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ABSTRACT: The dimensions of offshore monopile foundations are mainly governed by lateral performance, namely the 
lateral strength and irrecoverable rotation design criteria. Numerical modelling of environmental loading applied to the 
foundation relies on the definition of soil interaction stiffness curves to derive foundation strength and deformability. The 
determination of the primary/virgin loading stiffness curve of monopiles under lateral loading has been subject of numerous 
studies, notably the PISA design approach, supported by finite element (FE) modelling. However, in new geographies and 
during earlier stages of design, numerical analyses are cumbersome hence an alternative approach to derive rule-based 
components of the PISA methodology is needed. Moreover, the unloading stiffness is still conservatively assumed in design 
practice as the initial stiffness, resulting in an overestimation of the permanent rotation caused by extreme wave loading. 
The determination of the unloading and reloading lateral stiffness can have significant influence on the design of large 
diameter monopile structures. This article presents a methodology to define both the primary and unloading/reloading lateral 
monopile curve. The primary loading curve is defined based on a rule-based approach, formulated in total stress space, which 
adopts the fundamental principles of soil mechanics to match the soil spring data from finite element models. The 
unloading/reloading lateral behavior of the monopile is modeled using a hysteretic soil damping curve derived from 
analytical methods, based on the intrinsic relationship between the two physical quantities. The stiffness curves developed 
through this methodology are benchmarked against results from 3D FE analyses based on typical North Sea conditions. 
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1 INTRODUCTION 

The monopile structure is the most common 
foundation type supporting offshore wind turbine 
generators (WTG) worldwide. This dominance 
continues to grow as advancements in monopile 
modeling techniques enable more optimized designs, 
and the fabrication, transportation, and installation of 
larger diameter monopiles become feasible, allowing 
this foundation to carry ever greater loads from large 
WTG structures. 

The design requirements influencing monopile 
geometry are primarily driven by lateral performance, 
specifically lateral resistance and irrecoverable 
deformation, which correspond to ultimate and 
serviceability limit states, respectively. These 
verifications depend on both the design loads and the 
lateral soil interaction stiffness curves. The influence 
of the soil stiffness is twofold, both as a resistance 
component but also on the design loads since these are 

inversely correlated, due to the dynamic nature of 
loading in offshore wind structures. 

The complete definition of the lateral soil 
interaction stiffness comprises both the primary/virgin 
and the unloading/reloading backbone curve. The 
PISA design methodology by Byrne et al. (2017) 
provides a framework to derive the primary/virgin 
loading stiffness curve, either through an analytical 
rule-based approach or based on the finite element 
method (FEM). Concerning the unloading and 
reloading lateral stiffness behaviour, however, in spite 
of its relevance, is often overlooked in geotechnical 
modelling integrated load analysis (ILA) and 
geotechnical design verifications. 

This paper presents a design approach to derive 
both the primary/virgin and the unloading/reloading 
lateral backbone curves for monopile structures 
adopting analytical formulations. The proposed 
methodologies are benchmarked to numerical 
solutions using the FEM and typical soil conditions in 
the North Sea. Based on the findings, 
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recommendations are provided to guide designers 
during early and detailed phases of monopile design. 

2 ADAPTED RULE-BASED APPROACH 

The iterative design process for offshore wind 
structures, given its multidisciplinary nature, demands 
robust geotechnical modeling approaches that are 
computationally efficient while maintaining accuracy 
comparable to finite element (FE) models. These 
simplified models typically adopt a 1D Beam-in-
Elastic Foundation (BEF), resorting to soil-structure 
interaction models consisting of non-linear interaction 
curves. The definition of the non-linear interaction 
curves can be based on FE models or analytical rule-
based approaches. The PISA rule-based design model 
(Burd et al., 2020), calibrated on pile load tests at 
specific sites, defines the soil curves in non-
dimensional space with a normalization approach 
encompassing soil properties and pile geometry. 
Alternatively, Jeanjean and Zakeri (2023) proposed a 
site-independent rule-based methodology based in soil 
mechanics principles for resistance components, 
employing the direct simple shear stress-strain curve 
as reference to define the initial stiffness and curve 
shapes. The benefits of both approaches, site-
independent formulation and curve definition in 
normalized space, together with further calibration 
against a database of FE-calibrated PISA parameters, 
provides a valuable tool for designers.  

