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A B S T R A C T   

This paper shows a part of the analysis of the development of the second generation of the C1 wedge connections 
for use in offshore wind turbine supporting towers. The novelty of this connection is that bolt failure is avoided 
under static and fatigue loads. This study aims to investigate the tensile behaviour of the connection by 
combining the findings of experiments and finite element (FE) analysis. Two specimens subjected to uniaxial and 
cyclic tensile loading tested until failure are used for illustration. Advanced quasi-static FE analysis results, 
considering the most detailed geometry and using an explicit dynamic solver, are compared to the experimental 
results. The FE analysis results agree well with the experimental results. Based on the FE model, a parametric 
study is carried out to analyse the influence of the bolt grade, friction coefficient between contact surfaces, and 
preloading force level on mechanical behaviour. Failure modes, bolt force development, and the evolution of gap 
opening between contacted segments are analysed. Results demonstrate that the tensile fracture of the C1 wedge 
connection mainly appears in the lower segment. All the investigated parameters have a negligible effect on the 
connection’s ultimate resistance and failure mode. However, the friction coefficient between contact surfaces and 
bolt preload level significantly affects the connection’s local deformation capacity and the response of the bolt 
stress range. The FE simulation provides practical guidance for designing this connection without bolt failure.   

1. Introduction 

The potential of offshore wind power has attracted growing interest 
and record investment in offshore wind projects in recent years. €26 
billion for the construction of new offshore wind farms in Europe was 
invested to finance 7.1GW of new offshore power capacity [1]. This 
reinforces the demand for the use of larger capacity and more efficient 
offshore wind turbines (OWTs). Meanwhile, the requirement for 
increasing the size of the supporting structures has been observed for the 
new generation of OWTs [2–4]. 

Supporting structures of OWT are commonly constructed of tubular 
towers and substructures [5,6]. The tubular towers are divided into a 
couple of shorter segments to facilitate transport. The connections be
tween adjacent segments are key mechanisms to guarantee the integrity 
and stability of OWT structures. Various types of connections have been 
proposed by designers [3]. The bolted ring-flange connection (RF) is 
considered the most promising and common solution for OWT [7–13]. 
The design of the wind turbine towers is primarily dominated by the 

fatigue design of the bolted ring flange connection [14–17]. Design 
standards and recommendations provide bolt detail category 50 (if the 
bending stresses are included) [17,18]. A reduction factor should be 
considered for the fatigue resistance of bolts with a diameter larger than 
30 mm [19,20]. A new generation of OWTs requires RF connections with 
much thicker ring flanges and larger bolts/studs with a diameter up to 
80 mm (M80). However, a more comprehensive investigation is 
required due to these two reasons [3,21,22]: (1) current design pro
cesses, manufacturing tolerances, and construction is insufficient to 
apply larger ring flanges and bolts/studs optimally; (2) The fatigue 
performance of the RF connection with larger bolts (studs)/flanges 
needs to be quantitatively evaluated with an improved analytical model. 

Recently finished research projects, OFWEC1 and OFWEC2 (Offshore 
Wedge Connection), introduced a novel connection called “C1 wedge 
connection” [23] as an alternative option for the new generation of 
OWTs. Compared to the conventional RF connections, the C1 wedge 
connection reduces the construction, installation and maintenance costs 
by eliminating the thick ring flange and using smaller diameter bolts 
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[24]. 
As illustrated in Fig. 1, three generations of the C1 wedge connection 

have been developed so far to improve fatigue resistance. A detailed 
analysis of the first generation of the C1 wedge connection was con
ducted experimentally and numerically under monotonic and fatigue 
conditions [25,26]. The fracture occurred at the hole of the lower 
segment. Detail category 92 was obtained for the innovative C1 wedge 
connection, which demonstrates a noticeable improvement in the fa
tigue resistance compared to the detail category 50 of bolts in the ring 
flange connections [17,18]. The C1 wedge connection is locally weak
ened by the presence of the holes (Fig. 1). To guarantee the resistance of 
the cylindrical tower (monopile), a set of analytical calculations is car
ried out e.g. the net section resistance in the smallest cross sections. A 
full-scale finite element (FE) model was built to investigate the global 
structural behaviour of the tower using C1 wedge connections [26]. The 
considered tower segments were 15 m long on both sides of the 
connection with an outer diameter of 7 m. The design procedure and 
related analytical model were proposed and validated. After that, the 
forged upper segment in the first-generation design is modified to a 
pinned-assembly in the upper segment, see Fig. 1 (b). As seen in Fig. 1 
(c), additional improvements in the third generation of C1 wedge con
nections are related to the integration of the upper segment with webs 
by using butt welds. 

Full-scale tests were performed on a 4.5 m-diameter tower within the 
OFWEC3 project (Fig. 2) and in-situ tower installation within the 
Arcadis Ost project (Fig. 3). As shown in Fig. 2, the personal-free tower 
alignment was successfully performed. Bolts were then fastened from 
the inside of the tower during the execution of the C1 wedge connection. 
Both ultimate limit state (ULS) and fatigue limit state (FLS) resistance 
was tested in the full-scale tests. These tests demonstrated quick and 
easy execution of the C1 wedge connection. The C1 wedge connection 
has been successfully certified by DNV in 2021 [27], and it is anticipated 
to be continually developed to minimise the costs of the welding but 
keep the main concept unchanged. 

