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ABSTRACT: The strive to meet renewable energy targets has revealed new challenges in structural
health monitoring procedures for offshore wind turbine foundations. The lack of available data on the
realtime performance of monopile foundations in offshore environments has raised questions about the
serviceability of monopiles after many years of operation. This requires novel approaches to ensure
substructure deflections remain within serviceability limits to provide a safe and serviceable product.
Dynamic models need to encapsulate damping appropriately, and one of the major contributors to a
monopile’s energy dissipation is due to the nonlinearity in the pile-soil interaction. This is particularly
important during intense storm events where large amplitude motion will generate hysteretic behaviour
in the soil. This paper details the development of a dynamic Winkler model that re-purposes monotonic
CPT-based p-y functions by defining discrete hysteretic stress paths using Modified Masing’s rules. The
geotechnical uncertainty is investigated by generating stochastic CPT ground profiles that vary the
spatial variability of the end resistance. Results demonstrate that the variability in the synthetic CPT
data has a negligible effect on the performance of the nonlinear dynamic model, suggesting the
influence of CPT variation in models encapsulating hysteretic damping may not be captured.

1. INTRODUCTION

The offshore wind industry has undergone signif-
icant changes in recent years, with growth driven
by technological advancements and an increasing
focus on renewable energy sources. In particular,
monopiles have played a crucial role in the develop-
ment of the industry, providing a reliable and cost-
effective foundation solution and supporting 81%
of Offshore Wind Turbines (OWTs) (Wind Europe,
2021). Monopiles are large tubular steel structures
known for their simplicity and cost-effectiveness in

design, making them an ideal solution to support
new turbines and keep up with renewable energy
demands. However, permissible nearshore sites are
beginning to reach capacity, therefore wind harvest-
ing infrastructure is being developed further off-
shore which has less certain geotechnical properties
and more severe wind and wave loads.

OWTs supported by monopiles are dynamically
sensitive structures and have strict design criteria
for the natural frequency (Prendergast et al., 2018;
Arany et al., 2017). The turbine’s blade-passing
(3P) and rotor (1P) frequencies impose excitation
bands that must be avoided to prevent resonance
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(DNV, 2016). Typically, monopiles are designed
to have an overall system frequency between 1P
and 3P bands (known as the soft-stiff region), and
the exact design gap requirement will vary depend-
ing on the specific turbine design, operating envi-
ronment, and regulatory requirements (API, 2014;
DNV, 2016). Additionally, modern OWTs are in-
creasing in tower and blade size, with only a small
increase in weight. This leads to a natural fre-
quency shift closer towards the imposed environ-
mental loads and an increased likelihood of reso-
nance. In this light, design practices and numeri-
cal models must account for system damping ade-
quately to design against resonance and avoid con-
servative solutions. The primary contributor to en-
ergy dissipation for large amplitude cyclic load-
ing is due to the nonlinearity in soil (Andersen,
2010; Tarp-Johansen et al., 2009). The nonlinear
Dynamic Soil Structure Interaction (DSSI) can be
modelled by repurposing monotonic p-y methods to
inform discrete hysteretic stress paths in a Winkler
model. In this paper, the backbone curves deriv-
ing the discrete hystereses are informed using p-y
methods that utilise Cone Penetration Test (CPT)
data. The geotechnical uncertainty associated with
deep offshore environments is encapsulated using
stochastic methods to formulate synthesized CPT
data. The flowchart in Figure 1 demonstrates how
the model will be informed. The purpose of this
study is to qualitatively investigate the influence
of CPT spatial variability on Winkler models with
hysteretic damping.

2. GEOTECHNICAL UNCERTAINTY

There are two variants to geotechnical uncertain-
ties; (i) aleatory uncertainty, which refers to the
spatial and temporal variation inherent to the soil
in question, and (ii) epistemic uncertainty, which
refers to uncertainty in the model itself due to a
lack of knowledge or limited data (Baecher and
Christian, 2003). The former is a property of the
data, while the latter is a property of the model.
This paper will examine the effects of spatial vari-
ation in CPT data on dynamic Winkler models by
using a stochastic ground model, which is devel-
oped using the random field approach to describe
the spatial variability in soil strength (Lloret-Cabot

Figure 1: Simple flowchart demonstrating model work-
flow

et al., 2014; Griffiths et al., 2009). The parame-
ters required to define a random field are standard
deviation, the mean, and scale of fluctuation (θ ),
where θ represents the average distance over which
soil properties are significantly correlated (i.e. aver-
age depth between successive zones of high or low
strength). This is a measurable property of soil that
can be obtained either by curve fitting or an auto-
correlation function to the correlation structure of
a detrended CPT profile (Prendergast et al., 2018;
Remmers et al., 2019; Lloret-Cabot et al., 2014).
The Markov correlation function is used, and the
reader is referred to Reale et al. (2021) for more
information on the stochastic generation of the syn-
thetic CPT profiles presented in Figure 2. Figure 1
describes the flowchart for the model within this pa-
per. The synthetic CPT profiles for θ = 0.2m and
θ = 1.0m are given in Figure 2a and 2b, respec-
tively. Note that the means of the two profiles are
the same and linearly increasing.

