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A B S T R A C T   

The overall competitiveness of offshore wind turbine towers is significantly influenced by the selection of the 
connection. The following three types of connections: a conventional bolted ring flange (RF) connection, ring 
flange connection with defined contact surfaces (RFD), and C1 wedge connection (C1-WC) are considered. A 
quantitative comparison is made to enhance performance in a specific condition and enable further optimization 
of these connections in engineering practices. The study compares the tensile behaviour and fatigue performance 
of these connections by validated finite element (FE) simulation and analysis. The proposed FE modelling is 
based on a realistic geometry including all contacts present in the connections, steel full-range stress–strain 
relationship and ductile damage model. The efficiency and accuracy of the FE models are validated through the 
comparison with the performed tests. Then, a series of parametric FE analyses are carried out to examine the 
impact of the applied boundary conditions, bolt pretension level, and steel grade on the behaviour of connec
tions. Load-displacement curves, bolt evolution curves, and stress responses are analysed to compare their tensile 
behaviour. The effectiveness of conventional segment specimen testing is evaluated thoroughly. For the fatigue 
performance of connections, the results indicate that the segment specimen testing substantially underestimates 
the fatigue performance of C1-WCs. This discrepancy is essential to be considered in the tower design. It is also 
noted that C1-WCs are rather insensitive to the variation of pretension force level, which show superiority to 
avoiding the difficulties associated with typically bolted joints. This research provides in-depth knowledge for 
the practical application of such connections and further optimization.   

1. Introduction 

Wind power has been one of the most affordable methods in terms of 
renewable electric energy supply and carbon emissions reduction [1–3]. 
A wind farm is primarily made up of a collection of wind turbines, which 
are placed in certain locations on land or in sea to harvest the onshore or 
offshore wind energy. Onshore wind farms are noted for being afford
able and quick to install, while they generate less power due to lower 
average wind speeds. In contrast, by exploiting powerful and more 
consistent offshore winds, offshore wind farms (OWFs) ensure genera
tion of electrical energy with fewer negative environmental impacts 
[4,5]. Over the past decade, the offshore wind industry in Europe has 
grown rapidly. Europe now has 28.4 GW of installed offshore capacity, 
which rose by almost 56 % annually from 2011 to 2022 [6,7]. Fig. 1 
shows the growth of OWFs in Europe since 2011 with aspects of installed 

capacity, size, and locations. The average rated capacity of turbines and 
OWF size in 2021 are 2.4 and 2.2 times of that in 2011, respectively. 
Before 2013, there was no OWF located further away than 50 km off the 
shore [7]. After that, the average water depth and distance to the coast 
show an increasing trend, as well as the average OWF size. The average 
distance in recent years has fallen because fewer projects are built at a 
greater distance. 

According to the size of the turbine, the depth of the water, and the 
geotechnical conditions, five types of foundations are frequently utilized 
in OWF projects (see Fig. 2). Among them, the monopile (MP) founda
tion, which now totals 4914 units, continues to be the most popular 
foundation type (82 %) [8]. Its predominance can be attributed to its 
ease of design and simple installation and delivery procedures. For 
OWFs with a water depth of 0–30 m, a monopile foundation offers 
benefits in terms of economics and technology. A transition piece (TP) is 
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then attached to the top of the installed pile by connections after driving 
the monopiles into the seabed. 

Currently, OWFs with rather large wind turbines positioned at 
depths more than 30 m also adopt monopile substructures [9], where 
large-diameter monopiles are required to guarantee structural stiffness. 
Given that wind speed tends to increase as height increases, turbine 
towers are likewise getting taller to harvest more energy. Such huge 
diameters and heights result in exponentially rising costs. The connec
tions between TP and MP are consequently subjected to much larger 
forces and moments. In addition, the harsh offshore environment also 
increases the risk of fatigue failure to the connections. Therefore, to 
ensure the excellent structural performance of OWFs, it is essential to 
design more reliable TP-MP connections. In recent years, several alter
natives are proposed, which include bolted ring-flange (RF) connections 
[10–13], ring-flange connections with defined contacts (RFD) [10,14], 
and C1 wedge connections (WCs) [15,16]. 

Among these connections, the bolted ring-flange (RF) connection, 
the most popular for the MP-TP connection, is utilized extensively in the 
most recent OWT projects in Europe, such as Nobel wind Offshore Wind 
Farm [17]. By utilizing the conventional segment approach, analytical 
models and design principles have been proposed for this connection 
[10,11]. The Schmidt/Neuper model [18] is most widely used for fa
tigue limit states (FLS) assessment and Petersen/Seidel model [11,19] 
for ultimate limit states (ULS). Standard design procedures are provided 
by guidelines and codes, including (a) DNVGL-ST-0126 [20]; (b) DIN 
18088–3 [21]; (c) [22] VDI 2230 Part I; (d) IEC 61400–6 [23]; (e) RP- 

C203 [24]. The ULS and FLS conditions are two essentials for RF 
connection design. The overall resistance of RF connections is strongly 
linked to the used high-strength bolt behaviour [25–27]. 

In contrast to RF connection [11], RFD connection is a concept which 
shows favourable fatigue performance. Krutschinna [14] provided an 
analytical model to evaluate the bolt force evolution in RFD connections 
via pretty refined FE analyses. The comparison of the mechanical 
behaviour between RF and RFD connections with different bolt types 
was highlighted in [28]. Although the benefits of fatigue endurance 
were proven, there has only been a relatively small amount of imple
mentation of this connection in practice yet. It should be noted that the 
behaviour of RF and RFD connections is dominantly dependent on bolt 
resistance. The bolt assembly is under combined tension and bending 
loads due to the eccentricity between the tower segment and bolts in RF/ 
RFD connections. 

The C1-WC was designed by the company of C1 Connections B.V. 
[15,16] in early 2017. The details about the geometry and assembly 
procedure are described in [29]. Extensive FE analyses, ultimate ca
pacity tests, and a series of fatigue segment testing have been conducted 
by C1 Connections B.V. and TU Delft. It is concluded that the C1-WC is a 
competitive option with high capacity, low expense, and fast installa
tion. The remarkable improvement is that the load from the upper to 
lower tower segment is transferred centrically between the segments. 
The required bolt size for such centric connection is much smaller than 
in RF/RFD connections. The variation of bolt force is almost negligible 
under service loads, and the bolt is still in an elastic state at ultimate 

Fig. 1. Development of OWFs in terms of average water depth and rated capacity of turbines (violet), and average distance to coast and OWF size (brown) in Europe. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Share of foundation types of OWF projects in Europe [5,7,8].  
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limit state. This connection has been successfully certified by DNV in 
2021 [30], and it is anticipated to be continually optimized and devel
oped in a few years. 

