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ABSTRACT: The three-dimensional (3D) finite element (FE) method is routinely employed for designing and analysing 
monopile foundations for offshore wind turbines (OWT). However, reliable simulations require advanced soil constitutive 
models to capture accurately complex soil-foundation interactions under both monotonic and cyclic loading. This study 
investigates the application of the advanced sand model "HySand" to predict the behaviour of laterally loaded monopiles for 
OWT foundations using 3D FE simulations. HySand, an effective stress model based on hyperplasticity theory, simulates 
sand behaviour across various densities and confinement pressures under monotonic and cyclic, drained and undrained 
conditions. The model is first calibrated using laboratory soil test data, and its predictions are validated against these results. 
Following calibration, HySand is implemented into the ABAQUS FE code to evaluate its performance in simulating 
monopile responses. Monopiles of different geometries are modelled, and their force-displacement responses under varying 
soil densities and loading conditions, including monotonic and loading-unloading-reloading cycles, are analysed. 
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1 INTRODUCTION 

Offshore wind energy is a cost-effective renewable 
source with significant global potential. Monopiles, 
large-diameter (4–8 m) open-ended steel piles with 
an embedded length-to-diameter (L/D) ratios of 3–8, 
are preferred foundation for offshore wind turbines 
(OWT) in shallow waters due to their simple 
fabrication and installation. With increasing turbine 
sizes, monopiles up to 10 m are being considered 
(Byrne et al. 2015, 2020; Murphy et al. 2018). As 
foundation costs are major expenses, optimizing 
OWT design is essential and understanding monopile 
behavior under lateral loads from wind and waves is 
key to efficient geotechnical design. 

Since the development of OWTs, various methods 
have been introduced to analyse laterally loaded 
monopiles, mostly using one-dimensional (1D) 
Winkler models with nonlinear springs. The stiffness 
of these springs is based on p-y curves, which link the 
lateral load (p) to lateral displacement (y). Early 
versions of these curves developed by Matlock 
(1970) and Reese et al. (1974) are still commonly 
used in design standards. However, these curves were 
designed for long, flexible piles with a length-to-

diameter (L/D) ratio above 10, which is higher than 
values typically used for monopiles. Recently, new 
approaches have been suggested to improve 1D 
modelling for monopiles under lateral loads. Among 
these, the PISA design model (Burd et al. 2020, 
Byrne et al. 2020) has been adopted by the industry 
for monotonic conditions. Macro-element 
approaches (0D models), which encapsulate the 
entire soil-pile response in a single model, have also 
proven effective and efficient (Houlsby et al. 2017, 
Abadie et al. 2019). The most advanced method, 
however, is 3D FE modelling, which is widely used 
in research and industry to study complex soil-pile 
interactions. In these models, the key challenge is 
accurately representing the nonlinear soil behaviour 
and the soil-pile interaction, which are expressed 
mainly by soil constitutive models. In recent years, 
several 3D FE studies have investigated laterally 
loaded monopiles embedded in sand (Achmus et al. 
2019, Ma et al. 2017, Murphy et al. 2018, 
Kementzetzidis et al. 2019, Staubach and Wichtmann 
2020, Taborda et al. 2020, Liu et al. 2022), utilizing 
elasto-plastic soil constitutive models. However, few 
studies have used advanced soil constitutive models, 
essential for accurately capturing complex soil 
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behaviour under loading. A major challenge remains 
in developing and implementing a sophisticated yet 
efficient constitutive model for FE codes, that can 
accurately simulate sandy soil response in monopile 
foundations under various loading conditions. 

This study presents, for the first time, the 
application of the advanced constitutive model 
“HySand”, based on the hyperplasticity framework, 
for laterally loaded OWT monopiles. Model 
parameters are calibrated using available soil triaxial 
test data, and the calibrated model is then utilized in 
3D FE simulations of monopiles subjected to lateral 
loads. Two medium and large-scale monopiles in 
sands with varying densities are simulated to study 
their responses to large lateral displacements and 
loading-unloading-reloading cycles under both 
displacement and load-controlled conditions.  