This paper aims to provide the investigation of the mechanical and 
functional performance of the second generation of the C1 wedge 
connection. The ultimate resistance and failure mechanism of the down- 
scale segment using this type of C1 wedge connection under axial tensile 
load and low cycle load are described. In addition, detailed finite 
element (FE) models are established and non-linear analysis is carried 
out using ABAQUS with the damage model. The verified FE model helps 
to explain the load transfer mechanism of the second generation of the 
C1 wedge connection. Finally, parametric analysis is performed to build 
confidence in using the C1 wedge connection in engineering practice. 

2. Experimental program 

2.1. Geometry of the C1 wedge connection 

Fig. 4 shows the schematic layout of the investigated connection. In 
the second generation of the C1 wedge connection, the upper segment 
and the lower segment are assembled to the webs by two kinds of con
nections: pinned connections and wedge connections. Elongated holes 
are machined in the lower segment and webs. The specific wedge 
connection comprises the horizontal bolt, wedges and blocks with an 
inclined plane. The slope of the wedge is consistent with the blocks. The 
imposed tensile load is transferred through the pined connection to the 
webs, followed by the movement of the fastener assembly connection 
and then to the lower segment. 

In terms of the assembly procedure, a fork-shaped upper segment is 
obtained by pre-installing the pinned connection at first, see Fig. 5 (a). 
Then, the fastener assembly of the wedge connection is placed in the 
holes (Fig. 5 (b)). Due to the specific design of the holes, the fastener is 
only in contact with the top of the hole in the lower segment and the 
bottom of the holes in the webs, as shown in the origin line in Fig. 4. The 
pretension of the horizontal bolt causes the movement of two blocks 
corresponding to the increment of forces F1, F2 and F3 (F1 + F2 = F3), 
which in turn generates the contact pressure Fpressure (F4) between the 
segments (Fig. 5 (c) and (d)). As presented in Fig. 5 (c), the relationship 
between the bolt pretension force Pc and the generated contact pressure 
Fpressure is: 

Fpressure = F4 = Pc
/
(tan(α)+ μ ) (1)  

2.2. Description of the specimen 

Two specimens of the tower segment under tensile force were tested 
to understand the response of this type of C1 wedge connection (WC) in 
the segment specimen. The tests were performed in the Structures 
Laboratory at the Faculty of Civil Engineering and Geosciences, TU 
Delft. The specimens were scaled down to 1:4 of the prototype with the 
exact geometric dimensions. The main parameters of these specimens 
are shown in Fig. 4 and Table 1. The specimens were denoted as WC1 
and WC2. As expressed in Eq. (1), the lower friction coefficient μ be
tween the zinc-nickel coated wedge and block inclined plane generates 
the higher contact pressure. To perform a comparative study, different 
lubrication states about this contact pair are set for WC1 and WC2, 
respectively (see Table 1). The plate components were made of S460 
steel grade for all specimens while the machined parts were made of 
34CrNiMo6 steel with a minimum yield strength of 600 MPa. Grade 8.8 

Fig. 1. Development of C1 Wedge connection.  
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high-strength M18 bolts were used in the connection. All bolt threads 
are lubricated as it is helpful to prevent bolt loosening and thread 
damage [28]. The lubrication mentioned in this paper is applied with 

MoS2 grease. 

2.3. Experimental set-up and instrumentation 

A dedicated test setup was developed to perform the static tension 
test (see Fig. 6) because the capacity of the fatigue test set-up (see in 
[24]) is insufficient to test this connection to static tensile failure. The 
lower segment of the wedge connection was welded to a bottom plate. 
The upper segment was welded to an adaptor which is connected to a top 
plate with an M56 threaded bolt. The top and bottom plates were bolted 
to two rigid columns with eight bolts to ensure the rigidity of the entire 
loading system. Quasi-static loadings were applied through a hollow 
plunger cylinder with a capacity of 1000 kN. 

The applied load NZ, bolt forces and displacements in Z direction in 
the connection were measured during the experiments (Fig. 6). A digital 
manometer was used to record the pressure in the cylinder connected to 
the applied load. D1-D3 are linear variable differential transformers 
(LVDTs). In detail, D1 measured the displacement of the cylinder to 
determine the axial deformation of the specimens. D2-D3 were used to 
measure the gap opening between the connecting segments. The bolt 
was instrumented with a load cell to calibrate and control the tensile 
force in the bolt. The total length of the load cell is 100 mm. 

Loading procedures of both specimens were divided into two steps: 
(1) Applied preloading force to the bolts Pc, and (2) imposed tensile 
forces NZ on the specimen. Two levels of bolt preloading force Pc have 
been applied on these two specimens, as listed in Table 1. To explore the 
mechanical behaviour of the connections under various load levels, two 
loading protocols with a multi-stage loading method were designed for 
two specimens, as shown in Fig. 7. The yield load of the connection Ny is 
calculated using the measured yield strength of S460 material (fy = 485 
MPa) and the net cross-section area of the lower segment (As = d1 × (b1- 
d2) = 1296 mm2). During the tension loading stage, force and 
displacement control were used to monitor the load applied to the 
specimen before and after the ultimate strength of the specimens. 

Fig. 2. Performed full-scale tests in OFWEC3 project [23].  

Fig. 3. In-situ installation of the tower with C1 wedge connection [23].  
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3. FE simulation 

3.1. Basic modelling consideration 

The finite element (FE) model of the C1 wedge connection is estab
lished using ABAQUS/Explicit for analysing its tensile behaviour. The 

geometry and boundary conditions of the segment models of the C1 
wedge connection used in FE analysis are shown in Fig. 8 (a). The model 
comprises all tested specimen’s components: rolled plate components 
and machined components. The connectors are modelled with the actual 
geometry, and all components (i.e., bolt, washer, inner wedge, outer 
wedge, blocks) are illustrated as separate parts. The threaded bolt and 

Fig. 4. Illustration of a segment specimen (unit: mm).  

d

Fig. 5. Schematic views of tower segment with the C1 wedge connection in the study.  
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outer wedge are modelled with actual dimensions, see Fig. 8 (b), to 
model as realistic as possible the complex interactions of the connector’s 
components. It should be noted that, due to the complexity of the wedge 
connection and the high computer consumption of the explicit calcula
tion, the upper segment welded to the test set-up is excluded in the 
model. 

