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ABSTRACT: Numerical analysis is increasingly being used in the development of geotechnical design methodologies and in
their application in practice. The results of any numerical analysis depend critically on the constitutive models chosen to represent
the soils and the parameters adopted to model their response. This paper presents an overview of the authors’ experience in the
application of constitutive models to simulate the response of soils that are commonly encountered in offshore engineering
problems and specifically offshore wind farm sites. The paper is divided in two parts. The first part studies the modelling of sand
deposits with varying density, using two elasto-plastic constitutive models, i.e. a state parameter-dependent constitutive model
based on the Mohr-Coulomb failure criterion (Taborda et al., 2018) and a strain softening Mohr-Coulomb model (Potts et al.
1990). It details the derivation of model parameters and calibration of the models, on the basis of commercial high-quality in-
situ and laboratory test data, and compares the models’ predictions in the analysis of an example monopile foundation. The
second part examines the modelling of stiff clays. Particular attention is paid to the influence of plasticity on the clays’ response.
The paper highlights the challenges in choosing appropriate models and model parameters to match the response measured as
part of high-quality ground investigations.
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1 INTRODUCTION at the two sites (Zdravkovic et al., 2020a), through the
interpretation of high-quality ground investigation in-
formation, and the application of sophisticated constitu-
tive models calibrated to accurately replicate the meas-
ured soil response at an element level.

This paper presents an overview of the authors’ expe-
rience in the application of constitutive models to simu-
late the response of materials that are commonly en-
countered in offshore wind farm sites (OWFs). This has
included interpretation of high-quality ground investiga-
tion information, comprising in-situ and advanced la-
boratory testing, choice of appropriate constitutive mod-
els to simulate the response of the materials
encountered, calibration of the models on the basis of in-
situ and laboratory tests from across wind farm sites and

Over the last decades laboratory and field techniques
have become more sophisticated and so has the devel-
opment and application of constitutive models used to
simulate the response of soils in numerical analysis. In
addition, numerical analysis is increasingly being used
as a tool in the development of design methodologies, as
well as in their application in practice.

For example, the PISA design methodology (Burd et
al., 2020, Byron et al., 2020), which has led to signifi-
cant advances in the design of offshore monopile foun-
dations, was developed on the basis of sophisticated 3D
finite element (FE) analyses carried out with the Impe-
rial College finite element code ICFEP (Potts and

Zdravkovic, 1999). The ability of the FE method to de- application of the models in 3D FE analyses of monopile

liver greatly improved monopile response predictions foundations supporting individual Wind Turbine Gener-
was demonstrated by the close agreement achieved be- ators (WTGs)

tween Class A predictions (i.e. predictions made before
the corresponding field measurements, Lambe, 1973)
and the outcome of large scale field tests on monopiles
subjected to lateral and moment loading at two sites; i.e.
Cowden, a glacial clay till site (Zdravkovic et al.,
2020b), and Dunkirk, a marine sand site (Taborda et al.,
2020).

The success of the Class A predictions was facilitated
by an accurate characterisation of the ground conditions

According to the numerical-based PISA methodol-
ogy, advanced 3D FE analyses are carried out at specific
key monopile locations across a wind farm. On the basis
of these analyses four sets of location specific soil reac-
tion curves are extracted for each material encountered.
These are then parameterised and subsequently utilised
in simpler 1D Winkler-type beam-spring models applied
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at every WTG location, as part of a large number of op-
timisation calculations employed during the monopile
design process. As such the 3D FE analyses, and in turn
the constitutive models employed in these analyses, play
a crucial role in the application of the PISA design meth-
odology in practice.

Offshore sites often cover areas which tend to be sig-
nificantly larger than typical onshore sites and their di-
mensions are often measured in kilometres, rather than
tens or hundreds of meters. As such, the variability of
the materials encountered can often be greater than at
onshore sites. This poses obvious challenges in the
choice, calibration and application of the appropriate
constitutive models. Moreover, the philosophy behind
the ground investigation strategies of offshore wind
farm sites tends to be different to that for typical onshore
sites. The latter usually comprises relatively closely
spaced boreholes which cover the whole development
area. In the case of OWF sites, once an initial ground
model is established (usually on the basis of geophys-
ics), ground investigations usually consist of a relatively
limited number of boreholes (in comparison to the size
of the site) complemented with a comparably large num-
ber of cone penetration tests, CPTs. It is good practice
to have at least one CPTu at each WTG/monopile loca-
tion. As such, although the calibration of the constitutive
models is carried out on the basis of in-situ and labora-
tory tests from across the wind farm site, the application
of the constitutive models in the 3D FE analysis of a
particular monopile foundation is based primarily on the
CPTu profile at that WTG location.

The deposits encountered in the large areas covered
by OWF sites commonly consist of a variety of soils,
including different types of sands, glacial tills, sedimen-
tary clays, etc. “Complex” materials, including, for ex-
ample, silts and other transitional soils, micaceous ma-
terials, laminated soils, chalk etc. can also be found.
This paper focuses on sands of varying density and stiff
clays of varying plasticity.

The paper is divided into two parts; the first part,
which forms the majority of the paper, discusses the ap-
plication of constitutive models in simulating the re-
sponse of sands of varying density. It presents the cali-
bration of two elasto-plastic constitutive models to the
in-situ and laboratory test data of a sand dominated wind
farm, highlighting the associated challenges. The mod-
els adopted are i) a strain softening Mohr-Coulomb
model (Potts et al., 1990; Potts and Zdravkovic, 1999),
which has previously been adopted in the design of
monopile foundations for OWFs (Grammatikopoulou et
al., 2007, 2020; Schroeder et al., 2020) and ii) a state
parameter-dependent constitutive model based on the
Mohr-Coulomb failure criterion (Taborda et al., 2018).
Both models are combined with the Imperial College
Generalised Small Strain Stiffness elastic model
(IC.G3S, Taborda et al., 2016) also previously applied

in offshore monopile foundation design (Grammatiko-
poulou et al., 2020). The ability of the models to repro-
duce the measured soil response is demonstrated
through comparisons of single element simulations and
laboratory test results. The calibration of the state-pa-
rameter dependent model highlights the difficulties en-
countered in establishing the critical state line on the ba-
sis of laboratory test data, emphasising the complexity
of interpreting sand behaviour in a consistent manner.
As such, two calibrations of this model, which make dif-
ferent assumptions with regard to the critical state line,
are presented. The performance of the strain softening
Mohr-Coulomb model and the two different calibrations
of the state parameter-dependent model are then com-
pared in the 3D FE analysis of an example monopile
foundation from a sand-dominated offshore wind farm.
In addition, a small study on the effect of the parameter
choices in the strain softening Mohr-Coulomb model on
the predicted monopile response is also presented.

The second part of the paper examines the use of con-
stitutive models to simulate the behaviour of stiff clays
with varying plasticity. The enhanced version of the
Modified Cam Clay model adopted in the PISA work
for the Cowden till (Zdravkovic et al., 2020b) is shown
to reproduce successfully the response of the low plas-
ticity glacial till deposits, whilst high plasticity clay de-
posits prove more difficult to model and different op-
tions are discussed.

Although the paper discusses the application of the
constitutive models in the analysis of monopile founda-
tions, the findings related to the calibration of the con-
stitutive models and their ability to simulate the soils’
response at an element level are not limited to the ge-
otechnical problem chosen to be analysed.

All the analyses presented in this work have been car-
ried out using the FE code ICFEP.

2 MODELLING SANDS

2.1 Constitutive models

Modelling the behaviour of sand deposits can be com-
plex, as their response has been shown to depend on both
stress state and density, and a number of sophisticated
constitutive models have been developed to simulate
their behaviour (e.g. Dafalias and Manzari, 2004; Jeffer-
ies, 1993; Papadimitriou and Bouckovalas, 2002;
Pestana and Whittle, 1999; Taborda et al., 2014). The
majority of these models are based on the state parame-
ter concept proposed by Been and Jefferies (1985),
shown schematically in Figure 1. The state parameter,
w, defined as the difference between the current void ra-
tio, e, and that at critical state, e, for the same mean
effective stress, p’, has been shown to explain the effect
of both stress level and density on the response of sands.
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Figure 1. Definition of state parameter concept according to
Been and Jefferies (1985)
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Figure 2. Comparison of experimental data and model pre-
dictions of simple Mohr-Coulomb model for looser-than-crit-
ical sand a) stress-strain response b) volumetric response
(from Grammatikopoulou et al., 2017)

However, in practice such models are not often used.
Instead, simpler models which make use of the Mohr-
Coulomb failure criterion, are commonly adopted. An
example is a simple elasto-plastic model in which the
Mohr-Coulomb failure criterion is used as a yield sur-
face and a non-associated flow rule with a constant an-
gle of dilation is adopted (Potts and Zdravkovic, 1999).

This type of model can, at least qualitatively, simulate
the contractive response of sands that are looser than
critical, if the angle of dilation is assumed to be equal to
zero. An example can be seen in Figure 2 which com-
pares an isotopically consolidated drained (CID) triaxial
compression test on a looser than critical sand specimen
with a single element FE simulation using such model.
However, the same constitutive model cannot reproduce
the response of denser than critical sands, as can be seen
in Figure 3, as it neither captures the softening from peak
to critical state nor the volumetric response. In this fig-
ure FE simulations with a zero angle of dilation and a
non-zero constant angle of dilation are shown. It can be
seen that, as expected, the former does not predict any
dilative response, whilst the latter results in the predic-
tion of unlimited dilative strains, neither of which agree
with the measured response.
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Figure 3. Comparison of experimental data and model pre-
dictions of simple Mohr-Coulomb model for denser-than-crit-
ical sand a) stress-strain response b) volumetric response
(from Grammatikopoulou et al., 2017)

2.1.1 Strain-softening Mohr-Coulomb model

An improvement to the simple elasto-plastic model set
out above is a strain-softening variation of the Mohr-
Coulomb model, in which the angle of shearing re-
sistance, cohesion and dilation are allowed to vary with
plastic deviatoric strains, E; (Potts et al., 1990; Potts and
Zdravkovic 1999). This model, which has been adopted
in the work presented in this paper, has previously been
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used by the authors in the design of monopiles for OWFs
in the North Sea and has been shown to reproduce well
the response of the marine sands encountered at those
sites, when coupled with appropriate non-linear elastic
models (Grammatikopoulou at al., 2020; Schroeder et
al., 2020). As an example, Figure 4 compares the results
of a CID triaxial test on a dense marine sand with the
simulations using this model, when the angle of shearing
resistance is assumed to vary from peak to critical state,
as shown in Figure 5(a), and in a similar manner the di-
lation is allowed to vary from the peak value to zero, as
shown in Figure 5(b) (in this simulation the cohesion is
assumed to be zero throughout). Figure 4 shows that this
type of model can simulate the drop of strength from
peak to critical state and the corresponding volumetric
response. The input parameters for this model are the
strength parameters related to the Mohr-Coulomb fail-
ure criterion, i.e. cohesion, ¢, and angle of shearing re-
sistance, ¢, the angle of dilation, v, and the variation of
these parameters with plastic deviatoric strain.
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Figure 4. Comparison of experimental data and model pre-
dictions of strain-softening Mohr-Coulomb model for denser-
than-critical sand a) stress-strain response b) volumetric re-
sponse (from Grammatikopoulou et al., 2017)

Whilst this strain-softening variation of the Mohr-
Coulomb model has been adopted with success in
modelling the response of sand, the use of this model,
and generally any Mohr-Coulomb based constitutive
models of this type, comes with limitations; the input
parameters need to be selected on the basis of the density
and stress level of the sands encountered in the field. As

such, different input parameters are likely to be needed
to represent varying densities and stress states of sands
in any particular boundary value problem. In addition,
as the peak strength and dilatancy are input parameters
in this model, they will remain constant during any
given analysis. Consequently, the influence of any
changes in stress level and density during the analysis

will not be captured.
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Figure 5. Variation of angle of a) shearing resistance and b)
dilation with plastic deviatoric strain assumed for a dense
sand assumed in strain-softening Mohr-Coulomb model (from
Grammatikopoulou et al., 2017)

2.1.2  State parameter-dependent model

The second elasto-plastic constitutive model adopted in
this work is the state parameter-dependent constitutive
model proposed by Taborda et al. (2018). In this model
the Mohr-Coulomb failure criterion is enhanced by in-
troducing a direct link with the state parameter concept.
In this way the model can take account of the effect of
the state parameter on the material’s strength and dila-
tancy, whilst retaining the simplicity of the Mohr-Cou-
lomb failure criterion. Some basic equations of the
model are given below. For further details the reader is
referred to Taborda et al. (2018).