2 HYSAND CONSTITUTIVE MODEL 

HySand is an effective stress constitutive model, 
formulated within the framework of hyperplasticity 
theory and utilizing multiple yield surfaces. 
Hyperplasticity is a plasticity theory based on 
thermodynamic principles and has its roots in the 
work of Ziegler (1977). A comprehensive 
presentation of hyperplasticity can be found in 
Houlsby and Puzrin (2006). In this approach, the 
entire constitutive behaviour is derived from two 
scalar potentials. For HySand, these are the Gibbs 
energy function (g) and the yield surfaces (y). The 
Gibbs energy function represents the stored energy in 
the system and is defined in terms of stresses (the 
effective mean stress p, and deviatoric stress q) and 
internal variables (the volumetric plastic strain 

𝛼𝑝(𝑛) + 𝛼𝑝𝑐(𝑛)
, and shear plastic strain 𝛼𝑞(𝑛)

, linked to 

the nth yield surface). 
HySand can simulate sand behaviour under 

varying densities and confinement pressures. It 
includes realistic modelling of the effects of pressure 
and density on both stiffness and dilative response. It 
can simulate both monotonic and cyclic drained and 
undrained conditions using a single set of model 
parameters. For detailed formulations and 
discussions of the model in both triaxial and 
generalized stress spaces, see Simonin (2023). In this 
study, for completeness, only the two scalar 
potentials, the Gibbs energy function and the yield 
surface, in triaxial space are presented in Table 1. 

3 MODEL CALIBRATION 

HySand uses 14 input parameters calibrated from 
monotonic and cyclic drained and undrained triaxial 
tests (detailed in Simonin 2023) and captures 
behaviours with a single set of parameters. This study 
employs Karlsruhe sand, with parameter calibration 
based on triaxial test data from Wichtmann and 
Triantafyllidis (2016). Table 2 presents the calibrated 
parameters, and Figures 1 and 2 compare the model 
predictions with laboratory tests for loose and dense 
sand under monotonic drained and undrained 
conditions. The parameter selection represents a 
compromise, based on a much larger database of tests 
than the four shown here. It is evident that there is a 
good agreement between the test data and the model 
predictions. In this study, the initial specific volume 𝑣0 = 1 + 𝑒0, where 𝑒0  is the initial void ratio, 
indicates initial soil density.  

Table 1. Triaxial formulation of HySand constitutive model 

Gibbs energy function (g):  𝑔 = − 𝑝𝑟𝑘𝑟(1 − 𝑚)(2 − 𝑚) (𝑝0𝑝𝑟)2−𝑚 − 𝑞 1𝑁 ∑ 𝛼𝑞(𝑛)𝑁
𝑛=1 − 𝑝 1𝑁 ∑(𝛼𝑝(𝑛) + 𝛼𝑝𝑐(𝑛))𝑁

𝑛=1  (1) 

𝑝02 = 𝑝2 + 𝑘𝑟(1 − 𝑚)3𝑔𝑟  𝑞2 (2) 

Yield functions (y):  𝑦(𝑛) = (𝑁𝜒𝑞(𝑛) − ℎ𝑛(𝑝, 𝑞, 𝛼𝑞(𝑛)) − 𝑎𝛽(𝑛)𝑁𝜒𝑝(𝑛) + 𝐴(1 − |𝑎|)𝜒𝑎)2
4 (𝑛𝑁 𝜇)2 (𝑝 + 23 𝑞) (𝑝 − 𝑞3) + (𝑁𝜒𝑝𝑐(𝑛)𝑝𝑐(𝑛) )𝑟 − 1 (3) 

Description: 

