follows. The foundation piles are driven into the seabed 

through a piling template till the pile top is between 6 and 8 meters above the seabed. The 

vessel with the driving equipment leaves the installation site. After some weeks to several 

months a large vessel with the jacket structure arrives at the installation site. Before the 

installation of the jacket, the inside of the foundation piles are cleaned with a remote operating 

vehicle (ROV). Now the jacket is lowered from the barge into the water. The jacket legs have a 

cone which fits spaciously into the stick-up of the 

foundation pile. The cones of the jacket legs are 

stabbed into the foundation piles. Subsequently 

the space between the foundation pile and jacket 

leg is filled with grout. The curing of the grout 

takes approximately two days. Therefore a 

hydraulic gripper ring is integrated into the 

foundation pile which prevents motion of the 

jacket legs before the grout is cured (figure 3). 

After curing the tensile and compressive load are 

transferred from the jacket by the grout to the 

foundation pile through shear.  

2.2 Disadvantages of the grouted 

connection 
Although the grouted connection is proven to be 

structural reliable and seems to be a simple 

solution, some aspects of the grouted connection 

makes it expensive. The following aspects drive 

the costs of the grouted connection up: 

 Sealing  of the grout between the stabbing 
cone and the foundation pile 

 Grout which is used to fill the annulus  
 Overlap in steel of the stabbing cone and foundation pile  
 Cleaning of the inner side of the foundation pile  

 Long installation time or hydraulic gripper ring  
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Each of these aspects is discussed in this paragraph. 

2.2.1 Sealing  

To make a closed room for the grout a sealing is applied. The sealing is done by a ring of rubber 

which is fastened to the foundation pile or to the stabbing cone. By stabbing the cone into the 

foundation pile the whole annulus is sealed from the outside (figure 3). During the pumping of 

grout into the annulus the water is replaced and the heavier grout will fill the annulus.  

2.2.2 Grout 

To calculate the amount of the grout which can be saved, the thickness of the annulus has to be 

assumed. According to (DNVGL, 2014) the thickness of the annulus should be larger than the 

inner diameter divided by 45 and larger than the inner diameter divided by 10. For a 2.44 m (96 

inch) diameter pile the thickness of the annulus is between:  

51.9 𝑚𝑚 < 𝑡𝑎𝑛𝑛𝑢𝑙𝑢𝑠 < 233.7 𝑚𝑚 

The width of the annulus is therefore taken to be 150 mm. The room which is filled with grout is 

equal to the thickness of the annulus multiplied by the length times the height of the annulus. 

The length of the shear connection of is 6 meter and the thickness of the annulus is 150 mm. 

The volume of the grout per jacket leg for a 2.44 m (96 inch) diameter pile is: 

𝑉𝑔𝑟𝑜𝑢𝑡 = 𝜋 ∗ 𝐷𝑝𝑖𝑙𝑒,𝑖𝑛 ∗ 𝑡𝑎𝑛𝑛𝑢𝑙𝑢𝑠 ∗ ℎ → 𝑉𝑔𝑟𝑜𝑢𝑡 = π ∗ 2.19 ∗ 0.15 ∗ 6 = 6.2 m3. 

For a three-legged jacket 18.5 m3 of grout can be saved. In this calculation the space next and 

below the cone are disregarded.  

2.2.3 Overlap of steel 

After the jacket leg is stabbed into the foundation pile, the steel from the stick-up of the 

foundation pile and the steel from the stabbing cone of the jacket leg are overlapping. When a 

connection can be made without stabbing cone a lot of steel can be saved. By assuming a 

stabbing cone with a length of 6 meters and a wall thickness of 4 cm (figure 3) for a foundation 

pile with a diameter of 2.44 m (96 inch) the following volume of steel can be saved:  

𝑉𝑠𝑡𝑒𝑒𝑙,𝑐𝑜𝑛𝑒 = π ∗ 1.997 ∗ 0.040 ∗ 6 = 1.51 𝑚3. 

For a whole three-legged jacket structure this is 4.5 m3. Which has a weight of 7850 ∗ 5.27 =

35459 𝑘𝑔. That is 35.4 tons.  

2.2.4 Cleaning of the foundation pile 

To clean the inside of the foundation pile several remote operating 

vehicles (ROV’s) are developed. Most of the ROV’s have a 

combination of dredging and jetting. The ROV’s are relatively small 

and can be transferred by small offshore vessels. The height of the 

ROV is a couple of meters and has to fit into the foundation pile so 

that with water jets the pile can be cleaned from the inside. An 

example of a ROV is shown in figure 4 (Deep C group, n.d).  

 
Figure 4 - A ROV which cleans 
the inside of the pile 
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2.2.5 Pile gripper ring 

The pile gripper ring is integrated into the foundation pile to hydraulically grip the stabbing 

cones (figures 3 and 5). It does this to maintain stability for the subsequent installation 

operations such as grouting. The gripper ring protects the stabbing cone from loading and 

displacements and the grout can cure without being damaged. This tool can be remained 

gripped for extended periods, allowing for construction vessels to leave operations in bad 

weather, while ensuring the jacket is held in position. After curing of the grout, the gripper is 

fixed in the grout and will remain in the foundation pile. So for every jacket leg a hydraulic 

gripper ring is needed which is used only once.  

 

Figure 5 - Pile gripper ring 

 

2.3 Installation of the wedge connection 
Foundation piles with holes near the pile top are driven into the seabed through a piling 

template. The piling stops when the pile top is between 2 and 4 meters above the seabed. After 

removing the piling template an installation vessel with the jacket structure arrives at the 

installation location. The jackets are lowered into the sea till the jacket legs touch the 

foundation piles.  Seekers (figure 22) will guide the jacket legs to the desired position. 

Thereafter the holes in the jacket leg are aligned with the holes in the foundation pile by a 

mechanism (which is determined in this thesis). Since all the holes are aligned, the wedges can 

be pushed by hydraulic actuators (remotely controlled) into the aligned holes. Subsequently the 

wedges are fastened. Now the wedge connection is fixed to the foundation piles and the 

installation vessel leaves the installation site.   

2.4 The advantages of the wedge connection 
The expensive aspects of the grouted connection which are not valid for the wedge connection 

are the following: 

2.4.1 Material use 

The wedge connection is a slender connection. It requires less material as the grouted 

connection. First of all, the steel of the stabbing cone is saved. Secondly (almost) no grout is 

needed for the wedge connection. As a result the material costs can be reduced significantly. 
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2.4.2 Cleaning 

The jacket is connected to the foundation piles a few meters above seabed. The load is 

transferred by wedges in the holes near the top of the foundation pile instead of shear along 

the inside of the pile. So only the pile top of the foundation pile at the location of the wedges 

has to be clean. As a result the inside of the foundation pile has not to be cleaned anymore 

before the installation of the jacket. This intermediate step with a smaller vessel involved can be 

passed over completely.  

2.4.3 Hydraulic gripper ring 

An integrated hydraulic gripper ring into the foundation pile is unnecessary and can be saved for 

all the three jacket legs. In case of a grouted connection where the hydraulic gripper ring is not 

integrated into the jacket leg, installation vessels have to stay offshore to hold the jacket at 

location until the grout is cured. In that case the installation time can be reduced with hours or 

even days by installing the wedge connection. 

2.5 The disadvantages of the wedge connection 

2.5.1. The wedge connection is only applicable to three-legged jacket  

Consider the two following situations: In the first situation four foundation piles for an offshore 

wind jacket are driven into the seabed (top view left in figure 6). Three of the four piles are 

driven exactly into the right position while the fourth pile (most right) is driven 10 centimeters 

too far into the seabed. The jacket can be modelled in this case as a rigid structure. This means 

that in case of a rotation of the jacket structure the bottom plane of the jacket legs get a 

rotation as well. So in this case one of the foundation piles is driven deeper into the seabed, the 

bottom plane of the jacket legs will get a rotation (dashed line in figure 6) but the plain remains 

undistorted. Therefore not all the jacket legs can make contact anymore with the foundation 

piles (most left in figure 6) and the wedges cannot be installed to all the foundation piles.   

In the second situation three piles for an offshore jacket are driven into the seabed (Top view 

right in figure 6). Two of the three foundation piles are driven very accurately away. While the 

third pile (most right) has a deviation of 10 centimeters too far in the sea bed. From the side 

view it is clear the pile tops remain in a flat plane. The plain gets only a rotation. Since the pile 

tops are all touching the same plane, the jacket structure will follow the inclination of this plane 

and all the jacket legs can be installed to the foundation piles.  

The conclusion is that the wedge connection can only be applied to a three-legged jacket, unless 

a mechanism is found which can compensate for the difference in height between pile tips of 

the four legs.  
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Figure 6 - Misalignment for a wedge connection for four-legged jacket 

2.5.2. Challenging installation of the wedge connection and terminology 

To connect the jacket leg with the foundation pile a mechanism is required to align the holes in 

the connection (chapter 3 and 4). This mechanism will exist of an additional member between a 

foundation pile and a jacket leg. This member is called the connector. This thesis is mainly about 

designing the connector. Challenges will be the installation of the connector and the installation 

of the wedges 40 meters below sea-level. Further on in this report the connector can be 

referred to as ‘upper flange’ and the foundation pile as ‘lower flange’. 
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3. Inaccuracies in fabrication and installation 
For the current grouted connection the foundation piles do not need to be installed in exactly 

the right position. The foundation piles are driven within certain margins to make a grouted 

connection possible. In this chapter the margins will be investigated to find the requirements for 

the concepts in the next chapter. In paragraph 3.1 the perfect conditions for installing the 

foundation pile are described. In paragraph 3.2 all the installation tolerances are qualified and 

quantified.  In the paragraphs 3.3 to 3.5 some possible ways to tackle the tolerances are 

discussed. This ways can be implemented upon the concepts in the next chapter. 

3.1. Ideal situation 
In the ideal situation the foundation piles could be installed within a millimeter accurate. In this 

case the holes in the foundation pile would align perfectly with the holes of the jacket leg. In 

that situation no connector had to be designed and the design of the wedge connection for the 

monopile - transition piece could be scaled and be applied to the jacket leg connection.  

3.2 Installation tolerances  
In reality the foundation piles cannot be installed on the millimeter accurate due to soil 

properties, tolerances in the geometry of the foundation pile and in the piling template. Hence 

tolerances are applied to the installation of the foundation piles. The tolerances which are 

determined based on discussions with industry experts handles for 2438.4 mm (96 inch) 

diameter piles for the grouted connection. All the installation tolerances, geometry tolerances 

and pile dimensions are given in tables 1, 2 and 3. 

Pile Installation Tolerances 

  

  

  

  

  

Table 1 - Pile installation tolerances 

Pile geometry tolerances 

  

  

  

  

  
Table 2 - Pile geometry tolerances  
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Pile Dimensions 

  

  

  

  

  

Table 3 - Pile dimensions 

 

3.3 The tolerances applied to the piles 
In figure 12 a jacket structure is shown. Only with the 

jacket legs (red framed boxes) is dealt in this report.  

The axes in this report are defined as in figure 12.  

Some assumptions have to be made in order to apply 

the installation tolerances to the foundation pile. The 

following assumptions are made: 

 The center-to-center distance between the 

jacket legs is 25 meter, which gives the largest 

possible rotation tolerance of the jacket 

structure. 

 The connection which intercepts the 

tolerances is located 2.5 meter above the 

seabed.   

 The pile straightness which is defined as xx 

mm per xxx mm from table 2 is taken as tilt of 

the pile →  tan(xxx mm/xxx mm) = xxx 

degrees. A sketch is shown in figure 13.  

 The out of roundness is compensated by a 

little space between the upper and lower 

flanges and by the tapering of the edges of the 

upper flanges.  

 

 

 

 

 

 

 

Figure 7 - Jacket structure 
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The tolerances can be divided into three components 

(figure 14): 

 Relative displacement between a foundation pile and jacket structure in z-direction  

(vertical tolerance) 

 Relative displacement between a foundation pile and jacket structure in the xy-plane 

(center-to-center tolerance) 

 Tilt of the foundation pile tip: (allowable tilt + pile straightness) 

By substituting the applicable numbers (the green lines from table 1) into these three 

tolerances, the following results for all the tolerances are obtained: 

 Vertical tolerance: ± xxx mm for each of the foundation piles 

 Center-to-center tolerance: ± xxx mm for each of the foundation piles 

 Allowable tilt + pile straightness: ± xxx degrees for the tilt and  ± xxx degrees for the 

pile straightness 

 

In the figures below the installation tolerances are visually applied to the jacket legs. In different 

figures the different tolerances are shown. In figure 15 the maximum translational tolerances 

according to table 1 for each of the foundation piles are visualized.  

  

Figure 10 - Maximum relative displacements of each of the foundation piles to the jacket in mm 

In figure 15 only the translational tolerances were shown. However, the pile rotation causes also 

a horizontal translation of the pile top. The maximum rotation of each of the jacket legs is the 

sum of the allowable tilt and the pile straightness. From tables 1 and 2 and the assumption of 

the pile straightness, the maximum rotation of the foundation pile is 0.56875 degrees. The stick-

up length of each of the foundation piles is 2.5 meter. So the maximum horizontal displacement 

in the xy-plane for each of the foundation pile tops (figure 16) due to the rotation of foundation 

piles is equal to: 

𝑢ℎ,𝑟𝑜𝑡 = tan(0.56875) ∗ 2.5 = 25 𝑚𝑚 

  

Figure 11 - Maximum relative displacements of each of the foundation piles to the jacket due to the 
possible rotation of the vertical inclination of the foundation piles in mm. 

The maximum possible relative displacements between the foundation piles and the jacket legs 

from the three main directions are given in figure 17.   

 

Figure 12 - Maximum relative displacement of each of the foundation piles to the jacket due to the three 
tolerance components in mm 

Figure 9 - Installation tolerances for all the foundation piles Figure 8 - Straightness taken as 
rotation 
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Figure 14 - Vertical displacements within a 
connection due to an inclination between the 
jacket leg and the foundation pile 

Now consider only the displacements in the z-direction. The maximum positive displacement is 

applied to leg 1 and 2. The maximum negative displacement is applied to leg 3. In figure 18 the 

displacements are shown. These displacements cause a rotation of the jacket structure around 

the rotation axis. 

  

Figure 13 - Maximum relative displacement of each of the foundation piles to the jacket which causes the 

largest rotation of the jacket 

The maximum rotation of the jacket structure is equal to: 

𝜗𝑗𝑎𝑐𝑘𝑒𝑡 = tan−1( 0.1/25 ∗
√3

2
) =  0.2646 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 

 

 

Figure 15 - Rotation around the axis indicated in figure 18. 
This axis is parallel to the brace between legs 1 and 2 

 

 

The maximum rotational difference between the jacket leg and the foundation pile is the sum of 

the maximum rotation of the jacket structure and the maximum rotation of the foundation pile.  

The maximum rotational difference between the jacket leg and the foundation pile is:  

𝜗𝑚𝑎𝑥 = 𝜗𝑚𝑎𝑥,𝑝𝑖𝑙𝑒 +  𝜗𝑚𝑎𝑥,𝑗𝑎𝑐𝑘𝑒𝑡  →  𝜗𝑚𝑎𝑥 = 𝑥𝑥𝑥 + 𝑥𝑥𝑥 = 𝑥𝑥𝑥 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 

This results in a misalignment between the holes in the jacket legs and the holes in the 

foundation piles. For a foundation pile diameter of 2.44 meter (96 inch), the maximum 

misalignment between the holes in the foundation pile and the jacket leg is:  

𝑢𝑣 = tan(𝜗𝑚𝑎𝑥) ∗
𝑅𝑝𝑖𝑙𝑒

2
→  𝑢𝑣 = tan(𝑥𝑥𝑥) ∗ 𝑥𝑥𝑥 = 𝑥𝑥𝑥 𝑚𝑚 

The relative displacement between the holes in the foundation pile and the holes in the jacket 

leg is visualized in figure 21. From this figure is clear that the maximum relative displacement is 

linear to the diameter of the jacket leg. For an outer diameter of 2.44 m (96 inch) the maximum 

relative displacement is xxx mm. A solution is needed to overcome all these tolerances. The 

concepts in the next chapter have to overcome all these tolerances.  

3.3 Deflection of the foundation pile  

3.3.1 Deflection of the pile during installation 

An option to get rid of the horizontal translational tolerances is to bend the foundation pile by 

the self-weight of the jacket during the installation of the jacket. At the bottom of the jacket 

legs seekers are attached. A seeker is assumed to have an angle of 10 degrees with the vertical 

Figure 16 - Vertical displacement along a 
horizontal line of a jacket leg 
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Figure 17 - Jacket leg with seeker 

 

(figure 22). By lowering the seekers into the foundation 

piles large spatial forces are developing (figure 25). These 

forces have to be large enough to bend the foundation 

piles in the desired position.  

The maximum horizontal tolerance for a 2.4384 m (96 

inch) diameter pile with 2.5 meter stick-up length is 75 

mm according to paragraph 3.2. So in the worst case 

scenario the top of the foundation pile has to be deflected 

75 millimeter. The required force to bend the foundation 

pile back to the desired position can be calculated. This 

will be done in two ways. The first way is by using is a 

clamped pile which has a length of at 4.5 to 6 times the 

pile diameter plus the stick-up length (figure 23). With the bending beam equations in appendix 

C the required force can be determined. The second case is by using a FEM-model in which the 

soil is represented by horizontal springs with different stiffness’s.   