Appropriate selection of the MP-TP connection plays a significant 
role in the overall competitiveness of the OWFs and is essential for 
ensuring structural integrity. Although the investigation into the indi
vidual connection has been carried out in different aspects, there is 
virtually no research associated with a quantitative comparison between 
the above-introduced connections. Meanwhile, laboratory tests via the 
segment approach are generally adopted to investigate the mechanical 
behaviour of connection [13,31]. The constraints in hoop direction 
provided by the tower are not considered in the segment model. 
Therefore, the segment approach may not accurately reflect the conti
nuity of the tower’s connection. In pursuit of a reliable connection 
design, it is crucial to conduct a comparative study on the effect of the 
segmentation of the tower connection in deriving connection properties. 

Considering that large-scale laboratory tests are expensive and 
difficult to perform, numerical simulation using advanced FE models can 
be taken as an affordable and effective method. The numerical tool is 
capable to provide a deeper understanding of connections than physical 
tests. In this paper, the FE method is adopted to simulate the mechanical 
behaviour of three types of connections without considering imperfec
tions (gaps) between segments by ABAQUS. Both material inelastic and 
geometric nonlinearities are included in FE analysis. The developed FE 
models are first validated against experimental results. Subsequently, 

the effect of the used boundary conditions, bolt pretension force, and 
steel grade on tensile behaviour and fatigue performance of connections 
are investigated. Finally, conclusions are drawn to provide in-depth 
information for the practical application and further optimisation of 
such connections. 

2. Investigated connections 

This section gives a short overview of the mechanical performance of 
investigated connections under tensile loading in the segment model. 
Fig. 3 (a) illustrates the configuration of the RF connection. Two ring 
flange are joined by a high-strength bolt that is evenly spaced for the RF 
connection. Before loading, the bolt pretension Fp is applied to create a 
compression zone between two steel flanges. The load transfer behav
iour of a typical RF connection is characterised by several stages with the 
imposed tensile load [19,28] (see Fig. 3 (b)). 

Stage I - The increase of imposed load Z causes bending of the 
flanges, resulting in a nonlinear decrease of the contact force Fc. The 
imposed load Z is mainly resisted via the redistribution of the contact 
force Fc. A slight increase of the bolt force Fb appears. 

Stage II - After reaching the critical value of the imposed load ZI, a 
large tensile load produces the successive opening of the contacts and 
expeditious increment of the bolt force Fb. 

Stage III - Plastic deformation, at the “macro” level, of the flange and 
bolt occurs in this stage after reaching ZII. The bolt force Fb increase 

Fig. 3. Illustration of bolted ring-flange connections (RF).  

Fig. 4. Illustration of bolted ring-flange connections with defined contacts (RFD).  
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linearly and only the area closed to the internal edge of the flanges is in 
contact resulting in a roughly constant contact force Fc. 

Finally, the connection achieves the ultimate tensile strength ZU and 
fails in two modes: rupture of the bolts and/or rupture of the bolt 
combined with plastic deformation of the flanges/segments. 

Different from the continuous contact surface in RF connections, in 
RFD connections, the pretension bolt action Fp is transmitted via two 
clearly defined contact surfaces. There are two deformation stages for 
RFD connections in tension (as shown in Fig. 4): 

Stage I – The imposed load is resisted through Fc,B (the contact area 
directly beneath the segment plate). The bolt force Fb and contact force 
Fc,A remain unchanged until Fc,B is fully unloaded. 

Stage II – The critical load ZI is achieved when Fc,B = 0. After that, the 
bolt force increases steadily until the final fracture. The ultimate ca
pacity of the RFD connection is nearly identical to the RF connection 
with similar geometrical features. 

Only the bolt behaviour is profoundly influenced by the distinct 
surfaces. Consequently, the fatigue performance of an RFD connection 
differs from that of an RF connection. These observations are valid for 

the segment model or the full ring flange without the presence of im
perfections, particularly parallel gaps [32–34]. The bolt force curve in
creases with a steeper slope if parallel gaps are present. 

Bolt pretension is horizontally applied to the C1 wedge connection. 
Three generations of the C1 wedge connection have been developed so 
far [29]. The behaviour of second-generation design with a pin 
connection is investigated in this paper (see Fig. 5). Two wedges 
immediately move towards each other with the pretension of the hori
zontal bolt, generating the increase in contact force Fc between the 
upper and lower segments. The applied tensile load is resisted by Fc at 
the beginning while the bolt force Fb is fairly constant throughout the 
loading process. The hand-calculation model was proposed by the 
company for designing the joint under ULS and FLS [35]. From Fig. 5 
(b), the mechanical behaviour of a C1-WC is divided into three stages 
with the applied tensile load. 

Stage I – The connection is in the elastic stage with the linearly 
decreased Fc. The critical load ZI is defined at the end of the elastic stage. 

Stage II – After exceeding ZI, the connection behaves nonlinearly 
with increasing local plastic deformation until achieving the yield 

(a) C1-WC (unit: mm) (b) Evolution of bolt and contact forces 

Fig. 5. Illustration of C1 wedge connections (C1-WCs).  

Fig. 6. Test set-up and failure mode for RF connections under static loads.  
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strength of the lower segment (ZII). 
Stage III – The lower segment undergoes considerable plastic 

deformation successively until an apparent necking failure occurs. 

3. Experimental work 

The experimental program that is used to validate the FE simulation 
method is briefly described in this section. All the tests were performed 
in the Stevin II lab at TU Delft. An extensive experimental program was 
conducted to evaluate the static and cyclic behaviour of ring-flange 
connections with M56 bolts [36]. Fig. 6 shows the test set-up for RF 
connection under static loads. Both the top and bottom ends of the 
segment were supported by two hinges. After bolt preloading, the 
specimen was loaded to failure under displacement control. The external 
load, bolt forces and deformation capacity were measured. Six linear 
variable differential transformers (LVDTs) were installed on the sides of 
the flange to track the movement of the flange contact surface during 
loading. The bolt was instrumented with strain gauges to measure the 
pretension force and the following evolution of bolt force. Although 

various variables were analysed in this series of experiments, the 
experimental results of the RF connection with ISO bolt/nut assembly 
are used for further validation of the FE simulation method. Stripping 
failure of the bolt threads at the lower side of the flange was obtained 
from the test. 

Pertaining to the C1-WC, static tests were conducted through a 
dedicated test set-up, as shown in Fig. 7. Different from the hinges used 
in the test of RF connections, the upper and lower segment were welded 
to rigid plates where the axial load was applied at the top plate by a 
hollow plunger cylinder. The applied load, bolt force and displacements 
in the connection were monitored during the tests. Three LVDTs (D1-D3) 
were mounted to measure the axial deformation of the specimens and 
the gap opening between the contact segments. A load cell was installed 
on the M18 bolt to monitor the tensile force in the bolt. M18 is employed 
in down-scaled experiments. The failure was governed by the net cross- 
section ductile failure of the lower segment. The experimental response 
and failure mechanism were explained in great detail by the authors 
[29]. 

Fig. 7. Test set-up and failure mode for C1-WCs under static loads.  