▪ N: number of yield surfaces 
▪ pr=100 kPa reference pressure 

▪ 𝜒: generalised stresses 

▪ 𝛼: internal variables 

▪ 𝑘𝑟, 𝑔𝑟: dimensionless elastic moduli 
▪ 𝑚: non-linear elasticity pressure index 
▪ hn: hardening function 
▪ pc: consolidation pressure 

▪ a: internal anisotropy scalar 
▪ β: dilation ratio 
▪ A: anisotropy development rate 
▪ μ: friction ratio 

* The 14 model input parameters and the full details of the model are discussed in Simonin (2023). 
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Table 2. HySand input parameters 

Parameter kr gr m φc (°) βmax B Γ 

Value 493 417 0.73 34 1.09 2.054 1.97 

1 Δ λB λΔ Amax h0 b r 

Value 1.677 0.0059 0.0025 34.3 1216 3 0.22 

 

 

4 MONOPILE FE SIMULATION 

This section examines the application of HySand in 
FE simulations of laterally loaded monopiles. 
HySand was implemented in the general-purpose FE 
code ABAQUS (Dassault Systemes 2021) through a 
UMAT user subroutine. Two monopiles, one 

medium-scale and one large-scale, were simulated. 
The monopile dimensions, including diameter (D), 
embedment length (L), loading height (h), and wall 
thickness (t), are summarized in Table 3. Both 
monopiles have the same low L/D and h/D ratios of 3 
and 4, respectively, to better assess scaling effects. 
Figure 3 shows the FE model and simulated geometry 
for the medium-scale pile as a representative case. 

In the FE models, the soil was simulated by solid 
elements, and the monopile was modelled using shell 
elements. To minimize boundary effects, the model 
boundaries were extended more than 16D from the 
pile centre. The soil around the pile was assumed to 
be saturated, and the simulations were performed 
under drained conditions. The HySand input 
parameters, calibrated in section 3, were used for two 
different densities: one dilative with v0 = 1.82 and one 
contractive with 𝑣0 = 1.97, capturing both dilative 
and contractive soil behaviour effects on monopile 
capacity. As shown in Figure 3, the load was applied 
at the pile head, and under monotonic conditions, 
loading continued until reaching a pile displacement 
of 0.2D at the ground surface. The coefficient of earth 
pressure at rest (K0) was set to 1.0, and a 10 kPa 
surcharge was applied to the ground surface to ensure 
convergence of the analysis at low stress levels. The 
FE models have been validated against field data but 
these results are commercially confidential at 
present. 

Table 3. Monopile dimensions in FE simulations 
Pile size D (m) L (m) h (m) t (m) h/D L/D D/t 

Medium 1.22 3.66 4.88 13 4 3 ~94 

Large 8 24 32 85 4 3 ~94 

 

 
Figure 3. FE model for medium-scale monopile 

5 NUMERICAL RESULTS 

5.1 Monotonic Loading 

This section presents numerical predictions for 
medium-scale (Figure 4a) and large-scale (Figure 4b) 
monopiles under lateral monotonic loading. The 

4.88m
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1.22m Shell element

20m
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Figure 1. Comparison of HySand simulations with 

drained test data, (a) q-εq, and (b) εp-εq. 

(a) 

 
(b) 

 
Figure 2. Comparison of HySand simulations with 

undrained test data, (a) q-p, and (b) εp-εq. 
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force at the monopile head is plotted against ground 
level displacement for both dense (v0 = 1.82) and 
loose (v0 = 1.97) sands. The model successfully 
simulates large displacements of up to 0.2D at the 
ground surface, double the 0.1D commonly used in 
design. Figure 4 also shows that the pile in dense sand 
exhibits much higher resistance than in loose sand, 
and the force stabilizes more slowly in dense sand. 
Additionally, the large-scale pile demonstrates 
significantly greater capacity in both soil types 
compared to the medium-scale pile, as expected.  