The Critical State Line (CSL) is described by a power
law (after Li and Wang, 1998):

o §
€cs = €csrref — A (ﬂ) (D

where p . is a reference pressure and e s, 4 and & are
input parameters.
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The model assumes a Mohr-Coulomb failure criterion
as the yield surface, coupled with a non-associated flow
rule, where both the current angle of shearing resistance,
@, and the current angle of dilation v,, are dependent
on the state parameter, . Figure 6 shows a schematic
representation of the yield and plastic potential surfaces
in the g-p " plane adopted by the model for a purely fric-
tional material.

The gain in available strength, M,, is related to the
state parameter, y, through the model parameter, k, as
follows:

Ms = Mcs + k(—1) (2)

where M is the stress ratio (q/p") at Critical State for
triaxial loading conditions and ( ) are the Macauley
brackets, according to which {(4) =A if A >0 and
(4) =0 if A<0. The current angle of shearing re-
sistance, ¢, is calculated as:

@, = arcsin ( 3'MS) 3)

6+Mg

The stress ratio defining the inclination of the plastic
potential, Mp, is related to the state parameter, y,
through the model parameter, /, as follows:

Mp = l(“l’) 4)
q A
Ms Mcs+k'(_W)
Q, - = TIM, =1(-y)
__:,¢:Z _____ ~ - -
L - Q
s = Mg
|
pl

Looser-than-critical samples (\Wy=>0)
= Yield surface F(o,y)=0
= = Plastic potential surface P(c,y)=0

Denser-than-critical samples (\y=0)
— Yield surface F(o,y)=0

= = Plastic potential surface P(c,y)=0

Figure 6. Yield and plastic potential surfaces adopted by the
state parameter-dependent model for a purely frictional ma-
terial (from Taborda et al. 2018)

The current angle of dilation, v,, is calculated as:

Vv, = arcsin (:ZD ) (5)

D

As a consequence of Equation (2), for looser-than-
critical samples (i.e. i > 0), the strength of the material
is limited to that corresponding to the Critical State. For
denser-than-critical samples (i.e. i < 0), the available
strength is controlled by Equation (2).

It is noted that in this model the concept of the “plas-
tic” state parameter is introduced, with the state param-
eter in Equations (2) and (4) being given on the basis of
the following approximation:

Y= PP =eP —ecs (6)

where eP is the “plastic” void ratio. For further details
see Taborda et al. (2018).

The model has three parameters related to the CSL,
ecs,ref, A and £ (in addition to the reference pressure, p ),
two parameters related to the Mohr-Coulomb failure cri-
terion, ¢, and ¢ ¢, and two parameters that describe the
effect of the state parameter on the strength and dila-
tancy of the material, £ and /. This model has the ad-
vantage of being able to simulate the response of sands
at different densities and stress states with a single set of
parameters, taking account of any changes to density
and stress state during the analysis. Moreover, it has a
relatively small number of parameters, as compared to
other constitutive models based on the state parameter
concept, making its use attractive.

This state parameter-dependent model has recently
been used by the authors in combination with the
IC.G3S model, discussed below, in the design of mono-
piles; this forms the basis of the work presented herein.

2.1.3  IC.G3S non-linear elastic model

The constitutive models employed in the analyses of
monopile foundations need to be able to reproduce the
soil response throughout the whole strain range, from
very small to large strains as this will affect the predicted
movements and rotations and hence the predicted per-
formance of these structures at serviceability limit
states, as well as the failure mechanism in the ultimate
limit state. When the PISA methodology is adopted in
monopile design, this will also affect the soil reaction
curves extracted from the 3D FE analyses, which in turn
will affect the results obtained from the 1D beam models
used in design. As such, it is important to model the non-
linear response of the soil and the degradation of stiff-
ness with strain.

In the current work the strain-softening Mohr-Cou-
lomb model and the state parameter-dependent model
were combined with the IC.G3S non-linear elastic
model (Taborda et al. 2016). This model allows the sim-
ulation of a variety of features, including non-linearity
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from early stages of loading, as well as dependence of
stiffness on stress state and void ratio, which are partic-
ularly important for the modelling of sands.

In the IC.G3S model the maximum shear modulus,
Gy, at very small strains is given by the following equa-
tion (Taborda et al. 2016):

Go = Grey - f(€) (p”—f)m %

where Gy is a reference shear stiffness, Dre r is arefer-
ence pressure, mg is a parameter defining the depend-
ence of Gy on p’, and f;; (e) is a function which incorpo-
rates the influence of void ratio. Taborda et. al (2016)
list a number of formulas that can be adopted in the
IC.G3S model for f; (e). In the current work the follow-
ing function was used (Lo Presti et al, 1993):

fa(e) = e Jes 8)

where f, ; is an additional parameter.

The IC.G3S model uses a modified hyperbolic func-
tion to describe the degradation of soil stiffness with
strain, with the dependence of the tangent shear stiff-
ness, Giqan, On E4, the generalised deviatoric strain,
given by the following equation:

1-RG mi
RG,min + —mlz )
()
1+ -4
a
where G is given by Equation (7) and a, b and Rg pin
are model parameters. In the work presented herein the
variation of shear stiffness with strain given in the above

equation was combined with a constant Poisson’s ratio,
u.

Gian = Go *

2.2 Calibration of constitutive models

2.2.1 Sand deposits at offshore wind farm site

The predominant soils encountered at the OWF site con-
sidered in this work are two sand deposits, termed here
Sand A and Sand B. Sand A is generally encountered at
shallow depths, whilst Sand B is generally encountered
at deeper depths across the wind farm site. A high qual-
ity ground investigation of the OWF was undertaken
comprising in situ and laboratory testing. In addition to
general characterisation tests, the laboratory investiga-
tion included a comprehensive triaxial testing pro-
gramme for each sand deposit with isotropically consol-
idated drained tests (CID) carried out at different
densities and confining pressures. A number of ad-
vanced triaxial tests were also carried out, which in-
cluded local instrumentation and bender element testing.
The confining pressures and relative densities chosen

for the triaxial tests reflected the range of depths encoun-
tered across the OWF site and the range of relative den-
sities interpreted from the available CPTs. The relative
density, D,, of the samples tested varied between ap-
proximately 40% and 100% for Sand A and 45% and
95% for Sand B. Resonant column tests on samples of
the two sands were also undertaken. The majority of the
tests on each sand were carried out on samples originat-
ing from a batch for each sand formed from samples
taken from across the wind farm site with similar gran-
ulometry and mineralogy. These batches are termed here
Batch 1 and Batch 2 for Sand A and Sand B, respec-
tively. In addition, some tests were carried out on indi-
vidual samples from boreholes at specific monopile lo-
cations.
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Figure 7. Peak and critical state stress states a) Sand A b)
Sand B

There are two input parameters that are common be-
tween the two constitutive models, i.e. the strength pa-
rameters at critical state, ¢, and ¢ . Figure 7 shows the
peak and critical state stress states established on the ba-
sis of the CID tests on the two sands. As expected, the
peak stress states are variable as they depend on the den-
sity and stress state of the samples tested. However, the
critical state stress states are more consistent and indi-
cate angles of shearing resistance, ¢ c;, equal to 34° and
33°, together with ¢ "= 0 for Sand A and B, respectively.
As the remaining input parameters are different for the
two models, the calibration of each model is presented
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separately in the following two sections, with the cali-
bration of the state parameter-dependent model being
presented first.

2.2.2 State parameter-dependent model

In order to establish the CSL in e-log(p ) space, the re-
sults of the CID tests are plotted for the batch samples
of each sand in Figure 8, together with the estimated crit-
ical states of these tests, calculated on the basis of the
final global void ratio measured at the end of the tests.
The approximate relative density of the samples are also
indicated in the same figure. Inspection of Figure 8
shows that, as expected, the dense samples dilate more
than the medium dense and loose samples, at similar
confining pressures. However, the estimated critical
states of the CID tests do not fall on a unique line, which
makes the derivation of the position of the CSL in e-
log(p ") space challenging.

According to Jefferies and Been (2006) the location
of the CSL should ideally be established on the basis of
very loose samples (with D, <30%) consolidated to rea-
sonably high effective stresses, to ensure that the sam-
ples are looser than critical (i.e. y > 0) and exhibit com-
pressive volumetric strains during shearing. This is
because samples that are denser than critical (i.e.  <0)
tend to dilate and the interpretation of the tests becomes
complicated due to strain localisation and the formation
of shear banding in later stages of the triaxial tests. It is
noted that the samples tested were sheared to axial
strains of 20%, which is significantly higher than in
standard commercial tests. Nonetheless, Figure 8 shows
that the estimated critical state points of the dense sam-
ples lie considerably lower than the ones for the loose
samples, highlighting the complexity of defining a
unique CSL, on the basis of triaxial test results.

The problem of strain localisation and shear banding
in triaxial testing of dense sand samples and the difficul-
ties in the interpretation of these tests is well known and

discussed by many researchers (e.g. Chu, 1995; Desrues
et al., 1996; Jefferies and Been, 2006; among others). As
an example, the computed tomography work by Desrues
et al. (1996) suggests that the global measurements of
void ratio in dense dilating sand samples may not be
physically relevant. Instead, in their work the measure-
ments of void ratio developing within the shear zones
themselves indicated a limit value which agrees with the
one established on the basis of loose samples and is in-
dependent of the initial density of the sample. However,
this was based on a limited number of tests carried out
at the same confining pressure. Clearly, this is an area
where further research is required.

The challenges in identifying a unique position of the
CSL of Dunkirk Sand have also been discussed in the
work of Zdravkovic et al. (2020a) and Taborda et al.
(2020) who found different CSL positions on the basis
of CID tests carried out on samples at a range of confin-
ing pressures with two different relative densities (D, ~
45% and D, = 75%).