Fig. 8. Cut view of segment specimens with various connections.  
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4. FE modelling of connections 

This study employs ABAQUS [37] to investigate the structural 
behaviour of the connections. All components are properly modelled to 
obtain accurate results from the FE analysis. The numerical simulation 
introduces the ductile damage material model for critical components. 
The associated material property parameters are chosen in accordance 
with the experiments. Finally, the effectiveness of the established FE 
models is demonstrated. 

4.1. Geometry dimensions 

To make a valid comparison between different connections, the ge
ometry of connections and associated segments should be designed to 
have identical ultimate tensile strength. The experimental results of the 
C1-WC are adopted as the reference to design the RF/RFD connection. 
This is mainly because the design procedure for RF/RFD connection is 

more straightforward than the C1-WC. Hence, the developed FE model 
for RF/RFD connection in the comparative analysis is different from the 
geometrical features in the performed tests. However, the simulation 
method is similar so that the effectiveness of the developed FE models 
also can be validated using the previous test results. 

It is found that the ultimate tensile resistance of the C1-WC (Zu) is 
independent of the preload force applied to the bolt [29]. The segments 
in C1-WCs have the following characteristics: thickness and width of the 
segment are 40 mm and 78 mm, respectively (see Fig. 5). The ultimate 
capacity is calculated as Zu = As,WC⋅fu = 812 kN, where As,WC is the 
smallest net cross-section area of the lower segment and fu is the 
measured ultimate tensile strength of S460 material [29] used in the 
segment of C1-WCs. Fig. 8 (c) presents the schematic geometry of the C1- 
WC. The M18 bolt is modelled with actual dimensions [29] measured by 
a digital caliper. The major diameters for the bolt and outer wedge 
threads are 18.18 mm and 17.90 mm, respectively. Minor diameters for 
the bolt and outer wedge threads are 15.20 mm and 15.48 mm, 

Table 1 
Evaluation of ultimate tensile resistance of RF/RFD connections.  

Failure mode Analytical equations Ultimate capacity 

Mode A Ft,Rd = fubAs 1179 kN 
Mode B 

FU,B =
Ft,Rda′

+ Mpl,3

a′

+ b
= min

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Ft,Rda′

+

[

1 −

(
Nult,2

Npl,Rd,sh

)2
]

Mpl,Rd,sh

a′

+ b
,

Ft,Rda′

+

⎡

⎣

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −

(
Nult,2

Vpl,Rd,fl

)2
√ ⎤

⎦Mpl,Rd,fl

a′

+ b

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

Note:a′

= λa for 1.25 < a/b⩽2.25

[38] 

812 kN 
(governing failure mode) 

Mode C 

FU,C =
Mpl,3 + Mpl,Rd,fl,net

b
= min

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

[

1 −
( Nult,3

Npl,Rd,sh

)2 ]

Mpl,Rd,sh + Mpl,Rd,fl,net

b
,

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
( Nult,3

Vpl,Rd,fl

)2
√ ]

Mpl,Rd,fl + Mpl,Rd,fl,net

b

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

868 kN 

Mode D 
FU,D =

M′

pl,2 + ΔMpl,2 + Mpl.3

b′

D 

1051 kN 

Mode E FU,E =
Mpl,2 + Mpl,3

b′

E  

2344 kN 

Note: (a) The coefficient 0.9 and the partial safety factors for the ultimate tensile resistance of bolts are neglected in this study. (b) a detailed explanation can be found 
in [20,39] and Appendix. 

Fig. 9. Mechanical boundary conditions for various connections.  
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respectively. The measured pitch is 2.5 mm which is the recommended 
dimension for M18 bolt according to ISO 4014 [40]. 

The analytical models proposed by Petersen and Seidel [10,19] are 
used to design the geometry of the RF/RFD connection. Five approxi
mated failure modes are considered, and the corresponding results are 
shown in Table 1. The tensile resistance for failure mode A is linked to 
bolt failure. Failure mode B represents the failure of the bolt combined 
with the plastic deformation of the flange/segment. The failure of the 
shell and flange due to yielding is defined as failure mode C/D/E, where 
failure modes D/E should be used as they are more accurate and less 
conservative compared to using failure mode C. Table 1 shows that 
failure mode B controls the ULS of RF/RFD connections according to the 
analytical evaluation. The detailed geometry of RF and RFD connections 
is shown in Fig. 8 (a) and (b). A M42 bolt is utilized in these two con
nections. The M42 bolt is modelled in accordance with Refs. [41] and 
[42]. The nominal height of the bolt head and nut is 25 mm and 34 mm, 
respectively. The nominal bolt length is 335.5 mm. The tolerance class 
of threads are defined as 6g (after coating) and 6H by ISO 965–1 [43]. 

The parameters of the contact surface in the RFD connection are 
determined by the recommendations provided by Krutschinna [14]. It is 
obtained that the gap depth has less influence on the carrying behaviour. 
For the sake of manufacturing reasons, the smallest possible recess 
height h/2 = 2 mm is to be sought. The optimized value of bk can be 
approximated as b2/2. The parameters shown in Fig. 8 (b) are specified 
as: ak = bk = 50 mm, a1 = 130 mm, b1 = 55 mm, a2 = 180 mm, b2 = 105 
mm. 

4.2. Boundary conditions and mesh 

The mechanical boundary conditions specified for these connections 
are shown in Fig. 9. The reference points RP1 and RP2 in the centre of 
the associated surfaces are kinetically coupled to the surfaces at the end, 
respectively. Fixed support boundary conditions are applied on RP2. The 
segment is uniformly arranged along a shell cylinder in a full-scale 
tower. The constraints caused by neighbouring shells are ignored in 

the conventional segment approach in laboratory conditions. To inves
tigate the effectiveness of the conventional segment approach, various 
constraints are set for the free side surfaces, namely with or without 
tangential symmetric boundary conditions (BCs). The segment conti
nuity corresponds to the lateral boundary condition with tangentially 
symmetric BC. It should be noted that the influence of tube diameter is 
not included here. The ideal fully constrained boundary condition is 
assumed in this research. While the influence of tube diameter could be 
considered by modelling the segment with springs in hoop direction. 

Solid elements are used to model all components. The plate com
ponents are meshed using eight-node hexahedron linear solid elements 
with reduced integration (C3D8R). The machined components, namely 
the bolt, nut, threaded outer wedge, blocks and pin-bar with more 
complex geometry, are meshed with ten-node modified quadratic tet
rahedron elements (C3D10M) to realize the free mesh. The detailed 
mesh for the C1-WC can be obtained from [29]. For RF/RFD connec
tions, the global size of the solid elements in the bolt and nut is 8 mm, 
while in the threaded zone the element size is reduced to 3 mm. A global 
element size of 6 mm is used for the segments and flanges. The general 
contact method in ABAQUS/explicit is applied to all contact interactions 
[37]. The “hard” contact is defined in the normal direction to prevent 
penetration and tensile stress transfer across the interfaces. The 
tangential behaviour is modelled by a “penalty” frictional formulation 
which allows a relatively tiny movement between contact surfaces. The 
friction coefficient of 0.1 is used for all contacts in the FE models. 

