
3D and 1D modelling of monitored monopiles located in the 

Belgian North Sea 
Modélisation 3D et 1D de monopieux monitorés situés en Mer du Nord 

Belge 

A. Kheffache* 

Ghent University, Ghent, Belgium 

B. Stuyts, C. Sastre Jurado 

Ghent University/OWI-lab , Ghent, Belgium 

W. Weitjens, C. Devriendt 

Vrije Universiteit Brussel/OWI-lab, Brussels, Belgium 

*Anis.kheffache@ugent.be 

 
ABSTRACT: Offshore Wind Turbines (OWTs) located in the Belgian North Sea have been monitored for several years 

using different monitoring setups (accelerometers, strain gauges and  Fiber Bragg Gratings). The monitoring data reveals 

that OWTs do not perform as expected, as they were designed using recommendations that were not adapted for large diam-

eter and longer piles such as the API/DNV p-y methods. These design methodologies were extensively used due to their low 

numerical cost when compared to 3D- Finite Element (FE) simulations. Both 3D and 1D FE analyses of a laterally loaded 

monopile are carried in this paper. First, a 3D site-specific model of a monitored OWT is developed. The model consists of 

a monopile and the soil medium which is simulated using calibrated hypoplastic models. The monopile model is then sub-

jected to representative lateral loadings then bending moments are extracted. Similar analyses are done using 1D rule-based 

PISA models and API/DNV models. Numerical results of a comparative study between the 3D-FE, 1D-PISA, 1D-API/DNV 

and the monitoring data are presented and discussed. 
 

RÉSUMÉ: Les éoliennes offshores situées au large de la côte Belge en Mer du nord ont été monitorés depuis plusieurs 

années en utilisant différents appareillages ( accéléromètres, gauges de déformations et Fibres). Les données issues du mo-

nitoring révèlent un comportement non-prévu des éoliennes, surement due au fait qu’elles aient été dimensionnés en utilisant 
des recommandations non adaptés au pieux de grand diamètre tel que les courbes p-y formulés par l’API/DNV. Ces méthodes 
ont été utilisés extensivement due à leurs faible cout numérique comparé aux simulations en éléments finis  (EF)-3D. Des 

analyses EF en 3D et 1D d’un monopieu sous chargement latéral sont effectués. Tout d’abord, nous établissons un modèle 
de site 3D d’une éolienne soumises au monitoring. Le modèle est constitué d’un monopieu et du sol avoisinant qui est simulé 

en utilisant une loi de comportement hypoplastique. Le monopieu  est ensuite soumis à des charges latérales représentatives 

des charges in situ puis les courbes de moment fléchissant son extraites. Des analyses similaires sont effectués en utilisant 

un modèle 1D ou les courbes de réactions sont issues de recommandations PISA et API/DNV. Une étude comparative est 

effectué sur les  résultats numériques et les données issues du monitoring. 
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1 INTRODUCTION 

The recently adopted consensus is to reach 120 GW 

and 300 GW of total power output from offshore wind 

in the North Sea. Offshore wind turbines can be sup-

ported by many types of support structures, for exam-

ple: gravity base foundations, suction buckets and 

jacket foundations. However, monopiles are still the 

preferred type of foundations in shallow coastal waters 

as they represent not less than 80% of the total in-

stalled foundations for offshore wind turbines 

(WindEurope, 2020). Monopiles are large-diameter 

hollow steel piles that are designed to support the up-

per wind turbine structure under multiple loads such as 

thrust load, wind shear, waves, currents and seismic 

loads (in earthquake-prone regions). These loads can 

be induced under normal operational or extreme con-

ditions (such as storms and earthquakes). 

Monopiles are typically designed using 1D beam-

column models where the soil adjacent to the pile is 

modelled using discrete linear or non-linear springs. 
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Different non-linear spring functions exist in the liter-

ature, such as the API p-y method (API, 2011) that 

considers a set of lateral reactions along the pile. This 

method has been extensively used for the design of pile 

foundations in the oil and gas (O&G) industry. The 

more recent PISA methodology (Burd et al., 2020; 

Byrne et al., 2020) is reputed to be more adequate for 

the design of laterally loaded monopiles.  3D Finite El-

ement approaches are known to be numerically more 

costly than the 1D ones, however they are better at 

simulating the complex soil-monopile interactions, 

and have been used successfully in the literature for 

the simulation of more complex problems (Ke-

mentzetzidis et al., 2018; Kheffache et al., 2023). 

Monitoring data on wind turbines can help under-

stand and gain insight on their real in situ behaviour 

(Stuyts et al., 2023). The different types of monitoring 

data that can exist on a wind turbine are listed below: 

• Supervisory Control And Data Acquisition 

(SCADA) data; which gives the basic wind tur-

bine outputs such as wind speed at the hub level, 

wind direction and rotations per minute (rpm)  

• Acceleration measurements; which can be 

transformed into resonance frequencies 

• Strain measurements from strain gauges (SGs) 

/Fiber Bragg gratings (FBGs); which can be 

transformed into bending moments 

• Pore pressures;  

In this work, both 3D and 1D numerical analyses of 

a monitored monopile located in the Belgian North Sea 

are performed. The 1D analyses are done following 

both the API/DNV (DNV, 2014) and PISA approaches 

while the 3D ones are done using the ABAQUS Finite 

Elements (FE) software in which the soil is simulated 

using advanced constitutive models that are calibrated 

to the available laboratory test/in situ data. The ap-

proaches are compared to each other and to the moni-

toring data. 

