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ABSTRACT:  In a previous paper, the authors showed how the traditional assumptions of base rigidity and full 

ground contact can lead to unreliable estimates of the rotational foundation stiffness of a wind turbine gravity 

base. This paper reports on an extension of their original analyses which considered a single typical base 

geometry, an upper and lower bound ground stiffness and moment loading that induced 0, 10 and 50% lift-off 

conditions. In this new work, an additional three base geometries, two intermediate ground stiffness values and 

three intermediate loading levels have been investigated. Foundation stiffness values were derived for each 

combination of geometry, ground stiffness and loading using (1) the traditional approach, (2) 3D finite element 

analysis and (3) the authors' simplified method of accounting for lift-off and base flexibility. The paper presents 

and compares the results obtained from these three approaches and considers the implications for routine gravity 

base design.  

 
RÉSUMÉ:  Dans un document précédent, les auteurs ont montré comment les hypothèses traditionnelles de la 

rigidité de base et du contact complet peuvent conduire à des estimations peu fiables de la rigidité de la fondation 

rotationnelle d'une base de gravité de l'éolienne. Cet article fait état d'une extension de leurs analyses originales 

qui considéraient une seule géométrie de base typique, une raideur de sol et un chargement de moment à la limite 

supérieure et inférieure qui induisent des conditions de décollage de 0, 10 et 50%. Dans cette nouvelle œuvre, on 

a étudié trois géométries de base supplémentaires, deux valeurs de rigidité au sol intermédiées et trois niveaux 

de chargement intermédiaires. Les valeurs de rigidité des fondations ont été calculées pour chaque combinaison 

de géométrie, de rigidité au sol et de chargement en utilisant (1) l'approche traditionnelle, (2) l'analyse des 

éléments finis 3D et (3) la méthode simplifiée de comptabilisation des auteurs pour la souplesse de décollage et 

de base. L'article présente et compare les résultats obtenus à partir de ces trois approches et examine les 

implications pour la conception de base de gravité de routine.  
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1 BACKGROUND 

Adequate foundation stiffness is essential for the 

safe and low maintenance operation of a wind 

turbine. Traditionally, many gravity base 

designers have assumed base rigidity and full 

ground contact when estimating foundation 

stiffness values as no further guidance was 

provided (DNV/Riso 2002).  As demonstrated 

previously, these assumptions can result in non-

compliant designs (Ross et al 2015). In 2016, 

revised design guidance (DNV-GL 2016) 

recognised the need to account for foundation 

stiffness and loss of base-ground contact (also 

known as lift-off) but the guidance does not 

specify the method to be used. 

This paper reports on work undertaken by the 

authors to further develop and validate the simple 

method set out in their 2015 paper which aimed 

to account for these factors without resort to com-

plex 3D FE analysis.  The work considers inter-

mediate ground stiffness values and lift-off con-

ditions, alternative geometries, and the effect of 

cracked stiffness in the structural analyses. 

As with the previous study, foundation stiff-

ness values were derived for the identical design 

conditions using (i) the traditional DNV method, 

(ii) 3D FE analysis using LS-DYNA and (iii) a 

simplified method proposed by the authors.  

Section 2 of this paper briefly recaps the three 

methods used to derive foundation stiffness and 

their core assumptions.  Section 3 sets out the 

range of design conditions considered in the 

analyses. Section 4 presents and compares the 

results.  Section 5 considers their relevance to 

routine design. 

 

 
 

2 METHODS OF ESTIMATING 

ROTATIONAL FOUNDATION 

STIFFNESS 

2.1 DNV method 

In the traditional DNV formulation, rotational 

foundation stiffness is a simple function of base 

geometry and soil stiffness:  
 

Kr = 8GR3 / [3(1-)] MNm/rad (Eq. 1) 

 

where G (MPa) is the operational shear modu-

lus of the half-space (in MPa);  is its Poisson’s 
Ratio; and R (m) is the radius of the circular foun-

dation. 

While extended versions of this basic expres-

sion can take account of the presence of a stiffer 

or rigid layer at depth and for base embedment, 

the underlying assumption is that the turbine base 

is “rigid relative to the soil and always in full 
contact with the soil” (DNV/Riso 2002). 

The rotational stiffness of a square base can be 

estimated by adopting the radius of a circle whose 

section modulus is equal to that of the square. 

2.2 3D finite element (3DFE) method 

The validity of the DNV method can be tested 

using a 3D finite element program. In the current 

and previous investigation, the 3D FE software 

known as LS-DYNA was used. 

Model inputs include: loading regime, base 

geometry, density and stiffness of the base and 

the ground and the boundaries of the model.  

Model outputs include deformation of base and 

ground, overall foundation stiffness and ground 

contact loss. 

Unfortunately, the budgets and programmes of  

most turbine foundation design commissions 

cannot extend to include this level of analysis. 

2.3 Simplified finite element (SFE) method 

The proposed simplified method (referred to 

below as the SFE method) uses a combination of 
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hand calculations (to model lift-off) and 2D struc-

tural FE analysis (to capture base flexibility).  