4.3. Computational procedure and loading 

For each connection, two computation steps are carried out (see 
Fig. 9): bolt preloading (step I) and axial tensile loading along the Z 
direction (step II). The turn-of-nut method is used to apply the preten
sion bolt force [34]. As shown in Fig. 9, the hexagon edges of the nuts in 
RF/RFD connections and the bolt head in C1-WCs are kinematically 
connected to the reference point in their centre lines. Rotations of the 
reference points are applied along the axis of the bolt. The preloading 

Table 2 
Configuration details of FE models for RF connections.  

Specimen ρ Fp = ρfubAs (kN) Rotation 
(rad) 

Boundary condition Steel grade ZI (kN) ZU (kN) 

RF-BC1-S460  0.70 825  2.10 BC1 S460 428 845  
0.55 649  1.64 336  
0.40 472  1.19 245  
0.25 295  0.75 153 

RF-BC2-S460  0.70 825  2.08 BC2 S460 428 853  
0.55 649  1.63 336  
0.40 472  1.18 245  
0.25 295  0.74 153 

RF-BC2-S355  0.70 825  2.12 BC2 S355 428 835 
RF-BC2-S690  0.70 825  2.08 S690 428 883 

Note: BC1-Without tangentially symmetric boundary condition; BC2- With tangentially symmetric boundary condition. 

Table 3 
Configuration details of FE models for RFD connections.  

Specimen ρ Fp = ρfubAs (kN) Rotation 
(rad) 

Boundary condition Steel grade ZI (kN) ZU (kN) 

RFD-BC1-S460  0.70 825  2.35 BC1 S460 543 843  
0.55 649  1.83 427  
0.40 472  1.33 310  
0.25 295  0.84 194 

RFD-BC2-S460  0.70 825  2.29 BC2 S460 543 853  
0.55 649  1.79 427  
0.40 472  1.30 310  
0.25 295  0.82 194 

RFD-BC2-S355  0.55 649  1.79 BC2 S355 427 835 
RFD-BC2-S690  0.55 649  1.80 S690 427 882 

Note: BC1-Without tangentially symmetric boundary condition; BC2- With tangentially symmetric boundary condition. 

L. Cheng et al.                                                                                                                                                                                                                                   



Engineering Structures 285 (2023) 116039

8

forces in the bolt are obtained by measuring the contact pressure force at 
the inner washer surface. EN 1090–2 [44] states that the design bolt 
pretension force Fp,C should be calculated using Fp,C = ρ⋅fub⋅As ( ρ =
0.70), where fub is the ultimate tensile strength of bolts; As is the tensile 
section area of the bolt. The partial safety factor is not considered in this 
paper. Four different values of the preload coefficient ρ ranging from 
0.25 to 0.70 are selected to investigate the effects of levels of Fp. Hence, 
various rotation angles are adopted to achieve different Fp, as shown in 
Table 2, Table 3, and Table 4. After preloading, axial tensile displace
ment along Z direction is implemented to RP1 at the top of the segment. 

An explicit solver is used to overcome the problem of convergence 
difficulties and enhance computational efficiency. After trial computa
tions, a semi-automatic mass scaling option is used to shorten the 
computation time and guarantee the quasi-static analysis. The difference 
in the applied rotation between RF/RFD connections and C1-WCs is 
obvious. In contrast to applying pretension force in the bolt to clamp the 
flanges in RF/RFD connections, the horizontal bolt in the C1-WCs causes 
the movement of two wedges. Under applying the same rotation, the 
resulting bolt extension in RF/RFD connections is much larger than that 
in the C1-WCs. It is reported that the bolt head rotation of 2.8 rad only 
generates a 10 kN increment in Fp in C1-WCs [29]. Consequently, the 
target time increment and period are different during the simulation for 
these connections. The target time increment for RF/RFD connections is 
set to be 0.5 × 10− 6 s. The associated periods adopted for preloading and 
loading to failure steps are 0.1 s and 0.05 s, respectively. For the C1-WC, 
the time increment is set as 1.0 × 10− 6 s. The periods for preloading and 
tensile loading are 2.5 s and 0.25 s, respectively. 

4.4. Material models 

Table 5 provides a list of the mechanical characteristics of the ma
terials utilized in the FE model. Four kinds of material are introduced for 
major components in FE models, and they are displayed by colours in 
Fig. 9. Three steel grades (S355/S460/S690) is specified for plate 
component to quantify the effect of steel strength on the mechanical 
performance of connections. The washer and pin connection parts are 
modelled as an elastic material, while elastic–plastic material is used to 

model other components. As insignificant plastic deformation occurs in 
machined parts in C1-WCs, the material behaviour of fastener assembly 
is represented by an idealized trilinear elastic–plastic hardening model, 
as shown in Fig. 10. Nominal material properties are adopted according 
to EN 10025–6 [45]. Engineering stress–strain curves are transformed 
into true stress–strain curves as input data in the ABAQUS plasticity 
model [46]. 

The full-range stress–strain constitutive model and ductile damage 
model are used for plate components and bolts. The post-necking 
behaviour of metal material can be successfully described by a com
bined linear and power law stress–strain law [46–48]. The only un
known variable, namely weighting factor W, is calibrated using the 
measured material property. To accurately simulate the failure mode of 
connections, a ductile damage model based on Rice-Tracey (RT) func
tion is employed in this study [49,50]. Two material-dependent pa
rameters α and β are calibrated by matching the engineering 
stress–strain curves obtained from test results [29,51–53], see Fig. 11. It 
should be noted that the material property of the bolt is obtained based 

Table 4 
Configuration details of FE models for C1-WCs.  

Specimen ρ Fp = ρfubAs (kN) Rotation 
(rad) 

Boundary condition Steel grade ZI (kN) ZU (kN) 

WC-BC1-S460  0.70 141  51.60 BC1 S460 762 817  
0.55 111  38.95 625  
0.40 80  29.88 467  
0.25 50  21.58 303 

WC-BC2-S460  0.70 141  49.59 BC2 S460 752 826  
0.55 111  38.05 618  
0.40 80  29.19 450  
0.25 50  21.27 294 

WC-BC2-S355  0.40 80  29.19 BC2 S355 221 682 
WC-BC2-S690  0.40 80  29.19 S690 450 1032 

Note: BC1-Without tangentially symmetric boundary condition; BC2- With tangentially symmetric boundary condition. 

Table 5 
Material properties adopted in FE models.  

