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ABSTRACT: The PISA Joint Industry Project has demonstrated the need for advanced numerical analyses and the use of
sophisticated constitutive models in the assessment and design of monopile foundations for offshore wind turbine generators
(WTGs). The predictions of any constitutive model depend on the parameters adopted to model the soil response, whilst the
derivation of the model parameters depends on the interpretation of the laboratory and in situ tests carried out as part of the
ground investigation for the offshore wind farm (OWF). This paper discusses the interpretation of triaxial test data on sands,
specifically their ultimate states, and the effect that this has on the calibration of two constitutive models and the predicted
response of a monopile founded in sand deposits. The study employs two elasto-plastic constitutive models, i.e. a state
parameter-dependent model (Taborda et al., 2018) and a strain-softening Mohr-Coulomb model (Potts et al., 1990) which
have been previously calibrated against high-quality ground investigation information from an OWF (Grammatikopoulou et
al., 2023). The paper examines key aspects of the monopile response, including load-displacement curves, soil reaction
curves and structural forces, and highlights that different interpretations of the sands’ ultimate triaxial states can impact
monopile design.
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1 INTRODUCTION information of a sand-dominated offshore wind farm
(OWF) site (Grammatikopoulou et al., 2023). The
paper investigates the effect of different interpretations
of the sands’ ultimate triaxial states on the calibration
of the two constitutive models and the predicted
response of an example monopile. Moreover, it
examines key aspects of the monopile response which
are important in design, i.e. the horizontal load-
displacement and moment-rotation response, the
distributed lateral soil reaction loads with depth, the
soil reaction curves, as well as the structural forces.

All the analyses presented in this work have been
carried out using the FE code ICFEP.

The PISA Joint Industry Project has led to significant
advances in monopile design, with numerical analysis
playing a key role in the development of the method
and its application in practice. However, the results of
any numerical analysis depend on the constitutive
models chosen to represent the soils and the
parameters adopted to model their response.
Moreover, the derivation of the model parameters
depends critically on the interpretation of the ground
investigation information, which typically comprises
in-situ and laboratory testing.

This paper discusses the interpretation of triaxial
test data on sands and investigates the effect that this

has on the predicted response of monopiles founded in 2 CONSTITUTIVE MODELS AND
sand deposits, on the basis of 3D Finite Element (FE) INTERPRETATION OF TRIAXIAL

analysis.
The study employs two constitutive models which TESTS

have been previously applied in monopile design  The two constitutive models employed in this study
(Grammatikopoulou et al., 2017, 2020, 2023; are a) a state parameter-dependent model based on the
Schroeder et al., 2020) and which have been calibrated ~ Mohr-Coulomb failure criterion (Taborda et al., 2018)
on the basis of high-quality ground investigation
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and b) a strain softening Mohr-Coulomb model (Potts
et al., 1990).

In the state parameter-dependent model, the Mohr-
Coulomb failure criterion is enhanced by introducing
a direct link to the state parameter concept and the
Critical State Line (CSL). In this way the model can
account for the effect of the state parameter on the
material’s strength and dilatancy.

In the strain softening Mohr-Coulomb model, the
angle of shearing resistance, cohesion and dilation are
allowed to vary with plastic deviatoric strains. The
model can reproduce well the response of both dense
and loose sands; however, the input parameters need
to be varied to account for different in situ conditions.

Both models were combined with the Imperial
College Generalised Small Strain Stiffness elastic
model (IC.G3S, Taborda et al., 2016). This model
allows the simulation of a variety of features, including
non-linearity from early stages of loading, as well as
dependence of stiffness on stress state and void ratio,
which are particularly important for the modelling of
sands.

The predominant soils encountered at the OWF site
considered in this study are two sand deposits, termed
here Sand A and Sand B. The calibration of the
constitutive models to the high quality ground
investigation for this OWF site is described in detail
by Grammatikopoulou et al. (2023). Herein, a
summary discussion of the interpretation of the triaxial
tests and the calibration of the two constitutive models
for Sand A are presented; the same findings apply to
Sand B.
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Figure 1. Peak and critical state stress states for Sand A
(from Grammatikopoulou et al., 2023)

Figure 1 presents the peak and critical state stress
states established on the basis of isotropically
consolidated drained tests (CID). The CID tests were
carried out at densities and confining pressures which
were representative of the in-situ conditions at the
OWEF site. Figure 1 shows that the peak stress states
are variable, which reflects the different stress states
and densities of the samples tested. However, the
critical state stress states are more consistent and

indicate an angle of shearing resistance, ¢ s, equal to
34°. It is noted that the strength parameters at critical
state, ¢’, and ¢, are two input parameters that are
common between the two constitutive models. Figure
1 also shows the ¢ pear values assumed for the strain-
softening Mohr-Coulomb model for two different
ranges of relative density, D,. It is noted that in the
state parameter-dependent model it is not necessary to
define ¢ ea, as it is a function of the state parameter.

