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Abstract  The design of shallow foundations for 
wind turbines is typically governed by serviceability 
and fatigue limit states. To estimate the deformations 
of shallow foundations under working loads, existing 
design standards generally employ analytical uncou-
pled isotropic elastic solutions based on idealized 
soil conditions. However, many natural soil depos-
its exhibit some degree of stiffness anisotropy due 
to their deposition and complex stress history. This 
study has investigated coupled elastic stiffness coef-
ficients for circular shallow foundations founded on 
cross-anisotropic soils under combined VHMT load-
ings (vertical, horizontal, moment and torsional) 
using finite element analysis. A three-parameter 

anisotropic soil model was applied to the problem. 
The study extensively explores the effects of soil stiff-
ness non-homogeneity (i.e. linear increase of elastic 
modulus with depth) and foundation embedment on 
the foundation stiffness coefficients. Fitted expres-
sions of these stiffness coefficients were also derived. 
In addition, a practical application using the proposed 
stiffness coefficients was presented to demonstrate the 
effects of soil stiffness anisotropy on the responses of 
a typical large wind turbine shallow foundation.

Keywords  Wind turbine · Circular foundation · 
Foundation stiffness coefficient · Cross-anisotropy · 
Gibson soil

1  Introduction

Estimation of the serviceability limit state of shal-
low foundations under working loads can be of 
great significance (Buragadda and Orekanti 2023; 
Poulos 2023). This is particularly important for 
large onshore and offshore structures, such as wind 
turbines (WTs) and oil and gas platforms. The 
majority of large shallow WT foundations are cir-
cular or close to circular in form. These shallow 
foundations are generally subjected to combined 
loadings: vertical loads due to the self-weight of the 
structure (V), horizontal loads (H) caused by envi-
ronmental conditions, overturning moments (M) 
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due to the horizontal loading and structural height, 
and torsional loads (T) induced by wind and struc-
tural effects. For serviceability limit states, the lin-
ear elastic behavior of the soil under normal work-
ing loads is often assumed. The rocking stiffness of 
WT foundations in particular is considered to be a 
critical design parameter, since it controls the loca-
tion of the center of gravity with respect to the tur-
bine foundation (Lang 2012).

Available analytical solutions for estimating the 
elastic response of surface-based rigid circular foot-
ings are based on theories that assume homogene-
ous elastic half-spaces subjected to uniaxial verti-
cal, horizontal, moment and torsional loads. Various 
solutions can be found in the literature, e.g. Spence 
(1968), Gerrard and Harrison (1970), Poulos and 
Davies (1974) and Reissner and Sagoci (1944):

where KV, KHH, KMM and KT are vertical, horizontal, 
moment and torsional elastic stiffness coefficients; 
and µ is the soil Poisson’s ratio. Kausel et al. (1978) 
proposed approximate solutions for embedded circu-
lar foundations. Bell (1991) extended this concept to 
incorporate the cross-coupling effect between hori-
zontal and rocking behavior in a matrix form:

where uV, uH and θM are the vertical, horizontal and 
rotational deformations; G is the soil shear modu-
lus; and R is the foundation radius. KMH and KHM are 
equal, representing the cross-coupling between the 
horizontal and rotational degrees of freedom. Note 
that torsion was not addressed by this study.
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Stiffness coefficients have been found to depend 
on the soil Poisson’s ratio, foundation embedment 
depth, foundation geometry, and embedment condi-
tions. Doherty and Deeks (2003) further developed 
coupled VHM foundation stiffness coefficients con-
sidering both foundation embedment and soil non-
homogeneity. However, the solutions of Bell (1991) 
and Doherty and Deeks (2003) are only applicable 
for isotropic soil conditions. In addition, despite the 
availability of coupled solutions (e.g. Gazetas 1991), 
uncoupled foundation stiffness methods still predomi-
nate in most guidelines for shallow foundation design, 
such as DNV (2016) and ISO (2016).

It is widely recognized that many natural soils are 
anisotropic or at least transversely isotropic (cross-
anisotropic) due to their deposition and complex 
stress history (e.g. Zarei and Soltani-Jigheh 2021; 
Singh et al. 2024). It has been reported that stiffness 
anisotropy has a considerable impact on both short- 
and long-term ground movements predicted by tun-
nel excavation (Simpson et al. 1996; Franzius 2003). 
Burland et al. (1977) and Korobova et al. (2019) also 
showed that soil stiffness anisotropy significantly 
impacts foundation responses and should not be 
ignored. In practice, it is often assumed that elastic 
soil properties remain consistent regardless of direc-
tion. However, González-Hurtado (2019) demon-
strated that this can lead to unconservative foundation 
design in terms of serviceability limit states. Gazetas 
(1981) analytically investigated the vertical, horizon-
tal and rocking responses of surface strip foundations 
on cross-anisotropic soils. However, due to analyti-
cal complexities, the foundation stiffness cannot be 
explicitly given, rendering it less accessible for prac-
tical applications. In addition, the effect of soil stiff-
ness anisotropy on foundation stiffness has not been 
examined.