Components Color Material E0 (MPa) fy (MPa) fu (MPa) εu A W α β 

Washer/pin connection White Elastic 2.10e5 – –  –  – – – – 
Fastener assembly Red 34CrNiMo6 2.10e5 620 800  –  0.15 – – – 
Bolt/nut Green 10.9 2.10e5 957 1062  0.050  0.10 0 2 1.5 
Plate Grey S355 2.10e5 375 517  0.175  0.32 0.1 1.8 1.5 

S460 2.10e5 485 620  0.125  0.23 0 1.4 
S690 2.05e5 746 785  0.061  0.15 − 0.4 1.3 

Note: E0 – Young’s modulus; fy and fu is yield and ultimate tensile strength, respectively; εu - the strain corresponding to ultimate tensile strength; A - the ultimate 
elongation; W – weighting factor in full-range true stress–strain constitutive material model; α and β are two material-dependent parameters in Rice-Tracy fracture 
criterion. 

Fig. 10. Stress–strain curves for 34CrNiMo6 material.  
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on the assumption of a parabolic shape of the engineering stress–strain 
curve [34]. The curves can be drawn with measured yield and ultimate 
tensile strength and the ultimate elongation A = 10 % according to ISO 
898–1 [54]. Fig. 12 shows the calibrated full-range stress–strain curves 
for materials specified for plate components and bolts. 

4.5. Validation of FE method 

The developed FE method for C1-WCs has been demonstrated in 
[29]. As mentioned before, the FE simulation method for RF/RFD 

connection is validated by the test results described in section 2. In the 
test, after applying 5 cyclic loads via force control, the specimen was 
loaded to final failure via displacement control. An FE model with 
identical geometry and boundary conditions to the test is established. 
Uniaxial tensile load applied in the cross-section of the upper segment is 
used in FE simulation for simplification. Comparisons are made between 
numerical and experimental ultimate load capacity, bolt force evolution, 
and local deformation, as illustrated in Fig. 13. After the bolt exceeds its 
yield strength (Fb greater than 1942 kN), the actual experimental bolt 
force was not available from the used strain gauges. This is because the 
strain is not proportional to the bolt force outside the elastic region. The 
maximum bolt force Fb,max-test was calculated according to the estab
lished simple analytical model: Fb,max− test × a = Zmax− test × (a + e). a is the 
distance from the bolt axis to the flange edge, and e is the distance from 
the bolt axis to the shell mid plane at final fracture. The ultimate ca
pacity of the specimen (Zmax-test) and the bolt (Fb,max-test) are also shown 
in Fig. 13 (a). It is found that the FE model can accurately predict the 
strength of the specimen and the bolt. As plotted in Fig. 13 (b)-(d), the 
simulated gap curves provide relatively good agreements with the en
velope of the test results. The difference shown in Fig. 13 (b) is because 
LVDT1 and LVDT2 went out of range before the ultimate tensile strength 
during the test. Both experimental and numerical results show the bolt 
failure mode. Therefore, it is concluded that the FE simulation method 
for the RF connection realistically predicts the mechanical behaviour of 
this connection. 

5. Parametric studies on tensile behaviour 

In this section, the influence of important parameters on the 
behaviour of connections under static loading is assessed based on the 
validated FE method. The parameters include the lateral boundary 
condition on the sides of the segment/flange in hoop direction (BC1/ 

Fig. 11. Comparison between experimental and numerical engineering 
stress–strain curves. 

Fig. 12. Stress–strain curves of the critical parts in FE models.  
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BC2), preload coefficient ρ (0.70, 0.55, 0.40, and 0.25), and the steel 
strength (S355, S460, and S690). 

5.1. Effect of BC1/BC2 

The FE models with the preload coefficient ρ = 0.7 are taken as the 
benchmark to analyse the effects of lateral boundary conditions. The 
detailed results are summarized in Table 2 and Table 3. Fig. 14 repre
sents the effect of BC1/BC2 on the behaviour of RF and RFD connections, 
namely specimens RF-BC1/BC2-S460 and RFD-BC1/BC2-S460. An 
insignificant variation is found between RF-BC1-S460 and RF-BC2-S460 
in terms of load–displacement curves, evolution curves of bolt force, and 
gap between segments in the back view (see Fig. 14 (a), (c), and (e)). A 
similar observation is found for RFD-BC1-S460 and RFD-BC2-S460. 
These imply that the lateral boundary conditions have little influence 
on the tensile performance of RF and RFD connections. Although the 
deformation of the shell and flange is constrained with BC2, the bolt is 
the critical component of RF/RFD connections. The circumferential 
stress generated under BC2 has negligible influence on the static tensile 
behaviour of RF/RFD connections. It is reasonable to use the segment 
approach to represent their static performance without considering 
imperfections. The bolt force evolution calculated using proposed 
analytical models is included in Fig. 14 (c) and (d) to strengthen the 
reliability of the FE models. It is found the Schmidt/Neuper estimation is 
conservative as reported in [13], which is accepted to contain the 
detrimental influence of imperfections. The development of Fb obtained 
from analytical models for RFD connections agrees well with the FE 
results. 

Fig. 15 illustrates the comparison between WC-BC1-S460 and WC- 
BC2-S460. A noticeable contrast begins at the yield plateau in 
load–displacement curves and continues until the approximate peak 
load (see Fig. 15 (a) and Table 4). The evolution curves of bolt force 
exhibit almost identical behaviour with BC1 and BC2, see Fig. 15 (b). 
This is attributed to the fact that the bolt contributes less to directly 
resist the tensile load. The major function of the horizontal bolt is to 

provide contact pressure between segments, and not as in RF/RFD 
connections to contribute directly to the tensile force transfer. It is re
ported that the lower block in the C1-WC is subjected to bending as it 
spans two cover plates and the lower segment [16]. After reaching the 
ultimate capacity, the obvious deformation in the lower segment results 
in increased bending in the lower block and the bolt. The axial force 
distribution in the middle cross-section of the bolt is displayed in Fig. 15 
(b). With the significantly increased deformation in the lower segment, 
the contact between the lower wedge connection and the lower segment 
is lost followed by the suddenly decreased bolt force. Meanwhile, the 
contact force is dominantly distributed in the middle of the segment no 
matter under which boundary conditions. Hence, the lateral boundary 
condition has a negligible effect on the gap between the segments in the 
back view (see Fig. 15 (c)). A control point is located at the transition 
region in the lower segment instead of the bolt from FE results. The 
maximum principal stress σpri,max at this point until the maximum 
strength is extracted as shown in Fig. 15 (d). It is found that σpri,max 
increases linearly until reaching the yield limit strength fy. With 
increasing imposed load, σpri,max of WC-BC1-S460 exhibits a faster in
crease rate with a smaller initial value compared to that of WC-BC2- 
S460. 

