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ABSTRACT INTRODUCTION
This paper describes a novel approach to efficiently simu- As the offshore wind industry expands in Europe, a wide va-

late the structural dynamics of a concrete Gravity Based Foun- riety of foundation designs are considered. Gravity based foun-
dation (GBF). In this time-domain analysis, the GBF is subjected dations (GBF) have the advantage of being competitive for shal-
to loads applied by the turbine, wave loads and the influence of low waters, and have a limited environmental impact during in-
the soil structure interaction is taken into account. Wind turbine stallation.

loads are computed using the aeroelastic software FAST and ex- The design and certification processes for offshore wind tur-
pressed at the connection point between the turbine and the GBF. bine foundations require a high number of simulations to be per-
Wave loads on the GBF are computed using a potential, nonlin- formed (it can easily exceed 3000). In the case of steel foun-
ear wave model. Nonlinear soil-structure interaction is modelled dations made of slender members such as monopiles, jackets or
with the use of a macro-element specifically developed for shal- tripods, simulations by the Finite Element Method (FEM) can
low foundations. Finally, the structure itself is modelled using an quickly be carried on, using beam elements. The wave loadings
Euler-Bernoulli multifiber beam, which allows representing the are computed by the Morison method. On the other hand, the

reinforced concrete sections. engineering of concrete GBF has several challenges:

It is shown that the numerical model is able to efficiently ) ) )
simulate the behaviour of a GBF foundation under nonlinearir- - The substructure itself is not slender, thus the Morison
regular wave forces and loads transmitted by the turbine. It re- method is not appropriate to calculate wave loads. Plus, such

produces nonlinear phenomena such as a decrease in material substructures are installed in limited water depths, at which

stiffness due to damage and permanent strains but also the GBF ~ the linear wave theory is not valid for large wavelengths.
displacements considering soil structure interaction. - The use of solid, 3D finite elements to simulate reinforced

concrete sections leads to high computational times.
- The use of solid, 3D finite elements to simulate soil structure

*Addres all correspondence to this author.



interaction can again lead to high computational times. MODEL PROPERTIES
Gravity based foundation properties
] ) ) A general GBF design is needed to evaluate the applicabil-
In the field of earthquake engineering, fast and accurate nu- ity of the simulation tools. A simplified GBF design has been
merical tools have been recently developed, able to simulate the proposed, inspired by GBF substructures at the Thornton bank
nonlinear behaviour of complex structures. Multifiber beam ele- gffshore wind farm [7]. This substructure is by no mean a real-
ments [1], [2], following the Euler-Bernoulli or the Timoshenko istic, applicable design. The simplified GBF model is 45m-high
kinematic hypothesis, allow a simpler representation of the struc- gnd is situated in a water depth of 30 m. The foundation diameter
ture with a limited number of elements. Each section is made of s 20 m. The substructure is made of reinforced concrete and is
different materials and each material follows a specific nonlinear pgjjasted (fully filled) with sand. Figure 1 shows the geometry of

constitutive law. This type of modelling strategy has been used the GBF, and its main properties are summarized in Table 1.
to model the dynamic behaviour of reinforced concrete buildings

submitted to earthquake loadings (see for example the 5-floor
building simulated in [1], with only 24 beams and 37 fibers in

. . . Base diameter 20 m
each section). More recently, a 3-pier concrete viaduct has been . . . .
modelled using 21 Timoshenko multifiber beam elements. Each Diametr at connection with turbine 6.5 m
section is made of 40 concrete fibers and 8 steel fibers [3]. For Foundation height 45m
the dynamic simulations, concentrated (lumped) masses are in- Foundation draft 30
troduced at the nodes. ounaation dra m
. . Wall thick 0.5
When it comes to concrete structures under cyclic or earth- af fhickness m
guake loadings, suitable constitutive laws have to be considered. Base height 19m
In the finite element calcu_lati_ons presented in [1] or in [3_], the Number of steel bars in a section 216
concrete and steel constitutive laws are chosen following [4] ,
and [5] respectively. Steel bars diameter 4cm
Concrete substructures are stiff, so most of the loads are Concrete mass 2653t
transferred to the soil. Consequently soil-structure interactions Steel mass 327t
must play a role in_ the foundat_ions dynamips, and _have_ to be Ballast mass 5445 t
taken into account in the analysis. The classical engineering ap-
proach to model these interactions is to use linear springs but TABLE 1: Main properties of the GBF

