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ABSTRACT 
The exploitation of renewable energy sources (RES) has become a key priority during the last decade or so. The 
development of offshore wind farms is of particular importance, and the installation of larger “new generation” wind 
turbines is planned with increasing frequency. The most common foundation solution for offshore wind turbines (OWT) is 
the monopile. However, in the case of larger OWT installed in deep waters, where the horizontal loading is substantially 
higher, the solution of a monopile is practically impossible. The length of a conventional monopile for a 10 MW OWT 
would be 37 m with a diameter of 8 m, which is not constructible with the current pile driving technology. In the present 
study, a hybrid foundation combining a traditional monopile with a surface footing is studied. The performance of the 
hybrid foundation is comparatively assessed to the traditional monopile solution. For this purpose, 3D finite element 
models of a 10 MW OWT are developed employing the finite element code ABAQUS. The performance of the structure 
is studied under combined wind and wave loading, emphasizing on cyclic behavior and accumulation of permanent 
rotations and settlements at the foundation level. The analyses confirm the efficiency of the hybrid foundation, which is 
shown to offer cost savings, as the amount of materials (steel) and the driving length are reduced significantly. 
Furthermore, for the case of a new generation 10 MW OWT, which cannot realistically be founded on a monopile, a 
feasible hybrid foundation design is proposed. 
 
 
 
1 INTRODUCTION 
 
The exploitation of renewable energy sources (RES) has 
become a key priority during the last decade or so. 
Specifically, the European Union has set guidance to 
country members at least 20% of their energy to be 
produced by RES until 2020. The development of offshore 
wind farms is of particular importance, while in an effort to 
optimize energy exploitation, the global energy industry 
displays a trend towards offshore wind turbines (OWT) 
with larger capacity, installed in deeper waters. Their 
foundation has to sustain a challenging combination of 
low vertical loads and significant lateral loading due to  
environmental loads (wind and waves), combined with 
large lever arms, especially in the case of deep waters 
leading to large overturning moments at the foundation. 

Several types of foundations have been implemented 
for the installation of OWT, with the monopile governing 
the industry in medium depth waters, mainly due to its 
simplicity and proven reliability. However, in the case of 
larger OWTs, where the horizontal loading is substantially 
higher, the solution of a monopile is practically impossible. 
An alternative foundations solution is a hybrid foundation 
system initially outlined by Anastasopoulos & Theofilou 
(2015), and further explored by Loli et al. (2016), focusing 
on smaller OWTs (2 MW to 5 MW). The hybrid foundation 
combines a monopile and a surface footing connected 
with a special connection (Fig. 1). The footing is a 
lightweight steel structure, consisting of a bottom plate, an 
external peripheral plate, an internal peripheral plate 
forming a bore wall structure, and radial stiffeners 
(Anastasopoulos & Theofilou, 2015). After installation, the 
compartments between plates and stiffeners are filled with 
rubble material to increase the vertical load acting on the 

footing. The latter also offers scour protection, as well as 
significant lateral restraint against bucking of stiffeners.  

The connection between the pile and the footing is a 
special one, and of great importance for the overall 
behavior of the foundation system, as it is presented later. 
In more detail, the connection allows the transfer of 
horizontal loads and bending moments, but not of vertical 
loads. Hence, the weight of the wind turbine is transferred 
to the footing, ensuring the beneficial full contact between 
the footing with the soil, increasing its bearing capacity, 
while the pile remains unloaded in the vertical direction. 
The lateral resistance of the pile is mobilized under lateral 
and moment loading, via generation of stresses at the 
pile–footing interface, resembling a shear key (Fig. 2). 
Anastasopoulos & Theofilou. (2015) presented some 
preliminary ideas for the construction of this connection. 

 
Figure 1. Schematic illustration of the studied hybrid 
foundation: (a) the three main components of the system; 



 

(b) cross section of the footing and its connection to the 
tower and the monopile; (c) plan view of the footing. 
 

 

 
Figure 2. Differences between vertical and horizontal load 
transfer mechanisms of the hybrid foundation. 

 
OWTs are subjected to continuous cyclic loading due 

to environmental loads (wind and waves) and the rotor 
operation. Throughout its lifetime, an OWT is expected to 
sustain millions of loading cycles. Such cyclic loading 
leads to restructuring of soil particles, degradation of 
foundation stiffness and accumulation of pile deflections. 
Long-term rotations need to be limited in order to avoid 
second order effects. For this purpose, a maximum 
rotation θmax = 0.01 rad is proposed by Houlsby et al. 
(2005). Hence, cyclic loading governs the design of an 
OWT foundation rather, than its ultimate capacity 
(LeBlanc et al., 2010). 