A proposed rule-based approach and the references 
considered in its derivation is given in Table 1. This 
approach is further complemented by experience-
based multipliers and deltas given in Table 2. Lower 
bound values are provided to account for sites with 
high stiffness contrasts in layered soils where rule-
based approaches tend to underperform (Burd et al., 
2020). The values therein should be multiplied by 
those obtained in Table 1, except for the 𝑛 curvature 
parameters where they where they are additive and 
referred to as deltas. These multipliers and deltas are 
informed by a large database of previous XXL 
monopile designs performed in the commercial 
software PLAXIS using the NGI-ADP total stress 
model. The values provided in Table 2 are determined 
from statistical analyses of the ratios between 
calibrated PISA parameters, derived from FEM 
analyses, and the respective analytical equations as 
given in Table 1. An example of such an assessment 
for the PISA multiplier of the ultimate lateral 
resistance is shown in Figure 1. The proposed rule-
based approach is defined in total stress space and 
adopts the fundamental principles of soil mechanics to 
match the soil spring data obtained from multiple FE 

models across various sites. Site-specific calibration of 
the multipliers and deltas can be achieved by carrying 
out a limited number of FE model simulations to 
determine global PISA parameters.  

Table 1. Normalized parameters in total stress 

PISA  Equation / Value Reference 

𝒑 − 𝒗 

𝑣̅𝑝𝑢 5% ∙ 𝐺0 𝑆𝑢⁄  
(Jeanjean and 
Zakeri, 2023) 𝑘𝑝 4.5 
(Suryasentana 
and Lehane, 

2016) 𝑛𝑝 0.85 (Darendeli, 2001) 𝑝̅𝑢 
𝑁𝑝 ≤  𝑁𝑝𝑑 𝑁𝑝𝑑 = 9 + 3𝛼 

(Jeanjean et. al, 
2017) 

𝒎 − 𝜽 

𝜓̅𝑚𝑢 𝑚̅𝑢 𝑘𝑚⁄  
(Burd et al., 

2020) 𝑘𝑚 𝛼 0.45⁄  
(Jeanjean and 
Zakeri, 2023) 𝑛𝑚 0.25 
(Burd et al., 

2020) 𝑚̅𝑢 𝛼 
(Jeanjean and 
Zakeri, 2023) 

𝑯𝑩 − 𝒗𝑩 

𝑣̅𝐻𝑢 𝐻̅𝐵𝑢 𝑘𝐻⁄  - 𝑘𝐻 𝜋 0.84⁄  
(Jeanjean and 
Zakeri, 2023) 𝑛𝐻 0.15 - 𝐻𝐵𝑢 𝜋 4⁄  
(Jeanjean and 
Zakeri, 2023) 

𝑴𝑩 − 𝜽𝑩 

𝜓̅𝑀𝑢 𝑀̅𝐵𝑢 𝑘𝑀⁄  - 𝑘𝑀 𝜋 2.91⁄  
(Jeanjean and 
Zakeri, 2023) 𝑛𝑀 0.40 - 𝑀̅𝐵𝑢 𝜋 6⁄  
(Jeanjean and 
Zakeri, 2023) 

Table 2. Multipliers and deltas of PISA parameters 

Soil curves 
 

PISA  
 

𝑴𝑷𝑰𝑺𝑨 / 𝚫𝑷𝑰𝑺𝑨 

Best Lower 

𝒑 − 𝒗 

𝑣̅𝑝𝑢 0.24 0.24 𝑘𝑝 2.10 1.50 𝑛𝑝 -0.25 -0.25 𝑝̅𝑢 1.20 1.00 

𝒎 − 𝜽 

𝜓̅𝑚𝑢 2.00 2.00 𝑘𝑚 0.29 0.29 𝑛𝑚 0.00 0.00 𝑚̅𝑢 0.90 0.71 

𝑯𝑩-𝒗𝑩 

𝑣̅𝐻𝑢 20.0 20.0 𝑘𝐻  0.13 0.13 𝑛𝐻  0.00 0.00 𝐻𝐵𝑢  0.38 0.38 

𝑴𝑩-𝜽𝑩 

𝜓̅𝑀𝑢 40.0 40.0 𝑘𝑀 0.14 0.14 𝑛𝑀 0.00 0.00 𝑀̅𝐵𝑢  0.83 0.83 
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Finally, drainage assessments of coarse-grained 
materials for large diameter monopiles do not indicate 
fully drained behaviour (Osman and Randolph, 2012). 
Hence, total stress approaches are a pragmatic 
approach to extend the PISA formulation to the 
undrained loading of sands (Berenguer Todo Bom, 
2024).  

The primary/virgin backbone curve of the 
monopile foundation can be directly obtained from the 
equations provided in conjunction with the PISA clay 
framework. 