To address this issue, this paper aims to derive 
explicit expressions of coupled foundation stiffness 
for circular foundations under combined VHMT 
loads, while accounting for the influence of soil stiff-
ness anisotropy. A three-parameter cross-anisotropic 
model is first introduced to characterize the elas-
tic soil behavior. Foundation stiffness coefficients, 
accounting for the effects of foundation embedment, 
soil stiffness non-homogeneity, and anisotropy, are 
then estimated using finite element (FE) analysis. In 
addition, a typical wind turbine shallow foundation is 
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analysed to demonstrate the application of the derived 
foundation stiffness approach.

2 � Cross‑anisotropic soil stiffness model

As reported previously (Graham and Houlsby 1983; 
Grammatikopoulou et  al. 2014), both granular soils 
and clays exhibit stiffness anisotropy character-
ized by cross-anisotropic elasticity. The relationship 
between the increments of effective stress and strain 
for a cross-anisotropic soil can be described by (Lings 
et al. 2000):

The subscripts in Eq.  (6) follow the convention 
adopted by Pickering (1970). The stresses and strains 
are referred to three Cartesian axes, with x and y 
being the horizontal axis and z being the vertical 
axis of symmetry. Love (1892) showed that only five 
independent parameters are required to fully describe 
a cross-anisotropic elastic soil: Young’s modulus in 
the horizontal direction, Eh; Young’s modulus in the 
vertical direction, Ev; Poisson’s ratio for horizontal 
strain due to vertical strain, μvh; Poisson’s ratio for 
horizontal strain due to horizontal strain, μhh; and 
shear modulus in the vertical plane, Ghv (Ghv = Gvh). 
The remaining parameters can be related to these five 
parameters using:

Equation (7) assumes that the horizontal plane is a 
plane of isotropy, and thermodynamic considerations 
require Eq.  (8) to ensure the symmetry of the elastic 
compliance matrix.
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Since thermodynamic considerations require posi-
tive strain energy of an elastic material, certain bounds 
on the five independent parameters also need to be 
satisfied. Pickering (1970) demonstrated that Eh, Ev 
and Ghv must always be positive, and inequalities (9) 
and (10) should also be satisfied. Raymond (1970) has 
showed that Ghv is constrained by inequality (11).

Graham and Houlsby (1983) proposed a simplified 
cross-anisotropic model, consisting of only three inde-
pendent parameters: (i) modified Young’s modulus: 
E* = Ev; (ii) anisotropy factor: � =

√
Eh∕Ev ; and modi-

fied Poisson’s ratio: μ* = µhh.
All of the five cross-anisotropic elastic parameters 

can thus be computed using these three parameters:

Substituting Eq.  (12) into (10) 
yields − 1 < μ* = µhh ≤ 0.5; therefore, 0.5 is an upper 
bound of µhh in this model.

As a special case of drained soil conditions, the und-
rained soil condition can be accommodated by map-
ping the drained parameters to undrained parameters. 
According to Ratananikom et  al. (2013) and Lings 
(2001), the undrained Young’s modulus and shear mod-
ulus of the three-parameter model can be expressed by 
Eq. (13), while Eqs. (7) and (8) remain applicable.

Following Bell (1991), the stiffness of a circular 
foundation on a cross-anisotropic soil under com-
bined VHMT loads can be expressed in a matrix form 
as:
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3 � Finite element analysis

3.1 � Material models and sign conventions

In this study, all of the finite element analyses were 
conducted using the software ABAQUS (Dassault 
Systèmes 2016), employing the full Newton’s method 
to numerically solve equilibrium equations. The soil 
was modelled as a cross-anisotropic linear elastic 
material characterized by the three-parameter model 
(Eq. (12)), with isotropy as a special case (i.e. α2 = 1). 
As suggested by Lings (2001), Nishimura (2014) and 
Yimsiri and Soga (2011), the anisotropic ratio α2 typ-
ically ranges from 0 to 2. Therefore, α2 = 0.2, 0.4, 0.6, 
1.0, 1.5, and 2.0 were used in this study to cover most 
soils of practical interest. Given that context, the typi-
cal range of μ* is − 1 < μ* ≤ 0.5, μ* was taken as 0, 
0.1, 0.2, 0.3, 0.4, and 0.49.