Based on the above, the scope of the present study is 
to investigate the efficiency of the hybrid foundation in 
sustaining the increased loads of next generation 10 MW 
OWTs. Besides the hybrid foundation, a monopile is also 
analyzed and used as a benchmark. Although the 
required dimensions of a monopile render such a solution 
unrealistic, it is useful for comparison purposes. As it will 
be shown later on, while such a monopile is practically 
impossible to construct with the current pile-driving and 
manufacturing technology, the addition of the hybrid 
footing may indeed extend the limits of its applicability to 
bigger next generation OWTs in deeper waters.  
 
2 GEOMETRY AND MODELLING 
 
2.1 Geometry 
 
The present research focuses on a 10 MW OWT founded 
on OC clay at water depth d = 50 m (Fig. 3). The studied 
OWT was developed by the Norwegian Research Centre 
for Offshore Wind Technology (NOWITECH) as a 
reference new generation OWT, which would be the 
benchmark for further studie. It is equipped with three 
blades, its rotor diameter is Dr = 140.4 m and the hub-
height from the mean sea level (MSL) is Hb = 100 m. The 
tower has a cross-section of variable diameter (Dt). The 
latter remains constant, Dt = 6 m, beneath 75 m height, 
being progressively reduced upwards to Dt = 3.6 m (at the 
top). Froyd & Dahlhaug (2011) presented the rotor design 
properties, along with basic information for the nacelle 
and the tubular tower in detail. Key dimensions are 
summarized in Tables 1 and 2. 

 
Figure 3. The studied problem along with the adopted 
notation: 10 MW OWT founded on a hybrid foundation in 
homogeneous OC clay. 
 
Table 1. Properties of 10 MW Reference Wind Turbine. 
 

Properties 

Rating 10 MW 

Number of Blades 3 

Rotor Diameter, Dr 140.4 m 

Hub height from MSL, Hb 100 m 

Cut-in, Cut-out Wind Speed  4 m/s , 25 m/s 

Cut-in , Rated Rotor Speed  5.27 rpm , 12.19 rpm 

Rotor and Nacelle Mass, mNR 400 tn 

 
Table 2. Properties of the tower. 
 

Properties 

Tower height, Ht  150 m 

Tower diameter, Dt  (bottom to 75m)  6.0 m   

Thickness, tt (bottom to 75m) 30 mm 

Tower diameter, Dt (top) 3.6 m   

Thickness, tt (top) 21 mm 

Modulus of elasticity, E 210 GPa 

Material density, ρ  78.5 kN/m3 

 
 
2.2 FE Modelling 
 
The developed FE model is presented in Fig. 4. The soil 
stratum is a homogenous 55 m deep OC clay layer of 
undrained shear strength Su = 60 kPa and Poisson’s ratio 
ν = 0.49. The Young’s modulus is considered equal to      



 

E = 1800Su = 108 Mpa and in order to take into account 

the buoyancy, the soil is simulated considering its 
submerged unit weight γ’ = 10 kN/m3. The soil is modelled 
with nonlinear 8-noded hexahedral elements.  

The OWT tower is modelled with linear elastic beam 
elements. The tower is composed of 6 parts of different 
diameter (Dt), in order to model its variable diameter. The 
mass of the rotor–nacelle assembly is modelled with a 
mass element at the top of the tower. The footing is 
modeled in detail with shell elements (Fig. 4). The 
thickness of the steel is assumed equal to 0.015 m, 
following the results of FE analyses, aiming to maintain 
elastic response of structural members under 
environmental load combinations. The rubble material is 
also modelled with 8-node hexahedral elements. 

The tower is rigidly connected to the footing with very 
stiff beam elements, as sketched in Fig. 5a. The special 
connection between the footing and the pile is 
materialized by connecting the two parts with rotational 
and lateral springs of very large stiffness (Fig. 5b). In the 
vertical direction, no spring is applied. In this way, lateral 
forces and overturning moments are transferred from the 
footing–tower assembly to the monopile, allowing vertical 
translation: the pile is not nloaded in the vertical direction. 

 
 

 
Figure 4. FE model of the OWT on a hybrid foundation. 
 