To better reflect the effect of BC1/BC2, the deformation and stress 
response of the lower segment under the imposed load of 240 kN is 
shown in Fig. 16 as an example. The stress distribution at a certain cross- 
section of the hole is also displayed in Fig. 16. The deformation along X 
direction is magnified with a factor of 50. It is seen that the distribution 
of σpri,max is heavily influenced by BC1 and BC2. Moreover, the distri
bution of σpri,max along the centre line of half oval hole is represented in 
Fig. 17. The negative max. principal stress occurring between 0◦ − 25◦ is 
attributed to the compression force between the upper block and the 
lower segment at this region. The diagrams show that BC1 causes a more 
uniform distribution of stress response in the C1-WC. This could explain 
why the value of σpri,max of WC-BC1-S460 at the control point (see 
Fig. 15 (d)) is smaller than the WC-BC2-S460 before reaching yield 
strength. 

F

Fig. 13. Comparison between FE and test results of RF connections.  
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Analysing the range of maximum principal stress Δσpri,max and the 
stress concentration factor (SCF) kf is crucial to identify the most 
vulnerable regions under fatigue in the lower segment in C1-WCs. To 
eliminate the influence of the initial stress introduced by various pre
tension levels (see Table 4), SCF is defined as the ratio of Δσpri,max to the 
nominal stress for this connection. The grey shadow area marked in 
Fig. 17 is located between the angle 25◦-80◦. Fig. 18 displays the 
response of Δσpri,max and kf in these localized regions, where Z = 0 kN is 
selected as the reference. As shown in Fig. 18, the position of the peak 
Δσpri,max differs under BC1 and BC2. The kf,max corresponding to peak 
Δσpri,max is obtained as 1.50 and 1.41 for WC-BC1-S460 and WC-BC2- 
S460, respectively. The Δσpri,max and kf under BC1 are higher than 
those under BC2. This is because the circumferential continuity (hoop 

stresses) causes increasing triaxiality followed by the larger SCF. It im
plies that the stress response in the lower segment of C1-WCs is greatly 
influenced by “circumferential” boundary conditions. 

5.2. Effect of pretension level (coefficient ρ) 

The effect of pretension level on the behaviour of RF, RFD, and C1- 
WC is shown in Fig. 19 and Fig. 20. The results of connections with 
BC2 are selected for comparison. The initial stiffness of these connec
tions is degraded with reduced ρ (see Fig. 19 (a) and (b), Fig. 20 (a)). For 
RF and RFD connections with insufficient pretension force, the obvious 
rise of the bolt force Fb and gap appears earlier together with the lower 
critical value ZI (see Table 2 and Table 3). As shown in Table 4 and 

Fig. 14. Comparison of RF and RFD connections: (a) and (b) load–displacement curves, (c) and (d) bolt force evolution curves, and (e) and (f) gap.  
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Fig. 20 (b), ZI corresponding to the abruptly appearing gap between 
segments in C1-WCs also decreases with reduced ρ. It should be noted 
that the ultimate capacity ZU for all types of connections is not related to 
the pretension level. 

Fig. 21 compares the response of maximum principal stress at the 
control point of C1-WCs under various boundary conditions and preload 
coefficient ρ. It is interesting to find that the stress response of WC-BC1- 
S460 is approximately consistent under various ρ, see Fig. 21 (a) and (b). 
However, larger ρ in WC-BC2-S460 generates a higher initial value of 
σpri,max after preloading and lower SCF kf,max before yielding strength. 
The lowest Δσpri,max and kf,max of WC-BC2-S460 with ρ = 0.70 demon
strate the benefits of sufficient pretension level in C1-WCs. These results 

also necessitate the importance of investigating the lateral boundary 
conditions. 

5.3. Effect of steel strength 

To quantify the influence of various steel grades, the mechanical 
behaviour of RF and RFD connections with identical ZI and boundary 
conditions are compared in this section. According to the analytical 
models, ZI of RF connections with ρ = 0.7 is calculated as 428 kN which 
is equal to that of RFD connections with ρ = 0.55. Fig. 22 displays the 
comparison analysis between RF and RFD connections made of various 
steel grades. The governing failure mechanism is the plastic hinge in the 
shell/flange and the failure of the bolt. The ultimate resistance is 
increased by using higher steel grade for shell and flanges (Fig. 22 (a) 
and (b)). As presented in Fig. 22, the curves separate after reaching the 
imposed load of 720 kN both for RF and RFD connections. It is found that 
the nominal bolt stress exceeds the yield strength of bolts of 957 MPa 
under 720 kN. This implies that the imposed load is resisted by the 
introduced contact force between flanges, bolts, and the segments/ 
flanges sequentially. Before bolts yield, the major function of the shell 
and flange is to transfer the external load. The steel strength has no 
influence on the initial stage of the bolt force development and gap 
behaviour for RF/RFD connection. This is verified by the FE results as 
displayed in Fig. 22 (c)-(f). 

Fig. 23 shows the comparison between WC-BC2-S355, WC-BC2- 
S460, and WC-BC2-S690. The design value of critical load ZI is 450 kN. 
The segments in C1-WCs are the dominant part to resist the imposed 
load, instead of the bolt in RF and RFD connections. Therefore, these 
three specimens behave differently in terms of the load–displacement 
curves, gap opening, and stress response. It is seen that the gap of WC- 
BC2-S355 develops much earlier than the other two specimens 
(Fig. 23 (b)). Under the designed critical load ZI, the maximum principal 

Fig. 15. Comparison between WC-BC1/BC2-S460.  

Fig. 16. Deformation and stress response of WC-BC1/BC2-S460 under Z =
240 kN. 
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stress of WC-BC2-S355 is around 400 MPa representing the appearance 
of developed plastic deformation, as shown in Fig. 23 (c). It is required 
that the connections are in the elastic stage, e.g. below the critical load ZI 
load. The steel grade lower than S355 is not enough to satisfy the 
requirement. Therefore, it is suggested that the yield strength of steel 
grade in C1-WCs should be larger than ZI/As,WC for design, where As,WC 
is the smallest net cross-section area of the lower segment [55]. 

6. Parametric studies on fatigue performance 

Typically, the fatigue performance of RF/RFD connections is 
dependent on the bolt force response [56,57]. Fig. 24 displays the dis
tribution of stresses S33 along the bolt length of RF-BC2-S460. The stress 
range Δσ is calculated asΔσ = ΔFb/As + 2⋅ΔM⋅dbolt/Ibolt, where As is the 
tensile stress area of the bolt, dbolt is the effective diameter of the bolt, 
and Ibolt is the moment of inertia of the bolt. The axial force Fb and 
bending moment M are extracted using a free body cut with 100 slicing 

along the bolt length. A smooth curve is then produced using a cubic 
smoothing spline to mitigate the effect of scattering. The critical point 
locates in the first engaged thread, which is consistent with the previous 
study [58]. The discussion in section 5 shows the effect of BC1/BC2 and 
steel strength on the bolt behaviour for RF/RFD connections is negligible 
before reaching ZI. On the contrary, insufficient pretension force raises 
the range of bolt force response, hence reducing the fatigue resistance of 
connections. Moreover, recent studies have reported that the fatigue 
performance of these connections cannot be effectively evaluated by the 
segment approach without considering the flange imperfections 
[59,60]. In RF/RFD connections, flange imperfections are “almost” un
avoidable due to fabrication and execution, as the flange surfaces are 
typically uneven and with unparallel gaps in real situations [61]. A log- 
normal distribution of the size of the imperfections has been reported by 
Buchholz et al. [62] based on more than 1900 flatness measurements of 
OWF projects. Flange imperfections have a significant effect on the bolt 
response and the fatigue performance of the RF/RFD connections. In 

Fig. 17. Distribution of max principal stress of C1-WCs under BC1/BC2.  