their stiffness is difficult to calibrate priori. On the other hand,

a 3D finite element modelling to consider soil-structure inter-

action is time consuming and cannot be used for a large set of

dynamic load cases. [6] developed a 2-nodes macro-element ca-

pable of representing the nonlinear soil structure interaction for Wind t urbine properties

a circular, superficial foundation. This macro-element is able to The wind turbine used in this study is the reference turbine
represent the following phenomena: elasticity, plasticity of the NREL 5MW [8]. The hub-height is 95m and the tower height
soil and uplift of the foundation. Some of the macro-element is 76.6m. This tower is the same as in the floating wind-turbine
parameters can be calibrated using the soil properties and theversion of the NREL 5MW [9]. The connection between the
foundation geometry. The other parameters do not vary much substructure and the tower base occurs 15m above MSL (Mean
according to literature. It can be coupled with a multifiber finite Sea Level), at the top of the substructure.

element modelling for the upper structure, as shown in [3].

This paper aims at evaluating the applicability of these tools, Environmental conditions
to simulate the dynamic behaviour of a concrete GBF, with exter- The offshore wind turbine is subjected to turbulent wind and
nal forcing from the wind turbine, and wave loads computed with irregular waves loading. Wind and waves are aligned and prop-
a nonlinear irregular wave model. First, a comparison is made for agate from the negativedirection. Significant wave height of
the case of a cantilevered substructure, with linear and nonlinearthe considered sea state is 3m, and its peak period is 8s. The
constitutive laws for the reinforced concrete. The objective is to mean wind speed is 11.4 m’s The 600s time series of the ir-
demonstrate the ability of the model to capture nonlinear struc- regular, 3D wind speed is based on a standard IEC Kaimal [10]
tural phenomena. Then, the nonlinear foundation macro-elementturbulence model. Figure 2 shows the time series of the main
is added to represent soil-structure interactions and to evaluatecomponent of the wind speed, in tRe direction. Wave eleva-
their effect on the GBF dynamics. tion at the GBF location is represented on Figure 3.
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FIGURE 3: Wave elevation at GBF location
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A combination of numerical tools has been used in this
study:

6033 | 6034 | 6033 |

1900

2

- FAST design code from NREL has been used to compute
4 Seabed the wind turbine dynamics.
f 20000 - Hydrodynamic tools from LHEEA Lab. Ecole Centrale
Nantes (ECN) have been used to compute hydrodynamic

FIGURE 1: GBF Geometry. Measures are in mm. Blue dots rep- loads on the GBF. In-house nonlinear HOS incident wave
resent the nodes of the multifiber finite element model; blue lines model is used to compute wave kinematics. In-house

represent the finite elements. See Section "Structural modelling”  diffraction/radiation code Aquaplus is used to compute lin-
ear diffraction loads.

Structural dynamics of the sub-structure is modelled with
18 a nonlinear multifiber beam model from GeM Lab. Ecole
| Centrale Nantes. Soil-structure interaction is also computed
16 i i
i 'm | with an in-house model from GeM Lab.
14 | | | ) M. ‘l "
)
|

l Numerical codes are described in further details in the fol-

1 lowing sections. The innovation of this study is the combination
WW ﬂ | of these codes for offshore wind turbine applications.
"\’ Wind turbine loads and wave loads are computed in a first
T step, then applied to the substructure. Wind loads are applied
6 \f at the tower-substructure connection. Wave loads are distributed
over the nodes of finite element model of the substructure. In
* o 100 200 300 400 500 600 this paper no couplings between the wind and wave loads and the
time[s] substructure are considered. The motions of the substructure are

supposed small enough to consider it fixed. As a consequence:

Wind speed [m/s]

FIGURE 2: Main component of the 3D turbulent wind field at ) ) )
hub-height - The wind turbine tower behaves as a cantilevered beam and

the wind loads can be computed regardless the substructure;
- No radiation hydrodynamic forces are applied to the sub-
METHODOLOGY structure. The only wave loads are the Froude-Krylov exci-

Overview tation force and the diffraction force.