As indicated in Figure 8, in the current case there is
only one test with a low relative density (in the order of
40-45%) for each sand and it is clear that the tests with
higher densities do not reach the CSL defined on the ba-
sis of these relatively loose samples (indicated with the
solid lines in Figure 8). Figure 8 also shows that the
higher the density of the samples, the lower the esti-
mated critical states plot in the e-log(p ) space.

Therefore, the constitutive modeller has to decide
whether to choose a unique CSL on the basis of the rel-
ative loose samples, or, perhaps, to use a CSL which
agrees with the end points of relevant tests, despite the
limitations in the interpretation of these tests. In the lat-
ter case different CSL positions may be defined for dif-
ferent relative densities as indicated in Figure 8, with the
different broken lines.
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Figure 8. Critical state line in e-log(p”) space and results of CID tests on batch samples a) Sand A b) Sand B
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It is noted that for the first option, in any state param-
eter-based constitutive model, the denser than critical
samples would dilate to the unique CSL defined on the
basis of the looser samples, i.e. the paths would be as-
sumed to dilate significantly more than indicated by the
tests. In the current work both options were explored and
two calibrations of the state parameter-dependent model
were carried out. In the first calibration (Calibration 1)
a unique position of the CSL was assumed on the basis
of the relatively loose samples, whilst in the second cal-
ibration (Calibration 2) the position of the CSL was as-
sumed to depend on relative density. As discussed in de-
tail below, Calibration 1 results in significantly higher
dilative strains than measured in the CID tests. On the
other hand, Calibration 2 is a practical way of reproduc-
ing the dilative response measured in the CID tests but
does not agree with the theoretical framework of critical
state soil mechanics. It is noted that the different posi-
tions of the CSL in Figure 8 are achieved by varying the
parameter ecs.,.r in the expression for the CSL (Equa-
tion (1)), whilst keeping the remaining parameters A, &
and p 7. constant.

0.75

Figure 9 presents the data plotted in Figure 8 together
with the results from CID tests on non-batched samples
of Sand A and Sand B taken from specific monopile lo-
cations. This figure shows that for Sand A the test with
D, =90% compares well with similar tests on Batch 1
samples. However, for Sand B there are some non-batch
tests which do not agree with the batch tests. A detailed
review shows that, in particular samples S1 and S5, have
significantly different e, and en.. values to those for
Batch 2 (see Figure 10). This results in different initial
void ratios, ey, for a given relative density, a different
position in the e-log(p ) space, and consequently an in-
consistency with the position of the CSL defined on the
basis of the batch samples. As such, samples with sig-
nificantly different e, and e, values cannot be used in
the derivation of the CSL and hence in the calibration of
state parameter-dependent constitutive models. This
poses significant challenges for naturally variable mate-
rials and suggests that the use of batch samples may be
one way of addressing this variability.
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Figure 9. Critical state line in e-logp space and results of CID tests on batch and non-batch samples a) Sand A b) Sand B
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Figure 10. Minimum, maximum and initial void ratio (at the
start of shearing) of non-batch samples of Sand B

The remaining two parameters of the model are £ and
[ which describe the effect of the state parameter on the
strength and dilatancy of the material (Equations (2) and
(4)). The calibration of these parameters is demonstrated
here for one of the sand deposits, Sand B. The same pro-
cedures were adopted for the calibration of these param-
eters for Sand A.

In order to calibrate the parameter k which controls
the strength of the material, the mobilised stress ratio in
the CID tests is plotted against the current state parame-
ter (Taborda et al. 2018). This is shown in Figure 11 for
the two calibrations, i.e. Calibration 1, with a unique
CSL and Calibration 2, with a density-dependent CSL.
The mobilised stress ratio is the same in Figure 11(a)
and Figure 11(b) but the state parameter, y, is different,
as it is calculated in relation to the assumed CSL.
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It is noted that only the post-peak portion of the tests
are presented in Figure 11 (with the maximum stress ra-
tio of each test marked), as this is the part simulated by
the state parameter-dependent constitutive model; the
pre-peak behaviour is governed by the IC.G3S non-lin-
ear elastic model. Moreover, the state parameter y is
plotted instead of y” (adopted in Equation (6)), as sug-
gested in Taborda et al. (2018), based on the fact that
elastic strains tend to be much smaller than plastic
strains. Figure 11 shows that for both calibrations the
mobilised stress ratio reduces gradually with shearing,
approaching the assumed strength at critical state
M.s = 1.33 (which corresponds to the assumed angle of
shearing resistance ¢ 'c; = 33° for sand B seen in Figure
7). However, whilst for Calibration 2 the value of the
state parameter generally approaches zero as the mobi-
lised stress ratio reduces to critical state (see Figure
11(b)), this is not the case for Calibration 1 (see Figure
11(a)). This reflects the fact that the end points of the
tests on the denser than critical samples do not reach the
CSL used in Calibration 1, i.e. that defined on the basis
of the looser samples.

For the calibration of the parameter /, a similar pro-
cess is carried out in which the dilatancy rate, Mp, is
plotted against the current state parameter, see Fig-
ure 12. As in Figure 11, Figure 12 plots the state param-
eter y instead of y”. In addition, the total dilatancy rate
is plotted, instead of the plastic dilatancy rate, for the
reasons discussed above. It is noted that, similar to Fig-
ure 11, only the post-peak response is presented in Fig-
ure 12. In addition, the maximum dilatancy rate meas-
ured in each test is indicated on the graphs. Figure 12
shows that with increased shearing this quantity reduces
gradually and approaches zero which would indicate
critical state conditions (noting the discussions earlier
on the limitations of the interpretation of these tests).
However, similar to Figure 11, this coincides with the
state parameter approaching zero in Calibration 2 but
not in Calibration 1.

Tables 1 and 2 summarise the parameters of the state
parameter-dependent model for Sand A and Sand B re-
spectively.
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Table 1. Summary of parameters of state parameter-depend-

ent model for Sand A
Parameter Calibration 1 Calibration 2
ecsref 0.83 0.83-0.0023-(D,-40)"
A 0.17 0.17
& 0.15 0.15
P “rer (kPa) 100.0 100.0
9 'es (0) 34 34
¢’ (kPa) 0.0 0.0
k 2.4 9.0
[ 3.75 15.5

D, is expressed in %

Table 2. Summary of parameters of state parameter-depend-

ent model for Sand B
Parameter Calibration 1 Calibration 2
ecsref 0.841 0.841-0.002-(D,-45)*
A 0.2 0.2
3 0.16 0.16
D “rer (kPa) 100.0 100.0
¢ es (©) 33 33
¢’ (kPa) 0.0 0.0
k 2.8 9.0
[ 4.4 14.0

* . .
D, is expressed in %

2.2.3  Strain softening Mohr-Coulomb model

As discussed in Section 2.1.1, the input parameters for
the strain-softening Mohr-Coulomb model are the cohe-
sion, ¢, the angle of shearing resistance, ¢, the angle of
dilation, v, and the variation of these parameters with the
deviatoric plastic strain. Since in this study the non-lin-
ear elastic model IC.3GS is used to model the pre-peak
response of the sands, it is necessary to define the vari-
ation of these parameters from peak to critical state con-
ditions.

In the current work, the input parameters were varied
on the basis of relative density. Two variations were as-
sumed: one corresponding to dense states, i.e. D, = 60-
80% and one to very dense states, i.e. D, = 80-100%".
Figure 13 replots the data from Figure 7 differentiating
the CID tests' peak stress states in terms of dense and
very dense states. Also shown in these graphs are peak
angles of shearing resistance, ¢ 'yea, for the two different
density ranges, as well as the critical state angles of
shearing resistance, ¢ '¢;, which are independent of the
sand density, and as previously discussed, were assumed
to be equal to 34° and 33°, for Sand A and B, respec-
tively. Figure 14 presents the assumed variations of the
angle of shearing resistance for the two sand deposits, in
which ¢ is shown to vary from the peak values, ¢ yeak,
defined in Figure 13 to the critical state values, ¢ .

Tt is noted that the classification adopted for the dense and
very dense states (i.e. D, = 60-80% and D, = 80-100%) is
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Figure 13. Peak angles of shearing resistance for different
relative densities a) Sand A b) Sand B

“ \
‘e 2 ¢'peak == == dense
§ h ’
e \ very dense
& 40
.8
8 \
o 38 ™
£
= "
g dnpeak \
= 36 -~ < - \
— — ' °
° = - — ¢'cs:34
S 34 =
£
<

32

0 5 10 15 20 25
Plastic deviatoric strain, E,P
(@)

44
. - = dense
5 42
g |, ’

' — Ty dense

E 40 peak =
0
»
£ \
g N
= '
g % P peak i \
= -
w -
S =~ i~ \\
o 34 = -
2 =D $_.=33
=

32

0 5 10 15 20 25

Plastic deviatoric strain, E4P

(b)
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slightly different to the one used in the BS EN ISO 14688-2
and EC7-2 standards (i.e. D, = 65-85% and D, = 85-100%).
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The angle of dilation, v, was also assumed to vary
from the peak values, v,.a, to zero at critical state, in the
manner shown in Figure 15. The vy.« values were based
on the maximum dilatancy rate measured in the CID
tests for the different relative densities.

For D, < 60%, a constant angle of shearing resistance,
@ = @', was assumed in combination with a constant
angle of dilation equal to zero, i.e. as per Figure 2. It is
noted that, for the example monopile location consid-
ered in the FE analyses (see Section 2.3 below), Sand A
is encountered predominantly at dense to very dense
states, i.e. D, = 60-95%, whilst Sand B is encountered at
predominantly very dense states, i.e. D, =~ 80-100%.

Tables 3 and 4 summarise the peak and critical state
angles of shearing resistance and dilation adopted for
sand A and Sand B respectively. It is noted that the co-
hesion, ¢, was assumed to be zero for both sand depos-
its.

Table 3. Summary of peak and critical state angles of shear-
ing resistance and dilation for Sand A

Density  @peak () 90 (®)  Vpear (°) Ves (°)
range
<60% 34.0 34.0 0 0
60%-80% 36.0 34.0 8 0
>80% 42.0 34.0 16 0
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Table 4. Summary of peak and critical state angles of shear-
ing resistance and dilation for Sand B

Density @ peak (°) 0 (") Vipear (°) Ves (°)
range
<60% 33.0 33.0 0 0
60%-80%  36.0 33.0 8 0
>80% 40.0 33.0 14 0

2.2.4 IC.G3S non-linear elastic model

It is generally accepted that the stiffness at very small
strains, G, depends on the mean effective stress, p’, to
the power of n, where n = 0.5 is reasonably representa-
tive for sands. With the IC.G3S model this can be
achieved by setting the parameter mg; in Equation (7)
equal to 0.5. The remaining parameters of the IC.3GS
model which control Gy, i.e. Grer, p}ef and f,; were
chosen for each sand deposit to reproduce, as closely as
possible, the Rix and Stokoe (1992) G, interpretation of
CPT profiles across the OWF area. In addition, a reason-
able match was sought with G, measurements obtained
from bender element (BE) and resonant column (RC)
tests. This is further explained below, in Section 2.3, for
the example monopile location considered in the FE
analyses.