However, in the state parameter-dependent model it is
necessary to define the CSL in e-p~ space. Figure 2
presents the results of the CID tests in e-log(p ") space,
together with the estimated critical states of these tests,
calculated on the basis of the final global void ratio
measured at the end of the tests. This figure shows that,
although the dense samples dilate more than the
medium dense and loose samples, at similar confining
pressures (which is expected), the estimated critical
states do not fall on a unique line. Moreover, the
estimated critical state points of the dense samples lie
considerably lower than the ones for the loose samples.
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Figure 2. Critical state line in e-log(p°) space and results of

CID tests on Sand A
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As discussed by many researchers (e.g. Chu, 1995,
Desrues et al., 1996, Jefferies and Been, 2006, among
others), the interpretation of triaxial tests on dense
sand samples is often complicated, as the samples tend
to dilate and strain localisation and shear banding tend
to form in later stages of the tests. This makes the
derivation of the position of the CSL in e-log(p ) space
challenging. Challenges in identifying a unique
position of the CSL for Dunkirk Sand have also been
discussed for the PISA project (i.e. Zdravkovic et al.,
2020; Taborda et al. 2020).

As such, two calibrations of the state-parameter
dependent model were carried out (see
Grammatikopoulou et al., 2023). In Calibration 1 a
unique CSL was chosen on the basis of the relative
loose samples (after Jefferies and Been, 2006). It is
noted that in any state parameter-based constitutive
model, this calibration would result in the denser than
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critical samples dilating all the way to the unique CSL,
which in turn would result in significantly higher
dilative strains than measured in the CID tests.

In the second calibration (Calibration 2) different
CSL positions were assumed for different relative
densities, as indicated in Figure 2 by broken lines. This
calibration is considered to be a practical way of
reproducing the dilative response measured in the CID
tests but it does not agree with the theoretical
framework of critical state soil mechanics.

In the strain-softening Mohr-Coulomb model, the
volumetric response predicted by the model depends
on the assumed variation of dilation with plastic
deviatoric strains (which is an input parameter for this
model). This was based on the volumetric response
measured in the CID tests. Two different variations
were assumed for the two D, ranges in Figure 1 (see

Grammatikopoulou et al. 2023).
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Figure 3. Comparison of experimental and simulated
response for CID test on A Sand (D, = 88%, py = 80kPa)

Proceedings of the 5th ISFOG 2025

Figure 3 compares the two calibrations of the state-
parameter dependent model and the calibration of the
strain-softening Mohr-Coulomb model in the results of
a single element FE analysis modelling a CID test on
a dense sample of Sand A (D, = 88%). It shows that,
as discussed above, Calibration 1 overpredicts the
measured dilative strains at high values of axial strain,
which is a result of the unique CSL assumed. The
volumetric response predicted by the strain-softening
Mohr-Coulomb model is more akin to the prediction
of the state parameter-dependent model using
Calibration 2. This is not surprising, as Calibration 2
aimed to reproduce the volumetric response measured
in the CID tests, on which the Mohr-Coulomb model
calibration was based.

Inspection of the stiffness-strain curves in Figure 3
shows that all three single element analyses predict the
same response (this is due to the fact that all three
analyses use the same non-linear model and model
parameters), which agrees very well with the
measurements.

3 FE ANALYSIS OF MONOPILE

The two calibrations of the state parameter-dependent
model, and the strain-softening Mohr-Coulomb model
were examined in the 3D FE analysis of an example
monopile foundation. Figure 4 presents the results of
the FE analyses in terms of a) horizontal load-
displacement and b) moment-rotation curves of the
monopile at seabed level. The horizontal load and
moment in this figure are normalized by the load and
moment, respectively, predicted by the strain-
softening Mohr-Coulomb model at a horizontal
displacement equal to 10% of the monopile diameter,
D, (a displacement that is commonly assumed to
represent failure). Figure 4 shows that at small
displacements and rotations the two calibrations of the
state parameter-dependent model and the strain-
softening Mohr-Coulomb model predict practically
the same initial monopile response. This is not
surprising, as all three analyses use the same non-
linear elastic model. However, at higher seabed
displacements, Calibration 1 results in considerably
higher predicted loads and moments than Calibration
2. This is in line with the fact that Calibration 1 results
in significantly higher dilative strains than Calibration
2, in the single element analyses. Moreover, the
predictions of the strain softening Mohr-Coulomb
model are closer to the predictions of the state
parameter-dependent model for Calibration 2, which
again agrees with the single element simulations
previously presented. For a seabed displacement of
10%D, the horizontal load predicted by Calibration 1
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is 13% higher than that with Calibration 2 and 18%
higher than the strain-softening Mohr-Coulomb
model; this difference increases to 18% and 29%
respectively at a horizontal displacement of 20%D.
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Figure 4. a) Horizontal load displacement and b) Moment
rotation curves at design seabed level