3.3.2 Hand calculation 

A larger pile diameter gives a smaller length in the bending 

beam equations model (J.S. Hoving, 2017b). The clamping length 

for jacket piles from the oil and gas industry is 6 ∗ 𝐷𝑝𝑖𝑙𝑒 +

𝐿𝑠𝑡𝑖𝑐𝑘−𝑢𝑝. The foundation piles for offshore wind jackets have a 

larger diameter than the piles for the oil and gas industry and 

are therefore clamped less far below the seabed. The clamping 

length for large jacket piles is assumed to be 4.5 ∗ 𝐷𝑝𝑖𝑙𝑒 +

𝐿𝑠𝑡𝑖𝑐𝑘−𝑢𝑝.  The horizontal load to bend the foundation pile is 

assumed to be within the required load to bend a foundation 

pile for  6 ∗ 𝐷𝑝𝑖𝑙𝑒 + 𝐿𝑠𝑡𝑖𝑐𝑘−𝑢𝑝 and 4.5 ∗ 𝐷𝑝𝑖𝑙𝑒 + 𝐿𝑠𝑡𝑖𝑐𝑘−𝑢𝑝.   This 

gives a range for the load 𝐹ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙. The results of the FEM-

model with the p-y curves are expected to be in the range of 

𝐹ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙. The force which is required to bend the foundation 

pile is calculated from bending beam equation 2 in appendix C.  The results from the hand 

calculations are displayed in table 4.  

3.3.3 FEM-Model 

By determining the horizontal displacement, the model as shown in figure 23 is used. The 

foundation pile is driven up to 40 meters into the seabed. The stick-up length is 2.5 meters. The 

soil is modeled as linear distributed springs. The distance between each of the springs is 2 

meters and each spring represents the stiffness of a 2 meter layer of ground. The lowest springs 

do not contribute to the deflection of the foundation pile at the top due to the length of the pile 

and the stiffness of the higher springs. The bottom of the foundation pile is connected with a 

vertical spring. This spring does not have any contribution to the horizontal deflection of the 

foundation pile, but is just modelled to prevent any vertical movement of the foundation pile. 

Figure 18 - Model hand 
calculation for jacket piles 
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Figure 19 - Model of the foundation pile in the seabed 

P-y curves 

Soil is a very inhomogeneous material with complicated properties. The young’s modulus of soil 

is non-linear. To approach the stiffness of the soil a non-linear spring model is used. The 

stiffness of every spring is determined by the density of the soil and the depth. The deeper the 

spring is in the ground, the higher the young’s modulus, the smaller the elastic strain and the 

higher the resistance. These properties are represented by so-called p-y curves.  Thus every 

spring has its own p-y curve.  The lateral soil resistance-deflection (p-y curve) relationship for 

piles in sand is defined in a study by O’Neill and Murchinson (DFI, 2013) as follows: 

𝑃 = 𝐴 ∗ 𝑝𝑢 ∗ tanh [
𝑘𝑝𝑦 ∗ 𝐻

𝐴 ∗ 𝑝𝑢
∗ 𝛾] 

With: 

 𝑝𝑢 = min ((𝐶1 ∗ 𝐻 + 𝐶2 ∗ 𝐷𝑝𝑖𝑙𝑒) ∗ 𝛾 ∗ 𝐻; 𝐶3 ∗ 𝐷𝑝𝑖𝑙𝑒 ∗ 𝛾 ∗ 𝐻) 

Where: 

𝐴 = max (3.0 −  0.8 ∗
𝐻

𝐷
, 0.9) 

𝑝𝑢 = 𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (
𝑘𝑁

𝑚
) 
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γ = 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑠𝑜𝑖𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (
𝑘𝑁

𝑚3
) 

H = 𝑑𝑒𝑝ℎ𝑡 (𝑚)  
φ′ = 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑎𝑛𝑑, (𝑑𝑒𝑔)  
D𝑝𝑖𝑙𝑒 = 𝑝𝑖𝑙𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑚) 

 
The coefficients 𝐶1, 𝐶2 and 𝐶3 are determined from figure 65 in Appendix A. All the coefficients 

are dependent on the friction angle of the ground. The friction angle is dependent on the type 

of soil. The soil is assumed to be medium dense sand. As a result a friction angle of 32.5˚ is 

chosen (figure 65 in Appendix A). As a result the values for the coefficients 𝐶1, 𝐶2 and 𝐶3 and for 

𝑘𝑝𝑦 are obtained. Now all the values for the p-y curves are determined. By substituting these 

values into the FEM-model, the required force to bend the foundation pile 75 millimeter is 

obtained. The results from the FEM-model are shown in table 4. 

Pile diameter Force needed to bend 
the foundation pile 75 
mm in MN 
(hand calculation) 

Force needed to bend 
the foundation pile 75 
mm in MN (FEM) 

1828.8 mm (72 inch) 2.17 - 4.29 3.4 

2133.6 mm (84 inch) 2.38 - 4.81 3.9 

2438.4 mm (96 inch) 2.55 - 5.25 4.8 
Table 4 - Horizontal force which is needed to deflect the foundation pile 75 mm 

From table 4 can be concluded that the result of the calculation of the FEM-model is in the 

range of the forces from the hand calculations. So the values from the FEM-model are reliable 

and are used in the next paragraph. 

3.3.4 Bending of the pile 

The bending of the pile is illustrated in figure 25. The vertical force is the self-weight minus the 

buoyancy of the jacket. A large spatial force is developing when the seeker touches the 

foundation pile due to the fact that the reaction force 

between the seeker and the pile is perpendicular to the 

surface of the seeker (figure 25).  

To determine if the foundation pile can be bent 75 mm 

by the self-weight of the jacket during installation, the 

self-weight of the jacket and the buoyancy force acting 

on the jacket have to be determined. The self-weight of 

the jacket is 8.5 MN (Appendix B). The buoyancy of the 

jacket is equal to 4.0 MN (Appendix B). So the maximum 

net force downwards to the jacket legs is 4.5 MN. This is 

1.4 MN per leg and with an angle of the seeker of 10 

degrees with the vertical the maximum horizontal force 

is:  

𝐹𝑠𝑝𝑎𝑡𝑖𝑎𝑙 =
𝐹𝑛𝑒𝑡,𝑠𝑒𝑙𝑓𝑤

sin (𝜗𝑠𝑒𝑒𝑘𝑒𝑟)
=  

1.50

sin (10)
= 8.6 𝑀𝑁 

Figure 20 - Bending of the foundation pile by 
jacket leg 
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Figure 22 - Pile top rotation and the subsequently deviation in the 
center-to-center distance 

 

The horizontal force from the self-weight of the jacket is larger than the required force to bend 

the pile. So, the foundation pile top can be bent 75 mm with the self-weight of the jacket.  

3.4 Deviation of the foundation pile in the horizontal plane 
In figure 26 the cross-sectional view of the foundation pile and the connector is shown at the 

location of the holes in the foundation pile and in the connector. In figure 26 (left) the 

foundation pile is installed very accurately. As a result there is a perfect alignment between all 

the holes in the connector and the foundation pile. In figure 26 (right) the foundation pile has a 

deviation of 50 mm to the right. In that case the holes at location 1 and 3 do align. But the holes 

2 and 4 are not aligned anymore. In this case not all the wedges can be installed. So the 

deviation of the pile top cannot be intercepted by the space between the connector and the 

foundation pile. This will create a misalignment between the holes in the connector and the 

holes in the foundation pile which are located perpendicular to the deviation of the foundation 

pile. Almost no space between the flanges of the connector and foundation pile is therefore 

allowed and in case of a deviation of the foundation pile, the pile has to be bent to fit in the 

connector.  

 

 

Figure 21 - Top view of a foundation pile installed at very accurately (left) and a foundation pile with a 
deviation of 50 mm to the right (right) 

3.5 Rotation angle and deflection by bending the foundation pile  
In this paragraph is 

investigated if it is possible 

that by bending foundation 

piles to the correct position 

in the xy-plane, as described 

in paragraph 3.3, the 

rotation of the pile top and 

the rotation of the jacket leg 

are the same.  
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To investigate this question the following situation is considered. Two foundation piles are 

assumed to have a deviation of 50 mm (figure 27) relative to the jacket legs. By forcing the 

foundation piles with the jacket legs into the right position as discussed in paragraph 3.4, the 

foundation piles and the jacket legs will deflect.  

The requirement to connect the jacket legs with the foundation piles is that the rotation at the 

bottom of the jacket legs has to be equal to the rotation of the pile tops. While in the xy-plane 

(figure 12) the jacket legs and the foundation piles have the same location, so that the 

foundation pile fits into the connector.  

 

Figure 23 - Model to calculate the deflection and pile tip rotation of the foundation piles 

The modelling of the jacket leg is done as shown in figure 28. The lengths of the foundation pile 

and jacket leg are determined. The pile has an outer diameter of 2438.4 mm (96 inch) and a wall 

thickness of 50.8 mm (2 inch). For the jacket leg the diameter is assumed to be 2.0 meters with 

a wall thickness of 40.0 mm. The stick-up length to the connection is 2.5 meter and the length 

from the connection to the lowest horizontal brace is 2 meters. At this location the jacket leg is 

fixed in this model.  

With the help of the bending beam equation 2 in appendix C the following equations have to be 

solved: 

                                                                  𝑤1 + 𝑤2 =  
𝐹1𝑙1

3

3𝐸𝐼1
+

𝐹2𝑙2
3

3𝐸𝐼2
 =  𝑤0                                                     

                                                                   𝜃1 =  
𝐹1𝑙1

2

2𝐸𝐼1
=  𝜃2 =

𝐹2𝑙2
2

2𝐸𝐼2
                                                                 

In which:  

𝑙1 = 𝐿𝑗𝑎𝑐𝑘𝑒𝑡 = 2 𝑚𝑒𝑡𝑒𝑟,  𝑙2 = 6𝐷𝑝𝑖𝑙𝑒 + 𝐿𝑠𝑡𝑖𝑐𝑘−𝑢𝑝 = 17.13 𝑚𝑒𝑡𝑒𝑟 

𝐹1 = 𝐹2 = 𝐹𝑠𝑝𝑎𝑡𝑖𝑎𝑙 , 𝐼1 = 𝐼𝑝𝑖𝑙𝑒 and 𝐼2 = 𝐼𝑙𝑒𝑔 

𝜃1 = 𝜃𝑝𝑖𝑙𝑒 , 𝜃2 = 𝜃𝑗𝑎𝑐𝑘𝑒𝑡 

 
By substituting the values in equation 𝑤1 +  𝑤2 = 𝑤0, with 𝑤0 = 50 𝑚𝑚 and with the 

knowledge that 𝐹1 =  𝐹2 according to Newton’s third law, the forces 𝐹1 and 𝐹2 are equal to 1.75 
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MN. By substituting this force in the second equation, the values for  𝜃1 and 𝜃2 are respectively 

0.00436 and 0.000136. These two rotations are not equal and the holes in the jacket leg and the 

holes in the foundation pile do not align by bending the foundation pile with the jacket leg. 

So these formulas cannot be satisfied both for all the possible stiffness’s and lengths of both 

beams in the beam model. This leads to the conclusion that for most diameters and wall 

thicknesses the foundation pile and the jacket leg have a different rotation angle at the 

connection. Thus by bending the foundation pile into the right position, a mechanism has to be 

applied to overcome the difference in rotation between the jacket leg and the foundation pile. 
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4. Concepts and concept comparison 
A whole Scala of possible solutions to overcome the tolerances have been considered. In 

paragraph 4.1 a flow chart with all the different concepts is shown. A multi-criteria analysis is 

applied in paragraph 4.2 and 4.3 to the most applicable concepts from the flow chart. The 

conclusion is drawn in paragraph 4.4 and the concept with the highest score from the multi-

criteria analysis is elaborated further in the next chapter.  

4.1 The concepts of the wedge connection 
In order to show the development of the different concepts a flow chart of the process is 

composed. From top to bottom and from the left to the right the numbers of each of the 

concepts increases. The increase of the numbers does not show an exact chronological order, 

but in headlines this is the case.  From all of the concepts a drawing of a cross-section in the 

middle of the pile is added in appendix F.  The way to overcome the tolerances for all this 

connections is described in Appendix F as well. 

4.2 Multi-criteria analysis 

To apply a multi-criteria analysis all the concepts in the flow chart are divided into four groups 

(black framed boxes in figure 29). For each of the groups the most feasible concept is chosen, 

analyzed in the multi-criteria analysis and compared to the current connection. The four 

connections which are compared to each other and to the current connection are the concepts 

xxx, xxx, xxx and xxx. To understand the motivation for the scores in the multi-criteria analysis, a 

short description of the concepts is given here.  

The concepts are rated on six category classes. The concepts can earn 1 to 5 points at all the 

different categories. The score appointed to a concept for all categories is subjective, because 

they are given with limited knowledge. The more a concept suffices the criteria, the higher the 

score on a concept. The scores of the 6 criteria are added together. So the maximum possible 

score for each of the concepts is 30 points. The concept with the highest total score suffices the 

best the categories on which the concepts are graded. And this concept is therefore selected as 

concept which is elaborated in this report. The six categories are explained below. 

1. Grout used 
The use of grout is a solution that works. However, due to sealing and cleaning of the piles, 

grout has a negative image in the industry and solutions without the use of grout are preferred.  

2. Technical feasibility 
The concept should be technical feasible. Some concepts are based upon a new technology, for 

most of the concepts it is not completely clear how technical feasible they are.  

3. Economical material use 
In the current connection a lot of grout and steel is used. The idea of the new connection is to 

reduce the amount of material. Especially the use of grout and steel can be reduced and a lot of 

material costs can be saved.  

4. Short installation time 
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The installation time is an important aspect. A long installation time means a long time offshore 

for the installation vessels. Installation vessels with the personal offshore are expensive. 

Therefore the hours offshore for the installation vessels should be limited as much as possible. 

5. Simple solution 
A simple solution means that the solution is easy to understand and implement. Also, that no 

complicated mechanisms are introduced to transfer the force and the concept is 

straightforward and clear to explain. 

6. Risk-free solution 
By applying a new solution there will always be an opportunity on unforeseen negative issues. 

To reduce the risk, extra tests and measures have to be taken to increase the certainty that the 

connection works. This will increase the costs of the solution.  

4.3 Concepts comparison 
In this paragraph the scores for all the concepts and the current connection are determined. The 

motivation for each of the scores is given. At the end of the paragraph the scores are shown in a 

table and visualized in a graph. The motivation for the scores of the concepts is as follows.  

1. Grout used 
2. Technical feasibility 
3. Economical material use 
4. Short installation time 
5. Simple solution 
6. Risk-free solution 
 
1. Grout used 
2. Technical feasibility 
3. Economical material use 
4. Short installation time 
5. Simple solution 
6. Risk-free solution 
 
1. Grout used 
2. Technical feasibility 
3. Economical material use 
4. Short installation time 
5. Simple solution 
6. Risk-free solution 
 
1. Grout used 
2. Technical feasibility 
3. Economical material use 
4. Short installation time 
5. Simple solution 
6. Risk-free solution 
 
1. Grout used 
2. Technical feasibility 
3. Economical material use 
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4. Short installation time 
5. Simple solution 
6. Risk-free solution 
 

Final scores for the concepts 

The final score for all the different concepts and the current connection are given in table 5. 

 
Table 5 - Multi-criteria analysis data for all the concepts 

To make the scores more visual the results of the multi-criteria analysis are given in figure 30.  

 

Figure 24 - The scores of the multi-criteria analysis given in a column graph 

4.4 Conclusion of the concept comparison 
The screw thread connection gets the highest score and is therefore further analyzed in this 

thesis. The total scores from all the concepts are relatively close. This indicates that no perfect 

solution is found and all the concepts including the screw thread connection have drawbacks. 

The concepts have all a slightly higher score than the current solution. The grouted connection 
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has the advantage that it is currently operative. It has already been proven to be a functioning 

connection while the other solutions still have to be developed. However, the screw thread 

connection makes the biggest opportunity to be competitive to the grouted connection and 

replace this connection based on the results of the multi-criteria analysis. 
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5. Structural design of the wedge connection 
In this chapter the screw thread connection is checked for the ultimate limit state and fatigue 

limit state. In paragraph 5.1 the screw thread connection is described in more detail. In 

paragraph 5.2 the influence of the pile inclination on the screw thread connection is described. 

The stresses in the foundation pile are determined in paragraph 5.3. In paragraph 5.4 new 

installation tolerances are introduced. In the paragraphs 5.5 to 5.7 the ultimate limit state of the 

screw thread connection is checked. In the paragraphs 5.8 and 5.9 is determined if the screw 

thread connection fulfills the fatigue limit state. In the last paragraph is determined if the screw 

thread connection can be made without an epoxy resin. 

5.1 Description of the screw thread connection 
 

Figure 25 - Foundation piles are driven into the seabed 

 

Figure 26 - Difference between heights of the pile tops is measured 

 

Figure 27 - Connector is screwed to the correct height 

 

Figure 28 - The foundation pile and connector are aligned by the seeker 

 

Figure 29 - Alignment of the holes in the foundation pile and connector 

 

Figure 30 - Installation of the wedges 

 

Figure 31 - Filling of space between connector and actuator with epoxy resin 

 

5.2 Influence of inclination of the foundation pile on the screw thread 

connection  
In this paragraph a more detailed description is given about the screw thread connection in case 

of an inclination of the foundation pile.  