5.2 Loading-Unloading-Reloading 

This section demonstrates HySand's ability to 
simulate the loading-unloading-reloading behaviour 
of monopiles with various amplitudes in dense and 
loose sand. To illustrate this, a single loop as well as 
two cycles are presented. Three types of loading 
loops were considered: 1-way, 2-way, and partial 2-
way. Figure 5 and 6 present FE simulations of the 
force-displacement behaviours of medium and large 
monopiles in dense and loose sands under 2-way and 

partial 2-way loading. The model effectively captures 
complex behaviours during loading-unloading-
reloading cycles, including hardening in the 2-way 
loop (Figure 5a-b, and 6a-b), and predicts well the 
monopile backbone curve after an unloading-
reloading loop (Figure 5c-d, and 6c-d).  

The HySand model implemented in the FE code 
effectively captures the ratcheting behaviour of 
monopiles under one-way loading, where lateral 
deformation accumulates with cyclic loading. To 
demonstrate this, the response of a medium-scale 
monopile was simulated under a few one-way cycles 
in dense and loose sand (Figure 7). The results show 
the model ability to effectively capture the 
deformation accumulation. This ratcheting arises 
naturally from cycle-by-cycle modeling and is 
influenced by parameter selection.  

To analyse better monopile behaviour across 
different sizes, the force-displacement relationships 
are presented in a non-dimensional form. This study 
plots the responses of both medium and large-scale 
monopiles on the same graph as 𝐻 𝛾′𝐿2⁄ 𝐷 versus 

(a) 

 

(b) 

 
Figure 4. Monopile response predictions under monotonic loading, (a) medium-scale pile, and (b) large-scale pile. 

(a) 

 

(c) 

 
(b) 

 

(d) 

 
Figure 5. FE predictions for medium-scale monopile, (a) 2-way loading with v0 = 1.82, (b) 2-way loading with 

v0 = 1.97, (c) partial 2-way loading with v0 = 1.82, and (d) partial 2-way loading with v0 = 1.97. 
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𝑣𝐷 √𝑝𝑎 𝛾′𝐿⁄ , where H is force, γ' is effective unit 

weight, L is embedment length, D is diameter, v is 
displacement, and pa is a reference pressure (100 
kPa). Figure 8 shows the scaled force-displacement 
response for two-way loading in dense (Figure 8a) 
and loose sand (Figure 8b) in non-dimensional form. 
As can be seen, the predicted 3D FE responses of 
medium and large-scale monopiles match closely in 
the non-dimensional plots. However, the larger pile 
shows a slightly weaker response in dimensionless 
terms, because of the reduction in frictional capacity 
with stress level (at the same density). 

CONCLUSION 

In this study, the advanced sand constitutive model 
“HySand,” based on hyperplasticity theory, was 
implemented in the general-purpose FE code 
ABAQUS to predict the lateral response of OWT 
monopiles. The model was first calibrated using 
triaxial test data (drained and undrained) before being 
employed in FE simulations. Two monopiles, one 
medium-scale and one large-scale, were simulated in 
both dense and loose sands, capturing dilative and 
contractive behaviours. The simulations demonstrate 
HySand's capability to predict nonlinear monopile 

(a) 

 

(c) 

 
(b) 

 

(d) 

 
Figure 6. FE predictions for large-scale monopile, (a) 2-way loading with v0 = 1.82, (b) 2-way loading with v0 = 1.97, 

(c) partial 2-way loading with v0 = 1.82, and (d) partial 2-way loading with v0 = 1.97. 

(a) 

 

(b) 

 
Figure 7.  Medium-scale monopile response predictions under few cycles for, (a) dense sand and (b) loose sand. 

a) 

 

b) 

 
Figure 8.   Normalized response of medium and large-scale monopiles in, (a) dense sand and (b) loose sand. 
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responses under monotonic and loading-unloading-
reloading cycles across various sand densities and 
monopile sizes. The model effectively captures 
ratcheting behaviour and scaled monopile responses. 
It also successfully simulated lateral displacements of 
up to 0.1D and 0.2D at ground level, aligning with 
common design criteria. 
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