For the monopile, a ratio of diameter (Dm) to wall 
thickness (tm) equal to Dm / tm = 62.5 is selected. Christou 

(2012) conducted parametric analyses on monopiles, 
concluding that such a ratio is sufficient. Its response is 
assumed linear elastic, as the moment capacity of the pile 
is larger than the applied overturning moments. The cross 
section of the pile is assigned to a central beam, modelled 
by linear elastic beam elements. The actual geometry of  
the pile is modeled using “zero” stiffness “dummy” 
hexahedral elements. At each level, the peripheral nodes 
of these dummy elements are rigidly connected with the 
corresponding node of the central beam (Fig. 5c). In this 
way, the 3-dimensional geometry of the soil-pile interface 
is realistically modelled, while the internal forces of the 
pile can be directly extracted from the central beam. 

 
 
Figure 5. (a) Connection between the tower and the 
footing; (b) special connection between the pile and the 
footing, modeled with rotational and later springs of very 
large stiffness; and (c) pile modelling. 
 

For realistic modelling of the pile-soil and footing-soil 
interface, special contact elements are mployed. The 
latter allow sliding and detachment of the pile and the 
footing from the soil. Second order (P–δ) effects are also 
taken also into account.  

With the presented FE model, the response of the 
OWT under dynamic loading can also be studied. 
Absorbing lateral boundaries are introduced by special-
purpose 8-noded infinite elements (Fig. 4). Such “infinite” 
elements provide adequate stiffness for static analyses 
and “quiet” boundaries to for dynamic analyses, solving 
the problem of wave reflections at model boundaries. 
 
2.3 Constitutive model 
 
Nonlinear soil behaviour is modelled with a kinematic 
hardening model, incorporating a Von Mises failure 
criterion and associative flow rule. Gerolymos et al. (2005) 
described the soil behavior through a constitutive model 
which is a reformulation of that originally developed by 
Lemaitre and Chaboche (1990). The model is appropriate 
for clay under undrained conditions, and has been 
extended for sand using a simple Abaqus (2010) user 
subroutine that accounts for normal pressure dependence 
(Anastasopoulos et al., 2011; Giannakos et al., 2012). 
 
3 ENVIRONMENTAL LOADING 
 

The concentrated wind force (𝐹) at rotor level is 

calculated according to API (1993): Eq. 1.  Eq. 2 (API RP-

2A) gives the distributed wind force on the tower (𝐹𝑑).  

 𝐹 = 𝑤2𝑔 𝑉2𝐶𝑔𝐴 [1] 

𝐹𝑑 = 12 𝜌𝑉(𝑧)2𝐶𝑑𝐷(𝑧) [2]

 



 

where: 𝑤 is the air unit weight, 𝜌 the air density, 𝑉 the 

wind speed at rotor level, 𝐴 the rotor area, and 𝐶𝑔, 𝐶𝑑 the 

thrust and drag coefficient, respectively. 
Hydrodynamic loading is calculated according to 

Morison’s (1950) formula (Eq. 3 – 5). For a water depth    
d = 50 m, the water particle velocity and acceleration are 

calculated according to the Airy theory (ISO 19901-1, 
2005): 

 𝐹𝑀𝑜𝑟𝑖𝑠𝑜𝑛(𝑥, 𝑧, 𝑡) = 𝑓𝑑(𝑥, 𝑧, 𝑡) + 𝑓𝑖(𝑥, 𝑧, 𝑡) [3] 𝑓𝑑(𝑥, 𝑧, 𝑡) = 12 𝐶𝑑𝜌𝑤𝐷𝑢(𝑥, 𝑧, 𝑡)|𝑢(𝑥, 𝑧, 𝑡)| [4] 𝑓𝑖(𝑥, 𝑧, 𝑡) = 𝐶𝑚 𝜌𝜋𝐷24 �̇�(𝑥, 𝑧, 𝑡) [5] 

 
The water parameters and drag and inertia 

coefficients are presented in Table 3. More specifically, 
the design parameters are selected according to Bunce & 
Carey (2001b), and are considered typical for such depths 
in North Sea conditions, while the drag coefficients are 
adopted according to Van der Tempel (2006). For the 
calculation of wave loading, the maximum wave height 
Hmax and the associated period Tass are conservatively 
assumed, instead of the Significant wave height, Hs,50 and 
the Zero up-crossing period, Tz. 