5.2.1 Larger wedges due to pile inclination 

If the foundation pile is not aligned with the jacket leg, there will appear a gap between the 

connector and the foundation pile. As shown in figure 39 the holes in the foundation pile are 

lower than the holes in the connector at the location of the gap. The wedges can be only pushed 

into these gaps due to the wedge inclination. Without the wedge inclination it is not possible to 

push the wedges into these holes (figure 39 right). In the current situation this results in wedges 
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Figure 32 - Not all the wedges can be pushed to the end (right) 
due to the tilt of the foundation pile 

 

which stick out at the inside of the 

foundation pile when the holes in the 

foundation pile and in the connector are perfectly aligned (figure 39 left). When the holes are 

not aligned vertically the wedges will stick out at the outside of the foundation pile (figure 39 

right). To limit the stick-out length of the wedge, the wedge angle was determined to be 10 

degrees. Further is the wedge 60 millimeter longer than it should be in a situation without tilt of 

the foundation pile. 

5.2.2 Initial line load in wedge 

The connector is always aligned with the jacket leg. The wedges are aligned with the connector. 

Therefore the wedges are also aligned with the jacket leg. This means that the orientation of the 

wedges is always horizontal. In case the foundation pile has a tilt of 0.25 degrees, the holes in 

the foundation piles have an orientation of 0.25 degrees. This is resulting in a small 

misalignment between the inclined contact surface between the wedge and the foundation pile. 

The maximum gap caused by the misalignment between the holes in the foundation pile and 

the wedges is equal to: 

∆ℎ𝑤𝑒𝑑𝑔𝑒,𝑝𝑖𝑙𝑒 = tan(𝜗𝑝𝑖𝑙𝑒) ∗ 𝑡𝑝𝑖𝑙𝑒  → ∆ℎ𝑤𝑒𝑑𝑔𝑒,𝑝𝑖𝑙𝑒 =  tan(0.25°) ∗ 50.8 𝑚𝑚 = 0.22 𝑚𝑚 

This is very small. However, if the contact surface of the wedge and the contact surface of the 

foundation pile are not correctly aligned, a line load will occur. The contact stress between the 

wedge and the foundation pile are already near the yield strength of the steel during the 

maximum tensile load (section 5.7.9). This load cannot be transferred by a line load. The line 

area is a fraction of the total surface area. The contact stresses will therefore be much larger 

than the yield strength. By local yielding the high contact stresses are divided over a larger area 

and finally over (almost) the whole contact area.  

5.3 Design loads for ULS and FLS 
For the ultimate limit state of the screw thread connection four possible load cases are given 

based on a typical North Sea offshore wind jacket design by a contractor from the offshore wind 

industry. In each of the load cases another load condition is dominant. The possible load cases 

are shown in table 6.  

Load condition Axial Force 
(kN) 

Shear Force (kN) Bending Moment 
(kNm) 

    

    

    

    

Table 6 - The four design load cases for the wedge connection in a jacket leg 

The screw thread connection is a moment resistant connection. This is the reason that not only 

tension and compression forces play a role in the load cases but also the bending moment. The 
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normal stress from the bending moment has to be added to the axial tension or compression. A 

stress calculation is done for the 2438.4 mm (96 inch) diameter pile with a wall thickness of 50.8 

mm (2 inches). This calculation is elaborated below.  

First of all some properties of the cross section of the foundation pile are calculated. The area, 

moment of inertia and second moment of inertia from the foundation pile are calculated here: 

𝐴𝑝𝑖𝑙𝑒 = 𝜋 ∗ 𝐷𝑝𝑖𝑙𝑒 ∗ 𝑑𝑝𝑖𝑙𝑒 → 𝐴𝑝𝑖𝑙𝑒 = 𝜋 ∗ 2387.6 ∗ 50.8 = 3.81 ∗ 105 𝑚𝑚2 

𝐼𝑝𝑖𝑙𝑒 = 𝜋 ∗ 𝐷𝑝𝑖𝑙𝑒
3 ∗ 𝑑𝑝𝑖𝑙𝑒 → 𝐼𝑝𝑖𝑙𝑒 =  𝜋 ∗ 2387.63 ∗ 50.8 = 2.72 ∗ 1011 𝑚𝑚4  

𝑊𝑝𝑖𝑙𝑒 =
𝐼𝑝𝑖𝑙𝑒

𝐷𝑝𝑖𝑙𝑒/2
 →  𝑊𝑝𝑖𝑙𝑒 =  

2.72 ∗ 1011

2438.4/2
= 2.22 ∗ 108  𝑚𝑚3 

The maximum bending and compression stresses are given by: 

𝜎𝑐,𝑝𝑖𝑙𝑒 =
𝐹𝑎𝑥𝑖𝑎𝑙

𝐴𝑝𝑖𝑙𝑒
+

𝑀𝐸𝑑,𝑝𝑖𝑙𝑒

𝑊𝑝𝑖𝑙𝑒
 → 𝜎𝑐,𝑝𝑖𝑙𝑒 = −

30.6 ∗ 106

3.81 ∗ 105
−

6445 ∗ 106

2.22 ∗ 108
=  −109.3 𝑀𝑃𝑎 

For other diameters the stress follows from the same calculation. The stresses will be higher in 

smaller pile diameters due a smaller area and a much smaller moment of inertia. The piles 

which are applied in the offshore wind industry are generally measured in inches. Standard 

dimensions for diameters of offshore jacket foundation piles are 1.83, 2.14 and 2.44 meter (72, 

84 and 96 inches). The results of the maximum tensile and compressive stress for each of these 

foundation pile diameters with a wall thickness of 50.8 millimeter are given in table 7.  

Outer diameter pile Compressive stress 
(N/mm2) 

Tension stress (N/mm2) 

1828.8 mm (72 inches)   

2133.6 mm (84 inches)   

2438.4 mm (96 inches)   
Table 7 - The maximum axial stress in tension/compression for the different diameters of the foundation 

pile 

 

Fatigue design loads 

The fatigue design load cases are not supplied from a contractor from the offshore wind 

industry. Therefore the damage equivalent load is roughly estimated from the fatigue loads in 

the monopile - transition piece connection. The damage equivalent load for the wedge 

connection in the jacket structure is assumed to be one fifth of the ULS-load for xxx million 

cycles with a lifetime of the jacket structure of 25 years. 
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5.4 Reduction of tolerances 
The accuracy tolerances for the installation of the piles are too large to make the screw thread 

connection successful. Therefore the installation tolerances are reduced. The ‘new’ tolerances 

and other properties of the foundation pile for the screw thread connection are given in table 8. 

In addition to the reduced tolerances the diameter of the foundation pile is also decreased in 

order to reduce the gap between the jacket leg (connector) and the foundation pile (figure 40). 

Table 8 - Properties and tolerances of the foundation pile in the current and new situation 

The rotational tolerance of the foundation pile creates a gap between the foundation pile and 

the jacket leg. The maximum thickness of this gap is 

the same as the maximum vertical difference in 

vertical position of the holes in the foundation pile 

because all the holes are located at an equal distance 

from the pile top. The maximum difference in height 

of the holes between the left and right side of the 

foundation pile is: 

∆h𝑙−𝑟 = tan(𝜗𝑝𝑖𝑙𝑒) ∗ 𝐷𝑝𝑖𝑙𝑒 → ∆h𝑙−𝑟 = tan(𝑥𝑥) ∗ 25.4

∗ 𝑥𝑥𝑥 = 𝑥𝑥𝑥 𝑚𝑚 

The 10 mm difference between the left and the right 

side of the holes in the foundation pile is an 

enormous reduction compared to the 36 mm in the 

initial situation.   

 

 

 

5.5 Screw thread 
Screw thread is a mechanism to get a vertical movement by the rotation of a member. Screw 

thread is used as a connection between two parts or for a displacement. Different types of 

screw threads are available and they have different functions. One of the most known 

applications of screw thread is the bolt and nut. The screw thread of the bolt is called external 

screw thread and the thread of the nut is called internal screw thread.  Different types of 

external screw threads are summarized here: 

 New situation Initial  case 

   

   

   

   

   

Figure 33 - Height difference between jacket leg and 
foundation pile 
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Metric screw thread: Metric screw thread is used in bolts and 

nuts. The threads have to withstand large forces and are 

designed in bolts to deform plastically in order to transfer the 

force from the bolt by multiple threads to the nut. The metric 

screw thread is available up to diameters of 1000 mm for other 

applications (Engineers Edge, 2000).  

Trapezoidal screw thread: Trapezoidal screw thread has a thread 

angle of 30 degrees. The thread is generally used for the 

displacement of a material and not used in connections to 

transfer large forces.  

Square thread: Square thread can be used when low friction is 

required. The square thread has the lowest friction. The thread 

is however difficult to manufacture and therefore not applicable 

with very strict tolerances. For the jacket leg connection, it will 

be already challenging to make any screw thread with strict 

tolerances. So this thread is not well suited.  

Round thread: The round thread has a high resistance and is 

therefore not appropriate for this connection.  

Buttress thread: This thread is applied when high forces are acting 

in one direction, so in tension or in compression. The contact 

surface which takes the force is horizontal and because the other side of the thread is inclined, 

the thread has a high resistance against bending. In the jacket leg connection the direction of 

the force changes due to a varying direction of the wind. Therefore, this screw thread is not 

suitable for the jacket leg connection. 

5.6 Epoxy resin for void between the connector and the pile 
 

 Pure resin Reinforced-resin 

   

   

   
Table 9 - Properties of reinforced- and unreinforced resin 

  

 

5.7 Other structural components 
In this paragraph the several sections in the ultimate limit state are checked.  

 

Figure 34 - Different screw thread 
profiles 

Figure 35 - Locations of the epoxy resin 
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Figure 36 - Cross-section 
of the wedge at the 
location of the maximum 
bending moment 

 

Figure 37 - Bending moment in a 
dowel according to figure 3.11 from 
Eurocode 1993-1-8 

 

5.7.1 Wedges 

The assumption is made that the wedge connection can be 

modeled as a pinned connection. According to Eurocode 1993-

1-8 the wedges have to be checked on shear and bending 

moment in combination and separately. In the Eurocode the 

dowel is a round cylinder while the 

wedge in this thesis is not perfectly 

round. The red area in figure 47 can 

be subtracted from the full circle to 

get the shape of the wedge in the 

required cross-section. Compared to 

the Eurocode calculation a reduction 

for the shear area is needed, a 

reduction for the bending 

resistance has to be applied as 

well.  

 The shear area of the wedge is 0.81 (Appendix E) times the 

area of the full circle. This gives a reduction factor of 0.81. The 

bending resistance in the middle of the wedge is 0.715 

(Appendix E) times the bending resistance of a circular cross-

section. 

So the area of the cross-section of the wedge is given by: 

𝐴𝑤𝑒𝑑𝑔𝑒 = 0.81 ∗
1

4
∗ 𝜋 ∗ 𝐷𝑤𝑒𝑑𝑔𝑒

2 =  0.81 ∗
1

4
∗ 𝜋 ∗ 1002

= 6.39 ∗ 103 𝑚𝑚2 

The maximum shear resistance is: 

𝐹𝑣,𝑅𝑑 = 0.6 ∗ 𝐴𝑤𝑒𝑑𝑔𝑒 ∗
𝑓𝑢

𝛾𝑚2
→  𝐹𝑣,𝑅𝑑 = 0.6 ∗ 6.39 ∗ 103 ∗

550

1.25
= 1.7 𝑀𝑁  

For one wedge with two shear planes this results in a shear resistance of 2*1.70 = 3.40 MN. The 

shear resistance of the whole screw thread connection is 81.0 MN. 

The maximum bending moment in one wedge is equal to: 

𝑀𝐸𝑑,𝑤𝑒𝑑𝑔𝑒 =  
𝐹𝐸𝑑,𝑡𝑒𝑛𝑠𝑖𝑜𝑛

8
∗  (𝑏 + 4 ∗ 𝑐 + 2 ∗ 𝑎) → 𝑀𝐸𝑑,𝑤𝑒𝑑𝑔𝑒

=  
1.22 ∗ 105

8
∗ (50.8 + 4 ∗ 4.6 + 2 ∗ 30) = 19.7 𝑘𝑁𝑚 

The bending resistance of the wedge with a reduction factor of 0.715 is: 

𝑊𝑒𝑙 =  
𝜋 ∗ 𝑑3

32
 →  𝑊𝑒𝑙 = 0.715 ∗

𝜋 ∗ 1003

32
= 7.016 ∗ 104 𝑚𝑚3 



45 
 

The maximum allowable bending moment in the wedge at the middle of the foundation pile is: 

𝑀𝑅𝑑,𝑤𝑒𝑑𝑔𝑒 = 1.5 ∗ 𝑊𝑒𝑙 ∗
𝑓𝑦

𝛾𝑚0
→  𝑀𝑅𝑑,𝑤𝑒𝑑𝑔𝑒 = 1.5 ∗ 7.016 ∗ 104 ∗

460

1.0
= 48.4 𝑘𝑁𝑚 

The maximum stress in the wedges due to bending is equal to:  

𝜎𝑤𝑒𝑑𝑔𝑒,𝑚𝑎𝑥 =
𝑀𝐸𝑑,𝑤𝑒𝑑𝑔𝑒

𝑊𝑒𝑙
→  𝜎𝑤𝑒𝑑𝑔𝑒,𝑚𝑎𝑥 =

19.7 ∗ 106

7.016 ∗ 104
= 280.7 𝑀𝑃𝑎  

The unity check are for bending is: 

𝑢. 𝑐.𝑏𝑒𝑛𝑑𝑖𝑛𝑔 =
𝑀𝐸𝑑,𝑤𝑒𝑑𝑔𝑒

𝑀𝑅𝑑,𝑤𝑒𝑑𝑔𝑒
→ 𝑢. 𝑐.𝑏𝑒𝑛𝑑𝑖𝑛𝑔 =

19.7

48.4
= 0.41 

The unity check for shear is: 

𝑢. 𝑐.𝑠ℎ𝑒𝑎𝑟 =
𝐹𝑣,𝐸𝑑

𝐹𝑣,𝑅𝑑
→

29.3 ∗ 106

81.0 ∗ 106
= 0.36 

The unity check for the combined shear and bending resistance of the wedge is given by the 

following formula: 

[
𝑀𝐸𝑑,𝑤𝑒𝑑𝑔𝑒

𝑀𝑅𝑑,𝑤𝑒𝑑𝑔𝑒
]

2

+ [
𝐹𝑣,𝐸𝑑

𝐹𝑣,𝑅𝑑
]

2

≤ 1.0 →  [
19.7

48.4
]

2

+ [
27.6

60
]

2

=  0.50 ≤ 1.0 

All the unity checks are lower than 1.0, the wedges will resist the maximum tensile load. 

5.7.2 Difference in force on outer flange and inner flange 

The force applied at the wedge connection can be assumed to be distributed equally over the 

area of the wedge connection. The cross-sectional area of the inner flange is smaller than the 

cross-sectional area of the outer flange of the connector. As a result more force is taken by the 

outer flange than by the inner flange of the connector. The cross-sectional areas of the inner 

and outer flange of the connector are respectively: 

𝐴𝑖𝑛,𝑓𝑙 =  
1

4
∗ 𝜋 ∗ (𝐷𝑖𝑛,𝑐𝑜𝑛 + 2 ∗ 𝑑𝑓𝑙,𝑐𝑜𝑛)

2
−  

1

4
∗ 𝜋 ∗ 𝐷𝑖𝑛,𝑐𝑜𝑛

2 = 1.88 ∗ 105 𝑚𝑚2 

𝐴𝑜𝑢𝑡,𝑓𝑙 =  
1

4
∗ 𝜋 ∗ 𝐷𝑜𝑢𝑡,𝑐𝑜𝑛

2 −  
1

4
∗ 𝜋 ∗ (𝐷𝑜𝑢𝑡,𝑐𝑜𝑛 − 2 ∗ 𝑑𝑓𝑙,𝑐𝑜𝑛)

2
 = 2.05 ∗ 105 𝑚𝑚2  

𝐴𝑓𝑙𝑎𝑛𝑔𝑒𝑠 =  𝐴𝑜𝑢𝑡,𝑓𝑙 + 𝐴𝑖𝑛,𝑓𝑙 =   3.9 ∗ 105 𝑚𝑚2 

The ratio of the inner cross-sectional area and outer cross-sectional area divided by the whole 

cross-sectional area are respectively:  

𝑟𝑖𝑛 =
𝐴𝑖𝑛,𝑓𝑙

𝐴𝑓𝑙𝑎𝑛𝑔𝑒𝑠
= 0.478 , 𝑟𝑜𝑢𝑡 =

𝐴𝑜𝑢𝑡,𝑓𝑙

𝐴𝑓𝑙𝑎𝑛𝑔𝑒𝑠
= 0.522, 𝑟𝑜𝑢𝑡/𝑖𝑛 = 1.09 

The ratio of the outer cross-sectional area divided by the cross-sectional area of the inner flange 

is: 
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𝑟𝑜𝑢𝑡/𝑖𝑛 =
𝑟𝑜𝑢𝑡

𝑟𝑖𝑛
= 1.09 

So the cross-section of the outer flange has 9 percent more area than the cross-section of the 

inner flange and is therefore assumed to take 9 percent more load than the inner flange.  