Figure 16(a) presents in-situ relative density profiles
obtained from the CPT trace at the example monopile
location by applying the relationships proposed by Baldi
et al. (1986) and Jamiolkowski et al. (2003). It is noted
that, on the basis of these CPT correlations, relative den-
sities of more than 100% can be calculated. However, in
the assessments presented in Error! Reference source
not found.), the relative density has been capped at
100%. Figure 16(b) presents the G, profile obtained by
applying the relationship proposed by Rix and Stokoe
(1992) to the same CPT data. It is noted that in this fig-
ure G is normalized by the maximum value in the ide-
alised profile.

In order to calibrate Gy, Dre 5 and fe ¢ the required
initial void ratio profiles are determined using idealised
D, profiles (see Figure 16(a)) for the example location
in combination with the values of e,,;, and e, ., as-
sumed for each sand deposit. Using appropriate Gy,
p;ef and f, ; parameters in Equations (7) and (8) it is
then possible to match the Rix and Stokoe (1992) de-
rived G profiles for CPT profiles across the OWF area.
Figure 16(b) demonstrates this for the example location.
It is noted that it is generally possible to use a single set
of parameters for all locations across the OWF.

For the example location, the results of the BE and
RC tests are shown in Figure 16(b) with full symbols
(circles are used to denote the BE tests, and triangles the
RC tests). When comparing a CPT derived G, profile
with laboratory test data, it is important to ensure com-
patible relative densities and stress levels. In the case of
the data for the example location shown in Figure 16(b)
the bender element and resonant column samples were
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tested at different/lower relative densities than those en-
countered in-situ, warranting an appropriate adjustment.
In this case, the adjustment was made applying Equa-
tions (7) and (8) with the CPT derived parameters. Fig-
ure 16(b) shows a good comparison between the ad-
justed laboratory test data (denoted using empty
symbols) and the idealised G profile.

The parameters of the IC.G3S model which control
the stiffness degradation with strain, i.e. a, b and Rg in
in Equation (9), were estimated on the basis of the ad-
vanced CID tests with local instrumentation. Figure 17
shows the results of these tests in terms of the normal-
ised vertical tangent Young’s modulus E’, plotted
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against axial strain. Also shown in this figure are the re-
sults of the BE and RC tests (the latter are plotted against
shear strain). In this figure £’ has been normalised with
an assumed theoretical value of E'y at very small strains,
calculated on the basis of G, obtained from Equation (7)
using the initial stress state and density of each sample
(and assuming a Poisson’s ratio u equal to 0.25). Also
shown in Figure 17 is the FE idealisation obtained with
the IC.3GS model using the chosen parameters a, b and
R¢ min in Equation (9) and a constant Poisson’s ratio, x,
equal to 0.25.

Table 5 summarises the parameters of the IC.G3S
model for the two sand deposits.
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Table 5. Summary of parameters of non-linear elastic IC.G3S
model for Sands A and B

Parameter Sand A Sand B
Grer (MPa) 52 49
P “rer (kPa) 101.3 101.3
mg 0.5 0.5
fec 1.1 1.1
a 2.75x10* 2.75x10*
b 1.0 1.0
R¢ min 0.07 0.07
u 0.25 0.25

2.2.5 Single element simulations

In order to assess the models’ ability to reproduce the
response of the two sand deposits at an element level,
the CID tests were simulated in single element FE anal-
yses using the FE code ICFEP and the predictions were
compared with the results of the corresponding labora-
tory tests.

Figures 18 and 19 present simulations of two CID
tests, using the state parameter-dependent model, for
each of the two sand deposits, Sand A and Sand B re-
spectively. The simulations are presented for Calibra-
tions 1 and 2, discussed in Section Error! Reference
source not found.. The CID tests that are reproduced in
these figures have D, > 80%, as these are the predomi-
nant relative densities encountered at the example
monopile location. However, in order to provide insight
into the model’s capabilities of simulating the sands’ re-
sponse for varying stress states and densities with a sin-
gle set of parameters, single element FE simulations of
CID tests carried out at different relative densities, D,,
and confining pressures, p',, were also undertaken and
are shown in Appendix A.

Figure 18 compares the model predictions and labor-
atory measurements for sand A in terms of the stress-
strain, volumetric-axial strain and stiffness-strain re-
sponses. In Figure 19 only the stress-strain and volumet-
ric-axial strain responses are presented, as the Sand B
samples tested at high densities were not equipped with
local instrumentation. Inspection of the figures shows
that the state parameter-dependent model reproduces
well the measured peak and post-peak stress-strain re-
sponse of the two sands. In terms of the volumetric re-
sponse, Calibration 2 reproduces well the measured re-
sponse for the whole strain range, whilst Calibration 1
reproduces well the measured volumetric response for
axial strains up to around 5% but significantly overpre-
dicts the measured dilative strains thereafter. This is a
result of the fact that Calibration 1 assumes a unique
CSL defined on the basis of the looser samples (refer to
Section Error! Reference source not found. and Fig-
ure 8). Figures 18 and 19 show that the larger predicted
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dilative strains in Calibration 1 result in post-peak
stress-strain responses, which exhibit a slower reduction
of deviatoric stresses than Calibration 2, i.e. higher de-
viatoric stresses at given values of axial strain, reaching
the critical state angles of shearing resistance at signifi-
cantly larger axial strains; well beyond the 20%
achieved in the tests. Inspection of the stiffness-strain
response presented in Figure 18 shows that the IC.3GS
non-linear model reproduces well the response meas-
ured by the local instrumentation.

The simulations presented in Appendix A show that
the state parameter-dependent model in combination
with the IC.3GS non-linear model, both with a single set
of input parameters, can reproduce well the measured
stress-strain and volumetric response in tests with vary-
ing densities and stress states, with similar comments as
above applying to the two calibrations. An exception is
the stress-strain response of the test on Sand A carried
out at D, = 61% and p’, = 50kPa (refer to Figure A.1).
However, it is noted that the measured response for this
test is not consistent with the other tests, as the measured
peak stress is lower than the critical state strength ob-
tained from the other tests. It is therefore reasonable to
disregard this test from the calibration exercise.

Figures 20 and 21 present the predictions of the
strain-softening Mohr-Coulomb model for the same
CID tests shown in Figures 18 and 19 respectively. In
addition, Appendix B presents the simulations of this
model for the same CID tests presented in Appendix A.
Figures 20 and 21 show that the strain-softening Mohr-
Coulomb model predicts reasonably well the measured
response of the two sands for the densities and confining
pressures of these tests. Inspection of the simulations in
Appendix B shows that, whilst the measured response is
generally well reproduced for the tests with very high
densities, i.e. D, > 80%, the measured peak and volu-
metric response is not captured in some tests with lower
densities (for example the tests with D, = 76% and p', =
50kPa in Figure B.1 and D, = 79% and p', = 200kPa in
Figure B.2). It is noted that one set of parameters has
been assumed for D, = 60 - 80% and another set for
D, > 80%; denoted in Figure 14 and 15 as dense and
very dense, respectively. It may be that the predictions
of this model could have been improved with the intro-
duction of further sets of parameters, particularly for the
D, =60 - 80% density range. However, as the sand re-
sponse depends not only on density but also on stress
state, it is difficult to capture both effects with a limited
number of sets of input parameters.
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Figure 18. Comparison of experimental and simulated response using the state parameter-dependent model for Sand A
a) D, = 83% and py = 70kPa b) D, = 88% and py = 80kPa
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Figure 19. Comparison of experimental and simulated response using the state parameter-dependent model for Sand B

a) D, = 84% and py = 200kPa b) D, = 94% and p, = 300kPa

It is noted that in the stress-strain curves predicted by
the strain-softening Mohr-Coulomb model in Figures 20
and 21 and Appendix B, three distinct zones of post-
yield response can be observed, i.e. after the stress-state
reaches the Mohr-Coulomb yield surface and the behav-
iour changes from non-linear elastic to elasto-plastic.
These correspond to the three zones shown in Figure 14
and 15 for the variation of the angle of shearing re-
sistance and dilation with the plastic deviatoric strain,
E;. When comparing the zones in Figures 14 and 15
with the stress-strain curves in Figures 20 and 21 and
Appendix B, it is important to note that in triaxial con-
ditions the axial strain corresponds to E;//3, e.g. EL =
18% equates to a plastic axial strain of around 10%.

Comparison of the single element simulations using
the strain-softening Mohr-Coulomb model with those
using the state parameter-dependent model shows that
the volumetric response predicted by the former are
more akin to the predictions of the state parameter-de-
pendent model using Calibration 2, rather than Calibra-
tion 1. This is not surprising, as Calibration 2 aimed to

reproduce the volumetric response measured in the CID
tests. It is noted though that whilst for the Mohr-Cou-
lomb model the predicted stress-strain and volumetric
response have been assumed to reach critical state at
about 10% axial strains, for Calibration 2 the critical
state is reached at larger axial strains, albeit still signifi-
cantly smaller than for Calibration 1.

Appendix C presents a comparison between the meas-
ured and simulated stiffness-strain response for the ad-
vanced triaxial tests that were equipped with local in-
strumentation. The simulations are shown for the state
parameter-dependent model. It can be seen that both cal-
ibrations result in the same predictions; these are also
practically the same as the predictions with the strain-
softening Mohr-Coulomb model (not presented herein
for brevity), as for both models the pre-yield response is
controlled by the non-linear elastic model IC.G3S. Fig-
ure C.1 shows that the IC.G3S model reproduces well
the dependence of stiffness on density, stress-state and
strain and the predictions provide an excellent match of
the measured response for both Sand A and Sand B.
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Figure 20. Comparison of experimental and simulated response using the strain-softening Mohr-Coulomb model for Sand A
a) D, = 83% and py = 70kPa b) D, = 88% and py = 80kPa

16 NUMGE 2023 - Proceedings



On the application of constitutive models with an emphasis on offshore engineering problems

1.2
1
™\
T 038 N\
g ~
S S~ — e e
g 06
5
s- l
% 04
£
S ——Lab data (external)
0.2
— =FE simulation
0 | i
0 5 10 15 20
Axial strain (%)
05
0 N\ N
= \ 5 10 15 20
E 05 N
[
-
g 1 S~ ——
3 ~
E I P ———
s -15
>
w
= Lab data
o
> -2 A
w
— =FE simulation
25 ‘

Axial strain (%)

(a)

1.2
1 ’-— —N
[\ ™\
-~ 08
= ~N—_— - ==
]
E 06
&
5
ﬁ‘ 04
“E
= 0.2 Lab data (external)
— =FE simulation
0 : :
0 5 10 15 20
Axial strain (%)
0.5
A
0
-~ \ 10 15 20
"
§ 05 A\
s N
-] \ \
E ~
g 4 —_— e
5
x
©
E 45
o
>
w
= Lab data
=} 2
>
w ) .
— =FE simulation
25 :

Axial strain (%)
(b)

Figure 21. Comparison of experimental and simulated response using the strain-softening Mohr-Coulomb model for Sand B

a) D, = 84% and py = 200kPa b) D, = 94% and p}, = 300kPa.