Fig. 18. Comparison of maximum principal stress range and SCF for WC-BC1/BC2-S460.  
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Fig. 19. Comparison of RF/RFD connections under various preload coefficient: (a) and (b) load–displacement curves, (c) and (d) bolt force evolution curves, and (e) 
and (f) gap. 

Fig. 20. Comparison of WC-BC2-S460 under various preload coefficient.  
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short, the segment approach is not suitable for the fatigue design pre
diction of RF/RFD connections, and therefore the fatigue assessment 
using the segment approach is not discussed in the paper. 

Referring to the C1-WC, a log–log relation between stress range and 
fatigue life is obtained as log10(N) = 12.282–3 × log10(Δσ) with 75 % 
confidence level and 95 % probability of survival based on the scaled 
segment fatigue tests. The fatigue life S–N curves employed to evaluate 
the fatigue performance of the connections are shown in Fig. 25. The 
detail category ΔσC is predicted as 98 according to the definition in [56]. 
It should be noted a more comprehensive FLS assessment is required to 
confirm the detail category for C1-WC. The analyses in section 5 show 
that the stress response of C1-WCs is significantly influenced by BC1/ 
BC2, pretension force level, and steel strength. Therefore, an evaluation 
of the fatigue life of C1-WCs is presented. The range of maximum 
principal stress Δσpri,max is used for calculating fatigue resistance. In that 
case, the detail category incorporated with the stress concentration 
factor kf should be used. kf varies with different pretension levels under 
BC2. For simplification, kf = 1.5 is used and the detail category FAT 98 is 
substituted by FAT 147 when using Δσpri,max as the stress range. 

Results of the stress range in C1-WCs under five nominal stress 
ranges (Δσseg) applied to the top of the upper segment are shown in 
Table 6. It is noticed that the Δσpri,max of C1 WCs with BC2 is smaller 
than that with BC1 under the identical nominal stress range. The 
calculated stress ranges are then used to compute the related fatigue life. 
Results including the ratio between the fatigue life under BC1 and BC2 
(NBC1/NBC2) are displayed in Table 7. The results of the fatigue life 
evaluation are more vividly presented in Fig. 26. It is observed that the 
deviation of the fatigue life of C1-WCs caused by various lateral 
boundary conditions is dramatic. The average value of NBC1/NBC2 of C1- 
WC is 0.66. In comparison to the “complete tower” conditions (BC2), the 
laboratory segment fatigue tests are rather conservative for C1-WCs by 
predicting a fatigue life of − 34 % compared to the expected life in a 
complete tower. The influence of steel strength on their fatigue 

performance is shown in Fig. 26 (b). Its effect can be neglected as long as 
a suitable material is selected for connections. 

Connections with bolts face a number of difficulties, which may 
appear during the assembly process or in service [61]. The difficulties 
include the accuracy of applied bolt force, self-loosening of bolts, and 
short-term and long-term relaxation of bolts. It is well known that the 
fatigue performance of RF and RFD connection is very sensitive to pre
tension force level in bolts. The most optimistic results about bolt force 
response under the identical nominal stress range can be extracted from 
the FE simulation. These bolt forces can be used to calculate the fatigue 
life of RF/RFD connections without imperfections. Fig. 27 shows the 
discrepancy in fatigue life of connections with four preload coefficients ρ 
under Δσseg of 127 MPa. It is clearly found that the fatigue performance 
of RF connections is the most negatively influenced by ρ. On the con
trary, C1-WCs show their robust fatigue performance even with varied ρ. 
The degradation of fatigue life of C1-WCs is 0.13 from ρ = 0.70 to ρ =
0.25. In other words, the fatigue performance of C1-WCs is insensitive to 
the variation of bolt preload force which could be generated by the is
sues mentioned above. However, these issues will lead to huge degra
dation of the fatigue resistance of RF and RFD connections. 

7. Comparison between connections 

To compare the performance of connections designed with similar ZU 
and ZI, specimens RF-BC2-S460, RFD-BC2-S460, and WC-BC2-S460 with 
three different preload coefficients ρ are selected. Table 8 and Fig. 28 
illustrate the configuration details and results of the selected specimens. 
The initial stiffness is obtained by tangential approximation of the 
load–displacement curve within the critical load ZI. RFD connections 
display slightly higher initial elastic stiffness than RF and C1-WCs. 
Fig. 28 (b) shows RFD-BC2-S460 achieves approximately similar fa
tigue performance to RF-BC2-S460 with lower bolt preload force (649 
kN). The maximum bolt stress in C1-WC is within the elastic range of the 

Fig. 21. Response of maximum principal stress of C1-WCs under various BC and ρ.  
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bolt (see Fig. 28 (b)). The gap opening at the ultimate state of RF/RFD 
connections (20 mm) is around six times the one of C1 connections (3 
mm), as seen in Fig. 28 (c). Compared to RF/RFD connections, the C1- 
WC shows the lowest gap before reaching ZI. It implies that the bolts 
in the RF/RFD connections could be more prone to corrosion than C1- 

WC, which may accelerate the fatigue crack initiation and propagation 
[61]. 

Fig. 22. Comparison of RF/RFD connections made of various steel grades: (a) and (b) load–displacement curves, (c) and (d) bolt force evolution curves, and (e) and 
(f) gap. 
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8. Conclusions 

This paper provides a comprehensive comparative analysis between 
three connections for possible use in towers supporting wind turbines, 

namely bolted ring-flange connection (RF), bolted ring-flange connec
tion with a defined area (RFD), and the C1 wedge connection (C1-WC). 
Advanced FE models are established and validated against test results. 
Afterwards, parametric studies on tensile behaviour and fatigue per
formance are performed to assess the effect of the lateral boundary 
conditions on the sides of the segment specimen, preload coefficient ρ, 
and steel strength. The following conclusions are drawn: 

Fig. 23. Comparison of C1-WCs made of various steel grades.  

Fig. 24. Critical position in RF-BC2-S460 with ρ = 0.70 under Z = 400 kN.  

Fig. 25. S–N curves for C1-WCs.  

Table 6 
Determined stress range Δσpri,max (MPa) of C1 WCs for different nominal stress 
ranges.  