 

 

Figure 1. Cumulative distribution function (CDF) of 

multiplier of 𝑝̅𝑢 

3 UNLOADING AND RELOADING 
LATERAL STIFFNESS 

The determination of the unloading and reloading 
stiffness has received considerably less attention in 
offshore geotechnical engineering research, compared 
to the field of earthquake geotechnical engineering. 
The extended Masing rules (Masing, 1926) remain a 
commonly used approach to define the 
unloading/reloading stress–strain loops. The hysteretic 
damping ratio under the Masing rules, however, which 
is a direct function of the unloading/reloading 
behaviour, is overestimated at the medium to large 
strain range. The determination of the 
unloading/reloading stiffness curve can be obtained 
from the primary backbone curve and hysteretic 
damping curve. In the following sections the 
mathematical formulation of a 1D model able to 
capture this behaviour is presented and later used to 

demonstrate its ability to define the 
unloading/reloading backbone curve. 

3.1 1D Model description 

The analytical ‘backbone’ curve formulation is 
based on the Generalized Quadratic/Hyperbolic 
(GQ/H) Model with Shear Strength Control 
(Groholski et al., 2016), which is defined by the force-
displacement, 𝐹 − 𝑢, curve as follows: 𝐹 =  𝐹𝑚𝑎𝑥  [ 12 𝜃𝐹  {1 + ( 𝑢𝑢𝑟) − √{1 + ( 𝑢𝑢𝑟)}2 − 4 𝜃𝐹  ( 𝑢𝑢𝑟)}]   (1) 

where the 𝜃𝐹 variable is a curve fitting parameter 
and the reference displacement is defined as 𝑢𝑟 =𝐹𝑚𝑎𝑥𝐾0 , where 𝐹𝑚𝑎𝑥 refers to the maximum force and 𝐾0 

the initial pile stiffness. The unloading/reloading curve 
formulation, including a reduction factor according to 
the MRDF approach (Phillips and Hashash, 2009) to 
better match the damping curve, can be obtained by 
modifying the second Masing rule based on the 
backbone equation (Groholski et al., 2016). 

3.2 Damping curve 

The damping ratio curve is a necessary input to 
determine the unloading/reloading backbone curve 
(Markou and Kaynia, 2018). This section outlines two 
methods for determining the equivalent hysteretic 
damping ratio curve: one based  on the 1D BEF and a 
second on FE models. 

3.2.1 1D BEF model 

The procedure to determine the damping curve is 
partially illustrated in Figure 2. For each cyclic 
displacement level, the deformed shape of the pile can 
be obtained from the primary backbone curve. The 
shear strain 𝛾 relationship to displacement 𝑢, where 𝜐 
is the Poisson ration and 𝐷 the pile diameter, provided 
by Skempton (1951) allows the determination of the 
dissipated 𝐸𝐷 and stored energy 𝐸𝑆 components per 
depth as follows: 𝛾(𝑧) = 1+𝜐2.5 𝐷  𝑢(𝑧)     (2) 𝐸𝑆(𝑧) = 0.5 𝐺𝑒𝑞(𝑧) 𝛾2(𝑧)   (3) 𝐸𝐷(𝑧) = 4𝜋 𝐸𝑆(𝑧) 𝜉𝑒𝑞(𝑧)   (4)  

 
The global equivalent hysteretic damping ratio 

curve can be determined by simple integration of the 
energy components along the depth of the pile down 
to the pile tip as follows: 
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𝜉𝑒𝑞−1𝐷 = ∫ 𝐸𝐷(𝑧) 𝑑𝑧𝐿04𝜋 ∫ 𝐸𝑆(𝑧) 𝑑𝑧𝐿0    (5) 

 

 

Figure 2. Damping ratio curve from 1D-BEF model 

 

3.2.2 Finite element model 

The use of macro-element models for the behaviour 
of monopile foundations is a common design approach 
(Kaynia, 2018). This simplifies the modelling of 
unloading/reloading behaviour since complex local 
phenomena, e.g., gapping, can be captured in FE 
models included in the macro-element implicitly. To 
determine the damping ratio curve, several one-way 
cycles of increasing amplitude are modelled in FE, 
Figure 3. The methodology is also be applicable to low 
amplitude two-way cyclic loading. It should be noted 
that complex phenomena such as large gapping and 
non-negligible suction behind the pile may occur in 
such loading cases, where simple analytical 
approaches may not suffice and for which FEM 
remains the most adequate modelling approach. 