As presented in Fig. 8, appropriate boundary conditions are set for 
the reference points. The upper and lower cross-section surfaces are 
kinetically coupled to the reference points at the middle of the related 
surface RP1 and RP2, respectively. Fixed support boundary conditions 

are applied to RP2. Since a part of the deformation of the test set-up is 
included in the measured displacement, an elastic spring connected to 
the RP1 is added to account for the elastic deformation of the test set-up 
and the non-modelled welded part. The equivalent deformation of the 
entire specimen Δ can be obtained by Eqs. (2) and (3): 

Δ = NZ/Kt = NZ/Ks +NZ/KWC (2)  

Ks = KtKWC/KWC − Kt (3)  

where NZ is the tensile force; Kt, KWC, and Ks represent the stiffness of the 

Table 1 
Main parameters of the specimens.  

Specimen Pc (kN) Lubricated Experimental 
results (kN) 

FE analysis results (kN) Comparison 

Bolt threads Wedge/block inclined plane Nc,E Ny,E Nu,E Nc,F Ny,F Nu,F Nc,F/ Nc,E Ny,F/ Ny,E Nu,F/ Nu,E 

WC1 95 Yes No 376 607 861 387 626 813 1.03 1.03 0.94 
WC2 80 Yes Yes 436 625 873 465 629 814 1.07 1.01 0.93 

Note: The first subscript c means critical load at the end of the elastic stage, y and u mean the overall yield and ultimate resistance of the specimens. The second 
subscript E and F stand for results from experiments and FE analysis, respectively. 

Fig. 6. Experimental system.  

Fig. 7. Loading protocols for specimens WC1 and WC2.  
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experimental set-up, specimen, and spring, respectively. Kt is calculated 
as 219 kN/mm based on the test results. After several trials, Ks is esti
mated as 275 kN/mm for the analysis and contributes to around 80% of 
Δ. 

3.2. Elements types and contact properties 

Solid elements are used to model all components of the C1 wedge 
connections. Mesh details of the FE model are illustrated in Fig. 9. The 
plate components are meshed using eight-node hexahedron linear solid 
elements with reduced integration (C3D8R). The machined components, 
namely the bolt, threaded outer wedge, blocks and pin-bar with more 
complex geometry, are meshed with ten-node modified quadratic tet
rahedron elements (C3D10M) to realise the free mesh. A global element 
size of 3 mm is applied to the bolts, inner wedge and outer wedge, while 
1 mm is for the thread areas. A gradient grid with a maximum size of 10 
mm is employed for the upper segment, lower segment and two webs. In 
the area of plate components close to the fastener assembly, the mesh 
size is refined to 2 mm. 

According to VDI 2230 standard for bolted joints, the friction coef
ficient value of 0.04–0.1 is suggested for MoS2-lubricated surfaces and 
0.14–0.24 for zinc-nickel coated surfaces, respectively [29]. To reduce 
the computational cost and avoid convergence problems, general 

contact with a “penalty” tangential behaviour and a “hard” normal 
behaviour is selected to simulate all contact interactions in the spec
imen. As discussed before, the contact pressure between segments is 
sensitive to the friction coefficient μ of the inclined planes in the as
sembly of the wedge connection. Hence, the friction coefficient defined 
in the general contact is determined by the lubricant states between the 
wedge and block inclined plane. The friction coefficient μ of 0.18 is 
assumed for WC1 without wedge-block lubrication, while a conservative 
friction coefficient value of 0.1 is set for pre-lubricated WC2. The se
lection of these two values can also be calibrated based on the critical 
load Nc from test results. This is because the imposed load NZ reaches Nc 
when the contact pressure Fpressure (i.e. F4) degrades to zero. Hence, the 
contact force F4 is roughly identical to the Nc measured from the test. 
The friction coefficient μ can then be derived with the known preload 
force Pc and the contact force F4. 

3.3. Material models 

The mechanical properties of the materials used in the FE model are 
listed in Table 2. Five materials are defined for the current study. (1) 
S460 structural steel for the plate components, shown in grey in Fig. 8; 
(2) Grade 8.8 /10.9 high strength steel for the M18 bolt, shown in green 
in Fig. 8; (3) 34CrNiMo6 steel for the machined components in the 

Fig. 8. Illustration of FE models.  

Fig. 9. Details of the FE mesh of all components.  
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fastener assembly, shown in red in Fig. 8; (4) Nylon material for the 
inserted nylon layer as spacer plate; (5) Elastic material for the load cell 
and pin connection, shown in white in Fig. 8. Poisson ratio ν = 0.3 is 
used for all the components in the FE model. The conventional bilinear 
isotropic hardening model is not applicable to post-peak behaviour. 
Hence, the full-range stress–strain constitutive model is used for S460 
steel and the bolt, which is explained in section 3.2.1. The damage is 
expected to occur in the low segment with the smallest cross-section 
area. Therefore, only the fracture mechanisms of S460 steel are 
considered in this study. 

3.3.1. Full-range true stress–strain constitutive material model 
It is assumed that the specimen volume remains constant in a uni

axial stress state up to the necking point. The prior-necking true 
stress–strain relations can be converted from the engineering stress–
strain curve, as expressed in Eqs. (4) and (5). 