The diameter (D) and thickness (t) of the founda-
tion were taken as D = 19 m and t = 3 m, representing 
typical dimensions for current large wind turbines in 
North America. The effect of the foundation embed-
ment (d) was studied by varying the embedment ratios 
from 0 to 0.16 (i.e. d/D = 0, 0.03, 0.06, 0.09, 0.12, and 
0.16), following the approach of González-Hurtado 
(2019). Since most natural deep soil deposits exhibit 
an increase of elastic stiffness with depth (Doherty 
and Deeks 2003; Rowe and Booker 1981), the soil 
was also modelled as a non-homogeneous layer with 
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linearly increasing elastic modulus with depth (Gib-
son 1967). Different gradients (k) for the soil stiffness 
increase were considered for β (where β = kD/Ev0 is 
the normalized Gibson factor) varying from 0 to 
0.40, corresponding to k = 0, 1.0, 2.0, 3.0, 4.0 and 
5.0  MPa/m, aligning with the studies of Gibson 
(1967) and Rowe and Booker (1981). Ev0 = 237 MPa 
was used in the analysis. Figure 1 shows the homo-
geneous and non-homogeneous soil profiles adopted 
herein. Cases of surface foundations on Gibson soils 
and embedded foundations in homogeneous soils 
were separately considered to investigate the effects 
of soil non-homogeneity and foundation embedment. 
Each case included 36 sub-cases (i.e. six values of 
α2 × six values of μ*). The foundation was assumed 
to be a rigid body, with a load reference point (LRP) 
attached to the center of the foundation base to apply 
prescribed displacements or loads.

The base contact between the foundation and the 
soil was set as a rough condition (no horizontal move-
ment of the soil nodes at the soil-anchor interface), 
implemented using the penalty method in ABAQUS 
(2016). For embedded foundations, a reduced friction 
coefficient (i.e. partially rough interface) for side and 
top interfaces is always recommended due to installa-
tion or in-service loading processes (Gourvenec and 
Mana 2011). In this analysis, smooth sides and top of 
the embedded foundations were assumed for conserv-
ative estimations. The foundation was also allowed to 
separate from the soil at zero normal contact stress at 
the interfaces. The sign conventions for the loads are 
illustrated in Fig. 1, where the horizontal and moment 
loads were considered to be in the same plane.

3.2 � Geometry and mesh

A cylinder with finite dimensions was used to simu-
late the half-space soil. To minimize the effect of 

Fig. 1   Sign conventions 
and homogeneous and non-
homogeneous soil profiles
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boundaries on the numerical results, the size of the 
soil domain should be suffiently large (Maleki and 
Nabizadeh 2021; Maleki and Mir Mohammad Hos-
seini 2022; Maleki et  al. 2023). In this part of the 
study, five model domain widths, L, (i.e. L = 5D, 10D, 
20D, 50D, and 100D) were taken to examine bound-
ary effects. These dimensions represent the horizontal 
distance from the foundation edge to either side of the 
domain, as well as the vertical depth of the soil below 
the foundation. Figure  2 shows the effect of model 
dimensions on KV and KHH for a surface founda-
tion on a homogeneous isotropic soil, along with the 
results of Bell (1991) for a mesh size of 100D. KMH, 
KMM and KT were also investigated and found to be 
less sensitive to the domain size. It can be seen that 
a domain size of 50D ~ 100D is sufficiently accurate. 
Thus, a model dimension of 50D was adopted for the 
remaining analyses. The cylindrical circumference 
of the soil was constrained to prevent out-of-plane 

translations, and the bottom of the soil was fixed in 
the three orthogonal coordinate directions (Rahmani 
et  al. 2022; Maleki and Imani 2022), as depicted in 
Fig. 3.

A mesh convergence study was carried out for a 
surface foundation on a homogeneous isotropic soil 
with μ = 0.3, as summarized in Table  1. It is evi-
dent that the stiffness coefficients estimated using 
the medium mesh (185,000 elements) exhibit neg-
ligible differences compared to those for the dense 
mesh (367,000 elements). Therefore, the medium 
mesh was selected in the analysis. Figure 3 presents 
a plane view of the three-dimensional model using 
the medium mesh, which comprised approximately 
185,000 eight-node brick elements (i.e. ABAQUS 
C3D8R) (Dassault Systèmes 2016).

A finer mesh was adopted in the region close to the 
foundation, gradually transitioning to a coarser mesh 
in the far field. To capture the stress concentrations 

Fig. 2   Effect of model dimensions on the stiffness coefficients for a surface foundation on a homogeneous isotropic soil: a KV and b 
KHH

Fig. 3   Mesh representation
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near the foundation edge and the soil-foundation 
interfaces, the soil regions in the vicinity of the foun-
dation edge and the horizontal thin soil layer close to 
the interface were carefully refined. For the soil-foun-
dation interfaces in particular, thin layers of soil ele-
ments with a thickness of approximately 0.005D were 
employed.