The principle of the methodology presented in this paper is Several studies revealed that for flexible steel substructures such
to integrate all relevant phenomena (aerodynamics, hydrodynam-as monopiles, jackets or tripods the coupling between envi-
ics, structural engineering, geotechnics) within the same simula- ronmental loads and structural dynamics must be considered
tion. Such a methodology leads to a more accurate combination[11-13]. To our knowledge, no results are available in the lit-
of loads, thus reducing the sources of uncertainties. erature to determine if such coupling is mandatory for GBF. If



necessary, coupling between the GBF and the turbine can be im-the resulting forces are expressed at the center of each panel of a
plemented in a future work, by using one of the following meth-  surface mesh of the substructure (see figure 6). These distributed
ods used for steel substructures: forces have to be expressed at the nodes of the finite element
model. For the Froude-Krylov force and the diffraction force,

- Sequential coupling [12], based on a linear condensation of the following method is applied:

the substructure finite element model. This method is easy to

implement, but nonlinear structural and soil dynamics can- - Compute the hydrodynamic force at each panel;
not be considered in the analysis. - For each nodeof the finite element mesh, select thepan-
- Full coupling [13], based on the integration of the wind tur- els of the BEM (Boundary Element Method) mesh whose
bine representation in the finite element model as a macro- centers satisfy:
element. This method is more complex to manage, but is
suitable for nonlinear calculations leading to a more accu- (Z-1-2)/2< %< (Z—7:1)/2 1)

rate modelling of the system dynamics.

- Sum the contributions of thig; panels at each node
Hydrodynamic modelling

GBF are massive structures. Wave diffraction forces are sig- N
nificant and must be taken into account in the hydrodynamic cal- F= Z R (2)
culations. Linear diffraction analysis supposes the linear Airy K=1
wave theory, which is only valid for small wave steepness and
relatively deep water. The wave loads are computed in the time domain, for each

Henderson et al. [14, 15] studied the applicability of the hy- nodei and degree of freedory using the following equation:
drodynamic theory for the calculation of hydrodynamic loads on
wind turbine substructures, in particular GBF. They concluded

L o N +oo
that it is necessary to evaluate the added mass coefficient of the Fait) = > pdynnESk+/ Kdsi(t—1)n(t)dr (3)
support structure, and then to calculate the hydrodynamic loads K=1 —®
based on the Froude-Krylov (pressure integration) method, using Frouds-Krylov diffraction

the added mass coefficient previously calculated in the diffrac-
tion analysis. The pressure integration method allows the use of
a nonlinear wave theory.

Following these recommendations, a pressure integration
method is used and combined with a nonlinear irregular wave
theory to compute the Froude-Krylov loads. Diffraction loads
are calculated following the linear potential theory.

The nonlinear wave model adopted is the High Order Spec-
tral (HOS) wavemodel, developed at LHEEA Lab. The HOS
method was initially proposed by West et al. [16] and Dom-
mermuth and Yue [17]. The development of this method at e
LHEEA Lab. lead to a numerical wave tank (including wave K(?ifi(t) — i/ fgm(w)eiwtdw (4)
generation, absorption, wall reflexions) [18] and an oceanic wave 21 ) e
model [19], which can be coupled to sea-keeping models. The
methodology for coupling the linear potential sea-keeping model In Equation 4,f§ifi is the RAO of the diffraction force at node
and the HOS model [20] has been used in the present study. computed from Aquaplus results on each panel using Equation

Froude-Krylov loads are computed by integrating the dy- 2. Figure 4 shows these values computed at nodes 2 to 5. It can
namic pressure, calculated by the HOS model, on the instanta- be seen that forces are highest at node 5, because it is loaded on a
neous wetted surface. Diffraction loads are calculated using a large vertical span (from the free surface to the midpoint between
combination of the linear potential method and the wave eleva- nodes 4 and 5, see Figure 1). Nodes 3 and 4 come second because
tion calculated with the HOS model (see eg. Equation 3). Hy- the substructure is larger at their level, thus diffraction loads are
drostatic loads are computed as a mean buoyancy force appliedmore important. Node 4 is the less loaded, probably because it is
on the nodes. One limit of the present methodology is that it does situated at mid-depth, where the substructure is only moderately
not take into account breaking wave loads. large.