Differences are also found in the soil reaction
curves extracted from the FE analyses. Figure 5
presents the distributed lateral load along the monopile
length predicted by the three analyses for horizontal
seabed displacements of 1%D and 20%D. The loads in
this figure are normalised by the load predicted by the
strain-softening ~ Mohr-Coulomb model at a
penetration depth equal to 0.94L (where L is the
embedded length) for a seabed displacement of 10%D.
Whilst the predictions shown in Figure 5 are
practically the same at 1%D, there are significant
differences at 20%D. Figure 6 illustrates the
distributed lateral load-displacement reaction curves at
three penetration depths; a shallow depth of 0.17L and
depths of 0.45L and 0.94L (corresponding to the
minimum and maximum values of distributed lateral
load respectively). At all three penetration depths,
Calibration 1 of the state parameter-dependent model
results in higher distributed lateral loads than the other
two analyses. Similar observations can be made for the
base shear reaction curve presented in Figure 7.

Normalised distributed lateral load [-]
1.5 1 0.5 0 -05 -1 -1.5

0.1

02

——S-P. Calibr. 1 (1%D)
-£-S-P. Calibr. 2 (1%D)
——Str. Soft. M-C (1%D)
—+—S-P. Calibr. 1 (20%D)
0.5 ||-m-S-P Calib. 2 (20%D) |/
—4—Str. Soft. M-C (20%D) |/

0.3

0.4

06

0.7

Normalised penetration depth [-]

0.8
0.9

1

Figure 5. Lateral load mobilisation with depth at
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The differences shown in Figures 5, 6 and 7 would
impact monopile designs across the OWF, as they
would affect the relationships adopted in the 1D beam-
spring models in the application of the PISA design
methodology.

Figure 8 presents normalised graphs of the shear
forces and bending moments developed in the
monopile at seabed displacements of 1%D and 20%D
(the normalisation in this figure is the same as in
Figure 4). Similar to the previous figures, all three
analyses predict practically the same results at 1%D.
However, at 20%D the shear forces and bending
moments predicted by Calibration 1 of the state
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parameter model are considerably higher than
Calibration 2 and the strain-softening Mohr-Coulomb
model, i.e. the maximum shear force and bending
moment predicted by Calibration 1 are 15% and 18%
higher respectively than Calibration 2 and 22% and
28% higher than the strain-softening Mohr-Coulomb
model.

4 SUMMARY AND CONCLUSIONS

This paper discusses the interpretation of ultimate
states in triaxial testing of sands and its effect on the
calibration of constitutive models and the predicted
response of a monopile founded in sand. The study
employs two constitutive models, a state parameter-
dependent model (Taborda et al., 2018) and a strain-
softening Mohr-Coulomb model (Potts et al., 1990)
which have been previously calibrated against high-
quality ground investigation information from an
OWEF site (Grammatikopoulou et al., 2023).

The paper highlights the difficulties in establishing
a unique position of the CSL in e-p’ space, on the basis
of laboratory test data and discusses how different
interpretations of the sands’ ultimate states can lead to
different calibrations of the state parameter-dependent
model. Two different calibrations are examined.
Calibration 1 adopts a unique position of the CSL on
the basis of relatively loose samples, which is
consistent with the theoretical framework of critical
state soil mechanics. Calibration 2 presents a practical
way of reproducing the dilative response measured in
triaxial tests by adopting a CSL whose position
depends on the relative density. The volumetric
response of the strain-softening Mohr-Coulomb model
is based on the response measured in the triaxial tests
and does not depend on the location of the CSL in e-p’
space.

The effect of the two calibrations of the state
parameter-dependent model and the strain-softening
Mohr-Coulomb model were examined in the 3D FE
analysis of an example monopile. The paper shows
that significant differences are found in the predicted
response, with Calibration 1 predicting a significantly
higher lateral load capacity, i.e. at a horizontal
displacement equal to 10%D, the horizontal load
predicted by Calibration 1 is 13% higher than
predicted with Calibration 2 and 18% higher than the
strain-softening Mohr-Coulomb model; this difference
increases with increasing horizontal displacement.
There are also differences in the soil reactions curves
which would affect the 1D beam-spring models used
in the application of the PISA design methodology and
thus impact monopile design. Differences were also
found in the structural forces of the monopile.
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In summary different interpretations of the sands’
ultimate triaxial states can lead to differences in the
calibration of constitutive models, which can impact
monopile design. The findings presented in this paper
are not limited to the particular state parameter-
dependent constitutive model chosen here but apply to
any state parameter-based model based on the critical
state framework.
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