5.7.3 Difference in bending moment due to asymmetry 

 

Figure 38 - Forces on the wedge and the corresponding moment diagrams 

In case of an equivalent stress over the whole cross-section there will be a larger force acting at 

the outer flange of the connector than at the inner flange. This introduces a bending moment 

which is schematic represented in figure 49. In figure 49 (left) the wedges with the forces are 

presented when the connection is loaded in tension. In figure 49 (right) the corresponding 

bending moment diagrams are shown. The force F1 is the force acting from the outer flange to 

the wedge. The force F2 is the force applied to the wedge from the inner flange of the 

connector. The force F1 + F2 is the reaction force in the foundation pile. The maximum bending 

moment in the wedges is 19.7 kNm which occurs in the middle of the wedge due to the force (F1 

+ F2)/2.   Due to the asymmetry of the connection reaction forces will develop in the edges of 

the foundation pile. These are orange colored in figure 49 and have a value of (F1 - F2)/2. 

Although the component (F1 - F2)/2 has a contribution to the bending moment diagram of the 

wedge, the maximum bending moment in the middle of the wedge stays the same. So the 

conclusion is that the location and the value of the maximum bending moment do not change 

despite the asymmetry between the inner and outer flange of the connector.  
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5.7.4 Compression stress in net area of the foundation pile 

The net compression stress in the foundation pile is given by the maximum compression load 

applied to the connection divided by the net area of the foundation pile. The maximum 

compression stress between the holes in the foundation pile is: 

 

𝜎𝑐,𝑛𝑒𝑡,𝑝𝑖𝑙𝑒 =
𝐹𝐸𝑑,𝑐𝑜𝑚𝑝

𝐴𝑛𝑒𝑡,𝑝𝑖𝑙𝑒 
=  

𝐹𝐸𝑑,𝑐𝑜𝑚𝑝

𝐴𝑝𝑖𝑙𝑒 − 𝑁𝑤𝑒𝑑𝑔𝑒 ∗ 𝐷𝑤𝑒𝑑𝑔𝑒 ∗ 𝑑𝑝𝑖𝑙𝑒
 →  𝜎𝑐,𝑛𝑒𝑡,𝑝𝑖𝑙𝑒

=  
43.3 ∗ 106

(
1
4

∗ 𝜋 ∗ 2133.62 −
1
4

∗ 𝜋 ∗ 20322) − 24 ∗ 50.8 ∗ 100
= 205.7 𝑀𝑃𝑎 

 
This is far below the yield strength of the net section of the foundation pile.  

5.7.5 Tensile stress in net area of the foundation pile 

The net tensile stress in the foundation pile is given by the maximum tensile load applied to the 

connection divided by the net area of the foundation pile. The maximum tensile stress between 

the holes in the foundation pile is: 

𝜎𝑡,𝑛𝑒𝑡,𝑝𝑖𝑙𝑒 =
𝐹𝐸𝑑,𝑐𝑜𝑚𝑝

𝐴𝑛𝑒𝑡,𝑝𝑖𝑙𝑒 
=  

𝐹𝐸𝑑,𝑐𝑜𝑚𝑝

𝐴𝑝𝑖𝑙𝑒 − 𝑁𝑤𝑒𝑑𝑔𝑒 ∗ 𝐷𝑤𝑒𝑑𝑔𝑒𝑑𝑝𝑖𝑙𝑒
 →  𝜎𝑡,𝑛𝑒𝑡,𝑝𝑖𝑙𝑒

=  
29.3 ∗ 106

(
1
4 ∗ 𝜋 ∗ 2133.62 −

1
4 ∗ 𝜋 ∗ 20322) − 24 ∗ 50.8 ∗ 100

= 139.2 𝑀𝑃𝑎 

 
This is far below the yield strength of the net section of the foundation pile. 

5.7.6 Additional stress due to bending moment in the foundation pile 

In section 5.5.2 the assumption is made that the stress in the inner and outer flange of the 

connector is equal. The cross-sectional area of the inner flange is smaller than the cross-

sectional area of the outer flange. When the connection is loaded by tensile loading this will 

result in a bending moment in the foundation pile. This results in additional tensile stress at the 

outer side of the foundation pile. The additional bending moment per wedge in the foundation 

pile due to the tensile load is equal to: 

𝑀𝑐𝑖𝑟𝑐,𝑐𝑜𝑛 = (𝐴𝑜𝑢𝑡,𝑓𝑙 ∗ 𝑎𝑜𝑢𝑡,𝑓𝑙 − 𝐴𝑖𝑛,𝑓𝑙 ∗ 𝑎𝑖𝑛,𝑓𝑙) ∗ 𝜎𝑡,𝑐𝑜𝑛/𝑁𝑤𝑒𝑑𝑔𝑒𝑠 → 𝑀𝑐𝑖𝑟𝑐,𝑐𝑜𝑛

= (205 ∗ 103 ∗ 45 − 188 ∗ 103 ∗ 45) ∗ 75/24 = 2.4 𝑘𝑁𝑚/𝑤𝑒𝑑𝑔𝑒 

The additional stress in net section of the foundation pile due to the bending moment is equal 

to:  

𝜎𝑡,𝑎𝑑𝑑,𝑛𝑒𝑡,𝑝𝑖𝑙𝑒 =  
𝑀𝑐𝑖𝑟𝑐,𝑐𝑜𝑛 ∗

𝑑𝑝𝑖𝑙𝑒

2
1

12 ∗ 𝑏𝑛𝑒𝑡,𝑠𝑒𝑔 ∗ 𝑑𝑝𝑖𝑙𝑒
3

→ 𝜎𝑡,𝑎𝑑𝑑,𝑛𝑒𝑡,𝑝𝑖𝑙𝑒 =  
2.4 ∗ 106 ∗

50.8
2

1
12 ∗ 179.3 ∗ 50.83

=  31.1 𝑀𝑃𝑎 

The total tension stress at the outer side of the net section of the foundation pile is equal to: 

𝜎𝑡,𝑛𝑒𝑡,𝑝𝑖𝑙𝑒 = 𝜎𝑡,𝑛𝑒𝑡,𝑝𝑖𝑙𝑒 +  𝜎𝑡,𝑎𝑑𝑑,𝑛𝑒𝑡,𝑝𝑖𝑙𝑒 → 𝜎𝑡,𝑛𝑒𝑡,𝑝𝑖𝑙𝑒 = 139.2 + 31.1 = 170.3 𝑀𝑃𝑎  

This is far below the yield strength of the foundation pile, so this is okay.  
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Figure 39 - Cross-sectional view of the wedge at the contact area (left) and the minimum 
contact area between wedge and foundation pile (right) 

 

5.7.7 Tensile stress in net area of the connector 

The tension in the net area of the connector is calculated on the same way as the tension in the 

net section of the foundation pile. Compressive stresses in the net area of the connector are not 

possible because when the connection is loaded in compression; all the compressive stresses 

are directly transferred by the contact plane between the connector and the foundation pile.  

Assuming that the stress in both flanges is the same, the maximum stress is obtained in the net 

section of the inner flange. The maximum tensile stress in the net area of the inner flange of the 

connector is: 

𝜎𝑡,𝑛𝑒𝑡,𝑐𝑜𝑛 =
𝑟𝑖𝑛 ∗ 𝐹𝐸𝑑,𝑡𝑒𝑛𝑠𝑖𝑜𝑛

𝐴𝑓𝑙𝑎𝑛𝑔𝑒𝑠 − 𝑁𝑤𝑒𝑑𝑔𝑒𝑠 ∗ 𝐷𝑤𝑒𝑑𝑔𝑒 ∗ 𝑑𝑓𝑙,𝑐𝑜𝑛
 → 𝜎𝑡,𝑛𝑒𝑡,𝑐𝑜𝑛 =

0.478 ∗ 29.3 ∗ 106

1.88 ∗ 105 − 24 ∗ 100 ∗ 30

= 120.7 𝑀𝑃𝑎  

The stress in the net area of the connector stays far below the yield strength and the net section 

of the connector meets its requirements. 

5.7.8 Contact stress between wedge and connector 

The contact stress between the wedges and the connector is investigated at the outer flange. 

The outer flange transfers 52.2 percent of the load during the maximum tensile loading.  So the 

contact stress in the between the outer flange of the connector and the foundation pile is 

higher than the contact stress between the inner flange of the connector and the wedge.  The 

force transferred by the outer flange is 0.522 ∗ 29.3 ∗ 106 = 15.3 ∗ 106 𝑁. The contact stress 

between the wedge and the foundation pile is given by: 

𝜎𝑐𝑜𝑛,𝑤𝑒𝑑𝑔𝑒 =
𝑟𝑜𝑢𝑡 ∗ 𝐹𝐸𝑑,𝑡𝑒𝑛𝑠𝑖𝑜𝑛

𝐴𝑐𝑜𝑛,𝑤𝑒𝑑𝑔𝑒 ∗ 𝑁𝑤𝑒𝑑𝑔𝑒𝑠
 → 𝜎𝑐𝑜𝑛𝑛,𝑤𝑒𝑑𝑔𝑒 =

15.3 ∗ 106

30 ∗ 100 ∗ 24
= 212 𝑀𝑝𝑎 

This is far below the yield strength of the connector and the wedge, so the wedge and the 

connector fulfill their requirements. 

5.7.9 Contact stress between wedge and foundation pile 

The contact stress between the wedge and the foundation pile will be larger than the contact 

stress between the wedges and the connector. Firstly, the thickness of the foundation pile is less 

than the combined thickness of the two flanges of the connector. Secondly, the contact area 

between the wedge and the foundation pile is reduced due to the shape of the wedge (figure 

50). The contact area between the wedge and the foundation pile is at its minimum when the 

wedge is pushed as far as possible into the connection.  

 

 

To calculate the contact stress between the wedge and the foundation pile, the minimum 

contact area between the wedge and the foundation pile has to be determined. This is done by 

using figure 50. At the origin of the x-axis the wedge starts to have a negative inclination 𝛼.  

With this information and figure 50 the following geometrical dimensions can be calculated: 
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𝑎(𝑥) = tan(𝛼) ∗ 𝑥, 𝛽(𝑥) = arcsin (
𝑅𝑤𝑒𝑑𝑔𝑒 − 𝑎(𝑥)

𝑅𝑤𝑒𝑑𝑔𝑒
) , 𝐿(𝑥) = cos(𝛽(𝑥)) ∗ 𝑅𝑤𝑒𝑑𝑔𝑒 

The contact area is calculated by taking the integral of 2 ∗ 𝐿(𝑥) in which 𝑔𝑎𝑝 +  20 is the lower 

bound and 𝑔𝑎𝑝 +  20 + 𝑑𝑝𝑖𝑙𝑒 is the upper bound. The contact area between the wedge and 

the foundation pile is given as: 

𝐴𝑐𝑜𝑛𝑡,𝑤𝑒𝑑𝑔𝑒,𝑝𝑖𝑙𝑒 =  ∫ 2 ∗ 𝐿(𝑥)𝑑𝑥

𝑔𝑎𝑝+20+𝑑𝑝𝑖𝑙𝑒

𝑔𝑎𝑝+20

 

By substitution all the geometrical dimensions defined above in the equation of the contact area 

between the wedge and the foundation pile gives the following expression:  

𝐴𝑐𝑜𝑛𝑡,𝑤𝑒𝑑𝑔𝑒,𝑝𝑖𝑙𝑒 =  ∫ 2 ∗ cos (𝑎𝑟𝑐𝑠𝑖𝑛 (
𝐷𝑤𝑒𝑑𝑔𝑒 − tan(𝛼) ∗ 𝑥

𝐷𝑤𝑒𝑑𝑔𝑒
)) ∗ 𝐷𝑤𝑒𝑑𝑔𝑒 𝑑𝑥

𝑔𝑎𝑝+20+𝑑𝑝𝑖𝑙𝑒

𝑔𝑎𝑝+20

 

By calculating this integral the contact area between the wedge and the foundation pile is 0.56 * 

the contact area taken for a circular wedge. This is the red area of the total colored area in 

figure 50.  

Now the contact stress between the wedge and the foundation pile is determined as follows:  

𝜎𝑐𝑜𝑛𝑡,𝑝𝑖𝑙𝑒,𝑤𝑒𝑑𝑔𝑒 =
𝐹𝐸𝑑,𝑡𝑒𝑛𝑠𝑖𝑜𝑛

𝐴𝑐𝑜𝑛𝑡,𝑤𝑒𝑑𝑔𝑒,𝑝𝑖𝑙𝑒 ∗ 𝑁𝑤𝑒𝑑𝑔𝑒𝑠
 → 𝜎𝑐𝑜𝑛𝑡,𝑝𝑖𝑙𝑒,𝑤𝑒𝑑𝑔𝑒 =

29.3 ∗ 106

0.56 ∗ 50.8 ∗ 100 ∗ 24

= 429 𝑀𝑃𝑎  

The maximum allowable contact stress is the yield strength of the material. This is 460 N/mm2. 

The 𝜎𝑐𝑜𝑛𝑡,𝑝𝑖𝑙𝑒,𝑤𝑒𝑑𝑔𝑒 is close to the yield strength, but this section meets still the requirements 

for the tensile load in the ultimate limit state. 

5.7.10 Actuation force 

The maximum compression pressure which can be delivered by the actuators is assumed to be 

800 bar to limit the costs of the actuators. This is 80 MPa. So the maximum actuation force per 

wedge with a diameter of 100 millimeter is:  

𝐹𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 = 𝑝𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 ∗ 𝐴𝑤𝑒𝑑𝑔𝑒 =  𝑝𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 ∗
1

4
∗ 𝜋 ∗ 𝐷𝑤𝑒𝑑𝑔𝑒

2 → 𝐹𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 = 80 ∗
1

4
∗ 𝜋 ∗ 1002

= 628 𝑘𝑁 

In case of full preloading, the preload in the connection have to be minimum the tensile load in 

the ULS. The maximum tension per wedge in the ULS is equal to: 

29.3 ∗
106

24
= 1.22 𝑀𝑁/𝑤𝑒𝑑𝑔𝑒 

The horizontal actuation force will create a vertical preload in the wedge connection due to the 

inclination of the wedge. In addition the horizontal actuation force will create friction between 
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the wedge and the foundation pile and connector (figure 51). This results in the following 

calculation (figure 51): 

𝐹ℎ𝑜𝑟,𝑝𝑟𝑒 =
(tan(𝛼) ∗ 𝐹𝐸𝑑,𝑡𝑒𝑛𝑠𝑖𝑜𝑛) 

𝑁𝑤𝑒𝑑𝑔𝑒𝑠
→  𝐹ℎ𝑜𝑟,𝑝𝑟𝑒 =

tan(10) ∗ 29.3 ∗ 106

24
=  215 𝑘𝑁 

The friction coefficient 𝜇 of the wedge is assumed to be 0.15. The friction load is calculated as 

follows: 

𝐹𝑓𝑟,𝑤𝑒𝑑𝑔𝑒 =  2 ∗
𝐹𝐸𝑑,𝑡𝑒𝑛𝑠𝑖𝑜𝑛 ∗ 𝜇

𝑁𝑤𝑒𝑑𝑔𝑒𝑠
+ 2 ∗

𝐹𝐸𝑑,𝑡𝑒𝑛𝑠𝑖𝑜𝑛 ∗ 𝜇2 ∗ tan(𝛼)

𝑁𝑤𝑒𝑑𝑔𝑒𝑠
 (𝑠𝑒𝑐𝑜𝑛𝑑 𝑜𝑟𝑑𝑒𝑟)

→  𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑤𝑒𝑑𝑔𝑒 = 2 ∗
29.3 ∗ 106 ∗ 0.15

24
+ 2 ∗

29.3 ∗ 106 ∗ 0.152 ∗ tan(10)

24
= 376 𝑘𝑁  

 The total actuation force per wedge is equal to: 

𝐹𝑎𝑐𝑡𝑢𝑎𝑡𝑒 = 𝐹ℎ𝑜𝑟,𝑝𝑟𝑒 + 𝐹𝑓𝑟,𝑤𝑒𝑑𝑔𝑒 → 𝐹𝑎𝑐𝑡𝑢𝑎𝑡𝑒 =  215 + 376 = 591 𝑘𝑁 

This is smaller than the maximum preload which can be applied by the actuator when a 

maximum of 800 bar is allowed.  

 

 

 

 

 

 

 

5.7.11 Self-locking system 

After the installation of the wedges the force 𝐹ℎ𝑜𝑟,𝑝𝑟𝑒 pushes the wedge to the outside of the 

connection. Friction forces will develop in the opposite direction, so to the inside of the 

Figure 40 - Self-locking system of the wedges 
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connection. When the friction 

force is larger than the horizontal 

component of the preload or 

tension, the wedge will remain in 

the connection without any 

external pressure. In figure 52 

the friction force is plotted for 

𝜇 = 0.15 and the preload is 

plotted for an inclination of the 

wedge of 10 degrees. As can be 

seen in this figure the friction 

force is always larger than the 

horizontal component of the 

preloading force. In case of deterioration of the contact surface between the wedges and the 

foundation pile, the friction force is still large enough to compensate the outward force. The 

frictional force is still larger than the horizontal component of the preloading force for 𝜇 = 0.09. 

So no constrain for the wedge at the outer flange is required.   