4 � Finite element results

4.1 � Model calibration

Figure 4 shows the comparison between the stiffness 
coefficients for a surface circular foundation on a 
homogeneous isotropic soil obtained from the current 
FE analysis, the Bell (1991) solutions, and the analyt-
ical solutions of Spence (1968), Gerrard and Harrison 
(1970), Poulos and Davis (1974), and DNV (2016).

The figure shows that the current study compares 
well (with differences less than 5%) to the solutions 
of KV, KHH, KMH and KMM from Bell (1991). Although 
both of the results are slightly larger than the analyti-
cal solutions, the current study lies closer to the ana-
lytical solutions than Bell (1991) due to a finer mesh 
and improved analytical methods. Moreover, the cross-
coupling term obtained from Bell (1991) shown in 
Fig. 4c exhibits good agreement with that derived from 
the FE analysis. It should also be noted that the current 
FE results in relatively larger KHH and KMM than the 
analytical solutions, but the difference between these 
gradually decreases with increasing µ. This is primarily 
because the analytical solutions are uncoupled, and the 
coupling effect gradually decreases with greater µ val-
ues, as illustrated in Fig. 4c. Furthermore, Fig. 4c shows 
no coupling for incompressible soil (i.e. undrained case: 
of µ = 0.5), making the uncoupled analytical solutions 

of KHH and KMM approach the current coupled results. 
As shown in Fig. 4e, the torsional stiffness coefficient 
given by DNV (2016) remains invariant with µ, being 
slightly larger than the FE results (with differences less 
than 1.5%). The agreement observed in Fig.  4 sug-
gests that the current finite element model is expected 
to remain applicable when altering a single parameter 
of the model, provided that other model configurations 
remain unchanged.

4.2 � Stiffness coefficient equations for surface 
foundations on homogeneous soils

The various cases of surface foundations on homoge-
neous soils can be used to obtain the basic stiffness 
coefficient equations in the absence of the effects of 
foundation embedment and soil non-homogeneity. Fig-
ure 5a illustrates the variations of KV with α2 for dif-
ferent values of μ*. Generally, KV gradually increases 
with the increase of μ*, but decreases with increasing 
α2. This is attributed to the definition of the anisotropy 
factor as α2 = Eh/Ev, where KV relies more on the verti-
cal elastic modulus, Ev. To reduce the variability of KV 
caused by μ*, the term KV(1.1‒μ*) is introduced, as 
depicted in Fig. 5b. The figure shows that the FE results 
(characterized by the range bars showing the mean, 
lower and upper bounds) fall within a tight band, and a 
single expression as a function of α2 is proposed, given 
by Eq. (15). Figure 5b demonstrates a strong agreement 
(with R2 = 0.997) between the FE results and the fitted 
expression.

Equation (15) can be simply manipulated to yield 
the basic vertical stiffness coefficient equation as:

Isotropy (i.e. α2 = 1.0) simplifies Eq.  (16) to the 
commonly-used isotropic stiffness coefficient (see 
Eq. (1)).

Similarly, KHH and KMM can be derived in the same 
way, as seen in Eqs. (17) and (18). The comparison 
presented in Fig. 6 also shows satisfactory fits between 
the FE results and the proposed expressions. It is worth 
noting that KMM decreases with increase of α2, but 
KHH shows an opposite trend. This is because KMM is 

(15)KV (1.1 − �∗) =
3.20 + 3.14�2

0.33 + �2

(16)KV =

(
1

1.1 − �∗

)(
3.20 + 3.14�2

0.33 + �2

)

Table 1   Mesh convergence study (surface foundations on a 
homogeneous soil with μ = 0.3)

Stiffness 
coefficient

Coarse 
(35,000 ele-
ments)

Medium 
(185,000 ele-
ments)

Dense 
(367,000 ele-
ments)

KV 5.913 5.924 5.924
KHH 4.787 4.792 4.792
KMH  − 0.440  − 0.446  − 0.446
KMM 3.916 3.966 3.966
KT 5.251 5.213 5.305
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Fig. 4   Stiffness coefficients for a surface circular foundation on a homogeneous isotropic soil: a KV; b KHH; c KMH; d KMM and e KT
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dominated by the vertical elastic modulus, while KHH is 
more influenced by the horizontal elastic modulus.