Hydrodynamic loads are computed by the Boundary Ele- Figure 5 shows the final time domain results for the Froude-
ment Method. Velocity potential, hydrodynamic pressure and Krylov and the diffraction forces in the surge direction.

Payn is the dynamic pressure due to the incident wave field, and
n is the surface elevation at the substructure cergy, andn

are calculated by the nonlinear HOS wave modtlis thei-th
component of the generalized normal vector of the pkngl is

the surface of this panekg;; is the diffraction impulse response.
This response is obtained based on RAOs (Response Amplitude
Operator) from the linear, frequency-domain hydrodynamic soft-
ware Aquaplus [21], using equation 4:
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FIGURE 6: Froude-Krylov loads on GBF

chants and is able to reproduce the nonlinear behaviour of

600000 RO the material for cyclic or dynamic loadings [4]. The plasticity
. F DIF(1) [N] - ‘ model adopted for steel is a modified version of the classical
400000 ' Menegotto-Pinto model [5]. Material data for concrete and steel
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FIGURE 5: Wave bads at node 2 in the surge direction. Red,
solid line: Froude-Krylov excitation force. Blue, dotted line:
diffraction force.

Structural modelling

A finite element model using multifiber beams and concen-
trated masses is used to reproduce the nonlinear structural re-
sponse of the GBF. The structure is discretised using 6 Bernoulli
multifiber beams represented on Figure 1. 120 concrete fibers
and 216 steel fibers are used in each section. Steel fibers rep-
resent the reinforcement bars at their actual position (regularly
positioned in 2 concentric circles). Hydrodynamic loads and
wind loads are computed independently and applied at the nodes.

matlab MATLAB toolbox [22].

are listed in table 2.

Concrete parameters

Steel parameters

E
nu
Yo1
Yo2
Aq
Ao
By
B2
B
B

Ot

20 GPa
0.2
380 Pa
0.9 GPa
6.00E-03
5.00E-06
1.0
1.6
1 MPa
-40 MPa
3.5 MPa

E

fy
fSU
€sh

Esu

200 GR
460 MPa
710 MPa
0.0023
0.11

TABLE 2: Material data for concrete and steel

E is the Young modulusy is the Poisson ratioY; are the
The weight of concrete, steel and ballast are also applied on the associated variables to the damage variabe Lifor tension or
nodes. Calculations are made with FEDEASLab, a finite element 2 for compression) and; are the initial elastic thresholda;, B;

andf; are material constantgrs is the stress for crack closure.

The concrete constitutive model is based on damage me- fy andégy are the steel stress and strain at yielding éqdand



&y at rupture. wind speed [8].

Soil-structure interaction modelling 900
A macro-element model is introduced at the base of the fi-

nite element model to take into account soil structure interaction. 800 Ll l, o] il u

The macro-element is able to simulate the 3D behaviour of a “

rigid shallow foundation, submitted to cyclic loadings. The gen- 700 r W

eral formulation of the macro-element is detailed in [6] for the
plasticity model, [23] for the uplift mechanism, [24] for the cou-
pling of the two mechanics and [25] for the dynamic behaviour. 500
In the following, a class B soil according to the Eurocode 8
classification is considered at the base of the GBF. The adopted 400 | “ A i
macro-element parameters are detailed in [3], see table 3. As
mentioned before, the aim of the article is to show the ability 800 T 0 200 a0 400 500 600
of the macro-element to model the soil structure interaction for a time [s]
GBF following an integrated approach. For a more precise study,

the macro-element parameters have to be identified for a marinez!GURE 7. Wind turbine loads applied at foundation topn
soil. irection

600

Fx [kN]

soil Stiffness Ultimate Plastic

bearng stress  parameter RESULTS
class B Kgg = 1299456.1 MNm/rad Gmax=2.3Mpa a=0.32 Effect of nonlinear constitutive laws for steel and con-

crete
Kzz=14715.87 MN/m b=0.37 In this section the results of two different finite element cal-
Khh = 23676.74 MN/m c=0.25 culations are compared, considering linear and nonlinear con-
d=055 stitutive laws for steel and concrete of the reinforced concrete
structure. Soil structure interaction is not taken into account as
e=038 the GBF is supposed fixed at its base. The aim is not to eval-
f=0.8 uate the design of the foundation, which is not realistic, but to
evaluate the applicability of the proposed integrated methodol-
TABLE 3: Macro-element parameters ogy to reproduce nonlinear phenomena such as decrease in the

structural stiffness due to damage and permanent strains.