 

5.7.12 Distance from the central axis of the wedge to the edge of the flange 

The distance from the central axis of the wedge to the edge of 

the flange is colored red in figure 53 as well as the distance from 

the central axis of the wedge to the edge of the foundation pile. 

These sections have only to be calculated for a tensile force in 

the jacket leg, because the compression force is directly taken by 

the surface between the connector and the foundation pile. The 

maximum tensile load is 29.3 MN. This is divided by the two 

flanges of the connector. The outer flange of the connector gets 

15.3 MN. This is 0.64 MN per wedge. To calculate the distance 

from the central axis of the wedge to the bottom of the outer 

flange the formulas for the bolts in Eurocode 1993-1-8 table 3.4 

is used.  

 

 

Table 10 - Part of table 3.4 of Eurocode 1993-1-8 

Figure 41 - Outer flange 
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According to Eurocode 1993-1-8 table 3.4 the bearing resistance of the outer flange is: 

𝐹𝑏,𝑅𝑑 =  
𝑘1 ∗ 𝛼𝑏 ∗ 𝑓𝑢 ∗ 𝐷𝑤𝑒𝑑𝑔𝑒 ∗ 𝑑𝑓𝑙𝑎𝑛𝑔𝑒

𝛾𝑚2
  →  

2.11 ∗ 0.33 ∗ 550 ∗ 100 ∗ 30

1.25
= 0.94 𝑀𝑁 

With: 

𝑘1 = min (2.8 ∗
𝑒2

𝑑0
− 1.7, 1.4 ∗

𝑝2

𝑑0
− 1.7,2.5) = 2.11 

𝛼𝑏 = min (
𝑒1

3 ∗ 𝑑0
,
𝑓𝑢𝑤

𝑓𝑢
, 1.0) = 0.33 

 

This gives a unity check of:  

𝑢. 𝑐.𝑏,𝑓𝑙𝑎𝑛𝑔𝑒 =
𝐹𝑏,𝐸𝑑 

𝐹𝑏,𝑅𝑑 
=  

0.64

0.94
= 0.68  

Applying the same formulas to the holes in the foundation pile gives a unity check of: 
 

𝑢. 𝑐.𝑏,𝑝𝑖𝑙𝑒 =
𝐹𝐸𝑑,𝑡𝑒𝑛𝑠𝑖𝑜𝑛/𝑁𝑤𝑒𝑑𝑔𝑒𝑠

𝐹𝑏,𝑅𝑑,𝑝𝑖𝑙𝑒 
=  

1.22

1.58
= 0.77  

So there is enough space around the holes in the connector and in the foundation pile. 

5.6 The actuation force on the connector  
In this paragraph is looked for the best option to install the wedges. The wedges can be installed 

all simultaneously or in groups to determine of the outer flanges of the connector has to be 

stiffened. To check this out two FEM-models are built.  

The software package ANSYS Workbench is used to calculate the models. The geometry of the 

models is drawn in the software package Solid Edge and is imported to ANSYS Workbench. In 

Solid Edge all the components of the connection are drawn separately. In ANSYS Workbench all 

the contact areas between the several components have to be defined. All the contact surfaces 

are frictional with a frictional coefficient of 0.15. Only the upper 500 millimeters of the 

foundation pile is modeled. The bottom surface of the foundation pile is fixed. Furthermore no 

supports are applied.  

For all the structural components structural steel is used with a young’s modulus of 210 GPa. 

The mesh is done automatically by ANSYS Workbench and a mesh with medium tetrahedral 

elements is obtained. This is good enough for a first indication for the locations of the maximum 

stresses.  

In the first model the wedges are installed in groups of four. One fourth of the screw thread 

connection is modeled and the by using the cyclic symmetry option the whole geometry is 

defined. A little bit of the actuator is modeled (figure 54) to apply the reaction force at that 

surface.  The actuation load of 591 kN is applied to one wedge and the reaction force of 591 kN 

is applied to the actuator.  
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Figure 42 - Cyclic symmetry with boundary conditions of first model 

In figures 55 to 57 the results of the FEM-calculation are shown. From figure 55 and 57 can be 

seen that the principle stress occurs below the actuator. Only below the actuator the maximum 

principle stress exceeds the yield stress. The maximum principle stress is around 400 MPa at the 

location which was assumed to be critical. From and bottom view (figure 56) can be seen that 

the ring stiffness is quite strong and the actuation force is transferred more by the ring stiffness 

than by the bending stiffness.  

       

 

 

Figure 43 - Principle stress in the outside of the connection 

In the second FEM-model all the wedges are installed simultaneously. 1 of the 24 segments is 

modeled and a cyclic symmetry is used. By using the cyclic symmetry the whole geometry is 

defined. The actuation force of 591 kN is applied to all the wedges and the reaction force of 591 

kN is applied to all the actuators.  

 

 

 

In figure 58 the maximum principle stress around the connection are shown. The location of the 

maximum principle stress is below the actuators. That is the only location where the principle 

stresses exceed the yield strength. From the maximum principle stress around the wedges and  

the deformation of the outer flange below the wedges (figure 59) can be concluded that the 

ring stiffness takes a big part of the load. The maximum principle stress at the compared 

location is a little bit above 400 MPa. This is comparable to the result of the first model.  

 

Figure 46 - Maximum principle stresses at the outer flange 

 

Figure 47 - Total deformation of the outer flange of the connection 

 

Figure 48 - Maximum principle stress at the desired location 

From the two analyzes the conclusion can be drawn that the wedges can better be installed 

simultaneously because the ring flange stiffness of the connector takes the biggest part of the 

load. The ring flange stiffness can only be utilized by a load which is distributed along the whole 

Figure 45 - Maximum principle stress in the 
cross-section of the wedge connection 

 

Figure 44 - Deformation of the flange 
during the installation of the wedge 
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ring flange. By installing more wedges simultaneously the load is more equally distributed along 

the flange and the stiffness of the ring flange is utilized more. However, this connection does 

not necessarily have to be preloaded and therefore the outer flange of the connector does not 

necessarily have to be stiffened. In case of preloading the screw thread connection, the outer 

flanges of the connector have to be stiffened.  

Local shear stress around the actuator in the outer flange 

In section 5.7.10 is calculated that the maximum required force from the actuators per wedge is 

591 kN . This is intercepted by the outer flange of the connector. To calculate the shear stress in 

the outer flange of the connector it is assumed that the diameter of the actuator is 100 mm + 

2*10 = 120 millimeter. So the area of the shear force is:  

𝜋 ∗ (𝐷𝑤𝑒𝑑𝑔𝑒 + 𝑡𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 ∗ 2) ∗ 𝑑𝑓𝑙𝑎𝑛𝑔𝑒 = 𝜋 ∗ (100 + 20) ∗ 30 = 11309 𝑚𝑚2 

This gives a maximum shear stress of: 

𝜏𝑐𝑜𝑛 =
591 ∗ 103

11309
= 52.2 𝑀𝑃𝑎 

This is clearly below the maximum allowable shear stress, so the outer flange can resist the local 

introduced force from the actuators. 

5.7 Results for the ultimate limit state 
The results of the most important ULS-sections are summarized in the table 12.  

  

  

  

  

  

  

  

  

  

  

  
Table 11 - Unity checks in ULS for the screw thread connection 

 

For the ultimate limit state all the sections suffices the requirements. 

 

5.8 Fatigue limit state for screw thread connection 
Fatigue occurs due to repetitive cyclic loading. Discontinuities in the geometry of the connection 

contribute to larger cyclic stresses. Hence the discontinuities require special attention for 

fatigue. For this concept special attention to fatigue should be paid to the holes for the wedges 

or near the screw thread. Another section which can be checked is the bottom of the wedge 

Figure 49 - Unity checks for the 
ultimate limit state 

 

Figure 50 - Unity checks in FLS 
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which is loaded in tension. The four sections are checked by a hand calculation according to 

Eurocode 1993-1-9. The connection is checked without preload, if the damage stays below 1.0, 

the connection will suffices also the requirements for fatigue in case of a preloaded the 

connection. As shown in figure 62 the critical sections on fatigue are numbered. Number 1 is the 

bottom of the wedge. The fatigue calculation for this part is done in section 5.8.1. Number 2 are 

the locations next to the holes of the foundation piles. The fatigue calculation for this part is 

done in section 5.8.2. The holes next to the connector are determined as number 3 and 

calculated on fatigue in section 5.8.3. Number 4 is the screw thread and the fatigue of the screw 

thread is calculated in section 5.8.4.  

5.8.1 Fatigue in the wedges  

Only when the screw thread connection is loaded with a tensile load, a bending moment is 

introduced to the wedges. Since fatigue occurs more easily in tension than in compression, a 

fatigue failure will occur in the bottom of the wedge. The surface of the outer wedge is very 

smooth. Therefore is the fatigue detail category the highest possible category. However, this 

category is used for pure axial stress. So a reduction of 10 percent is applied to the detail 

category. With the 10 percent reduction the bottom of the wedge is detail category 144.  

 

Figure 51 - Detail category on fatigue according to Eurocode 1993-1-9 

The tensile stress in the bottom of the wedge is 280.7 MPa. So the damage equivalent load is 

280.7 / 5 = 56.1 MPa for 10 million cycles. Starting with 2 million cycles with a stress range of 

144 MPa, gives in the SN-curve a value in for 5 million cycles of: 

∆𝜎𝑅
𝑚 ∗ 𝑁𝑅 = ∆𝜎𝐶

𝑚 ∗ 2 ∗ 106 → ∆𝜎𝑅
𝑚 = ∆𝜎𝐶

𝑚 ∗
2 ∗ 106

𝑁𝑅
 → ∆𝜎𝑅

𝑚 = 144 ∗ (
2 ∗ 106

5 ∗ 106)

1
3

=  106.1  

 For 10 million cycles the SN-curve of detail category 144 has a value of: 

∆𝜎𝑅
𝑚 ∗ 𝑁𝑅 = ∆𝜎𝐶

𝑚 ∗ 2 ∗ 106 → ∆𝜎𝑅
𝑚 = ∆𝜎𝐶

𝑚 ∗
5 ∗ 106

𝑁𝑅
 → ∆𝜎𝑅

𝑚 = 106.1 ∗ (
5 ∗ 106

1 ∗ 107)

1
5

=  92.4 

Therefore the maximum allowable number of cycles for a tensile stress of 56.1 MPa at the 

bottom of the wedge is equal to: 

∆𝜎𝑅
𝑚 ∗ 𝑁𝑅 = ∆𝜎𝐶

𝑚 ∗ 1 ∗ 107 →   𝑁𝑅 =
∆𝜎𝐶

𝑚

∆𝜎𝑅
𝑚 ∗ 1 ∗ 107 → 𝑁𝑅 = (

92.4
1.15

1.35 ∗ 56.1
)

3

∗ 1 ∗ 107

= 1.53 ∗ 107 𝑐𝑦𝑐𝑙𝑒𝑠 

By applying Minor’s rule the damage in the wedge is:  



56 
 

𝐷 =  ∑
𝑛𝑖

𝑁𝑖

𝑁

𝑖=1

 ≤ 1.0 → 𝐷 =  
1 ∗ 107

1.53 ∗ 107
= 0.66 < 1.0 

The damage is below 1.0, so the wedges fulfill the requirements on fatigue. 

5.8.2 Fatigue next to the holes in the foundation pile  

To determine the fatigue next to the holes in the foundation pile detail category 11 from figure 

64 is used. This has a fatigue detail class of 90. According to Eurocode 1993-1-9 the total force 

has to be divided by the net area of the foundation pile. The holes in the foundation piles are 

not completely round. But they will have a nod at the top to make an aligned contact surface 

between the inclination of the wedge and the foundation pile. This part is not investigated, but 

a reduction on the detail class is made to compensate for the nod. This reduction is taken as 10 

percent of the detail class. So the detail class for this connection is 81.  

 
Figure 52 - Detail category on fatigue according to Eurocode 1993-1-9 

The net stress in compression in the foundation pile is 205.7 N/mm2 while the tension stress in 

the net section of the foundation pile is 170.3 N/mm2. According to Eurocode 1993-1-9 only 60 

percent of the compression stress has to be taken into account for a fatigue calculation. The net 

stress in compression for the fatigue calculation is 123.4 MPa. So the cyclic loading for the 

tensile stress is higher and therefore decisive. So the equivalent damage load is 170.6 /5 = 34.1 

MPa for 10 million cycles. With the knowledge that the SN-curve has a value of 81 MPa for 2 

million cycles, the value for 5 million cycles is: 

∆𝜎𝑅
𝑚 ∗ 𝑁𝑅 = ∆𝜎𝐶

𝑚 ∗ 2 ∗ 106 → ∆𝜎𝑅
𝑚 = ∆𝜎𝐶

𝑚 ∗
2 ∗ 106

𝑁𝑅
 → ∆𝜎𝑅

𝑚 = 81 ∗ (
2 ∗ 106

5 ∗ 106)

1
3

=  59.7 

For 10 million cycles the SN-curve for detail category 81 has a value of: 

∆𝜎𝑅
𝑚 ∗ 𝑁𝑅 = ∆𝜎𝐶

𝑚 ∗ 2 ∗ 106 → ∆𝜎𝑅
𝑚 = ∆𝜎𝐶

𝑚 ∗
5 ∗ 106

𝑁𝑅
 → ∆𝜎𝑅

𝑚 = 66.3 ∗ (
5 ∗ 106

1 ∗ 107)

1
5

=  52.0 

From here follows that the maximum allowable number of cycles in the net section of the 

foundation pile is: 

∆𝜎𝑅
𝑚 ∗ 𝑁𝑅 = ∆𝜎𝐶

𝑚 ∗ 1 ∗ 107 →   𝑁𝑅 =
∆𝜎𝐶

𝑚

∆𝜎𝑅
𝑚 ∗ 1 ∗ 107 → 𝑁𝑅 = (

52.0
1.15

1.35 ∗ 34.1
)

3

∗ 1 ∗ 107

= 9.5 ∗ 106 𝑐𝑦𝑐𝑙𝑒𝑠 
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By applying Minors Rule the damage in the connection is: 

𝐷 =  ∑
𝑛𝑖

𝑁𝑖

𝑁

𝑖=1

 ≤ 1.0 → 𝐷 =  
1 ∗ 107

9.5 ∗ 106
= 1.05 > 1.0 

This is a bit higher than 1.0. But because the exact fatigue loads on the screw thread connection 

are not known, the criterion on fatigue is in this stage sufficient.  

5.8.3 Fatigue next to the holes of the connector 

The holes in the connector are round and only loaded in tension. The net section of the 

connector is not loaded in compression because the compressive load is directly taken by the 

contact surface between the connector and the foundation pile. So the flanges of the connector 

have only to be checked on fatigue in tension. Construction detail 11 in figure 64 represents 

exactly this situation. The corresponding detail category for construction detail 11 is detail class 

90. The maximum tensile stress in the net area of the connector is 120.7 MPa. So the damage 

equivalent load for the net section of the connector is 120.7 / 5 =24.2 MPa for 10 million cycles. 

With the knowledge that the SN-curve has a value of 90 MPa for 2 million cycles, the value of 

the SN-curve for 5 million cycles is:   

∆𝜎𝑅
𝑚 ∗ 𝑁𝑅 = ∆𝜎𝐶

𝑚 ∗ 2 ∗ 106 → ∆𝜎𝑅
𝑚 = ∆𝜎𝐶

𝑚 ∗
2 ∗ 106

𝑁𝑅
 → ∆𝜎𝑅

𝑚 = 90 ∗ (
2 ∗ 106

5 ∗ 106)

1
3

=  66.3 

 For 10 million cycles the SN-curve of detail category 90 has a value of: 

∆𝜎𝑅
𝑚 ∗ 𝑁𝑅 = ∆𝜎𝐶

𝑚 ∗ 2 ∗ 106 → ∆𝜎𝑅
𝑚 = ∆𝜎𝐶

𝑚 ∗
5 ∗ 106

𝑁𝑅
 → ∆𝜎𝑅

𝑚 = 66.3 ∗ (
5 ∗ 106

1 ∗ 107)

1
5

=  57.73 

From here follows that the maximum allowable number of cycles in the net section of the 

foundation pile is: 

∆𝜎𝑅
𝑚 ∗ 𝑁𝑅 = ∆𝜎𝐶

𝑚 ∗ 1 ∗ 107 →   𝑁𝑅 =
∆𝜎𝐶

𝑚

∆𝜎𝑅
𝑚 ∗ 1 ∗ 107 → 𝑁𝑅 = (

57.73
1.15

1.35 ∗ 24.2
)

3

∗ 1 ∗ 107

= 3.63 ∗ 107 𝑐𝑦𝑐𝑙𝑒𝑠 

By applying Minors Rule the damage at the end of the lifetime of the connection is: 

𝐷 =  ∑
𝑛𝑖

𝑁𝑖

𝑁

𝑖=1

 ≤ 1.0 → 𝐷 =  
1 ∗ 107

3.63 ∗ 107
= 0.28 < 1.0 

The damage is much lower than 1.0, so this section will not be vulnerable to fatigue. 