3. DYNAMIC SOIL STRUCTURE INTERACTION

MODELLING

In DSSI, energy can be dissipated as a result of the
structure radiating energy in the form of surface
waves into the surrounding soil. Known as radia-
tion damping, this occurs during high-frequency os-
cillation and can be assumed negligible for frequen-
cies below 1Hz (Andersen, 2010). However, the
nonlinearity of soil leads to significant energy dissi-
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Figure 2: Stochastic CPT data for (a) θ =0.2m and (b)
θ =1.0m (Reale et al., 2021)

pation due to the hysteretic behaviour formed under
high-amplitude cyclic loads (Badoni and Makris,
1996; Gerolymos and Gazetas, 2006). This is
particularly important when modelling the perfor-
mance of OWTs in extreme loading conditions.
The amount of energy dissipated due to material
damping is a function of the displacement ampli-
tude rather than an intrinsic property of the soil ma-
terial, therefore time-domain analysis is necessary
to adequately capture the soil nonlinearity and en-
ergy dissipation of the system (Vucetic and Dobry,
1991; Ishihara, 1997). In this paper, the Constant
Average Newmark Beta time marching algorithm
is used due to its unconditional stability and no
presence of amplitude decay (numerical damping)
(Chopra, 2013), and the Modified Newton Raphson
equilibrium iteration scheme is used to balance the
dynamic forces at each timestep. The stress paths
of discrete p-y hystereses are informed based on the
well-established p-y design methodology for piles
(DNV, 2016; API, 2014). An illustration of the
model is shown in Figure 3.

Figure 3: Winkler model with typical hysteretic be-
haviour

The area within each hysteresis loop encapsu-
lates the anticipated material damping of the dis-
crete soil layer.

3.1. The p-y method
The p-y method is a numerical approach to analyse
the behaviour of piles subject to lateral loading by
discretising the soil stratum and encapsulating the
soil-structure interaction with a series of nonlinear
springs. Known as p-y springs, the spring response
is characterised by a nonlinear function represent-
ing the soil layer’s lateral pressure, p, as a func-
tion of the lateral displacement, y. The pile proper-
ties are modelled with vertical elastic Timoshenko
beam elements that link the horizontal springs (Fig-
ure 3). Each synthetic qc profile is averaged in
increments of 0.5m such that qc,avg informs each
p-y function with Equation 2 (Suryasentana and
Lehane, 2016).

pu = 2.4γzD
(

qc,avg

γz

)0.67( z
D

)0.75
(1)

p = pu

(
1− exp

[
−6.2

( z
D

)−1.2( y
D

)0.89
])

(2)
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where pu is the ultimate resistance, γ is the unit
weight, z is the spring depth, and D is the pile diam-
eter. The unit weight of sand is taken as 20kNm−3.
The initial shear modulus G0 is approximated with
qc using the scaling relationship proposed by Baldi
et al. (1989) as recommended in the IC-05 de-
sign method (Jardine et al., 2005), and Equation 3
is used to compute the initial stiffness of the p-y
spring (Suryasentana and Lehane, 2016). The small
strain Poisson ratio v0 is taken as 0.2.(

d p
dy

)
y=0

= Kinitial = 4G0(1+ v0) (3)

3.2. Hysteresis Model
The monotonic p-y functions for discrete spring
elements can be repurposed to inform the back-
bone curve of the hysteretic stress paths if the load
rate is sufficiently low (Ishihara, 1997). Therefore
the discrete hystereses in Figure 3 are constructed
using Modified Masing’s rules (Muravskii, 2009),
which scale and translate the monotonic p-y func-
tions from Equation 2 to replicate the unload-reload
branches expected in response to cyclic loading
(Masing, 1926; Pyke, 1979; Vucetic, 1990; Idriss
et al., 1978). The p-y hysteresis is illustrated in Fig-
ure 4 and the p-y function is modified using Equa-
tions 4 and 5.

Figure 4: Modified Masing’s rules modifying the back-
bone p-y curve

p =C f
(

y− yR,i

C

)
+ pR,i (4)

d p
dy

= KT = f ′
(

y− yR,i

C

)
(5)

The subscript R, i denotes the coordinates of the
hysteretic reversal points and KT is the tangent stiff-
ness of the hysteresis. C is defined using Equation 6
and extends the traditional Masing rules for general
asymmetrical loading (Pyke, 1979).