σt = σe(1+ εe) (4)  

εt = ln(1+ εe) (5)  

where σe and εe mean the engineering stress and strain, measured from 
the coupon tensile test. σt and εt denote the true stress and strain, 
respectively. 

The post-necking material behaviour could not be obtained simply 
through extensometer measurements on the coupon specimen due to the 
variation in the cross-sectional area and the plastic instability [30]. Ling 
[31] proposed a combined linear and power stress–strain law to describe 
the post-necking stress–strain relations. This method assumes the 
empirical low and upper bounds for the post-necking material behaviour 
with 0 ≤ W ≤ 1, as expressed as: 

σt = (W)(aεt + b)+ (1 − W)
(
Kεn

t

)
(6)  

where a = σt,u, n = εt,u, b = a(1-n); K = a/nn. σt,u and εt,u represent the 
true stress and true strain at the onset of necking, which can be calcu
lated according to Eqs. (4) and (5). Yang et al. [32,33] proposed that the 
weighting factor W could be calibrated with values even less than zero or 
larger than 1. In this paper, W is calibrated for the investigated steel in 
the range of − 0.5 to 1.5. Fig. 10 shows the employed full-range 
stress–strain relationship for S460 steel in this study. 

3.3.2. Rice-Tracy fracture criterion 
To simulate the fracture of the material under tensile loading, the 

Void Growth Model [34,35] (VGM) based on the Rice-Tracey (RT) 
function is employed in this paper: 

εpl
D = α⋅exp( − β⋅η) (7) 

The model has been coded into the ABAQUS as “ductile damage” 
[36], dependent on the stress triaxiality η. It is assumed that the ductility 
decreases exponentially with the increased stress triaxiality. Then, the 
material fracture is predicted to occur when the critical void growth 
index (VGIcritical) is reached. α and β are two material-dependent pa
rameters, where β is generally taken as 1.5 and α is similar to VGIcritical 
which can be calibrated from the test results [37]. The damage initiation 

criterion is reached when Eq. (8) is satisfied, in which− ε pl is the 
equivalent plastic strain (PEEQ) and the damage index WD is the damage 
initiation variable. 

WD =

∫

dεpl
/

εpl
D = 1 (8) 

The mentioned RT criterion is taken as the damage initiation crite
rion. Damage evolution law is defined by the displacement type with a 
very small displacement, such as 0.001, at the failure to simulate a 
sudden load capacity loss after the damage initiation. Element deletion 
is triggered when WD = 1 in the FE model. 

3.3.3. Material model calibration 
Tensile coupon tests were performed on S460 steel to formulate a 

full-range true stress–strain constitutive material model. Quasi-static 
analyses are performed using the explicit dynamic solver in ABAQUS. 
The coupons were cut from the same batch of S460 steel material used 
for the C1 wedge connection. The most appropriate W can be calibrated 
by comparing the engineering stress–strain curves from the FE results 
and the experimental results. 

The mesh sensitivity analysis is carried out with two mesh sizes of 
0.5 mm and 2.0 mm in the gauge parts with a length of 60 mm. Fig. 11 
(a) and (b) show the comparison between the numerical and experi
mental engineering stress–strain curves for S460 steel using three 
weighting factors with an interval of 0.1. A larger weighting factor in the 
combined linear and power stress–strain law causes higher engineering 
stress in the descending stage. Meanwhile, a noticeable effect of the 
mesh size can be found in Fig. 11 (c) when the engineering strain is much 
larger than the fracture strain. The 0.5 mm mesh results in a sudden drop 
of load strength at a smaller fracture strain than the comparable one of 
the 2.0 mm mesh. This indicates that the strain localisation effect of the 
S460 steel is not sensitive to the mesh size before the PEEQ of 0.4. In 
conclusion, the weighting factor W = 0 and mesh size 2.0 mm are 
selected to describe the post-necking behaviour of S460 steel. A good 
agreement is obtained between the engineering strain–stress curve of 
S460 material from experimental and FE results, see Fig. 11 (d). 

Table 2 
Material properties.  

Component Density Young modulus Steel grade Yield strength Ultimate strength Peak strain Ultimate elongation 

ρ (kg/m3) E0 (MPa) fy (MPa) fu (MPa) εu A (%) 

Plate 7850 2.1 × 105 S460 485 620 0.125 23 
Fastener assembly 7850 2.1 × 105 34CrNiMo6 620 800 – 15 
Nylon layer 1350 2.76 × 105 – – – – – 
Load cell/pin connection 7850 2.1 × 105 – – – – – 
M18 bolt 7850 2.1 × 105 8.8 776 970 0.05 10 

10.9 945 1050 0.05 10  

Fig. 10. Full-range stress–strain relationship of S460 steel.  
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The yield strength of grade 8.8 and 10.9 bolts is determined using the 
nominal ratio fy/fu equals 0.8 and 0.9, respectively. Following Eqs. (4) 
and (5), the pre-necking true stress–strain curve can be obtained. Recent 
investigation indicates that the post-necking true stress–strain diagram 
for high-strength bolts under tensile loading can be described as a power 
strain–stress with a weight factor of 0 [32]. According to the experi
mental results on bolt material reported in [38,39], the full-range true 
stress vs. true strain curves for the bolt is obtained as shown in Fig. 12 
(a). 

