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A B S T R A C T

Monopiles are the most common Offshore Wind Turbine (OWT) foundations due to their simplicity in
design, fabrication, and installation. However, large new-generation turbines have led to significant changes
in monopile dimensions, necessitating extensive finite element analyses and ground investigations to meet
design requirements. While Cone Penetration Test (CPT)-based 𝑝-𝑦 methods can analyse slender pile lateral
behaviour, they often miss additional resistance mechanisms relevant to rigid monopiles. This paper introduces
CPT-informed resistance mechanisms for monopiles to incorporate additional lateral resistances beyond 𝑝-𝑦
modelling capabilities. Distributed moment–rotation (𝑚-𝜃) springs are defined by repurposing CPT-based axial
capacity estimation methods for piles; and pile tip shear and moment springs are informed by approximating
a residual bearing stress post-installation using local CPT 𝑞𝑐 values. The performance of the multi-spring
model is appraised against data reported from monotonic pile pushover tests conducted at two sand sites.
Results show that the multi-spring model is capable of predicting pile head deflections reasonably well within
serviceability deflection limits against the reported test data, but ultimate failure loads cannot be predicted
using the proposed model. A clear sensitivity in pile response to local variations in CPT 𝑞𝑐 is demonstrated.
1. Introduction

Monopiles support 81% of Offshore Wind Turbines (OWTs) in the
North Sea due to their simplicity in design, fabrication, and installa-
tion (Wind Europe, 2021a). The UK is a global leader in offshore wind
with a current capacity of 10.5 GW (Wind Europe, 2021b), aiming to
generate 40 GW by 2030 (DECC, 2011). However, OWTs are increasing
in size due to a growing demand in renewable energy, which has made
the use of existing design methodologies uncertain (API, 2014; DNV,
2021). Larger pile diameters are required to ensure the superstructure
remains within allowable deflection tolerances, which introduces new
soil resistance mechanisms due to the semi-rigid behaviour of the
pile (Lam, 2013; Byrne et al., 2017; Zhang and Andersen, 2019).
The design of monopiles for OWTs is therefore becoming increasingly
complex, and the need for simplified design methods is becoming more
apparent.

The 𝑝-𝑦 method simplifies the soil–structure interaction to one
horizontal dimension, utilising elastic beam elements to model the pile
and nonlinear springs as soil elements to encapsulate soil behaviour.
The springs are characterised by modelling the lateral soil pressure, 𝑝,
as a nonlinear function of the lateral displacement of local pile section,
𝑦. This method is widely used in practice due to its simplicity and
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effectiveness in capturing the lateral response of piles (Reese et al.,
1974; O’Neill and Murchison, 1983; Jeanjean et al., 2011; Lehane and
Suryasentana, 2014). However, this methodology has been shown to
be inadequate for modelling the lateral response of monopiles due
to the additional resistance mechanisms that are not captured by the
𝑝-𝑦 method (Lam, 2013; Byrne et al., 2017; Zhang and Andersen,
2019; Van Impe and Wang, 2020). This type of model can successfully
capture the lateral response of piles with high 𝐿∕𝐷 ratios, where 𝐿 is
the embedded length of the pile and 𝐷 is the pile diameter (Lehane
and Suryasentana, 2014; Thieken et al., 2015; Amar Bouzid et al.,
2013; Doherty and Gavin, 2011). The API approach is a common
methodology (API, 2014), which was originally derived for oil and gas
platforms supported by slender piles (high 𝐿∕𝐷) with low moment to
horizontal load ratios (Cox et al., 1974; Reese et al., 1974; Murchinson
and O’Neill, 1986). Monopiles are open-ended circular steel piles with
𝐿∕𝐷 ratios typically ranging between 3 and 10 and are subject to large
overturning moments from the superstructure, therefore extrapolating
the API method is not appropriate (Kallehave et al., 2015; Byrne et al.,
2017). Alternative methods for analysing soil–structure interaction are
often required for low 𝐿∕𝐷 substructures (Ali Jawaid and Madhav,
2013; Chen et al., 2022; Gerolymos and Gazetas, 2005).
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The PISA project aimed to improve the traditional 𝑝-𝑦 methodology
by introducing additional spring types to encapsulate soil resistance
mechanisms that are present for low 𝐿∕𝐷 monopiles (Byrne et al.,
2015). Known as diameter effects, relatively large pile diameters in-
crease the presence of pile tip resistances under lateral loads, and
the interface friction along the pile begins to resist rotation (Lam,
2013; Byrne et al., 2017; Zhang and Andersen, 2019; Van Impe and
Wang, 2020). The PISA project calibrated soil reaction elements from
pile push-over tests in sand and clay at sites with ground conditions
similar to those found in offshore environments (Byrne et al., 2020b;
McAdam et al., 2020; Zdravković et al., 2020a). These site tests are
then used to inform three-dimensional finite element analyses such that
one-dimensional reaction curves can be extracted to inform the beam–
spring model (Zdravković et al., 2020b; Taborda et al., 2020). This
process derived design tables for a range of 𝐿∕𝐷 ratios and soil configu-
rations that can be used for preliminary design, which can be improved
using reaction curves extracted from bespoke three-dimensional finite
element models when site-specific soil data is available (Byrne et al.,
2019). This methodology has been shown to work well for a range
of pile geometries in homogeneous and layered soils (Burd et al.,
2020a,b; Byrne et al., 2020a). However, this can undermine the sim-
plicity of beam–spring models, and offshore site conditions may not be
comparable to those used in the PISA project.