 
Table 3. Properties of the design wave. 
 

Wave Properties 

Significant wave height, Hs,50 9 (m) 

Zero up-crossing period, Tz 10.5 (sec) 

Maximum wave height, Hmax 17.7 (m) 

Associated period, Tass 13.4 (sec) 

Wave length, λ  241 (m) 

Wave number, k  0.026 (rad/m) 

Wave frequency, f  0.469 (rad/s) 

 
Wind and wave loading is calculated according to Eq. 

1 – 5. Both are applied to the FE model in a quasi-static 
manner, assuming that the excitation frequencies are 
much lower than the dominant frequencies of the OWT, 
and resonance is avoided. Considering the worst–case 
loading scenario regarding accumulation of permanent 
rotations, wind loading is applied monotonically and wave 
loading cyclically. A total of 20 load cycles are applied, but 
the results are extrapolated to N = 108 (considering 25 
years of service life) using a logarithmic law. This is 
definitely a very crude approximation, but modeling 
thousands of load cycles through 3D FE modelling is not 
possible with the current computing power.  

Li et al. (2010) examined the accumulation of vertical 
and horizontal displacements as a function of loading 
cycles through centrifuge experiments. The trend is 
described by the logarithmic formula of Verdure et al. 
(2003):  

 𝑦𝑁 = 𝑦1(1 + 𝐶𝑁𝑙𝑛𝑁) [6] 

where: 𝑦𝑁   and 𝑦1 the displacement after the 𝑁𝑡ℎ and the 

first cycle, respectively, 𝑁 is the number of loading cycles, 

and 𝐶𝑁 the rate of displacements. 

 
4 RESULTS 
 
4.1 Comparison of Hybrid Foundation to the Monopile  
 
For the design of the foundation of the NOWITECH 10 
MW OWT, monopiles of different lengths (Lm) and 
diameters (Dm) are examined, combined with a surface 
footing of diameter Df = 21.6 m. The design criterion is the 

limitation of the accumulated rotation bellow the 
previously discussed limit of 0.01 rad for the entire service 
life of the OWT. 

Based on the results of the analyses, for the traditional 
monopile foundation a monopile of diameter Dm = 8.1 m, 
length Lm = 37 m, and thickness tm = 129.6 mm is 
required. It is a massive foundation and the required steel 
for its manufacturing reaches 120.52 m3. For the hybrid 
foundation, a footing of Df = 21.6 m is required, with the 
relevant diameter, length, and stiffness of the monopile 
being Dm = 6 m, Lm = 34 m and tm = 96 mm respectively. 
In terms of cost, the hybrid foundation requires 75.24 m3 
of steel (37 % reduction compared to the monopile) and 
1022.9 m3 of rubble material. The pile diameter Dm and 
length Lm of the hybrid foundation alternative are 26 % 
and 8 % lower than the reference monopile, which 
translates to a substantial reduction in terms of installation 
cost. In fact, the installation of a monopile of 8.1 m 
diameter is not constructible with current pile driving 
technology, while the dimensions of the pile of the hybrid 
foundation are quite common in today’s practice, and its 
driving is considered feasible.  

Figure 6 presents the evolution of rotation for the first 
20 loading cycles (top), and its extrapolation to the service 
life of the OWT (bottom). Both solutions satisfy the 
demand for accumulated rotations lower than 0.01 rad. 
The monopile starts from a lower initial static rotation              
(θs = 0.0032 rad as opposed to 0.005 rad of the hybrid 
foundation), but exhibits a higher rate of rotation 
accumulation, leading to roughly the same accumulated 
rotation after N = 108 cycles. 

In Fig. 7, the two design alternatives are compared in 
terms of rotation–settlement (θ – w) response (top), and 

accumulated settlement for the service life of the OWT 
(bottom). The reference monopile outperforms the hybrid 
foundation, experiencing practically negligible settlements 
during the entire service life of the OWT. Although the 
performance of the hybrid foundation is a bit worse, the 
accumulated settlement is considered to be with 
acceptable design limits, as it does not exceed 0.5% of 
the footing diameter. 

 
4.2 The effect of the Hybrid Foundation Connection  
 
In order to investigate the effect of the connection to the 
overall response of the hybrid foundation system, 
additional FE analyses are conducted. Three different 
connections are comparatively assessed. The first one 
(Type a) is the previously described special connection. 