The hysteretic damping is proportional to the 
dissipated energy per cycle hence proportional to the 
area generated by the unloading/reloading hysteretic 
loop. From the FE model, therefore, the foundation 
equivalent hysteretic damping ratio is computed as 
follows, where 𝐸𝐷 is the global dissipated energy in a 
full hysteresis and 𝐸𝑆 is the global elastic strain energy. 𝜉𝑒𝑞−𝐹𝐸 = 14𝜋 𝐸𝐷𝐸𝑆      (6) 

 

 

Figure 3. Damping ratio curve from FE model 

4 FINITE ELEMENT ANALYSIS 

Three finite element (FE) models of a monopile 
foundation using PLAXIS 3D are undertaken to 
perform sensitivity studies of the proposed approaches 
based on typical North Sea conditions. The FE 
monopiles are laterally loaded both monotonically and 
cyclically to determine the load-displacement 
behaviour at mudline. The effects of cyclic 
degradation are not considered in this study. The 
interface formulation in the FE model imposes a 
gapping condition to avoid tension forces developing 
at the back of the monopile. The pile is modelled as a 
linear elastic element using plate elements with a 
Young’s modulus of 210 GPa and a Poisson ratio of 
0.3. The pile geometrical properties consist of a 
diameter of 10m and wall thickness of 85mm. A 
prescribed displacement is applied at a height of 45 m 
above the mudline to maintain a constant ratio between 
shear force and moment at the mudline. 

4.1 Soil profiles and parameters 

The soil parameters and models used in both the 
1D-BEF and FE models are presented in Figure 4, 
Table 3 and Table 4. 
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Figure 4. Total stress models – Soil inputs 

An additional effective-stress model is also 
considered as benchmark, comparable to Model A as 
per equivalence shown in Berenguer Todo Bom 
(2024). This choice is made because the HSsmall 
model more accurately captures unloading/reloading 
behavior compared to the NGI-ADP model. For any 
parameter values not provided explicitly, the PLAXIS 
default value is adopted. 

Table 3. Soil parameters of HSsmall model 

HSsmall Units Value 𝝋 [º] 42 𝑬𝟓𝟎𝒓𝒆𝒇
 [MPa] 60 𝑬𝒐𝒆𝒅𝒓𝒆𝒇
 [MPa] 60 𝑬𝒖𝒓𝒓𝒆𝒇
 [MPa] 180 𝒎 [-] 0.5 𝒑𝒓𝒆𝒇 [kPa] 100 𝑮𝟎𝒓𝒆𝒇
 [MPa] 130 𝜸𝟎.𝟕 [%] 0.0246 

Table 4. Soil parameters of NGI-ADP models 

NGI-

ADP 
Units 

Cases analysed 

Model A Model B Model C 𝜸𝒇𝑪 [%] 5 5 5 𝜸𝒇𝑬 [%] 10 10 10 𝜸𝒇𝑫𝑺𝑺 [%] 7.5 7.5 7.5 𝑺𝒖𝒑𝑺𝒖𝑨 [-] 0.70 0.86 0.77 𝑺𝒖𝑫𝑺𝑺𝑺𝒖𝑨  [-] 0.85 0.93 0.89 𝝉𝟎𝑺𝒖𝑨 [-] 0.0 0.0 0.0 

4.2  Results and comparison  

The monotonic load-displacement curve of the 1D-
BEF and FE models as well as the pile lateral 

stiffnesses 𝐾𝑝𝑖𝑙𝑒, determined as the ratio between the 

shear force and horizontal displacement at mudline, 
are presented in Figure 5. The adapted rule-based 
approach provides a good match to the FE models 
while remaining an adequately conservative estimate. 
As anticipated, the drained ultimate capacity is 
underestimated in the total stress modeling, primarily 
due to the exclusion of the frictional contribution from 
increased horizontal stress during loading. This 
difference in pile response is typically only observed 
at very high load levels, which are beyond practical 
engineering considerations. 

 

Figure 5. Primary/virgin backbone curves 

The damping ratio curves determined according to 
the methodologies detailed in the previous sections, 
for both the 1D-BEF and FE model, are shown in 
Figure 6. Despite the linear unloading/reloading in the 
NGI-ADP constitutive model, and the ability of the 
HSsmall model to capture the hysteretic loops, a 
relatively good agreement is observed between the FE 
models. The damping ratio curve derived from the 1D-
BEF model approach detailed in section 3.2.1, 
underestimates damping compared to the FE models. 
The discrepancy is likely due to the non-inclusion of 
the gapping behaviour and and the fact that the 
damping in the 1D-BEF approach is derived solely 
from the interaction of the p-y curves, neglecting other 
soil-structure interaction effects. 