OWTs are often installed in unique soil conditions for large wind
farm arrays. It is therefore beneficial to take advantage of simplified
one-dimensional methods that are mindful of the site variability to
obtain initial estimates of pile dimensions. The Cone Penetration Test
(CPT) is often the first ground investigation performed in the offshore
environment, and can provide an early indication of the soil strength
profile with depth. Many CPT-based 𝑝-𝑦 methodologies are available (Li
et al., 2014; Novello, 1999; Dyson and Randolph, 2001; Suryasentana
and Lehane, 2014, 2016), but are also limited to their calibration space.
It is therefore beneficial to use CPT data to inform the soil reaction el-
ements of a multi-spring model that can be used for preliminary design
of monopiles, which can be further optimised when more rigorous site
data is available.

The objective of this paper is to characterise spring elements for
a multi-spring model using CPT data and to demonstrate the model’s
application to reported field test data. The soil elements to be char-
acterised are (i) the distributed moment–rotation (𝑚−𝜃) springs along
the pile shaft, (ii) a moment spring at the pile base due to bearing
stresses, and (iii) a lateral spring at the pile base to model shearing
behaviour. The 𝑚-𝜃 relationship is derived from existing CPT-based
axial capacity methods (Lehane et al., 2020a,b). The pile tip elements
are informed using CPT-based estimates of the post-installation bearing
stress at the base of the pile (Burd et al., 2020b; Byrne et al., 2018).
The 𝑝-𝑦 elements are defined from existing CPT-based formulations (Li
et al., 2014). The model is intended for use in cohesionless soils and
is not intended to provide an estimate of a monopile’s ultimate lateral
capacity. The derivation of the model components, and its application
to reported field test data, are presented herein.

2. CPT-based multi-spring model

Fig. 1 illustrates the four anticipated resistances for a low 𝐿∕𝐷
monopile when laterally loaded at the pile head by a force 𝐹 at
eccentricity ℎ. The horizontal pile displacement 𝑦 mobilises lateral soil
pressures 𝑝 and the local rotations 𝜃 induce a distributed interface
shear that generates a moment 𝑚. The pile tip is subject to a moment
𝑀𝑏 due to the bearing stresses 𝑞𝑏,𝑟𝑒𝑠 and a horizontal shear force 𝑉𝑏
due to lateral displacements at the tip. Assuming Winkler’s theory, the
reaction mechanisms can be treated as uncoupled and take the form
of a 𝑝-𝑦 model with additional springs (Winkler, 1867), as shown in
Fig. 1b.