In an initial hand calculation, an estimate of the 

extent of lift-off is obtained by considering the 

eccentricity of loading on the base.  A second 

hand calculation then obtains a value for the ge-

otechnical rotational foundation stiffness for a 

rigid base (Kr_geo) using Gazetas’ analytical ex-
pression for a rectangular contact area (Gazetas 

1991). 

A 2D structural analysis model of the rigid 

base is then created and the supporting vertical 

soil springs are calibrated until the model repli-

cates the geotechnical rotational foundation stiff-

ness under a moment load.  

The model elements representing the base are 

then assigned a finite stiffness and additional ro-

tation is observed under the same moment load.  

The ratio of this additional rotation to the moment 

load represents the structural rotational founda-

tion stiffness (referred to as Kr_struct).  

The geotechnical and structural rotational stiff-

ness values are then combined in series to obtain 

an overall rotational stiffness (referred to as 

Kr_overall) that now takes account of both the effect 

of lift-off and base flexibility.  

For a fuller description of the method, refer to 

Ross et al (2015).  

3 MODEL PARAMETERS 

3.1 Base geometry 

The base geometries investigated are summarised 

in Table 1 and Figure 1. 

3.2 Unit weights 

Material unit weights were held constant in all 

analyses as follows: 

concrete = 25kN/m3   
soil = backfill = 18kN/m3   
water = 10kN/m3 

3.3 Base stiffness 

In the 2015 study, the base concrete stiffness was 

assigned a constant stiffness of 28GPa in both 

SFE and 3DFE models. In the current analyses, 

concrete stiffness was varied across the base in 

each model to reflect the extent of cracking ob-

tained from the GSA analysis. Effective Young’s 
modulus varied between 3 and 28GPa depending 

on loading, base geometry and ground support 

conditions. A Poisson’s ratio of 0.3 was adopted 
in all analyses. 

 

 
Table 1. Summary of base geometries investigated 

Geom B h_lo h_sl h_up h_GL  h_base D z 

ID [m] [m] [m] [m] [m]  [m] [m] [m] 

1 16 0.875 0.825 2.375 0.1  4.075 5.25 3.975 

2 16 1.1 0.6 1.375 0.1  3.075 5.25 2.975 

3 19 0.875 0.95 2.375 0.1  4.2 5.25 4.1 

4 19 1.1 0.725 1.375 0.1  3.2 5.25 3.1 
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Figure 1. Base geometry variables 

 
 

 

Table 2. Summary of applied moment loads to achieve various lift-off conditions in different base geometries 

Lift-off [%] Applied moment load [kNm] 
 Geom1 Geom2 Geom3 Geom4 

0 35410 30100 56990 48340 

10 42480 36120 68380 58010 

20 49560 42140 79780 67680 

30 56650 48160 91180 77350 

40 63730 54180 102570 87020 

50 70810 60200 113970 96690 

3.4 Ground stiffness 

Operational elastic shear modulus values of 20, 

50, 100 and 200GPa were investigated in the cur-

rent analyses. The lower end of the range is con-

sidered representative of a medium dense granu-

lar soil and the upper of a weak rock. 

A Poisson’s ratio of 0.3 was adopted in all 
analyses.  It should be noted that this is closer to 

a static value than a dynamic value and in some 

ground and loading conditions would result in a 

conservative estimate of foundation stiffness. 

3.5 Lift-off 

For each of the four geometries investigated, the 

applied moment consistent with a lift-off condi-

tion of 0%, 10%, 20%, 30%, 40% and 50% was 

derived. The values varied between 30.1MNm 

and 114.0MNm as shown in Table 2. 

3.6 Backfill and buoyancy 

The groundwater table was assumed to be at 

ground level for the purposes of calculating buoy-

ancy forces and the weight of the soil over the 

base was also modelled. The LS-DYNA analyses 

also considered the presence of the soil around 

the base. 
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3.7 Frequency effect 

The 2015 study indicated that the influence of 

loading frequency on foundation stiffness was 

small over the range of ground stiffness and load-

ing values investigated. Consequently, the effect 

was not computed as part of the current simpli-

fied analyses. The LS-DYNA analyses however 

applied the moment loading at a frequency of 

0.5Hz, which is considered an upper bound (con-

servative) value. 

3.8 Foundation stiffness 

For the input parameters outlined above, the tra-

ditional DNV method results in a total of 8 no. 

rotational foundation stiffness values (i.e. 2 no. 

equivalent radii x 4 no. ground stiffness values).   

The 3DFE and SFE methods both generate 96 no. 

values (4 no. geometries x 4 no. ground stiffness 

values x 6 no. loads). 

4 RESULTS 

4.1 Influence of lift-off/loading 

In Figures 2 and 3, the rotational foundation stiff-

ness values obtained from SFE and 3DFE anal-

yses are plotted as ratios of the DNV value 

against lift-off percentage1. The hollow data 

points relate to results from the 2015 study.  

In all analyses undertaken, in both current and 

2015 studies, the SFE and 3DFE values were 

found to fall increasingly short of the correspond-

ing DNV value as lift-off/loading increased. 