Top horizontal displacements. Figure 8 shows the GBF top

horizontal displacements considering a linear 8a and a nonlin-
Wind turbine modelling ear structural modelling 8b. One can observe that the mean de-

In order to accurately assess the effect of wind loads on the flection is found more important for the nonlinear structure. In

structure, the aeroelastic software FAST [26] is used. FAST has other words, for this level of loadings and without considering
the capability to fully model the dynamics of a wind turbine, in-  soil structure interaction structural stiffness has decreased.
cluding elasticity, aerodynamics and control in the time domain.
As a consequence, the effects of cyclic loadings due to turbulent Concrete axial stresses. This decrease of the structural stiff-
wind and of aerodynamic damping can be modelled, which re- ness implies not also an increase of the GBF top displacements
moves possible sources of uncertainties and over-conservatismbut also a decrease of the applied concrete stresses in the dam-
Loads computed at the bottom of the turbine tower using FAST aged sections. Figure 9 shows the axial concrete stresses in a sec-
are then applied in the finite element model of the GBF sub- tion at the level of node 5 ; figure 8a for linear constitutive laws,
structure. Figure 7 shows the wind turbines loads, computed and figure 8b for nonlinear constitutive laws. We can observe a
with FAST, and applied at the top of the substructure inxhe decrease in axial concrete stresses in the non linear simulation.
direction. The NREL 5 MW wind turbine is controlled by a  The section is damaged, cracking appears. Load is transmitted
pitch controller. A mean wind speed of 11.4 m/s has been cho- to the steel reinforcement bars that should be able to deal with
sen. This case is critical as the rotor thrust is maximal for this more important axial stresses.



Foundation top displacement (in wind direction)

0.035 ; ; ; ; ;
I ] axial stresses (5) MPa
E 0.03| | | ’ 3
éo.ozsi I8 ‘ ; T AR . ' . ,
8 1l he ot pe
5 002 f ! - EY fe 1¥ HiE BN i : 1
by | ! | ! § DB . '
g | .
Q i 1 : . - L o
20015 ! : )
s 0] et
g "l g
S o0t - i -3
= -05 : .
<] pedset™ . N
* 0.005 ) i . i
| ER
4 S ) Y s
0> L L i I I e oy, o e S
0 100 200 300 400 500 600 2 o, B e 4
Time [s] 0}\\\x ! /:/(6// 2 4
27N =
(a) linear =2 s
ym] 4 x[m]
Foundation top displacement (in wind direction)
0.06 ; ; ; ; ;
(a) linear
0. axial stresses (5) MPa
= )
§o. 1
g 1
= 0
%
g 05 '
s | ,
g 0
5
° -3
fre 1 05
| -4
ol i | . ‘ i -
0 100 200 1300 400 500 600 4 P ; gy i B
Time [s] 2 . g //(//,/ 4
. 0 IR 2 -6
(b) nonlinear \z* \/i/{ 0
. . . y[m] 4 -4 [m]
FIGURE 8: Comparison of the GBF top horizontal displacements o
for the linear (fig. 8a) and the nonlinear (fig. 8b) structural anal- (b) nonlinear

ysis
FIGURE 9: Comparison of concrete axial stresses in a section at
the level of node 5 for the linear (fig. 8a) and the nonlinear (fig.