Using the Direct Stiffness Method, the model shown in Fig. 1b
can be discretised into elements and the displacement can be solved
2

for (Tedesco, 1999). The monopile is modelled using four degree-of-
freedom elastic beam elements, where each node is supported by lateral
and rotational springs. Timoshenko beam theory is used to capture
internal shear deflections within the pile section that are expected for
low 𝐿∕𝐷 monopiles (Gupta and Basu, 2018). Axial forces within the
monopile are neglected. The nonlinear soil elements are described by
updating the secant modulus of the reaction curves. The lateral soil
pressure is captured using a 𝑝-𝑦 definition, and the distributed moment
due to soil–pile interface friction is modelled as distributed 𝑚-𝜃 spring
elements. A lateral and rotational spring is added to the pile base to
encapsulate tip resistances resulting from large diameter effects. The
lateral base shear spring (𝑉𝑏-𝑦𝑏) models the lateral shearing due to the
pile annulus and internal soil, and the base rotation spring (𝑀𝑏-𝜃𝑏)
represents the moment resistance incurred due to soil bearing stress
𝑞𝑏,𝑟𝑒𝑠.

The CPT-based reaction curves for each new spring element are
derived in the following sections.

2.1. Lateral p-y springs

𝑝-𝑦 functions are commonly derived from site test data or finite
element calibration procedures that are specific to a particular pile–
soil configuration. This means that these functions are typically only
suitable for use within a limited range of pile dimensions and soil
profiles for which they were originally derived or calibrated (Jeanjean
et al., 2011; O’Neill and Murchison, 1983; Lehane and Suryasentana,
2014; Reese et al., 1975; Murphy et al., 2018). When choosing a 𝑝-𝑦
function to inform the lateral resistance elements of a multi-spring
model, it is necessary to isolate the lateral soil pressure 𝑝 to prevent
an overlap with other mechanical resistances that could be implicitly
defined within the 𝑝-𝑦 relationship. Additionally, the 𝑝-𝑦 function must
exhibit an appropriate consideration of the flexural rigidity of the pile,
which can have a significant influence on the lateral resistance (Poulos
and Hull, 1989; Ashford and Juirnarongrit, 2003; Fan and Long, 2005).

The power law 𝑝-𝑦 relationship proposed by Li et al. (2014) was de-
rived using open-ended circular steel piles installed in siliceous sands,
with 𝐿∕𝐷 ratios ranging between 6.5 and 20. As slenderness ratios as
low as 6.5 were considered, resistance mechanisms from the aforemen-
tioned diameter effects may be inherently included in its parametri-
sation space. Murphy et al. (2018) showed that, when 𝐿∕𝐷 = 6,
𝑝-𝑦 springs can contribute to ∼90% of resistance by evaluating the
percentage contribution to resisting the applied overturning moment
for each spring type. It is therefore assumed that the 𝑝-𝑦 relationship
derived by Li et al. (2014) isolates the lateral soil pressure 𝑝 when used
in a multi-spring framework, as the 𝐿∕𝐷 ratio of the most rigid pile in
the calibration space is above 𝐿∕𝐷 = 6 (Li et al., 2014). The intended
𝐿∕𝐷 ratio for the 𝑝-𝑦 relationship is also low enough that appropriate
pile flexibility may be assumed accounted for. To add, the function was
derived for piles with the cross-sectional properties of a monopile. The
𝑝-𝑦 function is shown in Eq. (1).