5.8.3 Fatigue in the screw thread 

Screw threads are always sensible to fatigue. In the Eurocode the detail class for the screw 

threads in bolts is 50. In this situation the screw thread profile is much larger than the screw 

thread in a bolted connection. To be conservative for a new connection the detail class of the 

screw thread  of this connection is assumed to be 45 instead of 50 (10 percent reduction). The 
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direction of the loading does not influence the fatigue behavior around the screw thread. So the 

maximum load in the axial direction is the decisive load in fatigue. This is the compression load 

with a maximum stress in the jacket leg of 165.1 MPa. So the damage equivalent load is 165.1 / 

5 = 33.0 MPa. For 2 million cycles the SN-curve has a value of 45. So for 5 million cycles the SN-

curve has a value of: 

∆𝜎𝑅
𝑚 ∗ 𝑁𝑅 = ∆𝜎𝐶

𝑚 ∗ 2 ∗ 106 → ∆𝜎𝑅
𝑚 = ∆𝜎𝐶

𝑚 ∗
2 ∗ 106

𝑁𝑅
 → ∆𝜎𝑅

𝑚 = 45 ∗ (
2 ∗ 106

5 ∗ 106)

1
3

=  33.2 

 For 10 million cycles the SN-curve has a value of: 

∆𝜎𝑅
𝑚 ∗ 𝑁𝑅 = ∆𝜎𝐶

𝑚 ∗ 2 ∗ 106 → ∆𝜎𝑅
𝑚 = ∆𝜎𝐶

𝑚 ∗
5 ∗ 106

𝑁𝑅
 → ∆𝜎𝑅

𝑚 = 33.2 ∗ (
5 ∗ 106

1 ∗ 107)

1
5

=  28.9 

The maximum allowable number of cycles in the screw thread of the wedge connection is 

therefore: 

∆𝜎𝑅
𝑚 ∗ 𝑁𝑅 = ∆𝜎𝐶

𝑚 ∗ 1 ∗ 107 →   𝑁𝑅 =
∆𝜎𝐶

𝑚

∆𝜎𝑅
𝑚 ∗ 1 ∗ 107 → 𝑁𝑅 = (

28.9
1.15

1.35 ∗ 33.0
)

3

∗ 1 ∗ 107

= 0.18 ∗ 107 𝑐𝑦𝑐𝑙𝑒𝑠 

By applying Minors Rule the damage in the screw thread is: 

𝐷 =  ∑
𝑛𝑖

𝑁𝑖

𝑁

𝑖=1

 ≤ 1.0 → 𝐷 =  
1 ∗ 107

1.08 ∗ 107
= 5.6 > 1.0 

The damage in the screw thread is much higher than 1.0, so this is not sufficient. Solutions to 

reduce the damage are: Thickening of the jacket leg, so that the maximum axial stress can be 

reduced and by replacing the metric screw thread by the trapezoidal screw thread. In this case 

the peak stress in the screw thread can be reduced.  

 

 

5.9 Results for the fatigue limit state 
The results for the fatigue limit state are summarized in table 13. 

Section Damage 

1. Maximum tension stress in the wedges 0.66 

2. Nominal stress between holes foundation 
pile 

1.05 

3. Nominal stress between holes connector 0.28 

4. Maximum tension stress in the screw thread 5.6 
Table 12 - Results for the fatigue limit state 
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For the fatigue limit state can be concluded that the screw thread is the most vulnerable for 
fatigue. 

 

5.10 Closing of the gap between the connector and foundation pile  
In this section is checked if the gap between the foundation pile and the connector can be 

closed by preloading of the wedge connection. In case the foundation pile has its maximum tilt, 

the maximum thickness of the gap is 10 millimeter. The connector and the foundation pile touch 

each other only at one location (figure 40). So the gap has a length of almost 360 degrees. This 

is the perimeter of the foundation pile. The force needed to close a gap (perimeter) between 

two tubulars is determined by three stiffness’s (Seidel, 2018).  

 The shell stiffness of the foundation pile 

 The shell stiffness of the jacket leg 

 The stiffness of the flanges of the connector 

For the foundation pile the stiffness is only determined by the shell stiffness of the pile. The 

shell of the foundation pile is determined as infinitely long (15 meter) and results in axial 

deformation.  

The jacket leg is at two meters from the wedge connection attached to horizontal and diagonal 

braces. These braces increase the stiffness of the jacket leg. Therefore, the shell stiffness of the 

infinite long jacket leg is multiplied by two.  

So shell stiffness’s of the foundation pile and the jacket leg are given as follows (Seidel, 2018): 

𝑘𝑠ℎ𝑒𝑙𝑙,𝑓𝑝 =
𝐸 ∗ 𝑑𝑝𝑖𝑙𝑒

1.8 ∗ 𝑙𝑔𝑎𝑝
                             

𝑘𝑠ℎ𝑒𝑙𝑙,𝑗𝑙 =
2 ∗ 𝐸 ∗ 𝑡𝑗𝑙

1.8 ∗ 𝑙𝑔𝑎𝑝
                             

The stiffness of the flanges is determined by: 

𝑘𝑓𝑙𝑎𝑛𝑔𝑒 =  
384 ∗ 𝐸𝐼𝑓𝑙𝑎𝑛𝑔𝑒𝑠

𝑙𝑔𝑎𝑝
4                            

With 𝐼𝑓𝑙𝑎𝑛𝑔𝑒𝑠 =  
1

12
∗ 2 ∗ 𝑑𝑓𝑙𝑎𝑛𝑔𝑒 ∗ ℎ𝑓𝑙𝑎𝑛𝑔𝑒

3 and 𝑙𝑔𝑎𝑝 = 𝜋 ∗ 𝐷𝑝𝑖𝑙𝑒    

The deformation of the jacket leg consists of the deformation of the shell and the deformation 

of the flanges of the connector. The deformation of the flanges of the connector and the jacket 

leg are not the same. Therefore, this is a serial system. In a serial system the deformation of the 

different components are added to each other. So, the deformation of the shell and the 

deformation of the flanges have to be added to get the deformation of the jacket leg. The 

deformation in the foundation pile is only determined by the infinitely long shell.  

For a wall thickness of 50.8 mm (2 inch) of the foundation pile, the contact stress between the 

wedges and the foundation pile is critical. For the tensile load in ULS the unity check for the 
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contact stress between the wedges and the foundation pile is 0.93. A little additional load can 

be applied to close the gap in order to stay below the yield strength at the contact surface of 

the wedge. Therefore by closing the gap between the foundation pile and the jacket leg, the 

thickness of the foundation pile has to be increased. The possibility of closing the gap is 

determined here for a wall thickness of 60, 70 and 80 mm. The stiffness of the shell increases 

linearly by the thickness of the foundation pile, but the contact area between the wedge and 

the foundation pile increases quadratic. 

Fatigue does not occur due to the height of the stress, but due to cyclic loading. Therefore the 

force which is required to close the gap does not have any influence on the fatigue behaviour of 

the connection. So the maximum force which can be applied is the maximum tensile force which 

can be resisted by the connection minus the tensile load in the ULS. The tensile load in the ULS 

is for a 2.13 meter (84 inch) diameter pile 29.3 MN. Three components of the wedge connection 

will be checked to determine the maximum additional tensile force they can resist.  

The first component is the maximum tensile stress in the wedge. The allowable preload in the 

wedge will decrease due to an increase of length of the wedge by increasing the pile thickness. 

And therefore the bending moment of the wedge increases. The second component is the 

contact stress between the foundation pile and the wedge. The allowable preload for the 

contact surface will increase due to the increase of the surface between the wedges and the 

foundation pile by an increasing pile thickness. The third component is the contact stress of the 

wedges and the connector. The allowable additional force between the wedges and the 

connector will be equal for all pile thicknesses. Because there is no change between the contact 

area of the wedges and the connector by increasing the wall thickness of the foundation pile. 

The maximum applicable preload to close the gap is the component in which the allowable 

preload is the lowest of all the components (table 14).  

Pile thickness (mm) Preload bending 
wedge (MN) 

Preload contact 
wedge - pile (MN) 

Preload contact 
wedge - connector 
(MN) 

50.8 16.6 1.55 36.9 

60 13.6 7.1 36.9 

70 10.9 13.2 36.9 

80 8.3 19.3 36.9 

Table 13 - The maximum allowable preload for several components of the wedge connection for different 
thicknesses of the foundation pile 

By taking for all the different wall thickness’s the minimum allowable load in table 14, the 

maximum allowable preloading forces for the different pile thicknesses are given in table 15. 

The corresponding closable gap for the maximum allowable tensile load is given. Due to the 

tolerances in the screw thread, the assumption is made that 2 millimeter of the gap can be 

closed by closing the tolerances of the screw thread. The maximum closable gap including the 

closing of the tolerances of the screw thread is also given in table 15.  

Pile thickness 
(mm) 

Preloading 
force (MN) 

Maximum 
closable gap 
(mm) 

Maximum 
closable gap with 
tolerance (mm) 
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50.8 1.55 0.42 2.42 

60 7.1 1.76 3.76 

70 10.9 2.49 4.49 

80 8.3 1.77 3.77 

Table 14 - The maximum preloading force of the gap and the maximum height of the closable gap 

From table 15 it is clear that a maximum gap of 10 mm cannot be closed only through the 

flexibility of the foundation pile and jacket leg by applying a preload. Therefore the gap has to 

be filled with a(n) (reinforced) epoxy resin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Discussion and recommendations 
In 6.1 an interpretation of the results is given while in paragraph 6.2 recommendations for 

further development proposed. 

6.1 Interpretation of the results  
First of all the result of the screw thread connection is a little bit less far developed than 

expected from the beginning of the thesis. To get a good solution for the jacket leg to 

foundation pile connection more research is done to different concepts as was foreseen. Other 

interpretations of the results are given below. 
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The screw thread connection can also be applied for a four-legged jacket. In a three-legged 

jacket the vertical difference in height between the foundation piles gives always a flat plane 

with an angle. In a four-legged jacket this is not always the case. Due to the rotation of the 

connector this problem is solved. The starting point was to find an option which could be 

applied for a three-legged jacket.  

For the screw thread connection, the installation tolerance requirements from the installation 

company were reduced. This was determined at the end of the concept study. When this was 

also applied for the other concepts probably other concepts could have been more feasible as 

well. This does not mean that all the concepts have to be reconsidered. A lot of concepts were 

not rejected due to the large rotational tolerances.  

The installation tolerances which are given from a contractor in the offshore wind industry are 

based upon the grouted connection. There is no need for more accurate installation tolerances 

for a grouted connection. So the foundation piles can be probably more accurately installed. 

Therefore the tolerances delivered from the contractor are more an indication of the maximum 

tolerances. The exact possible installation tolerances are not known, but a reduction is made.  

The whole screw thread connection fulfills the ultimate limit state. From the unity checks of the 

hand calculations it is sure that the ultimate limit state will not be decisive because most of 

them are well below 1. The fatigue in the screw thread requires special attention, the damage of 

5.6 has surely to be taken seriously. But it is possible that in this thesis the fatigue detail for the 

screw thread is taken a bit too conservative, so that in this situation a high damage indicates a 

point of attention. Also special attention needs to be given to the fatigue next to the holes of 

the foundation piles due to the nods in the foundation piles because the unity check is also 

higher than 1.0. 

6.2 Recommendations for further development 
To develop the screw thread connection some points for further developments are proposed. 

The first point is the fatigue in the screw thread. As a result from this thesis the screw thread in 

the connection is the section of the connection which is the most likely for a failure. However, 

the exact damage is very uncertain. It is important that both on the structural side as well on the 

load side more certainty is gained. On the structural side more certainty can be gained from 

tests and on the load side more certainty can be gained from a load spectrum for fatigue from a 

contractor applied to the screw thread connection. Also the influence of the tolerances of the 

screw thread on the fatigue in the screw thread connection has to be investigated.  

Furthermore the filling with epoxy resin of the space between the foundation pile and the 

connector is a special point of attention. The viscosity of the epoxy resin is important as well as 

the sealing of the space between the connector and the foundation pile. Furthermore the 

storage for the epoxy resin, in- and outflow channels have to be designed. 

Another point of investigation are the actuators. In case of a preloaded connection the 

actuators have to be investigated and the way that they are attached to the outer flange of the 

connector.  
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7. Conclusions 
The state of the art grouted connection uses a lot of unnecessary steel and grout and has a long  

installation time. The installation time can be reduced up to 75 percent by using a wedge 

connection. For a three-legged jacket substructure at least 18 m3 of grout can be saved and the 

foundation piles do not have to be cleaned at the inside anymore. 

The current installation tolerances are maximum 75 mm in the horizontal plane and maximum 

50 mm in the vertical direction. The vertical results in the jacket rotation of 0.26 degrees. The 

maximum tilt of the foundation piles is 0.56 degrees.  
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With the tolerances supplied from the offshore industry 23 concepts were proposed to 

overcome the installation tolerances.  These solutions can be roughly under divided in four 

groups. From which the screw thread connection is the best solution based on a multi-criteria 

analysis applied to the best concept of each of the four groups. 

The screw thread connection does perform well for the ultimate limit state and the fatigue limit 

state. All the unity checks are equal or below 0.93 based on net stress, contact stress and 

bending stress for 10 different sections. The fatigue limit state needs more investigation,  

especially the fatigue in the screw thread which has a damage of 5.6. The other three sections 

have a damage around or below 1.0. 
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Appendix A: Graph to use for the displacement of the foundation pile 
 

Graphs to determine soil parameters in the p-y curves (DNVGL, 2014). 
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Figure 53 - Graphs to determine the soil parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix B: Installation loads on the screw thread connection 
In this appendix the installation loads on the screw thread connection are determined to 

investigate the maximum required torqueing moment and the load to bend the foundation 

piles. First of all a reference project is chosen. Secondly the dimensions of the jacket structure 
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are determined. After that the horizontal and vertical forces acting at the jacket structure are 

defined. To calculate the vertical load, the weight of the jacket is determined and the volume of 

the jacket structure below sea-level. To calculate the horizontal load, the Morison’s equation is 

applied. To know all the variables in the Morison’s equation, the current, velocity and 

acceleration profile over the height of the jacket structure are determined. Subsequently an 

equivalent diameter of the jacket is determined by a stick model.  The coefficients for drag and 

inertia are now determined and finally the horizontal load is calculated according to Morison’s 

equation. The last step is to calculate the support reactions. 

Reference project 

East Anglia one is chosen as a reference project. East Anglia one is a wind farm forty kilometers 

from the east coast of England which is still under construction and will be completed in 2020. 

The wind farm will exist of 102 wind turbines with for all the wind turbines a capacity of 7 MW. 

The wind farm will provide electricity to almost 600,000 homes. All of the wind turbines are 

installed on three-legged jacket structures, which have a height of 65 meters. The average water 

depth is 45 meters (Van Oord, 2017). To determine the installation loads at the wedge 

connection, a wind turbine of 10 MW and a water depth of 60 meters are used as a reference to 

make the calculation also applicable to possible larger jacket structures in the future.  

 

Figure 54 - Jacket structure of East Anglia one 

 

 

 

Geometry of the jacket structure 

The jacket structure is a three-legged jacket 

structure, to make all the wedge connection concepts 
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Figure 55 - Dimensions for of the reference offshore 
jacket 

suitable for implementation into the jacket to foundation pile connection. With a water depth 

of 60 meters, the minimum height of the jacket structure is given as:   

𝐻𝑗𝑎𝑐𝑘𝑒𝑡 =  Mean sea level +  Higher Astronomical Tide (HAT) + 0.5 ∗ wave height +  Surge 

+  Airgap → 𝐻𝑗𝑎𝑐𝑘𝑒𝑡 = 60 + 1.0 + 8.0 + 2.25 + 1.5 = 72.75 𝑚 

Including the stick-up length of the foundation pile and the connection the total height of the 

jacket will be approximately 77 meters. The horizontal top braces are 8 meters above sea level 

to prevent fatigue in the brace by wave loading (J.S. Hoving, 2017a). The brace patterns will 

consist of x-bracings. This is a common pattern for offshore wind jacket structures. Further is 

the width of the bottom brace is given to be 27 meters while the width of the upper horizontal 

brace is assumed to be 15 meters. These are the only horizontal braces. From the lengths of the 

horizontal braces follows that the batter angle of the jacket structure is 1:8.66. 

The diameter of the jacket legs is assumed to be 1.5 meter. The ratio of the diameter divided by 

the wall thickness of the jacket leg is generally 

taken as D/t = 30. This gives t = 0.050 m, which is 

around 3 cm. The geometry of the bays in the 

jacket structure has the same ratio. The assumed height for the bays is 72 meters.  To get the 

angle of the x-bracings around 45 degrees with the horizontal, the jacket structure will exist of 

three bays.  The scale factor of the geometry of the bays is determined by the following 

formula. The scale factor is:  

𝑚𝑗𝑎𝑐𝑘𝑒𝑡 =  (
𝑏𝑁𝑏

𝑏0
)

1/𝑁𝑏

→ 𝑚𝑗𝑎𝑐𝑘𝑒𝑡 =  (
27

15
)

1/3

= 1.216 

As said, all the bays are given the same relative geometrical dimensions and are only enlarged 

by𝑚𝑗𝑎𝑐𝑘𝑒𝑡
𝑁𝑏. Therefore yields:  

ℎ𝑡𝑜𝑡,𝑏𝑎𝑦𝑠 = ℎ1 + 𝑚𝑗𝑎𝑐𝑘𝑒𝑡 ∗ ℎ1 + 𝑚𝑗𝑎𝑐𝑘𝑒𝑡
2 ∗ ℎ1 →  ℎ1 =  19.48, ℎ2 = 𝑚𝑗𝑎𝑐𝑘𝑒𝑡 ∗ ℎ1

= 23.70 𝑎𝑛𝑑 ℎ3 = 𝑚𝑗𝑎𝑐𝑘𝑒𝑡
2 ∗ ℎ1 = 28.82  

In which ℎ1 is the height of the upper bay, ℎ2 is the height of the middle bay and ℎ3 is the height 

of the lower bay.  