Based on the primary backbone and hysteretic 
damping ratio curves, the unloading/reloading 
backbone curves can be derived adopting the 1D 
GQ/H analytical model and compared to the results 
obtained from the PLAXIS FE models. The calibrated 
parameters of the GQ/H model are provided in Table 
5, including those for the modulus reduction MRDF 
approach (Phillips and Hashash, 2009). The 𝜽 and 𝒑 
parameters provided in Table 5, are curve fitting 
parameters, as per the formulation of the backbone 
curve and unloading/reloading behaviour of the 
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analytical model detailed in Groholski et al. (2016). As 
shown in Figure 7, the FE unloading/reloading 
backbone is characterized by a less pronounced 
stiffness reduction with increasing strain compared to 
the primary/virgin backbone curve. These results are 
consistent with the Masing-based curves derived from 
the calibrated GQ/H models, aligning with both the 
FEM results and the calibrated 1D-BEF rule-based 
monopile model.. Moreover, as known in Masing 
unloading/reloading rules, the damping ratio is 
overestimated at large displacements. 

The models A, B and C indicate similar results, 
therefore solely model C is investigated in further 
detail to limit the number of curves analysed. The 
results obtained for model C are shown in Figure 7 
which include the FEM, fitted analytical model to both 
FEM and 1D-BEF and a non-Masing calibrated GQ/H 
model to the 1D-BEF model. 

 

Figure 6. Equivalent hysteretic damping ratio curves 

 
The ability to better match the damping using the 

MRDF approach, deviating from Masing’s principles 
resulting in slimmer hysteresis loops has the drawback 
that the unloading stiffness can be lower than the 
loading stiffness. For the selection of macro-models to 
be used in integrated load analyses (ILA), the ability 
to match the unloading/reloading stiffness and 
damping behaviour observed in FEM is an advantage. 
Matching both for different magnitudes of strain 
ranges is, however, not practical due to the required 
complexity of models. A pragmatic approach, based 
on the results presented, could involve applying 
Masing’s principles for small strain ranges, such as in 
fatigue load cases. For medium to large strain ranges, 
such as ultimate limit state cases, priority should be 
given to not overestimating damping levels to avoid 
underestimating the design loads and hence non-
Masing approaches should be adopted. 

 

 

Figure 7. Primary/virgin backbone curves 

 

Table 5. GQ/H parameters – FE and Model C 

GQ/H model Units FE 1D BEF 𝑭𝒎𝒂𝒙 [MN] 31.3 27.8 𝑲𝟎 [MN/mm] 0.878 0.852 𝝃𝒎𝒊𝒏 [%] 0.55 1.14 𝜽𝟏 [-] -4.69 -0.43 𝜽𝟐 [-] 8.21 0.61 𝜽𝟓 [-] 0.11 0.50 𝑷𝟏 [-] 0.92 - 𝑷𝟐 [-] 0.37 - 𝑷𝟑 [-] 8.17 - 

 

 

Figure 8. Unloading-reloading load-displacement curves 

Finally, caution is also advised when selecting the 
unloading backbone curve to verify the permanent 
rotation criterion. This is exemplified in Figure 8, 
where the lower damping curve fitting to match the FE 
results calculates a non-conservative permanent 
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rotation. The Masing unloading backbone curve, 
calibrated to either the FE or 1D BEF damping curves, 
provides very similar results to the FE models despite 
the large displacement range and seems to indicate that 
it is reasonable to be used in design verification of 
permanent rotation. 

5 CONCLUSIONS 

The formulations to derive the primary and 
unloading/reloading stiffness backbone curves of 
monopile foundations have been presented. The 
method to obtain the unloading/reloading backbone 
curve supported on the hysteretic damping, from either 
a FE or 1D BEF model, has been detailed. A 
comparison to FEM results indicates the rule-based 
approach proposed to be adequately conservative and 
that the Masing calibrated GQ/H model can reproduce 
the lateral unloading stiffness behaviour of the FE 
models. The analytical GQ/H model is not able to both 
match damping and unloading/reloading stiffness at all 
strain ranges in ILA calculations. Therefore, it is 
recommended that solely for the small strain range the 
Masing’s principles be adopted while for large strain 
range priority be given to matching the damping ratio 
accurately. Finally, for the determination of permanent 
rotation, the better match with FEM in this paper is 
found when adopting a Masing unloading backbone 
curve. This may not always be the case as it depends 
on the load level and hence it is recommended that the 
most conservative of either options, Masing or non-
Masing unloading stiffness, be adopted for the 
estimation of the permanent rotation. 
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