𝑝 = 3.6𝐷(𝛾 ′𝐷)
(

𝑞𝑐
𝛾 ′𝐷

)0.72
( 𝑦
𝐷

)0.66
(1)

where 𝛾 ′ is the effective unit weight of sand.
It should be noted that Li’s 𝑝-𝑦 function cannot be used to model

the ultimate lateral capacity of piles due to the power law relationship.
As such, the multi-spring model is limited to small to medium range
deflections and cannot fulfil ULS design. However, it may still be used
to estimate the initial response and deflection range of a monopile
within typical operational deflections, as loading conditions that reach
the designed ultimate capacity are seldom experienced during OWT

operation.
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Fig. 1. (a) Resistances for monopiles under lateral loading and (b) schematic of discretised multi-spring model.
Fig. 2. (a) Axial model with uniform friction and (b) rotational model with varied friction.
2.2. Rotational m-𝜃 springs

The distributed moment 𝑚 due to the vertical soil–pile interface
friction becomes more significant as the diameter of the monopile
increases (Lam, 2013; Byrne et al., 2015). This is due to the pile radius
acting as a lever arm as the pile rotates, which is not explicitly cap-
tured in traditional 𝑝-𝑦 models. The moment–rotation relationship of
this spring element can be informed using vertical shear-displacement
reaction curves (𝜏-𝑤) mapped to a moment–rotation function (𝑚-𝜃), as
demonstrated in Fig. 2. The distributed 𝜏-𝑤 curves are well-defined in
CPT-based axial capacity design methodologies (Lehane et al., 2020a),
therefore a CPT-based 𝑚-𝜃 function can be derived.

The 𝜏-𝑤 relationship is described in Eq. (2) as defined by Lehane
et al. (2020a):

𝜏 = 𝐺0

( 𝑤
2𝐷

)

[

1 − 𝑤
2𝑤𝑓

]

(2)

where 𝑤𝑓 is the local ultimate displacement and is defined as 4𝐷𝜏𝑓∕𝐺0,
𝐺0 is the initial shear modulus of the soil and 𝜏𝑓 is the local maximum
vertical shaft shear resistance. 𝐺0 and 𝜏𝑓 are the only parameters
required for full definition of the 𝜏-𝑤 relationship and can be estimated
using appropriate CPT 𝑞 correlations in the absence of appropriate site
3

𝑐

test data. For example, 𝐺0 can be approximated with 𝑞𝑐 using empirical
scaling relationships such as those proposed by Baldi et al. (1989) as
recommended in the IC-05 design method (Jardine et al., 2005).

It is expected that dilation and plugging effects are present for
small-scale steel open-ended circular piles, which can have an effect on
pile–soil interface shearing capacities (Lehane and Gavin, 2001; Gavin
et al., 2013; Lehane et al., 2005). To enable meaningful comparisons
with scaled monopile site tests, it is important that this behaviour is
encapsulated in the multi-spring model. The CPT-based design method-
ology estimates the pile shaft friction at approximately 14 days after
driving and is shown in Eq. (3) (Lehane et al., 2020a).

𝜏𝑓 =
(

𝑓𝑡
𝑓𝑐

)

(𝜎′𝑟𝑐 + 𝛥𝜎′𝑟𝑑 ) tan 𝛿𝑓 (3a)

𝜎′𝑟𝑐 =
( 𝑞𝑐
44

)

𝐴0.3
𝑟𝑒

[

max
(

1, 𝐻
𝐷

)]−0.4
(3b)

𝛥𝜎′𝑟𝑑 =
( 𝑞𝑐
10

)

(

𝑞𝑐
𝜎′𝑣

)−0.33 (𝑑CPT
𝐷

)

(3c)

where 𝑓𝑡∕𝑓𝑐 is the loading configuration ratio, 𝐴𝑟𝑒 is the effective
area ratio, 𝐻 is the distance from the pile tip to the soil horizon of
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Fig. 3. (a) section side view under rotation (b) section plan view with varying shear force.
Source: Modified from Fu et al. (2020).
interest, 𝜎′𝑣 is the effective vertical stress (𝛾 ′𝑧), 𝑑CPT is the diameter
of the standard CPT probe (35.7 mm), and 𝛿𝑓 is the interface friction
angle (defined as 29◦ in Lehane et al., 2020a). 𝑓𝑡∕𝑓𝑐 is taken as
0.8 for general applications, as suggested by O’Neill (2001). Eq. (3b)
represents the radial effective stress induced by plugging, where 𝐴𝑟𝑒 =
1 − PLR(𝐷𝑖∕𝐷)2 and PLR is the Plug Length Ratio (defined as PLR =
tanh(0.3(𝐷𝑖∕𝑑CPT)0.5)). 𝐷𝑖 = 𝐷 − 𝑡, where 𝑡 is the wall thickness of the
pile and 𝐷𝑖 is the internal diameter.