The proportions between the height and length of a bay are given as 
ℎ𝑁𝑏

ℎ𝑁𝑏−1
=  

𝑏𝑁𝑏

𝑏𝑁−1
. 

From this follows that 𝑏1 = 18.24  𝑎𝑛𝑑 𝑏2 = 22.18. With the values for 𝑏1 and 𝑏2 the angle 

with the horizontal for the diagonal braces can be defined. This angle is: 

𝜃𝑜𝑑𝑑 =  
ℎ𝑁𝑏−1

𝑏𝑁𝑏
− (𝑏𝑁𝑏

− 𝑏𝑁𝑏−1)/2
=  49.5 𝑑𝑒𝑔𝑟𝑒𝑒𝑠.  

All the diagonal braces have an angle of 49.5 degrees with the horizontal.  

To determine the diameter of the braces the rule of thumb is applied. A first approximation for 

the diameter of the diagonal braces is given by:  
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𝐷𝑏𝑟,𝑑  =  0.018 ∗ 𝐿𝑏𝑟,𝑑 

The average length of a diagonal brace is √28.822 + 24.592 = 37.9 𝑚. By using the rule of 

thumb this results in a diameter of 0.7 meter. The ratio of the diameter divided by the wall 

thickness of the x-bracings is taken as D/t = 30 (J.S. Hoving, 2017a). So the wall thickness of the 

diagonal braces is 0.02 meter. This is taken to be 2.5 centimeters to be conservative.   

The following rule of thumb is applied to find a diameter for the horizontal braces: 

𝐷𝑏𝑟,ℎ  =  0.023 ∗ 𝐿𝑏𝑟,ℎ 

The length for a horizontal brace is maximum 27 meter. This implies that the diameter is 0.70 

meter. Here yields the same as rule of thumb for the wall thickness of the horizontal braces. 

And therefore the wall thickness for the diagonal braces is also 2.5 centimeter. Now the whole 

geometry of the jacket structure is determined and the loads working from and on the jacket 

structure can be determined.  

Loads acting at the offshore jacket structure 

The loads which are applied to the jacket structure can be divided in the following categories: 

Vertical forces: 

 The self-weight of the jacket 

 The buoyancy force of the water 

 

Horizontal forces: 

 The wave load on the jacket 

 The current load on the jacket 

 Wind load on the top side of the jacket structure (This load is neglected, because the  

installation of the jacket structure is not allowed by strong winds) 

The forces from all these categories are elaborated in the next pages. 

 

 

Vertical forces 

The self-weight of the jacket structure 

The self-weight of the jacket structure can be determined because the geometry of the jacket 

structure is known. The length of the members of the jacket structure are summarized in table 

16.  

 𝐋𝐛𝐚𝐲,𝟏(𝐦) 𝐋𝐛𝐚𝐲,𝟏(𝐦)  𝐋𝐛𝐚𝐲,𝟐(𝐦) 𝐋𝐛𝐚𝐲,𝟑(𝐦) 𝐃𝐢𝐚𝐦𝐞𝐭𝐞𝐫 (𝐦) 𝐓𝐡𝐢𝐜𝐤𝐧𝐞𝐬𝐬 (𝐦) 

𝐋𝐞𝐠 - 19.61 23.86 29.02 1.50 0.050 

𝐇𝐨𝐫𝐢𝐳𝐨𝐧𝐭𝐚𝐥  
𝐛𝐫𝐚𝐜𝐢𝐧𝐠 

15 0 22.20 27 0.70 0.025 

𝐃𝐢𝐚𝐠𝐨𝐧𝐚𝐥  - 25.60 31.14 37.89 0.70 0.025 
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𝐛𝐫𝐚𝐜𝐢𝐧𝐠 
Table 15- Dimensions of the jacket 

In addition to already known the jacket geometry a top surface with a thickness of 20 

centimeter on top of the three jacket legs is assumed to carry the wind turbine. The area of the 

top surface is 15*15/2 = 62.5 m2. This gives a volume for the top surface of 0.20*62.5 = 12.5 m3. 

The weight of the top surface of the jacket structure is 7850*12.5 = 98125 kg = 1.0 MN.   

The bottom part of the wind turbine is also attached already to the jacket structure. This is 

called the turbine foot. This turbine foot has a diameter of 8.3 meter and a wall thickness 100 

mm and a height of 2.5 meter. These geometrical properties are given from a 10 MW turbine. 

The volume of the turbine foot is 𝜋 ∗ 𝐷𝑐𝑜𝑛𝑛,𝑡𝑜𝑤𝑒𝑟 ∗ 𝑡𝑐𝑜𝑛𝑛,𝑡𝑜𝑤𝑒𝑟 ∗ 𝑡𝑐𝑜𝑛𝑛,𝑡𝑜𝑤𝑒𝑟 =  𝜋 ∗ 8.3 ∗ 0.10 ∗

2.5 = 6.5 𝑚3. The weight of the turbine foot is equal to: 6.5 ∗ 7850 = 51172 𝑘𝑔 = 0.51 𝑀𝑁.  

So the total jacket top weight is 1.49 MN.  

In table 17 the length of the members of the jacket structure are added together. From the total 

length of the different members the total weight of members is determined. By adding the 

weight of the top surface and of the turbine foot of the wind turbine to the weight of the 

members, the total weight is found to be 8.5 MN. 

 𝐓𝐨𝐭𝐚𝐥 𝐥𝐞𝐧𝐠𝐡𝐭(𝐦) 𝐖𝐞𝐢𝐠𝐡𝐭 (𝐌𝐍)  

𝐋𝐞𝐠 217.5 4.0 

𝐇𝐨𝐫𝐢𝐳𝐨𝐧𝐭𝐚𝐥 𝐛𝐫𝐚𝐜𝐢𝐧𝐠  126 0.54 

𝐃𝐢𝐚𝐠𝐨𝐧𝐚𝐥 𝐛𝐫𝐚𝐜𝐢𝐧𝐠 567.8 2.45 

𝐓𝐨𝐩 𝐬𝐮𝐫𝐟𝐚𝐜𝐞 - 1.0 

𝐅𝐨𝐨𝐭 𝐨𝐟 𝐭𝐮𝐫𝐛𝐢𝐧𝐞 - 0.51 

 𝐓𝐨𝐭𝐚𝐥 - 8.5  

Table 16 - Weight of several components of the jacket structure 

Buoyancy on the jacket 

The buoyancy force on the jacket is given by the volume of the jacket structure under water 

level. The jacket is assumed to be filled with air because the tubulars are welded together 

onshore. However a reduction factor of 0.8 is applied for potential leakages. The volume of the 

jacket below water level is given by: 

𝑉𝑗𝑎𝑐𝑘𝑒𝑡,𝑏𝑒𝑙,𝑤𝑎𝑡 = ( 
𝜋

4
∗ 𝐷𝑏𝑟,𝑑

2 ∗ 𝐿𝑏𝑟,𝑑 +
𝜋

4
∗ 𝐷𝑏𝑟,ℎ

2 ∗ 𝐿𝑏𝑟,ℎ +
𝜋

4
∗ 𝐷𝑙𝑒𝑔

2 ∗ 𝐿𝑙𝑒𝑔) → 𝑉𝑗𝑎𝑐𝑘𝑒𝑡,𝑏𝑒𝑙,𝑤𝑎𝑡

= (
𝜋

4
∗ 0.702 ∗ 6 ∗ (37.9 + 31.14 + 25.6 ∗

2980

19480
) +

𝜋

4
∗ 0.702 ∗ 3 ∗ 27 +

𝜋

4

∗ 1.52 ∗ 3 ∗ (
60.3

60
∗ 57)) = 503.3 𝑚3 

So the buoyancy force of the whole jacket is given by: 

 
𝐹𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 = 𝑟𝑏𝑢𝑜𝑦 ∗ 𝜌𝑤𝑎𝑡𝑒𝑟 ∗ 𝑉𝑗𝑎𝑐𝑘𝑒𝑡,𝑏𝑒𝑙,𝑤𝑎𝑡𝑒𝑟 → 𝐹𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 = 0.8 ∗ 1000 ∗ 503.3

= 4.0 𝑀𝑁 𝑢𝑝𝑤𝑎𝑟𝑑𝑠 
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The combination of self-weight of the jacket and buoyancy gives a force of 

4.5 𝑀𝑁 𝑑𝑜𝑤𝑛𝑤𝑎𝑟𝑑𝑠. This is 1.5 𝑀𝑁 per jacket leg. 

Horizontal forces  

The horizontal loads applied at the jacket structure are a combination from the current and the 

waves at location of the structure. The waves and the current result in a horizontal movement 

of the water particles. Therefore they can be added together in the calculation of the horizontal 

load applied to the jacket structure. The horizontal force is split in two components: A drag 

component for the resistance to the flow and an inertia component for the resistance to the 

local acceleration of the water particles. In the end the final horizontal force can be calculated 

with the known Morison equation.  

𝐹𝑀𝑜𝑟𝑖𝑠𝑜𝑛 =  𝐹𝐼 + 𝐹𝑑 =  𝐶𝑚 ∗
1

4
∗ 𝜌𝑤𝑎𝑡𝑒𝑟 ∗ 𝐷2 ∗ �̇� + 𝐶𝑑 ∗

1

2
∗ 𝜌𝑤𝑎𝑡𝑒𝑟 ∗ 𝐷 ∗ 𝑣 ∗ |𝑣|                  

With: 

𝐶𝑚 = 𝑀𝑎𝑠𝑠 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 
𝐶𝐷 = 𝐷𝑟𝑎𝑔 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (constant) 

Morison’s equation may only be applied if 𝜆 > 5𝐷𝑙𝑒𝑔. The wave lengths should be larger than 

7.5 meter. This is the case, so Morison’s equation can be applied. The longitudinal dimensions of 

the members in the jacket are much larger than their transverse dimensions. Therefore the end 

effects may be ignored.  (DNV GL, 2017a)  

To find the horizontal load on the jacket structure, a vertical profile of the horizontal water 

velocity, water acceleration and equivalent diameter of the jacket structure have to be 

determined. Also the constants for drag and inertia have to be defined for the different 

members of the jacket. 

Stick model 

To calculate the wave and current load on the jacket structure, the jacket structure is simplified 

by the stick model. The idea of the stick model is to represent all the diameters of all the 

different members as an equivalent diameter in one model. The model replaces the real 

structure and all the loads are acting on the model with the equivalent diameter. The equivalent 

diameter can vary over the height of the jacket structure, dependent on the braces in the jacket 

structure. All the members off the jacket structure have a contribution in the equivalent 

diameter of the stick model. The equivalent diameter for the calculation of the inertia force is 

different from the equivalent diameter to calculate the drag force. The jacket structure is 

therefore represented by two stick models. One model to calculate the drag force and another 

model to calculate the inertia force.  

To calculate the maximum force on the jacket structure, the waves and the current are assumed 

to have the same direction. To calculate the horizontal load, two situations are assumed.  Both 

situations give another load on the jacket structure. Both situations can happen, but will never 

occur simultaneously. In figure 68 the top view of the load on the jacket structure is given for 

the two situations.   
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Figure 56 - Top view of the jackets with the current and the wave direction in two situations 

In both cases the braces are differently orientated to the waves and current and will therefore 

give a different equivalent diameter in the stick model (Vugts, 2016). In both situations the sides 

2 and 3 will give the same contribution to the equivalent diameter for drag as well as for inertia 

load.  

To simplify the model the assumption is made that the jacket legs have a perfect vertical 

orientation. Also the braces can have only an inclination in a horizontal or a vertical plane (so 

the batter angle is ignored). In the table 18 the contribution of all the members to the 

equivalent diameter for drag and inertia load for situation 1 are given.   

 𝐃𝐫𝐚𝐠 𝐈𝐧𝐞𝐫𝐭𝐢𝐚 

 𝐷𝑒𝑞,𝑠𝑖𝑑𝑒1 𝐷𝑒𝑞,𝑠𝑖𝑑𝑒2,3 𝐷𝑒𝑞,𝑠𝑖𝑑𝑒1 𝐷𝑒𝑞,𝑠𝑖𝑑𝑒2,3 

𝐇𝐨𝐫. 𝐛𝐫𝐚𝐜𝐞 𝐿𝑏𝑟,ℎ 𝐿𝑏𝑟,ℎ

∗ 𝑠𝑖𝑛 (𝜇𝑗𝑎𝑐𝑘𝑒𝑡)3 
√𝐷𝑏𝑟,ℎ ∗ 𝐿𝑏𝑟,ℎ 𝑠𝑖𝑛(𝜇𝑗𝑎𝑐𝑘𝑒𝑡)

∗ √𝐷𝑏𝑟,ℎ ∗ 𝐿𝑏𝑟,ℎ 

𝐃𝐢𝐚𝐠. 𝐛𝐫𝐚𝐜𝐞 𝐷𝑏𝑟,𝑑

/𝑠𝑖𝑛 (𝜃𝑜𝑑𝑑) 

1.14 ∗ 𝐷𝑏𝑟,𝑑 𝐷𝑏𝑟,𝑑/√𝑠𝑖𝑛 (𝜃𝑜𝑑𝑑) 1.07 ∗ 𝐷𝑏𝑟,𝑑 

𝐉𝐚𝐜𝐤𝐞𝐭 𝐥𝐞𝐠 𝐷𝑙𝑒𝑔 𝐷𝑙𝑒𝑔 𝐷𝑙𝑒𝑔 𝐷𝑙𝑒𝑔 

Table 17 - Equivalent diameters for the members of the jacket in situation 1 

Substituting values into table 18 delivers the following diameters: 

 

 

 𝐃𝐫𝐚𝐠 𝐈𝐧𝐞𝐫𝐭𝐢𝐚 

 𝐷𝑒𝑞,𝑠𝑖𝑑𝑒1(𝑚) 𝐷𝑒𝑞,𝑠𝑖𝑑𝑒2,3 (𝑚) 𝐷𝑒𝑞,𝑠𝑖𝑑𝑒1 (𝑚) 𝐷𝑒𝑞,𝑠𝑖𝑑𝑒2,3 (𝑚) 

𝐇𝐨𝐫. 𝐛𝐫𝐚𝐜𝐞 27 3.38 4.35 2.17 

𝐃𝐢𝐚𝐠. 𝐛𝐫𝐚𝐜𝐞 0.92 0.80 0.80 0.75 

𝐉𝐚𝐜𝐤𝐞𝐭 𝐥𝐞𝐠 1.5 1.5 1.5 1.5 
Table 18 - Equivalent diameters for the jacket in situation 1 in numbers 

Since the contribution of all the jacket members to the equivalent diameters is known, the 

equivalent diameters can to be plotted. The equivalent diameter to calculate the drag force is 

plotted in figure 69 (left)  and the equivalent diameter to calculate the inertia force is plotted in 

figure 69 (right). 
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Figure 57 - Equivalent drag diameter (left) and equivalent inertia diameter (right) 

By doing the same procedure for situation 2 the following tables and plots are obtained. 

 𝐃𝐫𝐚𝐠 𝐈𝐧𝐞𝐫𝐭𝐢𝐚 

 𝐷𝑒𝑞,𝑠𝑖𝑑𝑒1 𝐷𝑒𝑞,𝑠𝑖𝑑𝑒2,3 𝐷𝑒𝑞,𝑠𝑖𝑑𝑒1 𝐷𝑒𝑞,𝑠𝑖𝑑𝑒2,3 

𝐇𝐨𝐫. 𝐛𝐫𝐚𝐜𝐞 0 𝐿 ∗ sin (𝜇𝑗𝑎𝑐𝑘𝑒𝑡)3 0 sin(𝜇𝑗𝑎𝑐𝑘𝑒𝑡)

∗ √𝐷𝑏𝑟,𝑑 

𝐃𝐢𝐚𝐠. 𝐛𝐫𝐚𝐜𝐞 𝐷𝑏𝑟,𝑑 1.1 ∗ 𝐷𝑏𝑟,𝑑 𝐷𝑏𝑟,𝑑 1.05 ∗ 𝐷𝑏𝑟,𝑑 

𝐉𝐚𝐜𝐤𝐞𝐭 𝐥𝐞𝐠 𝐷𝑙𝑒𝑔 𝐷𝑙𝑒𝑔 𝐷𝑙𝑒𝑔 𝐷𝑙𝑒𝑔 

Table 19 - Equivalent diameters for the members in situation 2 

 𝐃𝐫𝐚𝐠 𝐈𝐧𝐞𝐫𝐭𝐢𝐚 

 𝐷𝑒𝑞,𝑠𝑖𝑑𝑒1 𝐷𝑒𝑞,𝑠𝑖𝑑𝑒2,3 𝐷𝑒𝑞,𝑠𝑖𝑑𝑒1 𝐷𝑒𝑞,𝑠𝑖𝑑𝑒2,3 

𝐇𝐨𝐫. 𝐛𝐫𝐚𝐜𝐞 0 17.54 0 0.72 

𝐃𝐢𝐚𝐠. 𝐛𝐫𝐚𝐜𝐞 0.7 0.77 0.7 0.74 

𝐉𝐚𝐜𝐤𝐞𝐭 𝐥𝐞𝐠 1.5 1.5 1.5 1.5 
Table 20 - The equivalent diameters for situation 2 in numbers 

 

Figure 58 - Equivalent drag diameter (left) and equivalent inertia diameter (right) 

 

The vertical velocity profile of the horizontal wave velocity 
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Surface waves at sea 

can be divided in three 

categories: Waves in 

deep water, waves in 

intermediate water 

depths and waves in 

shallow water. In deep 

water the wavelength 

and the motion of the 

water particles are not 

influenced by the 

bottom. This results in 

an orbital motion of 

the water particles 

(figure 71). The 

horizontal and vertical 

velocity due to the 

waves is zero at the bottom. At intermediate water depths the motion of the water particles are 

influenced by the bottom. The movement of the water particles becomes more elliptical and the 

decay of the horizontal velocity of the particles along the depth is less than in deep water. The 

shallower the water and the closer to the sea bed, the more the motion of a water particles is 

elliptical. At the seabed only a horizontal motion of water particles occurs. In shallow water the 

wavelength is only dependent on the depth of the water and the movement of the water 

particles is elliptical along the whole water depth. 