For the sake of simplicity, idealised elastic–plastic-hardening prop
erties are employed as the engineering stress–strain curve of 34CrNiMo6 
steel, as shown in Fig. 12 (b). This is because no damage is expected in 
the machined parts of the wedge connection, where the maximum stress 
level in the FEA is about 400 MPa. Engineering stress–strain curves are 

converted into the true stress–strain curves for input in the ABAQUS 
plasticity model. 

3.4. Loading procedure 

Two calculation steps are carried out in the model to coincide with 
the physical test conditions. The bolt is preloaded first by the turn-of- 
bolt head method and then the model is loaded to the failure by 
applying the axial displacement to the tower segment. In the first step, as 
illustrated in Fig. 13, the edges of the bolt head are coupling constrained 
to the reference point RP-bolt located in the centre of the bolt head. A 
rotation is exerted on the RP-bolt around the centreline of the bolt. To 
reach the design preloading force Pc listed in Table 1, trial simulations 
are performed to determine the rotation angle. The preloading forces in 

W

Fig. 11. Weighting factor calibration for S460 steel.  

f f

f f

f f

Fig. 12. Stress–strain curves for materials used in the bolt and machined components.  
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the bolts are obtained by extracting the contact pressure force at the 
inner washer surface. 

To perform quasi-static analysis, the explicit solver requires a con
ditional stability limit which can be approximated in terms of the ma
terial density ρ, the characteristic length of the smallest element Le, and 
the Lamé parameters λ and μ: 

Δt ≈ min
(

Le⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρ/λ + 2μ

√ )
(9) 

The mesh verification analysis reveals that the smallest stable time 
increment in the FE model is 1.9 × 10− 9, leading to a large computa
tional cost. These elements limiting the time increment are mainly from 
the bolt and outer wedge due to the threads, while the average stable 
time increment for other components is 2.0 × 10− 7. Considering the bolt 
and outer wedge are not critical components, a semi-automatic mass 
scaling option is used to shorten the computation time. As a generally 
accepted indication of the quasi-static analysis, the energy ratio between 
the kinetic energy to the internal energy should not be noticed 
throughout most of the simulation, not exceeding a small fraction (5%– 
10%). To achieve a trade-off between the computation time and accu
racy of the FE model, the target time increment is set to be 1.0 × 10− 6 s 
after several trial computations. The time periods adopted for preload
ing and loading to failure steps are 2.5 s and 0.25 s, respectively. 

The contour plots along the meridional direction in the bolt and 
wedge connection for each specimen after preloading are shown in 
Fig. 14. Compared to the initial status, the inner and outer wedges 
approach at different distances due to the various bolt preload levels. 
Meanwhile, the bolt pretension causes the contact pressure F4 between 
segments, as shown in Fig. 15. In the second step, an axial load is 
imposed by setting upward displacement of the reference point RP3 
(Fig. 8). 

4. Experimental and FE results 

A corresponding comparison is made between the experimental and 

FE results shown below, separately for WC1 and WC2. The validated FE 
model is then used to conduct a parametric study to expand the 
experiments. 

4.1. Behaviour of WC1 

4.1.1. Failure mode 
By observing the deformation of WC1 during the loading process 

with two cycles (Fig. 16 (a)), it can be found that the specimen maintains 
elasticity at the initial stage of the loading. The influence of the first 
loading-unloading cycle can be neglected within the elastic stage, rep
resenting a uniaxial tensile behaviour of the C1 wedge connection. The 
load–displacement curve in Fig. 16 (a) can be separated into three 
stages. The axial stiffness remains linear in the first stage. The imposed 
loading at the end of the elastic stage is defined as critical force Nc,E. 
After exceeding Nc,E, the axial stiffness decreases slightly with the in
crease of displacement. At the end of the second stage, the yield strength 
Ny,E is achieved with a short yield plateau. After that, the specimen 
behaves nonlinearly, and the axial stiffness degrades gradually until the 
fracture of the specimen. The peak point of the curve is regarded as the 
overall axial ultimate resistance. 

The relationships of applied load (Nz) versus the displacement from 
the experiments at the second cycle and FEA results of WC1 are pre
sented in Fig. 16 (b). A good agreement between the experimental re
sults and FE analysis results is achieved. The numerical values 
accompanied by the corresponding test results are presented in Table 1, 
with a maximum deviation of 7%. A small difference of 11 kN between 
Nc,F and the Nc,E verifies the selected friction coefficient μ of 0.18 for 
generating contact pressure. 

Considering the tensile loading is dominantly transferred through 
the lower and upper segments, the distribution of PEEQ in the segments 
at four load levels is illustrated in Fig. 17. It can be found that local 
plastification occurs after exceeding the critical load of 387 kN. The 
lower segment experiences large plastic deformation successively with 
increasing the load. 

Fig. 13. Preloading of the bolts in the FE model.  

Fig. 14. Stress distribution and deformation of the fastener assembly of wedge connection.  
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Fig. 18 shows the failure modes with residual deformation. Apparent 
necking failure of the lower segment is observed due to the smallest 
cross-section area As compared to the one in the upper segment. At the 
same time, the upper segment nearly remained undeformed. Hence, the 

bearing resistance of the specimen can be theoretically determined as 
Nu = fu⋅As = 804 kN (see Fig. 16), where fu is the ultimate strength of 
S460 steel. The comparison indicates that the failure mode depicted by 
the FE analysis reflects the failure process of the experimental specimens 

F

Fig. 15. Stress distribution of plate components after bolt preloading.  

Fig. 16. Load–displacement curves of WC1.  

N N N N

Fig. 17. PEEQ distribution in the lower and upper segment at four external loads Nz.  
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very accurately, as shown in Fig. 18. 