Reinforcement axial stresses.  One can observe in Table 4 that ~ 8b) structural analysis
stresses in reinforcement bars actually increase when calculated
using the non linear structural model. Nevertheless steel remains
in the elastic domain. Figure 10 shows the axial stresses in a steel

bar in a damaged section at the level of node 5, calculated with Linear ~ nonlinear  Diff. [%]
the non linear structural model. Top displacements [m] mean  2.38E-02  3.93E-02 65%
max 338E-02 5.54E-02 64%

Moment at thebase: Even if nonlinear phenomena appear on sd_ S70E03 59003  59%

the top of the substructure, it does not seem to have significant ©Overtumning moment(node 1) (kN.m]  mean  7.56E+04  7.56E+04 0%

influence on the way forces are transmitted on the foundation. max . 130E+05  1.30E+05 0%

This is probably due to the fact that nonlinearities are limited sd  161E+04 161E+04 0%

(reinforcement remains elastic) Stresses in a steel bar (elem 5) [MPa] mean  2.54E+01  7.33E+01 188%
max 3.91E+01 1.06E+02 172%

The power spectral density of the stochastic time series of
the moment is shown in Figure 11. Such representation allows
a first identification of the phenomena which influence the re-
sponse. The main peak at 0.12 Hz corresponds to wave loads
(the peak period being 8 s). Power at lower frequencies are due
to wind loads. For this loading case, waves slightly dominate the

std 5.15E+00 1.27E+01 147%

TABLE 4: Comparison of statistical results for the linear and the
nonlinear structural analysis



Stress in steel bar (elem 5 - sec 1)

Endommagement traction (5)

sigma [MPa]
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FIGURE 10: Stresses in a steel bar in a damage section at the
level of node 5 (non linear structural analysis)

FIGURE 12: Damaye due to traction in a section at the level of
node 5 (non linear structural analysis)

1e+10

5 o0 Effects of soil-structure interaction

% A To assess the ability of the integrated numerical strategy to

g 1e+08 : ‘}\ i reproduce the effects of soil structure interaction, we compared

5 HNTE hereafter the numerical results of the GFB considering or not the

@ 1e407 el macro-element. For both calculations, the nonlinear constitutive

g R laws for concrete and steel are used.

S a6 s E1P | ﬁJLV,'J‘Va Table 5 shows some statistics of the two simulations. It is
W“ V‘\}‘g”“.‘” ' found that the horizontal top displacements of the GBF top are

] significantly increased, in terms of mean and maximum displace-

100000

0.1 1 ments. The results are however similar in terms of moment at
frequency [Hz] the foundation base and stresses in the steel bars. As in [3], the
GBF on a B type soil seems to behave more as a fixed structure
with the development of plastic hinges in the substructure. Re-
sults could be significant different if a less rigid type soil (C) was
considered. Results presented here have to be confirmed with

macro-element parameters calculated for a marine soil.
moment response of the substructure. At 11.4 m/s, the rotational

speed of the turbine is 12 rpm. The 1P turbine excitation fre-
quency is thus 0.2 Hz, and the 3P frequency is 0.6 Hz (1p equals CONCLUSION AND FUTURE WORK
the rotational frequency, and_ 3p equals 3 times the rotational fre- This paper shows the interest of an integrated modelling
quency). The 3P frequency is clearly observable on the graph. It girategy combining multifiber finite element beams with nonlin-
is also interesting to note a peak around 0.4 Hz, probably corre- g4 constitutive laws, nonlinear soil structure interaction (macro-
sponding to the first natural frequency of the turbine tower. This element) and nonlinear wave modelling for the structural dy-
shows that turbine loads are properly transmitted from the tur- 5mic modelling of concrete gravity base foundations. The
bine to the substructure base. model has been able to efficiently simulate the behaviour of
a GBF foundation under nonlinear irregular wave forcing and
Damage: Damage due to traction is only observed at the levels loads transmitted by the turbine. The model reproduces complex
of nodes 5 and 6 (the rest of the structure remains in the linear nonlinear phenomena such as decrease in the structural stiffness
regime), see Figure 12. No damage due to compression is found.due to damage, permanent strains, and the amplification of the
One half of the section is damaged as the loading is important horizontal top displacement due to soil structure interaction.
only in one direction (not a "true” symmetric load with signifi- Even if each numerical tool used in this study has already
cant maximum values at both directions). been validated independently, it will now be necessary to vali-

FIGURE 11: Powe spectral density on the moment at the sub-
structure base (non linear structural analysis)
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