ρ Boundary condition Nominal stress range Δσseg (MPa) 

25 51 76 102 127 

0.70 BC1  95.4  181.8  274.7  375.1  470.2 
BC2  80.5  155.5  242.7  332.8  403.9 

0.55 BC1  93.7  180.1  273.9  373.5  470.4 
BC2  81.5  160.8  245.8  321.7  409.5 

0.40 BC1  92.5  178.9  272.5  371.8  462.3 
BC2  81.4  160.9  247.0  323.8  412.9 

0.25 BC1  93.0  179.7  270.6  372.5  476.4 
BC2  82.0  161.3  274.8  335.1  424.0  

Table 7 
Fatigue life N of C1-WCs in number of cycles.  

ρ Boundary 
condition 

Nominal stress range Δσseg (MPa) 

25 51 76 102 127 

0.70 BC1 9.47 ×
106 

1.06 ×
106 

3.07 ×
105 

1.20 ×
105 

6.11 ×
104 

BC2 2.21 ×
107 

1.69 ×
106 

4.45 ×
105 

1.72 ×
105 

9.64 ×
104 

NBC1/NBC2 0.43 0.63 0.69 0.70 0.63 
0.55 BC1 1.03 ×

107 
1.09 ×
106 

3.09 ×
105 

1.22 ×
105 

6.10 ×
104 

BC2 2.08 ×
107 

1.53 ×
106 

4.28 ×
105 

1.91 ×
105 

9.25 ×
104 

NBC1/NBC2 0.50 0.71 0.72 0.64 0.66 
0.40 BC1 1.10 ×

107 
1.11 ×
106 

3.14 ×
105 

1.24 ×
105 

6.43 ×
104 

BC2 2.09 ×
107 

1.53 ×
106 

4.22 ×
105 

1.87 ×
105 

9.02 ×
104 

NBC1/NBC2 0.53 0.73 0.75 0.66 0.71 
0.25 BC1 1.07 ×

107 
1.09 ×
106 

3.21 ×
105 

1.23 ×
105 

5.88 ×
104 

BC2 2.02 ×
107 

1.51 ×
106 

4.18 ×
105 

1.69 ×
105 

8.34 ×
104 

NBC1/NBC2 0.53 0.72 0.77 0.73 0.71  
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(1) The influence of “continuity” conditions, circumferential (hoop) 
stress, on the tensile static behaviour of RF and RFD connection, 
is negligible. However, the stress response of crucial components 
in C1-WCs is significantly influenced by the effect of circumfer
ential stress. It is indicated that the BC1 causes a more uniform 
distribution of stress response in the C1 WC and a smaller stress 
concentration factor kf. Furthermore, the ranges of maximum 
principal stress Δσpri,max and stress concentration factors kf of C1- 
WCs with BC2 are lower than that with BC1.  

(2) The reduced pretension level in bolts, given by coefficient ρ, leads 
to a noticeable reduction of initial stiffness and the critical load ZI 
for L-flange connections, while their ultimate capacity ZU remains 
constant. The stress response of C1-WCs, for different ρ, depends 
on the continuity boundary conditions. The stress response of C1- 
WCs with BC1 is rather consistent under various preload forces 
(ρ). However, by increasing ρ under BC2, a higher maximum 
principal stress σpri,max is generated but with smaller Δσpri,max and 
kf. The benefits of a sufficient pretension level under ideal contact 
alignment are demonstrated for all three types of connections.  

(3) Before the bolt yields, the effect of steel strength on the tensile 
behaviour of RF and RFD connections is negligible. On the con
trary, the strength of steel plays a significant role in ultimate limit 
state of C1-WCs. This indicates the potential of using higher- 
strength steel in this connection. The recommended yield 
strength of the steel in the C1-WC should be greater than ZI/As,WC.  

(4) The effectiveness of the laboratory segment tests for the C1 wedge 
connection is thoroughly evaluated. The ratio between the fa
tigue life under BC1 and BC2 (NBC1/NBC2) for C1 WCs is 0.66. The 
laboratory segment fatigue tests lead to a rather conservative 
assessment for C1-WCs.  

(5) Under a similar ULS/fatigue load, RFD exhibits higher initial 
stiffness compared to other connections. Between ρ = 0.70 and 
0.25, the degradation of the fatigue resistance of RF/RFD con
nections is seven times higher than C1-WCs (the lifetime degra
dation of 0.13). It indicates that the C1 wedge connection is a 
very robust connection for offshore applications. By omitting the 
heavy ring flange and employing smaller diameter bolts, the C1- 
WCs would reduce the fabrication, installation and maintenance 
costs compared to the traditional RF connections. 
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Fig. 26. Fatigue life in the number of cycles of C1-WCs with various BC, ρ, and steel strength.  

Fig. 27. Degradation of fatigue life.  

Table 8 
Configuration details of connections with similar ZU and ZI.  

Specimen Bolt 
preload 
(kN) 

Bolt 
rotation 
(rad) 

Bolt Initial 
stiffness 
(kN/mm) 

ZI 

(kN) 
ZU 

(kN) 

RF-BC2- 
S460 

825 
(0.70Asfu)  

2.08 M42- 
10.9 

1564 428 853 

RFD-BC2- 
S460 

649 
(0.55Asfu)  

1.79 M42- 
10.9 

1743 427 853 

WC-BC2- 
S460 

80 
(0.40Asfu)  

29.19 M18- 
10.9 

1183 450 826  
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Appendix: 

Notation in Table 1: 
a: the distance from the bolt axis to the flange edge. 
b: the distance from the bolt axis to the shell mid plane. 
As: tensile stress area of bolt. 
fub: the ultimate strength of bolt. 
Ft,Rd: tensile resistance of bolts. 
Mpl,Rd,sh: design plastic bending resistance of shell. 
Mpl,Rd,fl: design plastic bending resistance of flange. 
Npl,Rd,sh: design plastic resistance of shell. 
Vpl,Rd,fl: design plastic shear resistance of flange. 
Mpl,Rd,fl,net: design plastic bending resistance of net cross-section of 

flange. 
Mpl,2: full bending resistance of the flange. 
Mpl,2’: bending resistance of the flange at the bolt axis. 
Mpl,3: bending resistance considering the M− N and M− V interaction. 
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L- Stöße mit vorgespannten Schrauben On the elastostatic load-bearing behaviour 
of eccentrically drawn L-joints with preloaded bolts. Stahlbau 1997;66:163–8. 

[12] Seidel M, Stang A, Wegener F, Schierl C, Schaumann P. Full-scale validation of FE 
models for geometrically imperfect flange connections. J Constr Steel Res 2021; 
187:106955. https://doi.org/10.1016/J.JCSR.2021.106955. 

[13] Weijtjens W, Stang A, Devriendt C, Schaumann P. Bolted ring flanges in offshore- 
wind support structures - in-situ validation of load-transfer behaviour. J Constr 
Steel Res 2021;176:106361. https://doi.org/10.1016/j.jcsr.2020.106361. 

[14] Krutschinna L. Untersuchungen zum Tragverhalten von Ringflanschsegmenten mit 
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