2.3 Application in analysis of a monopile
foundation

2.3.1

The performance of the state parameter-dependent
model, for the two calibrations of this model, and the
strain-softening Mohr-Coulomb model were examined
in the 3D FE analysis of an example monopile founda-
tion from the sand-dominated offshore wind farm.

General

2.3.2 Location specific parameter derivation

As demonstrated in the previous section, the calibration
of the constitutive models was carried out on the basis
of the in-situ and laboratory tests from across the wind
farm site. However, the application of the constitutive
models in the 3D FE analysis of a particular monopile
foundation is based on the CPTu profile at that WTG
location.

Figure 16(a) presented the in-situ D, profile at the ex-
ample WTG location considered in the FE analyses pre-
sented herein; this profile was calculated on the basis of
the interpretation of the CPTu test at that location. Fig-
ure 16(a) also showed the assumed idealised D, profile.
On the basis of this, the initial void ratio, ey, used in the
FE analysis of the monopile can be calculated (using, as
previously discussed, the e,;, and e, values for each
sand deposit). The initial void ratio, ey, is important as
it controls the state parameter, v, in the state-parameter
dependent model, as well as the stiffness predicted by
the non-linear model, IC.G3S, which is combined with
both elasto-plastic models.

In the FE analysis using Calibration 1 of the state pa-
rameter-dependent model, a single set of model param-
eters was applied for each of the two sand deposits.
However, in the FE analysis with Calibration 2, the in-
put ec s values were varied, on the basis of the idealised
D, profile shown in Figure 16(a), in order to obtain ap-
propriate “shifted* CSL positions.
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In the case of the strain-softening Mohr-Coulomb
model, the idealised D, profile was used in order to
choose the appropriate input parameters to be applied in
this model for the different sand units. As aforemen-
tioned, at this location Sand A is encountered in predom-
inantly dense to very dense states, i.e. with the exception
of the first 1.5m, D, = 60-95%, whilst Sand B is encoun-
tered at predominantly very dense states, i.e. Dr > 80%.
The variations of ¢ " and v applied for both sands were
those shown in Figures 14 and 15, with only the top
layer of Sand A, in which D, < 60%, being modelled
with a constant angle of shearing resistance, ¢ = @',
and a zero angle of dilation, as discussed in Section
2.2.3.

It is noted that at a depth of about 10m there is a thin
layer of silty Sand B. This has been modelled simplisti-
cally as a loose Sand B layer (i.e. with a constant angle
of shearing resistance, ¢ "= ¢, and a zero angle of di-
lation). In addition, there are some thin layers of clay
which have been ignored in the analyses.

2.3.3  Details of analyses

The analyses were carried out using the FE code ICFEP.
The finite element mesh adopted in the analyses is
shown in Figure 22. It discretised only half of the prob-
lem as there is symmetry about the plane in which the
horizontal load is applied. The analyses were based on
small displacement finite element theory and employed
quadratic elements, i.e. 20 node isoparametric hexahe-
dral elements for the soil, 8 node isoparametric quadri-
lateral elements for the structural elements (Schroeder et
al., 2007) and 16 node zero-thickness interface elements
(Day and Potts, 1994) between the pile and the sur-
rounding soil. Reduced 2x2 integration was used for all
elements and a modified Newton-Raphson scheme with
an error controlled sub-stepping algorithm was em-
ployed as the non-linear solver (Potts and Zdravkovic,
1999).
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Figure 22. Finite element mesh adopted in analysis of exam-
ple monopile foundation
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The monopile and pile stick-up, which were incorpo-
rated in the FE model as hollow tubes, were assumed to
behave as linear-elastic materials, with a Young’s mod-
ulus of 205GPa and Poisson’s ratio of 0.26. The inter-
face elements were assumed to behave in a drained fric-
tional manner with a strength described by an interface
angle of shearing resistance between soil and steel equal
to 25°.

The monopile was assumed to be wished-in-place at
the start of the analysis, i.e. installation processes were
not modelled in the analyses. The pore water pressures
were assumed to have a hydrostatic distribution and the
coefficient of earth pressures at rest Ky was assumed to
be equal to 1.0 at the beginning of the analyses.

Figure 23(a) presents profiles of the state parameter
for the two calibrations of the state parameter-dependent
model determined from the model parameters and the
assumed initial conditions, i.e. stresses and sand density.
On the basis of the state parameter profiles and the initial
stresses, it is possible to estimate profiles of the peak an-
gle of sharing resistance and dilation, corresponding to
the drained triaxial compression (TXC) mode of shear-
ing (assuming negligible elastic strains), see Fig-
ures 23(b) and 23(c). It can be seen that at high relative
densities (see Figure 16(a)) and relatively small stresses,
e.g. at a depth of about 4m for Sand A and a depth of
about 10m for Sand B the state parameter has the most
negative values for both calibrations (see Figure 23(a)).
These result in high values of the peak angle of shearing
and dilation, e.g. for Calibration 2 at a depth of about 4m
the peak angle of shearing resistance and dilation for tri-
axial compression conditions are estimated to be ap-
proximately 50° and 28° respectively. It is noted that
CID tests were not available at corresponding confining
pressures and densities to check these calculated peak
values. However, these values were considered to be
very high, and in the monopile FE analyses limiting cut-
off values were applied, i.e. @ ‘e = 45°and vy = 25°
for Sand A and ¢ ‘e = 45°and Vi = 20° for Sand B.
These values are indicated in Figure 23(b) and Figure
23(c).

It is important to note that the calibration of the con-
stitutive models was undertaken on the basis of triaxial
compression tests, for which the Lode’s angle, 0, is con-
stant and equal to -30°. However, in the 3D FE analysis
the value of @ will vary and it is not possible to deter-
mine this a priori. In the constitutive models used in this
work, a Mohr-Coulomb hexagon, and hence a constant
of angle of shearing resistance, has been assumed in the
deviatoric plane. However, ideally, laboratory tests
should be carried out at different values of the Lode’s
angle, from which the variation of the angle of shearing
resistance with 6 can be established.
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Figure 23. Profiles of a) the state parameter b) peak angle of shearing resistance in TXC c) peak angle of dilation in TXC

It is recognised that the use of strain-softening consti-
tutive models in the analysis of boundary value prob-
lems, like the response of monopiles to lateral and mo-
ment loading considered herein, leads to a significantly
increased mesh dependency. Although non-local meth-
ods, which reduce mesh dependency, exist in ICFEP
(Summersgill et al., 2017a, 2017b), these methods were
not adopted in this work, and a sensitivity study with
different mesh sizes was carried out to confirm the ap-
propriateness of the chosen mesh discretisation.

2.3.4  Results of analyses

Figure 24 presents the results of the FE analyses using
the state parameter-dependent model (for both Calibra-
tions 1 and 2) and the strain-softening Mohr-Coulomb
model, in terms of horizontal load-displacement curves
of the monopile at seabed level. The horizontal load in
this figure is normalized by the load predicted by the
strain-softening Mohr-Coulomb model at a horizontal
displacement equal to 10% of the monopile diameter (a
displacement that is commonly assumed to represent
failure).

Figure 24(a) shows the predicted initial response of
the monopile up to seabed displacements equal to 2%D
(where D is the monopile diameter), whereas Fig-
ure 24(b) presents the predicted overall response of the
monopile up to horizontal displacements equal to
20%D. In the former figure, it can be seen that the two
calibrations of the state parameter-dependent model pre-
dict practically the same initial monopile response
which is also very similar to that predicted by the strain-
softening Mohr-Coulomb model. This is not surprising
as all three analyses use the same non-linear elastic
model.

Angle of shearing resistance, ¢'(°)
40

19

Angle of dilation, v (°)
50 50 0 5 10 15 20

30
- T 0

=9,

40 -

45

50

(b) (c)

However, at higher seabed displacements, Calibra-
tion 1, which assumes a unique position of the CSL on
the basis of the relatively loose samples, results in con-
siderably higher predicted loads than Calibration 2, in
which the position of the CSL is assumed to depend on
relative density. This is line with the fact that Calibra-
tion 1 results in significantly higher dilative strains than
Calibration 2, as discussed in the previous sections. Fig-
ure 24(b) shows that the load predicted at a horizontal
displacement equal to 10%D with Calibration 1 is 13%
higher than the one predicted with Calibration 2; this
difference increases with increasing displacements to
18% at displacements of 20%D. It is clear that the as-
sumptions made in relation to the critical state line have
a significant impact on the predicted monopile response,
even if varying the CSL position is somewhat compen-
sated by using different values of k and /. Moreover, alt-
hough not presented herein, there are also differences in
the soil-reaction curves extracted from these analyses.
This would in turn impact monopile designs across the
OWEF, as it would affect the relationships adopted in the
1D beam-spring models in the application of the PISA
design methodology. It is noted that these findings are
not limited to the state parameter-dependent constitutive
model chosen in this work but would apply to any state
parameter-based model based on the critical state frame-
work.

Comparison of the results from the state parameter-
dependent model with those from the strain-softening
Mohr-Coulomb model in Figure 24(b) shows that the
predictions of the latter are closer to the predictions of
the state parameter-dependent model for Calibration 2.
Again, this is in line with the single element simulations
presented previously and the fact that Calibration 2
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aimed to reproduce the volumetric response measured in
the CID tests, on which the Mohr-Coulomb model cali-
bration was based. The difference between these two
analyses are in the order of 5% and 10% at displace-
ments of 10%D and 20%D, respectively. However, it is
important to note that for this monopile location, at the
depths relevant to the monopile analyses (i.e. depths less
than 40m) the density at which the two sand deposits are
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encountered is practically constant, with the only excep-
tion of the top 2m (in which the soil resistance is low,
due to the small effective stresses). As such, it is likely
that in a location with varying sand density, larger dif-
ferences would exist between the strain-softening Mohr-
Coulomb and the state parameter-dependent model for
Calibration 2, as the former is not as versatile as the lat-
ter in capturing the effects of both varying density and
stress state.
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Figure 24. Load displacement curves at design seabed level a) initial response b) overall response

2.4 Study on parameters of Mohr-Coulomb
model

In addition to the analyses presented above, a study was
carried out regarding the choice of parameters for the
Mohr-Coulomb model. In this study the angle of shear-
ing resistance was assumed to be constant and the angle
of dilation was assumed to either i) vary as shown in
Figure 14, ii) be constant and equal to the peak value
shown in Figure 14, or iii) be constant and equal to zero.
The analyses were repeated for two constant angles of
shearing resistance, as follows a) @ pea, and b) @ '¢;. The
results of these analyses are presented in Figure 25(a)
and Figure 25(b) for ¢ " = ¢ pear, and ¢ = ¢, respec-
tively. These figures show that there are large differ-
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ences in the predictions depending on the assumed dila-
tion. Differences of up to 20% at displacements of
10%D and 40% at 20%D are shown in Figure 25(a) for
constant values of dilation equal to zero and peak values.
Smaller differences can be seen in Figure 25(b). As ex-
pected, the predictions of the analysis with varying dila-
tion plot in between the two analyses with constant dila-
tion in Figures 25(a) and 25(b). However, the analysis
with varying dilation either overpredicts in Figure 25(a)
or underpredicts in Figure 25(b) significantly the mono-
pile response as compared to the predictions of the
strain-softening model from Figure 24, which proves
that it is not possible to make an a priori decision as to
which approach is conservative and demonstrates the
necessity of simulating the variations in both the angle

of shearing resistance and dilation.
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Figure 25. Load displacement curves at design seabed level for Mohr-Coulomb model a) ¢ = ¢ ‘peak b) 9" = @ ¢
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3 MODELLING STIFF CLAYS

Stiff clay deposits are commonly encountered at both
onshore and offshore sites. At Northern European off-
shore sites stiff clays are often found in the form of ab-
lation tills deposited during glacial periods, as well as
clay formations deposited in a variety of other deposi-
tional environments, e.g., glaciomarine/marine,
lacustrine, estuarine/intertidal, etc. This can result in
materials with significantly different characteristics and,
as OWF sites generally cover large areas, it is not
unusual to encounter a variety of clay formations at any
one site. In addition, there can be significant variability
within each formation/deposit itself.