2 MODELING OF LATERALLY LOADED 

PILES 

2.1 API/DNV 

The first versions of API/DNV reaction curves were 

initially developed by Cox et al (1974) and Matlock 

(1970). The API sand p-y reaction curves were derived 

directly from the results of laterally loaded piles which 

had a diameter of 610mm and a penetration depth of 

21m, for a corresponding 𝐿/𝐷 ratio of 33.84.  

The basic input parameters of the API method for 

both sands and clays are listed below: 

• Unit weight 𝛾′ (sand/clay) 

• Pile diameter D (sand/clay) 

• Undrained shear strength (clay) 

• Empirical constant J (clay) 

• Strain parameter 𝜖50(clay) 

• Friction angle 𝜑′ (sand) 

• Loading factor 𝐴 (sand) 

The mathematical formulation is not given for the 

sake of brevity. This method has been proven to be un-

reliable for the design of monopiles as they are of big-

ger diameter than the ones used in the API pile tests 

(Doherty & Gavin, 2012) 

2.2 PISA method 

The PISA project formulated a new design methodol-

ogy for laterally loaded monopiles in clays and sands; 

by taking into consideration 3 new sets of reaction 

curves on top of the lateral p-y ones, as shown in Fig-

ure 1. 

The full methodology was established through lat-

eral pile testing on piles with an L/D ratio that is be-

tween 2 and 6 and that is comparable to the ratio of 

monopiles.  The pile tests were simulated using a 3D-

FE model from which the 1D reaction curves were 

then extracted, the rule-based method was then formu-

lated in which the basic mathematical functions of 

every reaction curve was established. The basic input 

parameters of the rule-based method are listed below: 

• Relative density 𝐷𝑅 (sand) 

• Small strain stiffness 𝐺𝑚𝑎𝑥 (sand/clay) 

• Vertical effective stress 𝜎𝑣′  (sand) 

• Undrained shear strength 𝑆𝑢 (clay) 

• Pile diameter 𝐷 (sand/clay) 

By comparing the input parameters for both meth-

ods, we can see that the PISA methodology takes into 

account both parameters at small  and large strain. 

2.3 FEM 

The Finite Element Method is generally not used for 

design but rather as a design-verification tool. It allows 

the soil and pile mediums to behave according to a 

more advanced mathematical formulation (constitu-

tive models) when compared to 1D approaches. This 

method is however more computationally costly both 

in terms of computational time and input parameters, 

depending on the complexity of the constitutive mod-

els used.  
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Figure 1. Different reaction curves considered in the PISA 

methodology (Byrne et al., 2020). 

3 SITE CONDITIONS 

3.1 Monopile 

The studied monopile is located in the Belgian North 

Sea, some of the data was already presented in previ-

ous works (kheffache et al., 2022). The FBGs on the 

lower monopile part are shown in Figure 2 

3.2 Soil conditions 

The monitored wind turbine is located in the Belgian 

North Sea. The monopile is embedded in multilayered 

soil profile made of sand and clay layers. The Cone 

Penetration Test result and the soil layering at the wind 

turbine’s location are shown in Figure 2. 

3.3 Loads 

Representative sets of loadings were extracted from 

the monitoring data (10-minutes strain measurements) 

available on the upper structure (above mudline part of 

the wind turbine). The derived loading consists of a 

point force and moment applied at the head of the 

monopile. A total of 23 load conditions are considered 

in this work. It is worth mentioning that the loads are 

considered to be quasi-static; the loads were exctracted  

 
Figure 2. CPT, FBGs and soil layering at the wind turbine's 

location. 

 

from episodes where the wind turbine was operating 

under normal conditions and where the strain measure-

ments were seen to have relatively small variations. 

4 FE MODELLING 

4.1 1D models 

The 1D modelling is done using an in-house beam-col-

umn model. Both API and PISA reaction curves can 

be assigned to the monopile. All of the PISA input pa-

rameters can be calibrated directly from in situ test re-

sults where as for the API ones; 𝜖50 and 𝛾′ are gener-

ally calibrated from laboratory test data. 

4.2 3D models 

4.2.1 Soil 

The sand and clay hypoplastic models are assigned to 

sand and clay layers respectively (Mašín, 2013; von 
Wolffersdorff, 1996), and are calibrated to advanced 

laboratory test data which consists of oedometric, tri-

axial, DSS, resonant column and bender element tests. 