𝜎′𝑟𝑐 encapsulates the effects due to soil plugging expected for an
open-ended pile, and 𝛥𝜎𝑟𝑑 represents the increase in radial effective
stress due to dilation. Both 𝜎′𝑟𝑐 and 𝛥𝜎′𝑟𝑑 are inversely proportional to
the pile diameter, therefore the function can be extrapolated to larger
pile configurations where plugging effects are less pronounced and full
coring behaviour can be expected (i.e. soil within the full depth of the
pile post-installation) (Lehane et al., 2020b).

Fig. 3 illustrates how the friction forces vary around the pile cir-
cumference with respect to the polar angle 𝜙. The relative local vertical
deflection 𝑤 can be described using Eq. (4).

𝑤 = 𝜃𝐷
2

cos𝜙 (4)

The distributed moment per unit of resistance is:

𝑚 = 2∫

𝜋∕2

−𝜋∕2

𝐷
2
cos𝜙𝑑𝐹 (5)

It is important to note that the factor 2 assumes a symmetrical distri-
bution of frictional forces about the pile, meaning the shear stiffness of
the sand is assumed isotropic around the circumference of the pile. The
local interface shear resistances on the active and passive sides of the
pile will become progressively more asymmetric for increasing lateral
displacements due to the changes in lateral soil pressures expected
when loaded horizontally. Whilst symmetrical interface shearing is an
unrepresentative approximation at large deflections, it is assumed that
the change in the generated moments on both sides of the pile section
are partially conserved when moments are taken about the axis of
rotation of the pile. The resulting moment from the increasing interface
shear on the passive side and decreasing interface shear on the active
side is assumed to remain unchanged. Interface gaps and significant
asymmetry in the soil stresses around the pile section are assumed
negligible for the small to medium deflection range of interest, but may
be significant for large deflections.

Substituting 𝑑𝐹 = 𝜏𝑑𝐴 (where 𝑑𝐴 = 0.5𝐷𝑑𝜙) into Eq. (5) gives 𝑚
as a function of 𝜏(𝑤).

𝑚 = 𝐷2 𝜋∕2
𝜏(𝑤) cos𝜙𝑑𝜙 (6)
4

2 ∫−𝜋∕2
Table 1
Key parameters of the 𝑚-𝜃 function.

Parameter Definition

Maximum moment, 𝑚𝑓 𝑎2∕4𝑏 = 3
32
𝜋2𝐷2𝜏𝑓

Failure rotation, 𝜃𝑓 𝑎∕2𝑏 = 3𝜋𝜏𝑓 ∕𝐺0

Initial rotation stiffness, 𝑘𝜃 𝑎 = 𝜋𝐷2𝐺0∕16

Substituting Eq. (3) into (2) and subsequently Eq. (2) into (6), then
solving the integral gives the total moment per unit length 𝑚 as a
parabolic function of 𝜃:

𝑚(𝜃) =

{

𝑎𝜃 − 𝑏𝜃2 𝜃 < 𝜃𝑓
𝑚𝑓 𝜃 ≥ 𝜃𝑓

𝑎 =
𝐺0𝐷2𝜋

16
, 𝑏 =

𝐺2
0𝐷

2

96𝜏𝑓

(7)

where 𝑚𝑓 is the ultimate moment capacity per unit length and 𝜃𝑓 is the
rotation at capacity. Full parametrisation of the 𝑚-𝜃 function is shown
in Table 1, including the initial stiffness 𝑘𝜃 .