(17)KHH =

(
1

2.4 − �∗

)(
6.07 + 15.85�2

1.16 + �2

)

(18)KMM =

(
1

1.2 − �∗

)(
2.43 + 2.40�2

0.34 + �2

)

Figure 7a presents the coupling stiffness coefficient 
KMH for surface foundations on homogeneous soils. 
Unlike KV, KHH, and KMM, KMH appears to be unaf-
fected by the soil anisotropy. Therefore, KMH is sim-
ply expressed as a function of μ*:

(19)KMH = KHM =
−1.28(0.5 − �∗)

0.87 − �∗

Fig. 5   Vertical stiffness coefficient for surface foundations on homogeneous soils: (a) KV ~ α2 and (b) KV (1.1‒μ*) ~ α2

Fig. 6   Horizontal and rotational stiffness coefficients for surface foundations on homogeneous soils: a KHH(2.4‒μ*) ~ α2 and b 
KMM(1.2‒μ*) ~ α2

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Note that Eq. (19) becomes zero at μ* = 0.5, indi-
cating no coupling effect between horizontal and 
moment responses. This has also been confirmed by 
Bell (1991).

The relationship between KT and α2 is presented 
in Fig. 7b. Contrary to KMH shown in Fig. 7a, KT is 
affected only by α2, with μ* having no influence on 
KT. Thus, the relationship is approximated using 
Eq. (20), and a strong agreement can be observed in 
Fig. 7b.

4.3 � Correction factors for Gibson soils

Analyses of surface shallow foundations on Gib-
son soils can account for the effects of soil stiffness 
non-homogeneity on the foundation stiffness. As 
shown in Eq.  (21), a Gibson correction factor for 
KV, defined as the ratio of KV for a Gibson soil to 
that for a homogeneous soil, is introduced. (Cβ,V–1) 
is adopted to ensure that (Cβ,V–1) ~ β curves origi-
nate from the origin, as depicted in Fig.  8a. The 
data points within the ellipse in Fig. 8a represent a 
single case with the same stiffness slope, including 
36 points (six values of α2 × six values of �∗ ). These 
variations arise due to the dependence of (Cβ,V–1) 
on α2 and μ*. Thus, (Cβ,V–1) should be expressed as 

(20)KT =
3.20 + 8.33�2

1.16 + �2

a function of α2, μ*, and β, which is simply assumed 
to be the product of three independent functions in 
terms of α2, μ* and β, respectively:

By using:

the relationship between C�,V−1

f1,V (�
∗)f2,V(�2)

 and β is shown 
in Fig. 8. It is evident that the dependence on α2 and 
μ* has been eliminated by dividing f1,V (�

∗) and 
f2,V

(
�2
)
 , leaving only f3,V (�) , which is satisfactorily 

fitted with Eq. (23), as presented in Fig. 8b.

Consequently, Cβ,V can be expressed using 
Eq. (24).

Similarly, the Gibson correction factors for KHH, 
KMM and KT, are shown in Eqs. (25), (26) and (27), 

(21)C�,V =
KV , Gibson

KV , homo

= 1 + f1,V (�
∗)f2,V

(
�2
)
f3,V (�)

(22)
f1,V (�

∗) =
0.23(1−�∗)

0.77−�∗

f2,V
(
�2
)
=

0.67+0.74�2

0.41+�2

(23)f3,V (�) =
2.99�

0.81 + �

(24)

C�,V = 1 +
(

0.23(1 − �∗)
0.77 − �∗

)(

0.67 + 0.74�2

0.41 + �2

)

(

2.99�
0.81 + �

)

Fig. 7   Coupling and torsional stiffness coefficients for surface foundations on homogeneous soils: a KMH ~ μ* and b KT ~ α.2
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respectively. The comparison presented in Fig.  9 
demonstrates an excellent agreement.

In contrast, the coupling stiffness coefficient KMH 
seems to be almost unaffected by the soil stiffness 
non-homogeneity, as illustrated in Fig.  10. There-
fore, the Gibson correction factor for KMH is equiva-
lent to 1.0, and the basic equation of KMH for homo-
geneous soils (see Eq.  (19)) is still applicable for 
Gibson soils, as compared in Fig. 10. Although the 
variation in KMH at μ* = 0.5 is relatively larger, the 
fitted value of KMH = 0 at μ* = 0.5 is still close to the 
mean value.