C =

∣∣∣∣sgn(ẏ)− pu

pR,i

∣∣∣∣ (6)

where ẏ is the velocity of the pile node connected
to the spring. The tangent stiffness of the p-y curve
described in Equation 2 is calculated as the first
derivative with respect to y and is given in equation
7.

d p
dy

=
5.518PuD0.31

y0.11z1.2 exp
[
−6.2

D0.31y0.89

z1.2

]
(7)

3.3. Monopile Configuration
The properties of the reference monopile used in
this study are given in Table 1. The loads and mo-
ments applied to the pile head are derived based on
Serviceability Limit State (SLS) design compliance
for an example wind turbine and are 1155kN and
93225kNm, respectively (Prendergast et al., 2018;
Reale et al., 2021; Arany et al., 2017). The load
and moment are arbitrarily increased by a factor of
5 to generate nonlinear behaviour in the spring ele-
ments.

Table 1: Reference monopile properties

Monopile Properties Value
Diameter, D (m) 6
Length, L (m) 30
Wall thickness, t (m) 0.045
Density, ρ (kgm−3) 7850
Young’s Mod., E (MPa) 210,000

The force time-history is idealised as a sym-
metric sinusoidal load profile to represent two-way
loading with frequency 0.5Hz. Only the pile mass is
considered in the mass matrix and Rayleigh damp-
ing is included with a damping ratio of 0.02. The
beam element length is chosen as Le = 0.5m which
corresponds with the incremental average length
used to determine qc,avg for Equation 2.
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4. RESULTS AND DISCUSSION

Figure 5 shows the last loop of the hystereses for
three different springs along the pile at depths 2m,
7m and 12m. The plotted depths are chosen arbi-
trarily to demonstrate the nonlinear soil-structure
behaviour along the pile. The area within the loops
appropriately reduces along the depth due to the
mean qc values linearly increasing with depth (Fig-
ure 2) as well as pile displacements varying with
depth. Springs deeper than z=12m demonstrate
a linear relationship and therefore exhibit no hys-
teretic behaviour and have no contribution to the
energy dissipated in the system. The average slope
of the loops also increases with depth, representa-
tive of the linearly increasing mean qc and there-
fore an increase in soil stiffness. It is shown that
the scale of fluctuation θ has a minor influence on
the loops generated. The partial difference in the
shapes is due to the backbone curves defined by
Equation 2 utilising qc,avg over intervals of 0.5m
from the synthetic CPT profiles plotted in Figure 2.
Due to the random variability local to the springs,
the ultimate soil pressure pu and initial stiffness
Kinitial also vary, which is captured using the Mas-
ing’s Rules described in Equation 4. In general, the
area encapsulated within loops for both θ values are
qualitatively similar, therefore the spatial variability
in CPT profiles has a negligible influence (or is not
captured) on the dissipative properties of the model.

Figure 6 shows the pile head displacement for the
first 10 seconds of the dynamic model simulation.
The scale of fluctuation in the synthetic CPT pro-
files has negligible influence on the pile’s displace-
ment over time. Considering that the mean end re-
sistance profile for each synthetic CPT strata in Fig-
ure 2 is the same, this is an intuitive result. The de-
gree of uncertainty in CPT profiles has an insignifi-
cant effect on modelling energy dissipation through
discrete Masing-type hystereses. The displacement
response for θ=0.2m and θ=1.0m is the same.

5. CONCLUSION

This paper offers a qualitative study on the geotech-
nical uncertainties associated with dynamic Win-
kler models using Masing-type hysteresis damp-
ing informed through CPT-based monotonic reac-
tion curves. The spatial variability is represented
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Figure 5: Hystereses for springs at depths (a) z =2m,
(b) z =7m, and (c) z =12m
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through the scale of fluctuation θ , and synthetic
CPT profiles are derived using the Markov corre-
lation function for θ =0.2m and θ =1.0m, as de-
scribed in Reale et al. (2021). The mean qc of
each profile is the same. The model encapsulates
a reference OWT monopile with loads derived for
SLS compliance and is scaled by an arbitrary fac-
tor of 5 to generate hysteretic damping behaviour in
the springs. Results show that the area of the hys-
teresis loops appropriately reduces along the pile
depth due to the mean qc increasing linearly with
depth and varying pile displacements. The hys-
teresis shapes defining the spring response have
minor variations with θ due to the random local
variations informing the CPT-based p-y backbone
curves. This affects the ultimate soil pressure and
the initial stiffness of each spring, thereby affect-
ing the average slope of the hysteresis. The area
within the loops has minor differences; however,
the net effect of the scale of fluctuation for the syn-
thetic CPT profiles is minimal on the responses of
the dynamic model, as the pile head displacement
is unaffected for simple sinusoidal loading. The
performance of correlation structures other than the
Markov function is uncertain, and will therefore be
investigated in future work.
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