2.3. Base moment 𝑀𝑏-𝜃𝑏 spring

CPT-based correlations to estimate the moment resistance at the
pile tip due to overturning are not well-defined in literature, therefore
cautious estimates are made herein. A residual bearing stress 𝑞𝑏,𝑟𝑒𝑠
at the pile base exists post-installation (Byrne et al., 2018) and can
resist tip rotation. This can have a significant influence on the lateral
resistance of low 𝐿∕𝐷 monopiles (Burd et al., 2017). Byrne et al.
(2018) investigated the impact of 𝑞𝑏,𝑟𝑒𝑠 on the driveability of piles by
estimating the residual stress as a function of the cone tip resistance
local to the base (𝑞𝑐,𝑟). Defined as 𝑞𝑏,𝑟𝑒𝑠 = 𝛼𝑞𝑐,𝑟, the parameter 𝛼 was
varied to achieve a best fit to data from driven pile site tests. It was
found that residual bearing stresses exist even for large diameter piles
installed with no plugging effects (Byrne et al., 2018).

𝑞𝑐,𝑟 should be chosen in a way that accounts for the variation in
the local 𝑞𝑐 values near the pile tip. In this study, 𝑞𝑐,𝑟 is taken as the
average 𝑞𝑐 over a range above and below the pile tip. This range is set
as a function of 𝐿∕𝐷, as monopiles with smaller 𝐿∕𝐷 values tend to
be more sensitive to variations in soil strength near the tip. This way
the range is proportional to the slenderness ratio and will appropriately
decrease for low 𝐿∕𝐷 monopiles. It is important to note that the range
will become disproportionately large for piles with a high 𝐿∕𝐷, but the
influence of the tip resistance will become insignificant in this case. The
range is taken as 0.25𝐿∕𝐷 above and below the pile tip, which was
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deemed appropriate for the piles and CPT profiles used in this study.
However, this value is at the discretion of the user.

A bilinear relationship is used to simplify the quantification of the
anticipated nonlinear relationship. For simplicity, the restoring moment
at the tip is assumed to act over a semi-circular area on the pile base.
The maximum moment at the base is described in Eq. (8).

𝑀𝑏,𝑓 = 𝑞𝑏,𝑟𝑒𝑠
𝜋𝐷2

8
𝑑 (8)

where 𝑑 is the lever arm and is taken as 2𝐷∕3𝜋, which defines the
distance from the centroid of the loaded semicircular area to the centre
of the pile cross section.

The PISA one-dimensional model has underlying similarities to
the multi-spring model presented herein (Burd et al., 2020a,b; Byrne
et al., 2020a). Each spring is characterised using a dimensionless
conic function that provides a convenient means to calibrate soil reac-
tions to relevant displacement/rotation variables (Burd et al., 2020b).
The function’s ultimate soil reaction, initial stiffness, and displace-
ment/rotations are derived based on three-dimensional finite element
analysis calibration procedures of piles in dense sand (Burd et al.,
2020b), informed from soil sample tests extracted from the Dunkirk
site test (Zdravković et al., 2020a). All normalisation parameters for
the conic function were determined based on a calibration space of 2 ≤
𝐿∕𝐷 ≤ 6 and 45% ≤ 𝐷𝑟 ≤ 90%. From calibration procedures described
in Burd et al. (2020b), the failure rotation for a moment–rotation spring
at the pile tip is given as:

𝜃𝑏,𝑓 =
�̄�𝑏𝜎′𝑏
𝐺0

(9)

here 𝜎′𝑏 is the vertical effective stress at the pile base and �̄�𝑏 is the cali-
rated ultimate rotation dimensionless parameter, taken as 44.98 (Burd
t al., 2020b). Note that �̄�𝑏 is determined for piles with slenderness
atios between 2 and 6, therefore its application to piles with 𝐿∕𝐷 > 6
s uncertain. However, it is expected that the moment induced at the
ile tip will be increasingly insignificant for smaller diameters (higher
∕𝐷 ratios) due to the 𝐷3 term implicit in Eq. (8).