When modelling stiff clay deposits, it is important to
establish the key facets of their behaviour and assess the
potential variability of a given clay layer across the site.
In many instances the clay’s plasticity is a key index
property as it has a significant impact on the shearing
response of stiff clays.

The work presented herein examines some of the key
differences of stiff clays with low and high plasticity and
discusses ways in which important facets of their re-
sponse can be modelled using appropriate constitutive
models. Furthermore, it demonstrates the derivation of
model parameters on the basis of high-quality in-situ
and laboratory investigations from offshore wind farm
sites.

3.1 Stiff clays with low plasticity

Glacial tills are most commonly found to be low plastic-
ity stiff clay deposits which exhibit significant dilation
and a ductile stress-strain response reaching critical state
conditions, when sheared undrained in compression.
Constitutive models based on the critical state frame-
work, such as the Modified Cam Clay model (MCC)
proposed by Roscoe and Burland (1968) are therefore an
obvious choice to capture the behaviour of such materi-
als.

Glacial tills are commonly encountered at OWF sites
across Northern Europe and one example of such a ma-
terial is the Cowden till, which was studied in the PISA
research project. In the PISA work, the behaviour of the
Cowden till was simulated with an enhanced version of
the MCC model, as described by Zdravkovic et al.
(2020b). This model featured i) a non-linear Hvorslev
surface on the dry side (Tsiampousi et al., 2013), ii) a
generalised shape for the yield and plastic potential sur-
faces in the deviatoric plane (Van Eekelen, 1980) and
iii) a strain dependent non-linear shear response pre-
yield, described by the IC.G3S model (Taborda et al.,
2016). Figure 26 shows the yield surface of the model in
p'-J plane (where J is the generalised deviatoric stress)
and Table 6 summarises the model parameters. The
equations and further details of the model are provided
by Zdravkovic et al. (2020b).
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Figure 26. Yield surface in the p” —J plane of the enhanced
modified Cam Clay model adopted in the PISA work (from
Zdravkovic et al. 2020b)

The same enhanced version of the MCC model has
been used by the authors to reproduce successfully the
response of low plasticity clays at element level and has
been adopted in 3D FE analyses carried out as part of
the design process for a number of OWFs across North-
ern Europe (Grammatikopoulou et al., 2017, 2020;
Schroeder et al., 2020).

The Bolders Bank Formation (BDK) is an example of
such a low plasticity clay. It is an ablation till, deposited
during the Weichselian glacial period, and its response
is similar to Cowden Till. For the OWF site discussed
by Schroeder et al. (2020), the experimental data
indicated that the BDK should be split into upper and
lower sections, BDK(U) and BDK(L), with the latter
being generally stiffer and stronger. The parameter der-
ivation and calibration of the enhanced MCC model for
these materials, on the basis of advanced laboratory test-
ing on samples from across the wind farm area, is out-
lined in the following paragraphs.

In the first instance the MCC parameters 4, x and v;
were derived from available oedometer tests. As an
example, Figure 27 presents typical oedometer test data
re-plotted in v-In(p") space for a) a Constant-Rate-of-
Strain (CRS) test and b) an Incremental Loading test. In
the MCC model the isotropic compression and swelling
lines are assumed to be straight, described by the slopes
A and x respectively. Figure 27 shows that, at high
stresses (corresponding to normally consolidated states)
it is appropriate to approximate the isotropic
compression line as a straight line defined by a constant
value of 4. However, unlike the isotropic compression
line, the swelling line is generally curved, as shown in
Figure 27(a). Therefore, some judgement is required
when choosing a constant value of x to reasonably
represent the swelling line obtained from oedometer
tests. It is worth noting that the curved nature of the
swelling line is not always captured well in incremental
loading tests, particularly if relatively large initial
unloading steps are used (see Figure 27(b)).
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Table 6. Summary of parameters of enhanced Modified Cam Clay model adopted in PISA study (see Zdravkovic et al., 2020b)

1200

Parameter Description
Vi Specific volume of isotropic compression line at p “= kPa
A Slope of isotropic compression line in v -Inp “ space
K Slope of swelling line in v -Inp " space
X,Yand Z Parameters defining the critical state strength and the shape of the yield surface in the deviatoric plane
aand m Paremeters defining the shape of the non-linear Hvorslev yield surface
pand m Paremeters defining the plastic potential associacted with the non-linear Hvorslev yield surface
Go, P ref Parameters defining the elastic shear modulus at small strains
a, b and Re min Parameters defining the degradation of the elastic shear modulus
175 | I I I appropriate critical state angle (¢ ¢, 7xc). However, for
| —v1, X -isotropic compression S . .
| _ line the limited number of available extension tests, the
YT T =~ rellingine | ultimate stress states are lower than the peak stress states
‘ in most tests. This is thought to be due to the non-
155 . .. . e e
I uniform stress conditions induced by “necking” failures
E s which often occur in this type of test. It is therefore
3 considered appropriate to ignore the ulimate stress states
a5 { et LI HENNEEED. ‘SRR and choose an appropriate critical state angle in
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The required critical state angle of shearing resistance 5% /
and its variation with Lode’s angle  can be established £ —BDK(U)
on the basis of undrained triaxial compression CAUc 3 0 —BOK(L)
. . s
and extensions CAUe tests. Figure 28(a) shows the peak 2
and ultimate stress states obtained at the end of the tests @ 200
on samples of BDK(U) and BDK(L), together with -30 -20 -10 0 10 20 30

envelopes corresponding to the chosen angles of
shearing resistance in triaxial compression (TXC) and
extension (TXE). In compression the tests have a ductile
response with ultimate and peak stress-states being
identical (hence the absence of peak stress-states in the
figure). The ultimate states of the tests show a well
defined critical state line facilitating the choice of an
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Lode's angle [6]
(b)
Figure 28. Derivation of critical state parameters for BDK(U)
and BDK(L) a) CAU tests and assumed ¢’ in triaxial
compression and extension b) Assumed variation of ¢ ¢
with the Lode’s angle, 0 (from Schroeder et al., 2020)
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The envelopes shown in Figure 28(a) correspond to
(] ’cs,TXC =27°and (] ’cs,TXE =32°for BDK(U) and (1] ’Cs, XC
=30°and ¢ o 7xe = 35° for BDK(L). Hence, in both units
the strength in triaxial compression is lower than the
strength in triaxial extension; an important aspect of
their behaviour that should be modelled. As no
information was available regarding the strength of the
material for values of Lode’s angle, 8, other than
6 =-30° (TXC) and 8 = 30° (TXE), the shape of the yield
surface in the deviatoric plane for BDK(U) was assumed
to be the same as that adopted for Cowden Till in the
PISA project (Zdravkovic et al., 2020b), noting that both
materials have the same strength in triaxial compression
and extension. This results in the variation of the critical
state angle of shearing resistance with 6 shown in
Figure 28(b). As shown in this figure, for BDK(L) a
similar shape was adopted, which ensured that the
strength in triaxial compression and extension matched
the values of ¢ csrxc =30° and ¢ s 7xe = 35° determined
from the relevant triaxial tests. The plastic potential for
both units was assumed to have the same shape as the
yield surface in the deviatoric plane.

Examination of the triaxial compression and
extension stress paths suggested that the use of a non-
linear Hvorslev type yield surface on the dry side would
be appropriate. Comparison of single element
simulations with test data on both BDK(U) and BDK(L)
samples confirmed that the shape of the Hvorslev
surface for these materials is similar to that adopted for
the Cowden Till in the PISA work. The plastic potential
associated with the Hvorslev surface was assumed to be
linear, as for the Cowden Till (i.e. m = 1.0 was adopted,
after Zdravkovic et al. (2020b)). The amount of dilation
relating to the Hvorlsev surface, which is governed by
the parameter f, was also derived on the basis of single
element simulations of the undrained triaxial tests.

The variation of the pre-yield shear stiffness with
strain was derived on the basis of advanced triaxial tests
with local instrumentation which allowed the
measurement of stifness from very small strains.
Figure 29 presents the variation of the normalised secant
undrained Young’s modulus, E,, with shear strain
invariant, & (& = E4/+/3), obtained from undrained
triaxial compression tests on BDK(U) (it is noted that &
is equal to axial strain in undrained triaxial tests). The
triaxial tests also included the measurement of the Gy,
Gy and Gy, stiffness at very small strains, using multi-
axis bender elements. However, the results of these tests
were very variable (i.e. the normalised E, values varied
between about 500 and 7000) and hence are not
presented in Figure 29. The bender element tests, as
well as the stress paths measured in the triaxial tests
indicated some limited stiffness anisotropy. However, as
the available tests were not sufficient to fully define the
stiffness anisotropy of the material, it was considered
appropriate to assume isotropic stiffness in modelling
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the BDK materials (hence E, = 3G in Figure 29).
Figure 29 also shows the idealised stiffness curve
derived for BDK(U) on the basis of the available data.
The idealised shear stiffness curve for BDK(L) was
derived in a similar manner.

5000 ——————— =

= Lab data
4000

—FE idealisation

——— e ]

Euv sec /o’

2000 —————————

11 S S

0.1 1

001
£ [%]
Figure 29. Stiffness-strain curve on the basis of CAU tests and

idealised response for BDK(U) (from Schroeder et al.,
2020)

It is noted that it is important to compare the stiffness
reponse determined by laboratory tests (e.g. local
instrumentation in triaxial tests, bender elements and
resonant column tests) with that indicated by field
measurements, such as seismic cone tests (SCPTs),
cross-hole and down-hole geophysical testing, P-S
logging tests etc.