The calibration methodologies discussed by Mašín, 
(2019) are followed. The inputs for both models have 

been discussed and some values have been presented 

in previous works (kheffache et al., 2022), the calibra-

tion is not repeated here for the sake of brevity. The 

calibration is further optimised using the in situ data 

such as Seismic Cone Penetration Tests (SCPT). The 

calibrated 𝐺𝑚𝑎𝑥 profile is show in Figure 3. 
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The soil stress is initialized by considering a 𝐾0 in-

itial stress state, where 𝐾0 is the earth pressure coeffi-

cient at rest and is given by the following equations: 

 

 

where 𝜑𝑐 is the critical friction angle and 𝑂𝐶𝑅 is the 

overconsolidation ratio interpreted from a nearby 

borehole. A slightly higher 𝐾0=0.8 was assigned for 

the upper sand layer to take into consideration over-

consolidation. The initial void ratio 𝑒0 was derived 

from a nearby borehole. A drained and undrained beh-

viour is assigned to the sand and clay layers respec-

tively. 

 

 

Figure 3. 𝐺𝑚𝑎𝑥 profile. 

4.2.2 Monopile 

The monopile is modelled using C3D8I mesh elements 

which are incompatible 3D continuum 8 noded fully 

integrated linear brick elements, recommended for 

solid elements subject to bending (Abaqus, 2011). A 

comparative study was done by comparing C3D8I el-

ements to S4R (shell) bending moments, negligeable 

differences were observed. 

4.2.3 Boundary conditions 

Only half of the model is simulated by taking into ac-

count symmetry in the y direction. The model is fixed 

in all direction at the bottom, while it is fixed only in 

the x and y directions at the edge. 

4.2.4 Contact 

The general contact algorithm which allows for the au-

tomatic detection of interfaces is used. The pile-soil 

contact is modelled by considering a Mohr-Coulomb 

frictional coefficient 𝜇. A sensitivity study was con-

ducted on the effect of the friction coefficient on the 

results. No significant effects were observed. A con-

stant friction coefficient of 0.5 is assigned along the 

monopile-soil interface. 

5 RESULTS 

The results are investigated in terms of bending mo-

ments as mentioned before. 23 bending moment pro-

files were generated (corresponding to the 23 load 

cases), however only 4 profiles are shown in Figure 4 

for brevity. The bending moments are normalised to 

the highest value, whereas the depth is normalised to 

the monopile’s diameter. It can be seen that for the 4 
load cases, the FEM-based bending moments are the 

closest to the monitored ones, translating a stiffer be-

haviour when compared to the API/PISA-based bend-

ing moments. If we compare the bending moments that 

result from 1D approaches, we notice that the PISA-

based ones are the closest to the monitoring data (and 

also relatively close to the FEM ones). In all of the 

analyses (FEM, API and PISA), the simulated bending 

moments are always at the right hand side of the mon-

itored ones (overprediction), which means that the 

monopile is laterally stiffer in reality compared to the 

simulations. 

The results can also be quantified in terms of Mean 

Relative Error (MRE), where MRE is given by the fol-

lowing equation: 

 

where 𝑛 is the total number of considered load cases 

(23), 𝑀𝑚𝑧,𝑖
 is the monitored bending moment at the z-

th sensor depth for the i-th load case, 𝑀𝑠𝑧,𝑖
 is the simu-

lated bending moment at the same depth and for the 

same load case. According to the previous MRE defi-

nition, a positive value translates into an underestima-

tion whereas a negative value translates into an over-

estimation of the bending moments when compared to 

the monitored ones.  
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Figure 4. Bending moment versus depth. 

 

Figure 5 represents the MRE for all the simulated 

cases at each sensor depth below mudline. We can see 

that for all the sensors depths, the MRE is always the 

lowest for the FEM approach, while it takes the highest 

values for the API one, confirming the previous obser-

vations. We can also see that the MRE difference be-

tween the approaches is larger at the lowest sensor 

depth when compared to the shallowest sensor depth. 

When comparing between the results in terms of 

Global MRE (GMRE, the mean of MRE for every 

method) given in Table 1, we see that the API method 

overpredicts the results by 20%, almost twice as much 

as the FEM approach. 

 
Table 1.Global MRE for the different modelling approaches 

Approach API PISA FEM 

GMRE 

(%) 

-20.04 -14.70 -10.48 

6 CONCLUSIONS 

In this work, a monitored wind turbine located in the 

Belgian North Sea was studied. 3 different design-

methodologies were used: 

• API guidelines 

• PISA method  

• FEM. 

 
Figure 5. MRE at different sensor depths. 

 

The monopile was subjected to representative sets 

of quasi-static loads extracted from the monitoring 

data on the wind turbine. The monitored and simulated 

bending moments using the different approaches were 

compared. All the methods were seen to overpredict 

the bending moment on the monopile which is due to 

the fact that the monopile behaves stiffer than ex-

pected, probably due to the missing contribution of the 

scour protection in the simulations, and the missing in-

stallation effects. The PISA rule-based method was 

seen to give satisfactory results, almost matching the 

FEM ones, while the API approach gave the least ac-

curate ones.   
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