.4. Base shear 𝑉𝑏-𝑦𝑏 spring

For large diameter monopiles, the soil within the annulus of the
ross-section will undergo horizontal shearing when the pile head is
aterally loaded. It is assumed that the residual bearing stress 𝑞𝑏,𝑟𝑒𝑠
cts as the confining stress, such that the horizontal shear at the base
𝜏𝑏,𝑓 ) can take a Mohr–Coulomb assumption. It is expected that the soil
ithin the annulus of the pile tip will be both pre-stressed and densified
y the pile installation mode. As CPT-based correlations that estimate
he friction angle within the pile at the tip are limited, a 35◦ angle is
ssumed for dense soil post-installation (Byrne et al., 2018). 𝜏𝑏,𝑓 can
herefore be approximated as 𝑞𝑏,𝑟𝑒𝑠 tan 35◦. The 𝑀𝑏-𝜃𝑏 and 𝑉𝑏-𝑦𝑏 spring
t the pile tip are both a function of the bearing stress post-installation.

The 𝑉𝑏-𝑦𝑏 load–displacement function assumes a bilinear relation-
hip, where the capacity 𝑉𝑏 is defined as the maximum shear force
t the pile tip. Zhang and Andersen (2019) suggested that the scoop-
ike shearing mechanism expected at the tip of a rotating pile can be
implified to a horizontal shear across the pile section for large pile
iameters. The shearing surface of the pile tip scoop and the pile tip
rea become increasingly similar as the diameter increases, therefore
he shear force 𝜏𝑏,𝑓 can be assumed to act over the area of the cross-
ection (Zhang and Andersen, 2019). The expected maximum shear
orce is therefore:

𝑏,𝑓 = 𝜋𝐷2

4
𝑞𝑏,𝑟𝑒𝑠 tan 35◦ (10)

The failure displacement 𝑦𝑏,𝑓 for the bilinear lateral base spring is
nformed based on the PISA methodology (Burd et al., 2020b) and is
s follows:

𝑏,𝑓 =
2�̄�𝑏,𝑓𝐷𝜎′𝑏 (11)
5

𝐺0
�̄�𝑏,𝑓 = �̄�𝑏,𝑓1 + �̄�𝑏,𝑓2
(𝐿
𝐷

)

(12)

where �̄�𝑏,𝑓1 = 0.52 + 2.88𝐷𝑟 and �̄�𝑏,𝑓2 = 0.17 − 0.70𝐷𝑟 and 𝐷𝑟 is the
relative density (𝐷𝑟 = 0.75 as recommended by Burd et al., 2020b).

Eqs. (11) and (12) are calibrated based on three-dimensional finite
element analysis procedures and are used to define the normalised
conic spring function that models local horizontal soil reactions at the
pile tip. �̄�𝑏,𝑓 is intended for 2 ≤ 𝐿∕𝐷 ≤ 6 and 45% ≤ 𝐷𝑟 ≤ 90% (Burd
et al., 2020b).

According to Eq. (12) it is possible for the initial stiffness of the
bilinear base shear spring (i.e. 𝑉𝑏,𝑓∕𝑦𝑏,𝑓 ) to be negative or have an
extremely large value for monopiles with large slenderness ratios. An
arbitrary upper and lower limit of 𝐿∕𝐷 = 6 and 𝐿∕𝐷 = 2 are
applied to Eq. (12) to remain within the calibration space and to
prevent inadmissible stiffness values. Due to the second order power
law relationship with respect to 𝐷 in Eq. (10), small diameters (high
𝐿∕𝐷 ratios) will reduce the expected shear force and consequently
minimise the significance of these limits, but will not affect monopile
geometries where base shearing is expected.