The allowable wave height during the installation is assumed to be 1 meter. The corresponding 

period of this wave is 4.3 seconds (Anderson, 2017). The corresponding wavelength is given by: 

 

𝜆 =  
𝑔𝑇2

2𝜋
∗ 𝑡𝑎𝑛ℎ (

2𝜋𝑑

𝜆
) 

The wave length is 28.84 m. The wavelength should not exceed two times the water depth to be 

classified as deep water. In this case yields: 28.82 meter < 120 meter. Therefore a wave with a 

height of 1 meter at a water depth of 60 meters in the North Sea is categorized as a wave in 

deep water.  Now the maximum horizontal velocity depth decay function for deep water is 

given by: 

𝐷𝑒𝑐𝑎𝑦(𝑧) = 𝜔 ∗ 𝑎 ∗
cosh 𝑘(𝑧 + 𝑑) 

cosh(𝑘𝑑)
, −𝑑 ≤ 𝑧 ≤ 0   (𝑓𝑜𝑟 𝐴𝑖𝑟𝑦 𝑤𝑎𝑣𝑒𝑠) 

The maximum horizontal acceleration profile is given by: 

𝑎𝑐𝑐𝑒𝑙𝑎𝑟𝑎𝑡𝑖𝑜𝑛(𝑧) = 𝜔2 ∗ 𝑎 ∗
cosh 𝑘(𝑧 + 𝑑) 

cosh(𝑘𝑑)
, −𝑑 ≤ 𝑧 ≤ 0    

Where: 

Figure 59 - Circular motion of water molecules over depth 
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𝑘 = wavenumber (2𝜋/ 𝜆) 

These results of the vertical profile of the horizontal velocity and acceleration are depicted in 

figure 72. 

 

 
Figure 60 - Horizontal velocity profile over water depth 

The maximum horizontal velocity and acceleration are assumed to be working at the same time 

at all the members of the jacket. This is a conservative, but an easy assumption. 

 

The current at the location of the jacket 

The current at the surface the North Sea is obtained (ZUNO Stroom Atlas, z.d.). From figure 73 it 

is clear that the current at the location of the jacket structure (red star) is about 2.3 knots 

(figure 73). This is equal to 1.0 m/s. 
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Figure 61 - Maximum current at water surface of the North Sea during average tide in knots 

The current has a maximum horizontal velocity at the water surface and a minimum velocity at 

the seabed. At the seabed the horizontal velocity is zero.  The horizontal velocity profile for the 

current is given by the following formula:    

𝑣𝑐,𝑡𝑖𝑑𝑒(𝑧) =  𝑣𝑐,𝑡𝑖𝑑𝑒(0) ∗ (
𝑑 + 𝑧

𝑑
)

𝛼𝑐,𝑡𝑖𝑑𝑒

𝑓𝑜𝑟 𝑧 ≤ 0 

With: 

𝑣𝑐,𝑡𝑖𝑑𝑒(0) = 𝑡ℎ𝑒 𝑡𝑖𝑑𝑎𝑙 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑎𝑡 𝑡ℎ𝑒 𝑠𝑒𝑎 𝑠𝑢𝑟𝑓𝑎𝑐𝑒  

𝛼𝑐,𝑡𝑖𝑑𝑒 = 𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡 − 𝑡𝑦𝑝𝑖𝑐𝑎𝑙𝑙𝑦 𝛼𝑐,𝑡𝑖𝑑𝑒 = 1/7 

By plotting this formula over the water depth at the location of the jacket structure, figure 74 is 

obtained.  

 

Figure 62 - The horizontal velocity of the current profile at the location of the jacket 
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The horizontal velocity from the current from the waves  

The horizontal velocity profile from the waves and the current can be added. The maximum 

horizontal velocity occurs at the sea surface and the minimum velocity at the seabed. From 

figure 75 can be seen that the average horizontal velocity is around 1 meter per second. For an 

indicative calculation for the Reynolds number, the value for the horizontal velocity of 1 meter 

per second of the water is a good enough approximation.  

 

Figure 63 - Total horizontal water profile at the location during installation 

Since the equivalent diameter, velocity and acceleration profile are known already, only the 𝐶𝑚 

and 𝐶𝐷 - coefficients have still to be determined.   

Cm - coefficients 

According to the DNV rules the coefficient for inertia is given by the following formulas:  

𝐶𝑚 = 1 + 𝐶𝑎, with 𝐶𝑎 =
𝑚𝑎

𝜌𝑤𝑎𝑡𝑒𝑟∗𝐴𝑓𝑢𝑙𝑙
, which gives different values for 𝐶𝑚 for the different 

diameters of the different jacket members.  The 𝐶𝑚 - coefficient for the jacket legs is 1.98, while 

the 𝐶𝑚 - coefficient of the braces is 3.03.  

CD - coefficients 

At the moment of installation the surfaces of the jacket structure are coated. The surface 

roughness for several materials is given in figure 76.  

 

Figure 64 - Different k-values for different materials (DNV GL, 2017a) 
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From figure 76 follows that the value of the roughness k is 5 ∗ 10−6 𝑚. Since the diameter of 

the jacket members in the structure is taken to be 1 meter in this calculation, the value of 

∆ = 𝑘/𝐷 is also 5 ∗ 10−6. To determine the 𝐶𝑑- coefficients for the jacket legs and braces, the 

Reynolds number has to be calculated first.   

Reynolds number 
The Reynolds number is an important number to predict flow patterns. A Reynolds number 

below 4000 indicates a laminar flow. And a Reynolds number larger than 4000 indicates a 

turbulent flow.  The Reynolds number is calculated by the following formula:  

𝑅𝑒 =  
𝑣 ∗ 𝐿 ∗ 𝜌𝑤𝑎𝑡𝑒𝑟

𝜇𝑤𝑎𝑡𝑒𝑟
=  

𝑣 ∗ 𝐿

𝜈𝑤𝑎𝑡𝑒𝑟
 →  

1 ∗ 1

1.3 ∗ 10−3
= 7.7 ∗ 105 

The dynamic viscosity of the water at a temperature of 10 ˚C is: µ𝑤𝑎𝑡𝑒𝑟 = 1.3 ∗ 10−6 𝑚/𝑠2 

𝐿 = Diameter of the members (average 1 m) 

𝑣 = horizontal velocity of the water (1 m/s near the surface level of the sea) 

From this large Reynolds number it is clear that the water flow is turbulent along the height of 

the jacket structure.  

In figure 77 the 𝐶𝑑- coefficients are given for several values for ∆. From this figure and the 

Reynolds number follows that the 𝐶𝑑- coefficients for both the jacket legs and the braces is 

approximately 0.3. 

 

Figure 65 - Graph to determine the 𝐶𝑑 -coefficient 

 
Calculation of the total horizontal force 
All the information which is necessary to calculate the horizontal force over the vertical height 

of the jacket structure is determined. Now the Morison’s equation can be applied over the full 

height of the jacket structure. This results for situation 1 and situation 2 in different forces and 

different moments at the base of the jacket. In figure 78 the force per meter height of the jacket 

structure is shown for the situations 1 and 2 respectively. 
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Figure 66 - Horizontal loads on jacket situation 1 (left) and for situation 2 (right) 

The total horizontal load applied to the jacket structure can be determined by taking the 

integral of all the forces over the height of the jacket.  By multiplying the total horizontal force 

with the total distance and dividing it by the resultant of the horizontal force, the location of the 

resultant force is determined. The overturning bending moment is calculated by multiplying the 

distance from the resultant force to the connection by resultant of the horizontal force. The 

vertical support reactions are determined by dividing the bending moment over the distance 

from the rotation center to the foundation piles. All these results are summarized in table 22. 

From this table the maximum load is given by the situation 1.  

 Situation 1 Situation 2 

Drag force 82.7 kN 78.2 kN 

Inertia force 106.1 kN 101 kN 

Total force 188.8 kN 179.2 kN 

Bending moment 8.55 MNm 8.12 MNm 

Force on the connection 365.6 kN 300.7 kN 

Maximum reaction 
support 

1.87 MN 1.80 MN 

Table 21 - Forces and maximum bending resistance 

 

 

 



81 
 

Appendix C: Bending beam equations 

 

Figure 67 - Bending beam equations 
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Figure 68 - Bending beam equations 
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Figure 71 - The bending beam equation for 
the displacement in the leaf spring 

 

Appendix D: Utilize elasticity between the jacket leg and foundation pile 
An investigated option is to make a flexible connection between 

the connector and the jacket leg and to use its flexibility to bend 

the connector upon the foundation pile. The situation is shown 

in figure 81. The jacket leg is with a blade (leaf spring) 

connected to the connector. The blade is welded to the jacket 

leg and to the connector and may be assumed to be fixed at 

both ends. When the foundation pile and the jacket leg have a 

maximum rotational difference, the maximum difference in 

height of the top of the pile is 40 mm (figure 82). During the 

installation of the jacket, the connector is assumed to be 

horizontal.  The connector will first touch the highest part of the 

foundation pile. By moving the jacket structure further 

downwards the blade will start to deform.  After 

maximum 40 mm deformation the whole connector 

touches the foundation pile as shown in figure 82 and the 

wedges can be installed.  

The force which is needed to push the blade 40 mm 

downwards per meter length of spring is modeled by the 

bending beam equation in figure 83. In the bending beam 

equation  𝑤0 = 40 𝑚𝑚. The length of the blade 𝑙𝑏𝑙𝑎𝑑𝑒 is 

determined by the inner diameter of the connector minus 

the diameter of the jacket leg. The inner diameter of the 

connector is approximately 2.3 meter while the diameter 

of the jacket leg may vary between the 1.0 and 2.0 

meter. This indicates that the length of the spring is 

between:  

2.3−2.0

2
= 0.15 < 𝑙𝑏𝑙𝑎𝑑𝑒  <

2.3−1.0

2
= 0.65 

To check if this concept is a feasible, the required 

thickness is calculated for three requirements. If a 

thickness exists which fulfill all the requirements the 

concept is technical feasible. The blade has to fulfill the 

following three requirements: 

1. The length of the blade is between the 0.15 and 0.65 meter based on the diameter of the 

jacket leg and the diameter of the foundation pile. No requirements for the thickness of the 

blade are imposed from the geometry. 

2. The force which is applied during installation to the jacket leg should be able to give a vertical 

impression of the spring of 40 mm.  The installation force which is applied to the connection is 

the self-weight minus the buoyancy force of the jacket. The self-weight of the jacket is 850 tons 

(Appendix B) while the buoyancy is 4.0 MN. So the installation force per jacket leg is maximum 

Figure 69 - Connection with 
deformation from elasticity 

Figure 70 - 40 mm between pile edge left and right 
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1.50 MN. The length as a function of the thickness is given by the following equation derived 

from the bending beam equation in figure 83.  

𝐹𝑛𝑒𝑡,𝑠𝑒𝑙𝑓𝑤 =
12𝐸𝐼𝑧𝑧,𝑏𝑙𝑎𝑑𝑒

𝑙𝑚𝑖𝑛,𝑏𝑙𝑎𝑑𝑒
3 ∗ 𝑤0 → 𝑙𝑚𝑖𝑛,𝑏𝑙𝑎𝑑𝑒 = √

12 ∗ 𝐸 ∗
1

12
∗ 𝑏 ∗ ℎ𝑏𝑙𝑎𝑑𝑒

3

𝐹𝑛𝑒𝑡,𝑠𝑒𝑙𝑓𝑤
∗ 𝑤0

3

                         

This is a lower bound solution for the length of the spring. When the blade is shorter than the 

length calculated above, the installation force is not sufficient to deform the blade 40 mm in 

vertical direction. 

3. In maximum compression the stress in the blade have to stay below the yield stress which is 

assumed to be 460 MPa. The maximum length of the spring is also derived from the bending 

beam equation in figure 83 and is shown in the equation below for this criterion. Combining the 

two formulas for 𝑀𝑚𝑎𝑥 gives: 

𝑀𝑚𝑎𝑥,𝑏𝑙𝑎𝑑𝑒 =
𝐹𝐸𝑑,𝑐𝑜𝑚𝑝 ∗ 𝑙𝑚𝑎𝑥,𝑏𝑙𝑎𝑑𝑒

2
 𝑎𝑛𝑑   𝑀𝑚𝑎𝑥,𝑏𝑙𝑎𝑑𝑒 =

𝐼 𝑏𝑙𝑎𝑑𝑒 ∗ 𝑓𝑦

ℎ𝑏𝑙𝑎𝑑𝑒/2
 𝑔𝑖𝑣𝑒𝑠  𝑙𝑚𝑎𝑥,𝑏𝑙𝑎𝑑𝑒

=  
2 ∗ 𝑓𝑦 ∗ 𝑏 ∗ ℎ𝑏𝑙𝑎𝑑𝑒

2

6 ∗ 𝐹𝐸𝑑,𝑐𝑜𝑚𝑝
 

By plotting these three criteria figure 84 is obtained. The thickness of the blade is plotted 

against the length of the blade. The length of the spring should be above the blue line (criterion 

2), below the green line (criterion 3) and between the red solid and the red dashed line 

(criterion 1). From figure 84 can be concluded that no thickness exist which fulfills all the three 

criteria.  

 

 

 

 

 

 

 

 

Figure 72 - The upper and lower limits for the thickness and length of the spring 

Although the model with the bending beam equations is not accurate since the blade is circular 

while the bending beam equations do not represent circular beams. In addition the local 

deformation of the connector is not taken into account. However, from this graph is absolutely 

clear that the model has to be very inaccurate to find a thickness for the blade which fulfills all 

the three requirements. 
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Appendix E: Reduced area and moment of inertia of the wedge 
Here the shear area at the critical location of the wedge is shown.  

  

Figure 73 - Shear area at the critical location in the wedge 

 

The shear area at the location of the inclined wedge is given as follows: 

𝐴𝑤𝑒𝑑𝑔𝑒 =  𝜋 ∗ 𝑅𝑤𝑒𝑑𝑔𝑒
2 − ((

𝑅𝑤𝑒𝑑𝑔𝑒
2

2
) ∗ (

𝜓 ∗ 𝜋

180
− sin(𝜓))) , 𝑤𝑖𝑡ℎ 𝜓 = 2 ∗ arccos (

ℎ𝑤𝑒𝑑𝑔𝑒

𝑅𝑤𝑒𝑑𝑔𝑒
) 

With this 𝐴𝑛𝑒𝑡 the reduction factor for the shear of the full cylinder can be calculated as:  

𝑟𝐴,𝑤𝑒𝑑𝑔𝑒 =
𝐴𝑤𝑒𝑑𝑔𝑒

𝐴𝑓𝑢𝑙𝑙,𝑤𝑒𝑑𝑔𝑒
 → 𝐴𝑤𝑒𝑑𝑔𝑒 =  𝑟𝐴,𝑤𝑒𝑑𝑔𝑒 ∗ 𝐴𝑓𝑢𝑙𝑙,𝑤𝑒𝑑𝑔𝑒 

The second moment of inertia of the wedge is given by: 

𝐼𝑤𝑒𝑑𝑔𝑒 =  
1

4
∗ 𝑅𝑤𝑒𝑑𝑔𝑒

4 ∫ (1 − cos (

𝜋
2

−𝜓

4𝜓))𝑑𝜓 

The maximum bending moment is given by:  

𝑀𝑅𝑑,𝑤𝑒𝑑𝑔𝑒 = 1.5 ∗ 𝑓𝑦 ∗ 𝑊𝑒𝑙   

 

Since the yield strength is the same, the ratio between the bending moments does only depend 

on the moment area of inertia. The reduction factor is given by dividing the moment of inertia 

of the wedge by the moment of inertia of the full circle. This gives: 
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𝑟𝑊,𝑤𝑒𝑑𝑔𝑒 =
(

𝐼𝑤𝑒𝑑𝑔𝑒

𝑧𝑚𝑎𝑥
)

(
𝐼𝑓𝑢𝑙𝑙,𝑤𝑒𝑑𝑔𝑒

𝑅𝑤𝑒𝑑𝑔𝑒
)

 → 𝑊𝑒𝑙 =  𝑟𝑊,𝑤𝑒𝑑𝑔𝑒 ∗ 𝑊𝑓𝑢𝑙𝑙,𝑤𝑒𝑑𝑔𝑒 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