The applicability of the adopted parameters to
reproduce the response of the BDK(U) and BDK(L)
materials at the OWF site was examined in single
element FE simulations of individual triaxial tests.
While all the parameters discussed above remained
unchaged for all single element simulations, the initial
Koy values in the simulations were chosen to match the
stress conditions of each sample at the beginning of
undrained shearing, and the yield stress ratio, YSR, was
chosen to replicate the undrained shear strength, S,
measured in each test. As an example, Figure 30
compares the results of a typical CAUc test on BDK(U)
with the predictions of the single element FE simulation
of this test, in terms of stress-strain, effective stress path,
pore water pressure-strain and stiffness-strain response.
This shows that the enhanced MCC model, with the
parameters derived in the manner set out above,
reproduces well the ductile stress-strain response of the
clay during shearing, as well as the dilative excess pore
water pressure response. The effective stress path is also
well-captured owing to the Hvorslev type surface
adopted in the model on the dry side. Finally, the com-
bination of the MCC model with the non-linear IC.G3S
model result in an excellent reproduction of the stiff-
ness-strain curve measured in the test.
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Whilst the parameter derivation and calibration of the
enhanced MCC model was carried out on the basis of
site wide testing, the application of the model in 3D FE
analysis of individual monopile foundations needs to be
undertaken on the basis of CPTu profiles which are usu-
ally available for all WTG locations (similar to the work
on sands presented in the previous section). In particu-
lar, the location specific 3D monopile analyses have to
reproduce appropriate undrained strength profiles.

As an example, Figure 31(a) shows the undrained
strength profiles for a particular WTG location,
calculated from the location specific CPT test, using Ny
values of 15 and 20. These Ny values were ‘site-
calibrated’, on the basis of laboratory tests from across
the OWF site, to give upper and lower bounds of
undrained strength.

In addition to the Bolders Bank Formation, Figure 31
shows that two more formations were encountered at
this location: the Egmond Ground Formation (EG),
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which is a dense marine sand and the Sand Hole
Formation (SH), which, at this site, comprises stiff clays
of low plasticity. The constitutive model choices, as well
as the derivation and calibration of the model parameters
for these materials followed similar principles to those
set out in this paper. For brevity these are not discussed
here.

In the MCC model, it is possible to calculate the un-
drained strength predicted by the model, on the basis of
the input parameters of the model, the initial stresses
(calculated in this case on the basis of the assumed sub-
merged unit weight and Kyp) and YSR (Potts and
Zdravkovic, 1999). As such, a YSR profile with depth
was chosen for this monopile location, shown in Fig-
ure 31(b), which, in combination with the MCC model
parameters and the initial stress distribution, resulted in
the undrained strength profile predicted by the model in
triaxial compression, shown in Figure 31(a) and denoted
as Su,txc Mco).
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Figure 30. Comparison of experimental and simulated response for a CAUc test on BDK(U) (from Schroeder et al., 2020)
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Figure 32. a) Undrained strength profile b) Assumed YSR profile adopted in FE analysis with scour
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It is noted that the undrained strength profile pre-
dicted by the model in triaxial extension (also shown in
Figure 31(a)), or any other value of the Lode’s angle, 6,
will be different to the triaxial compression strength pro-
file as it depends on the shape of the yield and plastic
potential surfaces assumed in the deviatoric plane. This
represents a challenge when applying the MCC model
(and isotropic variants of the model) in 3D FE analysis.
Whilst in plane strain analyses it is possible to determine
the Lode’s angle, 0 at failure, predicted by the MCC
model (on the basis of the yield and plastic potential de-
viatoric shapes, Potts and Gens (1984)) and hence the
corresponding undrained strength mobilised in the FE
analysis of the boundary value problem (Grammatiko-
poulou et al., 2007), this is not possible in 3D FE anal-
yses. Hence, it is of paramount importance that the
shapes selected for the yield and plastic potential sur-
faces in the deviatoric plane produce a realistic variation
of the clay’s strength with the Lode’s angle, . In order
to do so it is necessary to have appropriate laboratory
tests from which these variations can be derived, which
represents a challenge on its own.

Using the critical state framework, it is possible to
include effects of any anticipated global scour at a
particular WTG location in a consistent manner,
recognising that the undrained strength calculated on the
basis of the CPTu data (Figure 31(a)) refers to an
unscoured seabed. For the specific WTG location
considered herein 1.3m of global scour, i.e. an overall
lowering the level of the original seabed, was to be
incorporated in the design. Consistent with the MCC
model, this leads to changes in the undrained shear
strength profile compared to that obtained from the
unscoured CPT, as a result of changes to the YSR. The
YSR following the assessed scour can be calculated by
changing the initial vertical stress, as a result of global
scour, and maintaining unchanged vertical yield stresses
(see Figure 32(b)). The revised YSR profile (denoted as
‘FE-scour’) can then be used to calculate a new
undrained strength profile consistent with the assessed
scour.

3.2 Stiff clays with high plasticity

As previously discussed, variations in the plasticity of
stiff clays can affect significantly their response to
shearing. It is therefore important to carefully character-
ise any stiff clay formation encountered focussing on
their index properties and any recognisable spatial vari-
ations.

As an example, Figure 33 presents profiles of index
properties with depth and the corresponding plasticity
chart for a given clay formation, encountered at a North
Sea OWF site (Grammatikopoulou et al., 2020). All the
data presented in Figure 33 are for the same clay for-
mation, which was identified as consisting of channel
infill materials, deposited in lacustrine to shallow ma-
rine sub-glacial conditions.
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Figure 33. a) Profiles of index properties and b)
Plasticity chart for Channel infill material

The graphs in Figure 33 indicate considerable varia-
bility of the plasticity of this clay formation, even within
the same borehole. For example, in BHO6 the plasticity
index (PI) varies from about 20% to just over 55%. As
expected, the response of this clay in undrained triaxial
was found to be variable. In some cases, the material
showed a ductile strain-stress response akin to a low
plasticity stiff clay, i.e. similar to the one shown in Fig-
ure 30. In other cases, the material exhibited a brittle
stress-strain response akin to a stiff overconsolidated
plastic clay, i.e. when sheared it showed a peak strength
which was followed by a drop to a “post-rupture”
strength. Figure 34 shows an example of such a response
for a sample from this site, whilst Figure 35 shows an
example of the response of a sample from the same for-
mation from a neighbouring site.
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Figure 34. Comparison of experimental and simulated response for a CAUc test on stiff plastic clay — Channel infill material

(from Grammatikopoulou et al., 2020)

In the first instance, the modeller therefore has to de-
cide how to account for such variability and make ap-
propriate choices as to whether to treat the material as
low plasticity or high plasticity clays. Ideally, sufficient
information would be gathered to split the formation
into high and low plasticity material and then adopt dif-
ferent modelling strategies for each sub-unit. However,
in the case of OWFs, it is uncommon to have boreholes,
and consequently samples, for each WTG location;
hence decisions have to be made on the basis of CPTu
data only. Although CPT correlations and classification
charts exist, it is not always clear from this type of test
whether stiff clays are of low plasticity, and hence ex-
hibit a response akin to that shown in Figure 30, or of
high plasticity, and hence exhibit a response akin to that
shown in Figures 34 and 35. As such, it is important that
a sufficiently large number of laboratory tests are carried
out to characterise each formation and that the measured
response is examined carefully by the modeller before
choosing the type of constitutive model to best represent
the behaviour of the clay deposits encountered. If the
variability of the material is found to be significant, then
a conservative approach would need to be adopted.

Still, the modelling of stiff plastic overconsolidated
clays poses significant challenges, as, contrary to low
plasticity clays, they do not dilate to a unique critical
state and hence exhibit non-critical state ultimate condi-
tions. As such, it may not be appropriate to use the MCC
model, in the form used for the low plasticity clays, as it
would predict ductile hardening and, with a reasonable
choice of YSR, would result in an overestimation of the
strength of these clays. In addition, the MCC model can-
not capture the brittle response of this type of clays.

One option would be to use a simple Mohr-Coulomb
type model, in which ¢'= 0 and ¢’ equal to the undrained
strength are assumed, i.e. like a Tresca model, but com-
bined with a non-linear elastic model. Figures 34 and 35
show the results of a single element FE simulation using
this type of model, in which ¢’ equal to the post-peak
undrained strength was adopted. As expected, the model
cannot capture the brittle strain-softening response of
the material, but with this choice of undrained strength,
the simulations provide a conservative representation of
the stress-strain response. However, the measured stress
path and pore pressure response cannot be reproduced
accurately. As for the low plasticity clays the addition of
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the non-linear elastic model enables a good representa-
tion of the stiffness decay during the early stages of
shearing.
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Figure 35. Comparison of experimental and simulated re-
sponse for a CAUCc test on stiff plastic clay — Channel infill
material from neighbouring site (from

Grammatikopoulou et al., 2017)

The modelling of stiff plastic clays in relation to the
response of monopiles to lateral loading has also been
investigated in the recent PISA2 research project and
some findings from this study are reported by
Zdravkovic et al. (2021). PISA?2 studied the response of
London Clay, a stiff marine sedimentary overconsoli-
dated clay, with PI = 35-50%. As Zdravkovic et al.
(2021) note, the two main differences in the mechanical
response of London Clay and the low plasticity Cowden
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Till are i) the brittle response of London Clay during
shearing and ii) its markedly anisotropic shear stiffness
with G, > Gy (Gasparre et al., 2007).

Zdravkovic et al. (2021) studied the effect of the brit-
tleness in strength on the undrained response of laterally
loaded monopiles in London Clay and found that this
has a negligible effect, with only marginal differences
(between softening and non-softening analyses) at inter-
mediate horizontal displacement levels.

As such, Zdravkovic et al. (2021) investigated the use
of the same modelling framework as for the low plastic-
ity clays, but, in this case, the hardening on the dry side
of critical, obtained with the MCC model, was sup-
pressed. This was achieved by using a modified plastic
potential, which does not allow plastic volumetric
straining, once the Hvorslev yield surface is invoked.

In addition, the model was further extended to include
the modelling of the anisotropic non-linear pre-yield
stiffness of London Clay.

The stiffness of natural London Clay from London’s
Heathrow Terminal 5 has been studied using a combina-
tion of advanced triaxial, hollow cylinder apparatus
(HCA), bender element and resonant column tests (Gas-
parre et al., 2007). The study showed that cross anisot-
ropy can be assumed to describe the stiffness of this ma-
terial at very small strains. Figure 36 shows the stiffness
properties derived by the study; this shows that at very
small strains there is a factor of approximately 2 be-
tween Gy, and Gyp.

The evolution of stiffness anisotropy with strain of
four UK stiff sedimentary clays, including London Clay,
was studied by Brosse et al. (2017) using the results of
advanced triaxial, HCA, bender element and resonant
column tests. Figure 37 presents the E,., E,» and G,
decay curves calculated on the basis of the results of
HCA tests, by assuming cross anisotropy, for five orien-
tations, oy, of the major principal stress axis (in relation
to the vertical). This shows that the ratio of secant
Young’s moduli E,/E,,, and hence the degree of ani-
sotropy, changes with both strain and a.