4.1.2. Evolution of bolt force 
Force in the bolt obtained from the load cell is shown in Fig. 19 (a). A 

slight decline during the first loading-unloading cycle is observed from 
the experimental results. The bolt force loss can be attributed to many 
reasons, among others the embedding loss as the contact interfaces in 
the connections which are usually not perfect with numerous pro
trusions. However, this fact can be neglected considering the elastic 
behaviour of the specimen at the initial stage of the loading. Similarly, 
the development of bolt force in WC1 includes three characteristic 
stages. Almost no change in the bolt force is observed in the first stage. In 
the second and third stages, the bolt force starts to increase nonlinearly 
with various gradient. Fig. 19 (b) shows the results of the bolt force 
versus the applied load curves from the experimental and FE simulation. 
An increasing scattering is observed between the test and FE results in 
the latest stage of loading. 

The contact force responses are extracted from FE analysis in Fig. 20 
to identify a point beyond which the increasing gradient of the bolt force 
appeared. The contact pressure F4 between the upper and lower segment 
decreases linearly at first, while the contact forces F1, F2 and F3 maintain 
the shape approximately with constant bolt force until the critical load 
Nc,F. Then, the low segment starts to support the imposed load, leading 
to an open connection and linearly increasing contact forces F1, F2 and 
F3. It is obvious that the lower block in the C1-WC is subjected to 
bending as it spans two webs and the lower segment [24]. As F1 and F2 

are increasing, the bolt receives the load transferred from the blocks 
with the increasing contact force at the wedge f1 and f2, (as shown in 
Fig. 21). The extraordinarily high contact pressure in Fig. 21 is attrib
uted to a mathematical stress singularity that occurred in the steep 
corner. The stress singularity can be ignored considering these sharp 
corners are not critical areas for the mechanical behaviour of the 
specimen. 

It is concluded that the bolt in the C1 wedge connection operates in 
two ways: (1) it introduces the contact pressure at the preloading stage; 
(2) it participates in the load transfer when reaching the critical load Nc. 
The calculation of WC1, shown in Fig. 19 is performed with a uniform 
friction coefficient of 0.18 for all contacts. However, the friction coef
ficient for lubricated bolt threads is much close to 0.1, which cannot be 
simulated via general contact used in the analysis. Consequently, the 
high friction coefficient leads to a larger bolt force than obtained in the 
test results beyond the critical load Nc, as shown in Fig. 19 (b). The 
results from the parametric analysis in section 5.1 demonstrate the 
maximum bolt force variation with a friction coefficient of 0.18 is 11 kN 
larger than with a smaller friction coefficient of 0.1, see Fig. 33. Similar 
influence of friction coefficient on bolted joints was also obtained in 
[40–43]. 

In terms of the tensile ultimate limit states (ULS), the final failure 
occurs in the lower segment instead of the bolt. It is observed that the 
maximum tensile stress of the bolt is below the yield strength. For fa
tigue limit states (FLS) resistance, the yield strength Ny is considered as 
the maximum applied fatigue load. The deviation of bolt force between 

Fig. 18. Experimental and FE failure mode of WC1.  

Fig. 19. Evolution of bolt force of WC1.  

L. Cheng et al.                                                                                                                                                                                                                                   



Engineering Structures 282 (2023) 115799

12

FE and test results below Ny is neglectable, see Fig. 19 (b). The resulting 
bolt stress variation is 23 MPa and 14 MPa from FE and test results, 
respectively. These bolt stress ranges are lower than the constant fatigue 
limit ΔσD of 37 MPa for the M18 bolt with the detail category of 50 [19]. 
Hence, the bolt behaviour is not critical both for ULS and FLS resistance 
for WC1. 

4.1.3. Evolution of gap opening 
The opening between two segments has been measured for each 

specimen during the loading of connection, see Fig. 6. The evolution of 
the gap opening of WC1 is depicted in Fig. 22, where the gap opening 
from LVDT Δ1 is the mean value of the measurements (D2 + D3)/2. 
Similarly, the gap opening behaviour of wedge connection under uni
axial tensile loading can be separated into three stages with similar 
boundaries. The gap opening increase to 0.12 mm linearly in the first 
stage from Fig. 22 (a), followed by an increase until 1.7 mm when the 
final fracture occurs. It should be noted that the difference between the 
experimental and FE results at the third stage is apparent, which can be 

F

F F f

f

Fig. 20. Development of contact force of WC1 from FE analysis.  

N N N N

f f f f

f f f f

Fig. 21. Development of contact force of the outer wedge.  

(b) FEA vs. Exp 

Fig. 22. Comparison of gap opening behaviour between experimental and FE results for WC1.  
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attributed to the fact that the ultimate deformation capacity of the LVDT 
was reached. 

Fig. 23 compares the gap opening measured from LVDT Δ1 and be
tween the interface of segments Δ2 / Δ3 from FE results. Fig. 5 shows that 
the force equilibriums of the upper segment and lower segment under 
external load Nz are: 

ΔNupper = NZ +F4 − (F1 +F2) (10)  

ΔNlower = F3 − F4 (11) 

According to Fig. 20, ΔNupper and ΔNlower increase at the beginning 
with a significant decrease in F4 and a slight increment in F3. Under the 
applied force of 100 kN, the resultant force ΔNupper and ΔNlower are 42 
kN and 82 kN in tension. The segments have tiny elastic deformation 
even with low Nz. Therefore, Δ1 increases at the beginning due to the 
elastic deformation that occurred in the steel within the range of LVDT. 
It is observed from Fig. 23 (b) that the existing contact force F4 is 
dominantly distributed in the middle of the segment. However, there is 
no contact force at the edge of the segment. That is why the gap opening 
Δ2 opens at Nz = 280 kN, while Δ3 opens until the complete degradation 
of F4 at Nc,F. 