The tower is connected only to the footing, which 



 

undertakes the vertical loads, and the monopile is 
engaged only when the system is subjected to lateral and 
moment loading. 

The second connection (Type b) is another special 
connection, in which the tower is connected to the 
monopile, transmitting both vertical and lateral loads. The 
footing is connected with the tower-pile system with 
horizontal and rotational springs of very large stiffness. In 
this way, the lateral forces and the overturning moments 
are transmitted to the footing, but now it remains 
unloaded in the vertical direction.  

In the last case (Type c), the footing is rigidly 
connected to the tower and the monopile. In this model, 
the monopile is not connected to the footing during the 
initial geostatic step, so that the dead loads of the 
superstructure are transferred only to the footing. After 
this step, the monopile is rigidly connected to the footing 
and the environmental loading is applied, as previously. 
During environmental loading, the monopile is rigidly 
connected to the footing: no relative vertical translation is 
allowed.  

 

 
Figure 6. Comparison of the hybrid foundation to the 
reference monopile in terms of accumulated rotation for 
the first 20 load cycles (top), and logarithmic extrapolation 
to the service life of the OWT (bottom). 

 
Figure 8 presents the comparison between the three 

connections. The results refer to a hybrid foundation of  
Dm = 6 m, Lm = 30 m, and Df = 21.6 m. The loading is 
applied in the same manner as in the previous analyses, 
and the results are extrapolated with a logarithmic 
relationship to the service life of the OWT. Evidently, the 
type of the connection has a substantial effect on 
foundation performance. The worst performance is 
observed with connection Type b, in which case the 
monopile sustains both vertical and horizontal loading, 

with the contribution of the footing being limited to lateral 
loading. 

The comparison between connection Type a and Type 
c confirms the beneficial behavior of the vertical 
translation between the monopile and the footing. In both 
cases, the monopile is released from vertical loads, which 
are transmitted only to the footing. However, with the 
Type a connection, in which case the vertical translation is 
permitted, the level of accumulated rotations is much 
lower than with the Type c connection. Interestingly, the 
initial static rotation (θs) is quite similar for these two 
cases. The big difference is in the rate of rotation 
accumulation, which is obviously lower with the Type a 
connection. 

 

 
Figure 7. Comparison of the hybrid foundation to the 
reference monopile in terms of settlement–rotation 
response for the first 20 load cycles (top), and logarithmic 
extrapolation to the service life of the OWT (bottom). 
 
5 CONCLUSIONS 
 
This paper has investigated the performance of a hybrid 
foundation for next generation 10 MW OWT in 50 m water 
depth. For this purpose, a 3D nonlinear dynamic FE 
model has been developed in ABAQUS. To realistically 
model dynamic loading, absorbing lateral boundaries 
have been introduced (special-purpose infinite elements). 
In such a way, the response of the OWT can be 
investigated under both quasi-static and dynamic loading. 
However, the results presented herein focus on quasi-
static loading. 



 

 

 
Figure 8. The effect of connection type on accumulation of 
rotation with load cycles (results shown for D

m
 = 6 m, L

m
 = 

30 m, and D
f
 = 21.6 m). The analysis results of the first 20 

cycles are extrapolated to the service life of the OWT 
employing a logarithmic relationship 
 

The OWT is subjected to monotonic wind loading, and 
cyclic wave loading. The hybrid foundation is compared to 
the reference monopile foundation, which is used as a 
benchmark. It is shown that the hybrid foundation has a 
potential of offering significant cost savings. More 
specifically, the amount of required steel for the hybrid 
foundation is reduced by 37% compared to the monopile. 
Moreover, the monopile is quite massive with a diameter 
Dm = 8.1 m and length of 37 m. Such a monopile is not 
constructible with the current manufacturing technology, 
while also for its installation the cutting edge of pile-driving 
technology would not be sufficient. In stark contrast, the 
installation of the much smaller pile (Dm = 6 m, Lm = 34 m) 
of the hybrid foundation is feasible using the current state 
of practice, and its driving is considered straight forward. 

Finally, the effect of the connection between the 
monopile and the footing was investigated. The results 
indicate that the special connection is of importance for 
the behavior of the foundation. The decoupling of the 
monopile from the footing in the vertical direction may 
lead to significant reduction of both the initial static 
rotation (θs) and the accumulation of permanent rotation 
due to cyclic loading, offering significant cost-savings and 
extending the use of monopole–type foundations to 
deeper waters and larger, next generation, OWTs. 
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