As discussed by Zdravkovic et al. (2021), the stiffness
anisotropy of London Clay is reflected in the stress paths
of triaxial tests, which are inclined to the left, as shown
in Figure 38 (in which the laboratory test data are de-
noted as T-5, T-11 and T-17). If isotropic elasticity ap-
plied, then the stress path would have been vertical, in
the g-p~ stress space. Figure 38 also shows the predic-
tions of Zdravkovic et al. (2021) using the modified
MCC model described above, when assuming a stiffness
anisotropy which i) remains constant with strain (T-5 A,
T-11 A and T-17 A) and ii) reduces with strain (T-5 Av,
T-11 Av and T-17 Av). It can be seen that the latter cap-
tures well the measured stress paths of the triaxial com-
pression tests.
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Figure 36. Stiffness parameters of London Clay at small strains (from Gasparre et al., 2007)
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A challenge in applying the above in practice (as also
discussed by Zdravkovic et al. (2021)) is the difficulty
in establishing the full extent of stiffness anisotropy of a
given material, on the basis of, even advanced, commer-
cial ground investigations. For example, although it is
possible to measure E,, and its degradation with strain
in triaxial tests and G, Gw and Gu with bender
elements, and possibly in-situ seismic tests, it is very
difficult to establish the variation of these parameters
with increasing strain levels, as this requires carefully
conducted HCA testing, which is rarely included in
commercial investigations.

Moreover, an additional challenge with offshore clay
formations, like the channel infill materials shown in
Figures 34 and 35, is associated with their variable dep-
ositional environments and complex geological histo-
ries. As such, unlike stiff sedimentary clays, which may
have a relatively well-known depositional and geologi-
cal history, the stiffness anisotropy of offshore clays
may be variable and may not be as well described by
Cross-anisotropy.

4 SUMMARY AND CONCLUSIONS

This paper presents an overview of the authors’ experi-
ence in the application of constitutive models to simu-
late the response of soils that are commonly encountered
in offshore wind farm sites.

The work presented emphasises the need to: i) char-
acterise accurately the soil formations encountered, on
the basis of detailed interpretations of high-quality
ground investigations (comprising in-situ and advanced
laboratory tests), ii) choose appropriate sophisticated
constitutive models which can describe the key facets of
the soils’ response, iii) calibrate the models, on the basis
of the high quality ground investigation information
from across the wind farms, to accurately replicate the
measured soil response at an element level and iv) apply
the models in 3D FE analyses of monopile foundations,
on the basis of location specific information.

The paper highlights the difficulties faced when ap-
plying the above in sand and clay formations, which is
particularly challenging for offshore wind farm sites,
due to the greater variability of the materials encoun-
tered as compared to, normally smaller, onshore sites.

Although the paper discusses the application of the
constitutive models in the analysis of monopile
foundations, the findings presented in relation to the cal-
ibration of the constitutive models and their ability to
simulate the soils’ response at an element level are not
limited to this geotechnical problem.

4.1 Modelling sands

The first part of the paper examines the application of
two elasto-plastic constitutive models in simulating the
response of sands of varying density, i.e.:
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i) a state parameter-dependent constitutive model
based on the Mohr-Coulomb failure criterion (Taborda
et al., 2018)

ii) a strain softening Mohr Coulomb model developed
by Potts et al. (1990), and previously used by the authors
in the design of monopile foundations.

Both models are combined with the non-linear elastic
model IC.G3S (Taborda et al., 2016).

The paper presents the calibration of the two models
to high-quality in-situ and laboratory test data for two
sand formations encountered at a sand dominated off-
shore wind farm site and their application in the 3D FE
analysis of an example monopile foundation, on the ba-
sis of CPT correlations at the corresponding WTG loca-
tion.

The calibration of the state parameter-dependent
model demonstrates the difficulties in establishing a
unique position of the CSL, on the basis of laboratory
test data. Consequently, the paper investigates two cali-
brations of the model: Calibration 1, which adopts a
unique position of the CSL, on the basis of testing rela-
tively loose samples, and Calibration 2, which adopts a
CSL whose position depends on relative density. The
following comments can be made:

e Calibration 1 is consistent with the theoretical
framework of critical state soil mechanics but re-
sults in an overestimation of the dilative strains
measured in CID tests conducted at medium to
high densities.

e (Calibration 2 does not agree strictly with the criti-
cal state framework but is a practical way of repro-
ducing the dilative response measured in CID tests
of dense and very dense samples, whilst acknowl-
edging the limitations of these tests in relation to
strain localisation and shear banding.

e Both calibrations reproduce well the measured
peak and post-peak stress-strain response of the
two sand formations encountered at the OWF.

e Comparisons of single element FE simulations
with laboratory results of CID tests, at a variety of
stress states and densities, show that both calibra-
tions of the state parameter dependent model can
reproduce well the dependence of the sands’ re-
sponse on stress state and density.

The calibration of the strain-softening Mohr-Cou-
lomb model shows that:

e By allowing the angles of shearing resistance and
dilation to vary with strain it is possible to capture
the peak and post-peak stress-strain and dilative re-
sponse measured in relevant triaxial tests. How-
ever, the input parameters need to be varied on the
basis of density and stress levels. This is in contrast
to the state parameter-dependent model, in which
a single set of parameters can be used.

e Comparisons of single element FE simulations
with CID laboratory test results for a variety of
stress states and densities, highlights that although
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the model generally predicts well the measured re-
sponse, it does not capture the peak and volumetric
response of some samples with the chosen model
parameters. In general, the model is not as versatile
as the state parameter-dependent model and, even
if different input parameters are adopted, it is not
straightforward to capture the subtleties of the
sands’ dependence on both stress state and density.

Comparisons of the measured and simulated stiff-
ness-strain response for the advanced triaxial tests that
were equipped with local instrumentation show that:

e The non-linear elastic model IC.G3S captures very
well the dependence of both sands’ stiffness on
density, stress-state and strain level.

Comparisons of the models’ predictions in the 3D FE
analysis of an example monopile foundation, subjected
to lateral loading, show the following:

e The two calibrations of the state parameter-de-
pendent model and the strain-softening Mohr-Cou-
lomb model predict practically the same initial
monopile response. This is not surprising as all
three analyses use the same non-linear elastic
model.

e There is a substantial difference in the overall pre-
dicted monopile response, with the state parame-
ter-dependent model Calibration 1 resulting in a
significantly higher lateral load carrying capacity
than Calibration 2. This would also affect any soil-
reaction curves extracted from the analyses and
highlights the significance of the assumptions in
relation to the critical state line.

e The predictions of the strain-softening Mohr-Cou-
lomb model are closer to the predictions of Cali-
bration 2 of the state parameter-dependent model.
This is in line with the fact that Calibration 2 aimed
to reproduce the volumetric response measured in
the CID tests, on which the Mohr-Coulomb model
calibration was based.

e However, it is noted that in the chosen example
monopile location, the sands’ densities are practi-
cally constant at the depths relevant to the mono-
pile analysis. As such, larger differences in pre-
dicted monopile response and lateral capacity
between the two elasto-plastic models is likely to
apply to locations with varying sand density.

In addition to the above, the paper presented a study
on the choice of parameters for the Mohr-Coulomb
model highlighting the significance of both the assumed
angle of shearing resistance and the angle of dilation.

4.2  Modelling stiff clays

The second part of the paper presents the modelling of
stiff clays. The paper emphasises the need to establish
the variability of any clay formations, with particular fo-
cus on plasticity, as it affects significantly the clays’
shear response. This is particularly relevant for offshore
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wind farm sites, as varying depositional environments
and complex geological histories, in combination with
the sizes of the sites, can result in a variety of clay for-
mations and significant variability within each clay for-
mation.

The following comments can be made:

e Individual clay formations, such as the channel in-
fill materials form a North Sea OWF, can show
large variations in plasticity index. This can result
in a variable response to undrained shearing rang-
ing from brittle for high plasticity materials to duc-
tile for low plasticity materials.

e As itis not always clear from CPT data (often the
only piece of information available for each WTG
location) whether the stiff clays encountered are of
low or of high plasticity, it is important that the
available laboratory tests are carefully reviewed
before choosing what type of constitutive model is
used to best represent the clay deposits encoun-
tered. If the variability of the material is found to
be significant, then a conservative approach would
need to be adopted.

e The enhanced Modified Cam Clay model, used in
the PISA project to simulate the response of
Cowden Till, has been shown to reproduce well the
ductile response, measured in undrained shearing,
of low plasticity glacial till deposits, encountered
in Northern European offshore wind farms.

e For low plasticity clays, the paper demonstrates
how the enhanced MCC model can be applied to a
specific monopile location by adjusting the as-
sumed yield stress ratio profile to match the un-
drained strength obtained on the basis of CPT cor-
relations.

e Stiff plastic clays are more difficult to model as
they exhibit non-critical state conditions often as-
sociated with post-peak brittleness. While simple
models of the Tresca type can be combined with
non-linear elastic models to capture some of the
critical aspects of behaviour, they have obvious
limitations and require careful choices of appropri-
ate model parameters.

e Another feature of many clays that influences the
behaviour of laterally loaded monopiles, is stiff-
ness anisotropy, as demonstrated by Zdravkovic et
al. (2021), who used the same modelling frame-
work as in the PISA project but with further modi-
fications to simulate the response of London Clay,
i.e. a stiff sedimentary plastic clay with marked
cross-anisotropic stiffness.

e However, there are significant challenges of in-
cluding stiffness anisotropy in modelling the re-
sponse of stiff clay formations when analysing lat-
erally loaded monopiles for a specific offshore
wind farm. This is because 1) it is difficult to assess
the full extent of stiffness anisotropy on the basis
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of, even advanced, commercial tests, and i1) the of-
ten complex depositional environments and geo-
logical history, may lead to significant variations
in stiffness anisotropy and/or the inability to de-
scribe them with cross-anisotropy.

4.3  Final remarks

This paper demonstrates the need for the constitutive
modeller to i) have a deep understanding of soil charac-
terisation and interpretation of soil testing (laboratory
and in-situ) and ii) be fully conversant with the consti-
tutive models employed and their implementation in the
particular FE software they are using. This is critical to
enable a sound understanding of the advantages and lim-
itations of any particular chosen model, as well as the
impact of individual model parameters on the resulting
model behaviour.

Even so, the derivation of model parameters and as-
sociated model calibration on the basis of laboratory and
in-situ test data, can often be challenging owing to limi-
tations in the available data, even in sophisticated high-
quality investigations, and inherent variability of the
materials encountered, especially in the case of offshore
wind farms which tend to cover large areas. In addition,
it has to be appreciated that not all stress states, stress
paths, etc. encountered in the FE analyses of a given
boundary value problem, especially when employing
3D analyses, will be covered by available laboratory test
data. As such it is of paramount importance that contin-
uous comparisons between FE predictions and field
measurements of geotechnical problems and/or field
tests are undertaken in order to check the suitability of
the numerical models and the appropriateness of the
modelling assumptions.
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APPENDIX A: SIMULATIONS - STATE PARAMETER-DEPENDENT MODEL
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APPENDIX B: SIMULATIONS — STRAIN-SOFTENING MOHR-COULOMB MODEL
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Figure Bl: Comparison of experimental and simulated response for Sand A
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Figure B2: Comparison of experimental and simulated response for Sand B and D,. = 40-80%
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Figure B3: Comparison of experimental and simulated response for Sand B and D,. = 90%
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APPENDIX C: SIMULATIONS — STIFFNESS-STRAIN RESPONSE
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Figure C1: Comparison of experimental and simulated stiffness-strain response for a) Sand A b) Sand B
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