4.2. Behaviour of WC2 

4.2.1. Failure mode 
The load–displacement curves of specimen WC2 are presented in 

Fig. 24. The curves of FE results agree well with the experimental results. 
According to Eq. (12), the critical load Nc is different from the one at 
WC1 with a lower friction coefficient μ of 0.10 and bolt preload Pc of 80 
kN. The stiffness degradation ratio ξ is defined as ki/k1 to reflect the 
change of the stiffness during the loading-unloading of the segment 
specimen, where k1 is the initial stiffness. The stiffness of the ith cycle ki 
is calculated by: 

ki =
(
kunl,i− 1 + krel,i

)/
2 (i = 2 : 10) (12)  

where kunl,i-1 is the tangent stiffness of the unloading path of i-1th cycle, 
and krel,i is the tangent stiffness of the reloading path of ith cycle, as 
shown in Fig. 25 (a). 

Fig. 25 (b) shows the stiffness degradation trend with increasing 
cycles. A drop of 8% of the ξ is observed between the specimen during 
the 1st and 5th cycle. In terms of the axial load level between the critical 

load Nc and the yield force Ny, the stiffness reduces gradually at a linear 
rate from the 2nd to 5th cycle. This can be attributed to the propagation 
of the local plastic deformation in the segments, as shown in Fig. 26. 
Beyond the critical load (after the 2nd cycle), the permanent deforma
tion is introduced into the segment successively. The degradation rate 
increases after the 5th cycle, corresponding to the larger plastic defor
mation at the lower segment. Despite the cyclic loading, the failure 
mode of WC2 is similar to WC1 in the middle section at the elongated 
hole of the lower segment. 

4.2.2. Evolution of bolt force 
Fig. 27 shows the bolt force change during the cyclic loading. A 

general trend of bolt force evolution at each loading-unloading cycle is 
described in Fig. 27 (b). Bolt force increases to some extent during the 
load path OA, followed by a decreasing trend during the unloading path 
AB. 

The comparison of the bolt force variation PΔOA from the test and FE 
results is shown in Fig. 28 (a), where FE results are basically consistent 
with the experimental results. In detail, the bolt force keeps constant in 
the first two cycles. After exceeding the critical load at the 2nd cycle, 
PΔOA increases gradually with the increasing cycles and load levels. PΔOA 
is less than 5 kN when the maximum force of the cyclic loading is below 
the yield strength of the specimen at the 5th cycle. After that, PΔOA in
crease at a nonlinear and faster rate. The bolt force drops to 0 kN during 
the unloading path of the 9th cycle. WC2 reached its ultimate strength at 
the 10th cycle. The results demonstrate that the load capacity of the 
specimen is not influenced by the loss of the bolt pretension. The 
maximum bolt stress during the whole cyclic loading is calculated as 
420 MPa within the elastic states. Fig. 28 (b) shows the FE model for 
WC2 is capable of simulating the bolt behaviour accurately until the 8th 
cycle (under the applied force of 1.25 Ny). This can be attributed to that 
the applied friction coefficient of 0.1 reasonably mimics the contacts of 
the pre-lubricated threads. The lubricate states of the practical appli
cation of the C1 wedge connection are identical to WC2. Hence, this 
simulation method is reasonable to reflect the bolt behaviour in the 
practical application of the C1 wedge connection. 

4.2.3. Evolution of gap opening 
The evolution of gap opening from LVDT Δ1 during the cyclic loading 

from the test is depicted in Fig. 29 (a). The corresponding zoomed-in 
curves during the loading path of each cycle are shown in Fig. 29 (b). 

F

N N N

N N

F

F F

(a) Gap opening behaviour 

Fig. 23. Gap opening behaviour and related contact force.  
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Fig. 24. Load–displacement curves of WC2.  

Fig. 25. Evolution of stiffness degradation with the number of cycles.  

Fig. 26. PEEQ distribution in lower and upper segment at the end of unloading of 1st to 6th cycle.  
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Fig. 27. Evolution of bolt force of WC2 from the test.  

Fig. 28. Bolt force variation during loading-unloading of WC2.  

Fig. 29. Evolution of gap opening Δ1 of WC2 from the test.  
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The gap opening behaviour after reaching the applied force of 808 kN is 
eliminated as the ultimate deformation capacity of the LVDT was 
reached. The envelope of gap opening curves from the test and FE result 
is compared in Fig. 30 to validate the FE model. 

A critical load change ratio ζ is calculated based on the initial critical 
load after bolt pretension. As shown in Fig. 31, the critical load Nc 
corresponding to each cycle decreases slightly after the 2nd cycle. A 10% 
drop is observed at the 5th cycle with the load level Ny. The FE results 
and experimental results match well, verifying the reliability of the FE 
model to analyse the cyclic behaviour analysis of the specimen. 

5. Parametric analysis 

Considering the load cell is not included in practice, the FE model is 
updated without a load cell to conduct the parametric analysis, as shown 
in Fig. 32. Table 3 lists the FE models and corresponding parameters. 
The nominal length of the bolt Lnom is reduced from 220 mm to 120 mm 
in the updated model. The upward displacement is imposed on the 
reference point RP1 at the top of the segment. 