(25)

C�,HH =1 +
(

0.17 − 0.013�∗)

(

0.67 + 0.72�2

0.41 + �2

)(

3.30�
0.93 + �

)

(26)

C�,MM =1 +
(

0.062 − 0.056�∗

0.76 − �∗

)

(

0.68
(

1 + �2
)

0.37 + �2

)

(

11.10�
4.03 + �

)

(27)C�,T = 1 +

(
0.030

(
1 + �2

)

0.35 + �2

)

(2.54�)

4.4 � Correction factors for foundation embedment

The effect of foundation embedment on the founda-
tion stiffness is examined using cases of embedded 
circular foundations in homogeneous soils. Since 
the influence of the foundation thickness is negligi-
ble compared to that of the foundation embedment 
in this study, particularly for d/D < 0.5 (Doherty and 
Deeks 2003), the foundation embedment depth does 
not exceed the foundation thickness (i.e. d ≤ t = 3 m) 
and the range of the foundation embedment ratio is 
d/D ≤ 0.16. Therefore, the effect of the foundation 
thickness can be ignored and only the effect of foun-
dation embedment is shown in this section.

Similar to the definition of the Gibson correction 
factors, the embedment correction factor for KV is also 
introduced, defined as the ratio of KV for an embedded 
foundation in a homogeneous soil to that for a surface 
foundation on a homogeneous soil. Figure  11a shows 
the variations of (Cd,V–1) with the embedment ratio, 
d/D. It is evident that for a given value of d/D, a disper-
sion of the FE results is observed due to the depend-
ence on α2 and μ*. Similar Cβ,V, Cd,V is assumed to fol-
low the same form of equation:

(28)

Cd,V =
KV , emb

KV , surf

= 1 + g1,V (�
∗)g2,V

(
�2
)
g3,V (d∕D)

Fig. 8   Gibson correction factor for KV: a (Cβ,V–1) ~ β and b (Cβ,V–1)/f1,V(μ*)/f2,V(α2) ~ β 
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As shown in Fig.  11b, using g1,V (�∗) =
1.28−1.66�∗

7.45+�∗
 

and g2,V
(
�2
)
=

0.59+1.35�2

0.94+�2
 results in the FE results fall-

ing within a relatively narrow band. The remaining 
function, g3,V (d∕D) , can then be approximated using 
g3,V (d∕D) =

2.61d∕D

0.26+d∕D
 , which yields the embedment 

correction factor for KV:

(29)

Cd,V =1 +
(

1.28 − 1.66�∗

7.45 + �∗

)

(

0.59 + 1.35�2

0.94 + �2

)(

2.61d∕D
0.26 + d∕D

)

Similarly, the embedment correction factors for 
KHH, KMM and KT can be developed, as given by Eqs. 
(30), (31) and (32). A satisfactory comparison can be 
observed in Fig. 12.

(30)

Cd,HH =1 +
(

0.23 − 0.36�∗

0.64 − �∗

)

(

0.60 + 1.37�2

1.00 + �2

)(

2.95d∕D
0.32 + d∕D

)

(31)

Cd,MM =1 + (0.40 − 0.34�∗)
(

0.71 + 1.60�2

1.32 + �2

)(

7.56d∕D
1.04 + d∕D

)

Fig. 9   Gibson correction factors for a KHH; b KMM and c KT
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Figure 13a presents the relationship between KMH 
and d/D. Unlike the effect of Gibson soils, founda-
tion embedment exhibits a significant influence on 
the coupling stiffness coefficient. Generally, the 
coupling gradually increases with d/D, aligning 
with the numerical findings of Bell (1991). As seen 
in Fig.  13a, six clusters of curves, corresponding 

(32)

Cd,T =1 +
(

0.20 − 0.27�∗

0.74 − �∗

)(

0.44 + 1.15�2

0.55 + �2

)

(

1.42d∕D
0.068 + d∕D

)

to the six values of μ*, are clearly observed. Note 
also that KMH at d/D = 0 (i.e. surface foundation) is 
affected only by μ*. However, with increasing d/D, 
the effect of α2 on KMH gradually becomes more 
pronounced. Therefore, KMH for embedded founda-
tions should be expressed as a function of α2, μ*, 
and β.

Since some values of KMH are close to zero, 
defining the embedment correction factor for KMH 
using ratios may lead to singularity. Therefore, the 
embedment correction factor for KMH is defined 
using the difference between KMH for an embed-
ded foundation in a homogeneous soil and that for 
a surface foundation on a homogeneous soil. It is 
also assumed to be the product of three independent 
functions of α2, μ*, and β, respectively, as expressed 
by Eq. (33).

Using g1,MH(�
∗) =

0.63−0.85�∗

�∗2−1.97�∗+1.21
 and 

g2,MH

(
�2
)
=

0.75+1.77�2

1.51+�2
 , the remaining function, 

g3,MH(d∕D) =
Cd,MH

g1,MH (�
∗)g2,MH(�2)

 can be fitted by a lin-
ear equation, g3,MH(d∕D) = 6.27d∕D , as favorably 
compared in Fig. 13b.