The gradient of this reduction with lift-

off/loading is approximately linear. In the new 

work, the value at 50% lift-off is only one half to 

two thirds of the full contact equivalent.  

4.2 Influence of ground stiffness 

Figure 2 reports results from analyses assum-

ing a ground shear modulus of 20MPa while in 

                                                      
1 Corresponding load varies with base geometry as per Table 2.   

Figure 3 ground shear modulus is an order of 

magnitude higher. 

The new work confirmed the previous finding 

that deviation from the DNV foundation stiffness 

value becomes more severe, the stiffer the ground 

conditions. This was evident across all four 

ground shear modulus values tested and at all lift-

off/loading.  

For example, in full contact conditions the SFE 

and 3DFE results in the highest ground stiffness 

models (G = 200MPa) were approximately 20-

25% of the results for the lowest ground stiffness 

models (G = 20MPa). 

4.3 Influence of base flexibility 

The significantly lower SFE and LS-DYNA re-

sults obtained from the current analyses com-

pared to those obtained in the previous work re-

flects the incorporation into the current analyses 

of a variable (and lower) cracked, rather than a 

constant (higher) uncracked, base stiffness. This 

has a major impact and further underlines the im-

portance of taking proper account of base flexi-

bility in design.   

Figures 2 and 3 suggest that actual rotational 

foundation stiffness could in fact lie between 

20% and 2% of the corresponding DNV value de-

pending on ground stiffness and lift-off/loading 

conditions. 

4.4 Reliability of SFE method 

Figures 2 and 3 also demonstrate the ability of the 

SFE method to reproduce the general behaviour 

of the foundations as predicted by the 3DFE 

analyses. 

The reliability of the method to produce 

reliable results can be explored in more detail in 

Figures 4 to 7, which plot the ratio of each SFE 

model result to the equivalent 3DFE result for 

each lift-off/load level, each geometry and each 

ground stiffness value. 
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Figure 2. Results for Geometry 1 on G = 20MPa 

ground, as ratio of DNV value 

 

 

 

 
Figure 3. Results for Geometry 1 on G = 200MPa 

ground, as ratio of DNV value  

 

 

 

Figure 4 indicates that in lower stiffness 

ground the SFE method can provide a reasonable 

estimate of the overall rotational foundation 

stiffness value obtained from 3DFE analysis 

across all likely load levels and various square 

base geometries.  The SFE value lies within +/-

10% of the 3DFE value. 

Figures 5 to 7 show that as ground stiffness 

increases, the ratio of the SFE to 3DFE result 

increases although, for any given base geometry 

and ground stiffness, the ratio remains relatively 

constant in lift-off conditions between 0 and 

30%.  

This increase in ratio with increasing ground 

stiffness is non-conservative and this needs to be 

taken into account during design using the SFE 

method.  The figures also show that making such 

an allowance becomes increasingly important 

under higher lift-off conditions where the SFE 

value may be as much as twice the 3DFE 

equivalent (as for Geometry 1 under 50% lift-off 

in ground with G = 200MPa). 

The figures also provide evidence that the SFE 

method‘s overestimation of rotational foundation 
stiffness may be greater for bases with higher 

plinths. 

5 CONCLUSIONS 

These results have important implications for 

the routine design of wind turbine gravity bases. 

They highlight the importance of taking into 

account the impact of both lift-off/loading and, 

even more importantly, of base flexibility in the 

derivation of rotational foundation stiffness.  

The current study provides evidence that 

failure to do so may lead to the overestimation of 

this parameter by a factor of 5 (in low stiffness 

ground, low lift-off/loading conditions) to 50 (in 

high stiffness, high lift-off conditions). 

The SFE method offers the designer a 

convenient way of estimating this parameter 

which avoids 3DFE analysis. It provides a 

reasonable estimate (+/-10% of its 3DFE 

corollary) at the lower end of ground stiffness.  
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As ground stiffness and lift-off/loading increase, 

the SFE method increasingly overestimates its 

3DFE corollary, by up to a factor of 2 at the upper 

end of the scenarios considered.  

Figures 4 to 7 could be used by a designer to 

select a suitable reduction factor (ranging 

between 1 and 2) to apply to the SFE estimate to 

account for this divergence.  

 

 

 
Figure 4. Comparison of SFE and LS-DYNA results 

as lift-off varies for G = 20MPa 

 

 
Figure 6. Comparison of SFE and LS-DYNA results 

as lift-off varies for G = 100MPa 

 
Figure 5. Comparison of SFE and LS-DYNA result as 

lift-off varies for G= 50MPa 

 

 
Figure 7. Comparison of SFE and LS-DYNA results 

as lift-off varies for G= 200MPa 
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The choice of reduction factor would depend 

on the base geometry, operational ground 

stiffness and lift-off/loading condstions under 

consideration.  

It is possible that by undertaking a second 

iteration of SFE calculations a more accurate 

estimate of the 3DFE analysis result may be 

obtained.  The authors intend to test this 

hypothesis in future investigations. 
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