This parametric study aims to quantify the influence of the pre
loading force Pc, the bolt grade, and the friction coefficient between 
contacts. It should be noted that the influence of the yield strength fy of 
the material and the smallest cross-section area As of the lower segment 
on the mechanical performance is not included. This is because their 
influence is straightforward from the equation Nu = fu⋅As. The 
displacement at RP1 and gap opening Δ2 is extracted from the FE results 
to evaluate the global and local deformation behaviour of the specimens. 
Based on the discussion in sections 4.1.2 and 4.2.2, it is observed the 
efficiency of the FE model for simulating bolt behaviour is not influ
enced by the friction coefficient within the yield strength Ny. The nov
elty of the C1 wedge connection is the bolt is not the critical component 
under ULS and FLS. It is necessary to check the bolt stress range Δσb 
under the applied force range ΔNz equal to Ny, as listed in Table 3. 

5.1. Influence of the bolt grade/friction coefficient 

The comparison results between WC-F1 and WC-F2 show that the 
influence of the steel grade of the bolt is negligible on the global and 
local deformation capacity. However, the lower friction coefficient μ 
introduces a higher contact pressure between segments according to Eq. 
(1). Consequently, the critical load of WC-F3 is higher than WC-F1, see a 
zoomed-in view in Fig. 33 (a) and (b). The gap opening Δ2 and bolt force 
start to increase at 539 kN and 386 kN with the μ of 0.1 and 0.18, 
respectively. The value of the bolt stress range Δσb of WC-F3 is lower 
than the one of WC-F1/F2 (see Table 3). The bolt is not involved in the 

FLS verification for WC-F3. 

5.2. Influence of the preloading force 

Fig. 34 (a) indicates that Pc has negligible effects on the yield load 
and ultimate resistance of the specimen. Lower Pc leads to a smaller 
contact pressure between segments, resulting in a decreasing critical 
load Nc.F. The gap opening behaviour of the connection is strongly 
influenced by the preloading force Pc (Fig. 34 (b)). When Pc is reduced to 
50 kN, Δ2 at the yield load rises to 2.72 times the one with Pc of 95 kN. 

As shown in Fig. 35, the bolt stress range needs to be considered for 
FLS verification when Pc is below 77 kN within the pre-lubricated 
connection. Accurate application of Pc is necessary in addition to 
reasonable design of Pc. Table 3 and Fig. 35 reveal that the relationship 
between Pc and bolt head rotation is linear. The bolt head rotation of 16◦Fig. 30. Comparison of gap opening curves from test and FE results.  

Fig. 31. Change of critical load with the number of cycles.  

Fig. 32. Updated FE model for parametric analysis.  
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generates only 1 kN variation in Pc. Therefore the bolt preloading, with 
assumed friction coefficients, can be easily controlled by the bolt head 
rotation with high accuracy. Considering Δσb is ignorable within the 
critical load Nc, the only function of the bolt is to provide the contact 
pressure at the beginning under the design load lower than Nc. 

6. Conclusion 

The main characteristics of the 2nd generation of the C1 wedge 
connection used in large towers for offshore wind turbines are intro
duced in this paper. An integrated study combining experimental and 
finite element analysis on its mechanical behaviour is conducted. The 
following conclusions are drawn:  

(1) The bolted ring flange connection loaded in tension transfer force 
in the upper tower segment by eccentrically positioned bolts. 
While the C1 wedge connection shows a direct and concentric 
load transfer. A fairly small lateral bolt preload can be converted 
to a larger vertical preload in this connection. Under uniaxial and 

cyclic tensile loading, the failure mode of the C1 wedge connec
tion is net section failure of the lower segment instead of the bolt.  

(2) Experimental results under cyclic loading show that stiffness 
degradation and bolt force variation occurs when the imposed 
load exceeds the critical load. Moreover, the results demonstrate 
that the ultimate tensile load resistance of the specimen is not 
influenced by the loss of the bolt pretension.  

(3) The FE analysis matches well with the experimental results. This 
indicates the proposed FE models could predict the mechanical 
behaviour satisfactorily and provide evidence for evaluation and 
further development of the C1 wedge connection both for ULS 
and FLS design. The FE simulation provides practical guidance to 
design the connection without bolt failure.  

(4) The bolt grade has a negligible influence on the global and local 
performance of the specimen. On the contrary, the friction coef
ficient μ and preloading force of the bolt Pc significantly influence 
the evolution of the gap opening and bolt force. Although the bolt 
is not critical for the tensile failure mode of the specimen, Pc is 
also decisive to guarantee the bolt is not involved in the fatigue 

Table 3 
Main parameters of the FE model.  

Specimen Lnom (mm) Pc (kN) Bolt rotation (rad) Bolt grade Friction coefficient μ Nc,F (kN) Bolt stress range Δσb (MPa) 

WC-F1 120 95 27.11 8.8 0.18 387 46 
WC-F2 120 95 26.11 10.9 0.18 387 46 
WC-F3 120 95 34.40 8.8 0.1 546 5 
WC-F4 120 80 29.83 8.8 0.1 470 31 
WC-F5 120 65 25.76 8.8 0.1 369 67 
WC-F6 120 50 21.53 8.8 0.1 285 93  

Fig. 33. Results of parametric analysis of bolt grade and friction coefficient.  
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design. It is suggested to design the connection to make sure the 
design load is lower than the critical load to avoid any bolt 
damage. 

This research focuses on the tensile behaviour of individual segment 
specimens with C1 wedge connections. It is found that the deformation 

of the segments is influenced by the free boundary condition of the 
segment in the experiments. Further investigations are needed to access 
the effect of the tower continuity on the wedge connection behaviour. 
To consider the spatial effect and various imperfections, the investiga
tion in full-scale has been performed with dedicated FE analyses by the 
C1 Connections B.V., which will be published in the future. 
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