(33)

Cd,MH = Cd,HM = KMH, emb − KMH, surf

= g1,MH(�∗)g2,MH
(

�2)g3,MH(d∕D)

Fig. 10   Coupling stiffness coefficient for surface foundations 
on Gibson soils

Fig. 11   Embedment correction factor for KV: a (Cd,V–1) ~ d/D and b (Cd,V–1)/g1,V(μ*)/g2,V(α2) ~ d/D 
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5 � Application

In this section, a typical shallow foundation located 
on North America wind farm site is examined using 
the proposed stiffness coefficients, along with the 
expressions of DNV (2016), Bell (1991), and Gazetas 

(34)

Cd,MH = Cd,HM =
(

0.63 − 0.85�∗

�∗2 − 1.97�∗ + 1.21

)

(

0.75 + 1.77�2

1.51 + �2

)

(6.27d∕D)

(1991). The coupled coefficient KHM provided by 
Gazetas (1991) is linearly proportional to d/D and 
reduces to KHM = 0 at d/D = 0, aligning with the stiff-
ness coefficient recommended by DNV (2016).

The complete foundation stiffness coefficients 
for circular foundations, including both Gibson and 
embedment correction factors, are summarized in 
Eq.  (35). The properties of the circular foundation 
and the cross-anisotropic soil are summarized in 
Table  2, representing typical soil parameters from a 
glacial clay till deposit situated in Southern Ontario. 
These clay deposits are typically characterized to be 

Fig. 12   Embedment correction factors for a KHH; b KMM and c KT
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over-consolidated, stiff, and primarily incompressible 
with a relatively low moisture content.

Both surface and embedded foundations were 
considered in the analysis. The factored design loads 
for the foundation were V = 21,820 kN, H = 900 kN, 
M = 60,000 kN·m, and T = 7,300 kN·m. Note that the 
shear modulus was taken at a depth equal to the foun-
dation radius (i.e. Ghv = GR), following the recom-
mendations of Whitman (1976) and DNV (1992).

(35a)

KV =
[(

1
1.1 − �∗

)(

3.20 + 3.14�2

0.33 + �2

)]

[

1 +
(

0.23(1 − �∗)
0.77 − �∗

)(

0.67 + 0.74�2

0.41 + �2

)(

2.99�
0.81 + �

)]

[

1 +
(

1.28 − 1.66�∗

7.45 + �∗

)(

0.59 + 1.35�2

0.94 + �2

)(

2.61d∕D
0.26 + d∕D

)]

(35b)

KHH =
[(

1
2.4 − �∗

)(

6.07 + 15.85�2

1.16 + �2

)]

[

1 + (0.17 − 0.013�∗)
(

0.67 + 0.72�2

0.41 + �2

)(

3.30�
0.93 + �

)]

[

1 +
(

0.23 − 0.36�∗

0.64 − �∗

)(

0.60 + 1.37�2

1.00 + �2

)(

2.95d∕D
0.32 + d∕D

)]

(35c)

KMH = KHM =
[

−1.28(0.5 − �∗)
0.87 − �∗

]

+
[(

0.63 − 0.85�∗

�∗2 − 1.97�∗ + 1.21

)(

0.75 + 1.77�2

1.51 + �2

)

(6.27d∕D)
]

(35d)

KMM =
[(

1
1.2 − �∗

)(

2.43 + 2.40�2

0.34 + �2

)]

[

1 +
(

0.062 − 0.056�∗

0.76 − �∗

)

(

0.68
(

1 + �2)

0.37 + �2

)

(

11.10�
4.03 + �

)

]

[

1 + (0.40 − 0.34�∗)
(

0.71 + 1.60�2

1.32 + �2

)(

7.56d∕D
1.04 + d∕D

)]

(35e)

KT =
[

3.20 + 8.33�2

1.16 + �2

]

[

1 +

(

0.030
(

1 + �2)

0.35 + �2

)

(2.54�)

]

[

1 +
(

0.20 − 0.27�∗

0.74 − �∗

)(

0.44 + 1.15�2

0.55 + �2

)(

1.42d∕D
0.068 + d∕D

)]

Fig. 13   Embedment correction factor for KMH: a KMH ~ d/D and b Cd,MH/g1,MH(μ*)/g2,MH(α2) ~ d/D 

Table 2   Foundation and soil parameters

α2 μhh Gmax at depth of 
R, [MPa]

k, [MPa/m] D, [m] d/D

1.30 0.24 82.0 2 19 0 and 0.16
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In the absence of other information, DNV (2016) 
suggests working values of shear strain for a wind 
turbine foundation of 10−3 to estimate soil stiff-
ness reduction, corresponding to approximately 
GR/Gmax = 0.3. To assess the site-specific working 
value of G more accurately, the factored design 
loads were applied to the FE model in this study, 
to iteratively calculate the equivalent shear strain 
(Shrivastava et  al. 2012) and the corresponding 
GR of at the depth of R using the appropriate shear 
modulus degradation curve (González-Hurtado 
2019). This procedure yields GR/Gmax = 0.43 at a 
depth of R.

The foundation responses are compiled in 
Table 3. It is evident that the vertical settlements uV 
calculated by DNV (2016), Bell (1991), and Gaze-
tas (1991) are considerably larger than that obtained 
in the current study. Regarding the horizontal trans-
lation uH for the surface foundation considering soil 
anisotropy, the method of Bell (1991) overestimates 
it, while those methods in DNV (2016) and Gazetas 
(1991) significantly underestimate it (around 31% 
of the current value), due to neglecting the coupling 
effect between horizontal and rotational responses.

For the embedded foundation, the DNV (2016) 
method provides notably larger uH compared to the 
current anlysis, whereas the Gazetas (1991) method 
considerably underestimates it. In addition, the 
rocking and torsional angles for the surface founda-
tion estimated by the current study are smaller than 
those from the other methods. Furthermore, foun-
dation embedment significantly reduces foundation 
responses, and the rocking angle for the embedded 
foundation closely aligns with the estimations from 
the DNV (2016) and Gazetas (1991) methods.

6 � Conclusions and recommendations

The coupled elastic stiffness coefficients of circular 
foundations founded on cross-anisotropic soils under 
combined VHMT loading were investigated using 
finite element analysis. A three-parameter cross-
anisotropic soil model was adopted with a range of 
anisotropic parameters covering typical soils found 
in practice. The findings revealed a decrease in verti-
cal and rocking stiffness coefficients with the aniso-
tropic parameter α, but the horizontal stiffness coef-
ficient exhibits an opposite trend. In addition, the 
coupling stiffness coefficient remains unaffected by 
α. To address the effects of soil non-homogeneity and 
foundation embedment, Gibson soils and embedded 
foundations were examined separately, and the Gib-
son and embedment correction factors were derived 
accordingly. The analysis indicates that a higher Gib-
son modulus (β) can increase the vertical, horizontal, 
and moment stiffness coefficients, whilst leaving the 
coupling between horizontal and moment responses 
for surface foundations unaffected.

A practical application of the new method was 
presented to show the effects of soil stiffness anisot-
ropy and foundation embedment on the foundation 
responses. It was shown that the effects of soil stiff-
ness anisotropy on foundation responses can be sig-
nificant and should not be ignored. In practical design 
applications, the soil Gibson factor and anisotropy 
factor can be determined from laboratory testing (e.g. 
Kallioglou et  al. 2009; González-Hurtado 2019), 
and Eq. (35) can be applied to calculate the required 
stiffness coefficients. Given that the design of wind 
turbine foundations is typically governed by service-
ability limit states, a more accurate estimate of foun-
dation stiffnesses, accounting for the collective effects 
of soil stiffness anisotropy, non-homogeneity, and 

Table 3   Foundation 
responses for 
GR/Gmax = 0.43

Response Current study DNV (2016) Bell (1991) Gazetas (1991)

uV d/D = 0 8.818 (mm)  + 40.36%  + 31.49%  + 40.36%
d/D = 0.16 7.878 (mm)  + 35.43% –  + 33.59%

uH d/D = 0 0.858 (mm) – 31.12%  + 31.24% – 31.12%
d/D = 0.16 0.299 (mm)  + 62.93% – – 66.73%

θM d/D = 0 2.907 × 10−2 (deg.)  + 11.49%  + 4.77%  + 11.49%
d/D = 0.16 2.114 × 10−2 (deg.) – 6.52% – – 6.84%

θT d/D = 0 0.227 × 10−2 (deg.)  + 14.28% –  + 14.28%
d/D = 0.16 0.177 × 10−2 (deg.) – 20.92% – –20.97%
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foundation embedment, can provide more reliable 
and economical foundation designs.

It is worth noting that the current analysis consid-
ered a simplified three-parameter cross-anisotropic 
elastic model (Graham and Houlsby 1983), rather 
than a more general cross-anisotropic model, which 
is left as a refinement for future research. In addi-
tion, the analysis focused on embedded foundations at 
relatively shallow depths (d/D ≤ 0.16) within the con-
text of large onshore wind turbines. However, with 
the current trend of increasing wind turbine tower 
and blade sizes, their foundations will likely require 
deeper embedments to withstand greater wind loads 
and moments. Therefore, further work would be 
valuable to extend the present work to accommodate 
deeper foundation embedments.
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