2.5. Calculation procedure

The pile deflections are computed using the Direct Stiffness Method
(Tedesco, 1999), where {𝑥} = [𝐾]−1{𝐹 }. The secant stiffness matrix
[𝐾] is assembled from the individual secant stiffnesses of the spring
elements and the elastic Timoshenko beam elements representing the
pile. The nodal displacements {𝑥} are solved for using an iterative
procedure where [𝐾] is updated with the secant stiffness of the spring
elements until convergence is achieved. {𝐹 } contains the force applied
at the pile head, including the anticipated applied moment 𝑀 at the
ground line due to eccentricity ℎ (𝑀 = 𝐹ℎ). The length of each beam
element is set to 𝛥𝐿 = 0.05 m. The elastic modulus, shear modulus,
density and Poisson ratio are taken as 200 GPa, 80.77 GPa, 7850 kg
m−3 and 0.3, respectively.

The CPT 𝑞𝑐 profile is averaged at depth increments of 0.05 m, which
is the same as the length of the beam element. The average 𝑞𝑐 value is
then used to inform the respective 𝑝-𝑦 and 𝑚-𝜃 spring. 𝑞𝑏,𝑟𝑒𝑠 is estimated
as a percentage (𝛼) of the average 𝑞𝑐 value 0.25𝐿∕𝐷 above and below
the pile tip. 𝛥𝐿 = 0.05 m is a sufficiently small length to capture the
spatial variability of the CPT profiles used in this study, and reducing
the value has shown a negligible influence on results. The numerical
model is developed in MATLAB, and the pile tests described in the
following Sections are replicated using the multi-spring model and their
respective CPT profile. The deflections at the ground line node are
recorded for each applied load step and the results are compared to
the reported field data.

The influence of the residual bearing stress 𝑞𝑏,𝑟𝑒𝑠 on both the mo-
ment and shearing spring mechanisms at the pile tip remains uncertain
and warrants further investigation. The subsequent analyses will eval-
uate the performance of the multi-spring model by comparing it to site
tests conducted on laterally loaded piles. The parameter 𝛼 is varied to
identify an appropriate value for 𝑞𝑏,𝑟𝑒𝑠 that aligns with the performance
of site investigations. A maximum value of 0.1 is used, as recommended
by Byrne et al. (2018).

3. Analysis and results

A wide range of monotonic push-over tests were performed at a site
in Blessington, Ireland, investigating the influence of slenderness ratio
for open-ended circular steel piles. Notable uniformity is demonstrated
across the site (Doherty et al., 2012), therefore the average CPT pro-
file is used to inform the multi-spring model. Site tests performed in
Dunkirk, France, also investigated the performance of laterally loaded
scaled monopiles, including local CPT 𝑞𝑐 profiles for each pile’s loca-
tion (Zdravković et al., 2020a), enabling an improved investigation on

the spatial variation sensitivity in CPT-based 𝑝-𝑦 models. Both site tests
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Fig. 4. (a) minimum, maximum and average 𝑞𝑐 profiles for Blessington Lower quarry (b) minimum, maximum and average 𝑞𝑐 profiles for Blessington Upper quarry (c) 𝐺0 profile
used for Blessington Upper and Lower quarry.
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were performed in dry sand, therefore the influence of groundwater
was not considered.

The SLS design philosophy for OWTs requires that the ground line
rotations remain within 0.25◦ (DNV, 2021). However, only the ground
ine displacement was measured at the site tests used in this study. For
his reason, it is assumed that 0.25◦ rotation is equivalent to 0.01𝐷

displacement at the ground line. This can be justified by assuming the
rotation point of a laterally loaded rigid pile is located at 2∕3𝐿 below
he ground line (Arany et al., 2017; Chortis et al., 2020). Reported
ite tests in this investigation were incrementally loaded to capacity,
herefore creep is evident in the ground lines response. However, the
reep effects are expected to be minimal within the SLS deflection
ange.

.1. Blessington tests

Lateral load tests were performed in two regions of the Blessington
ite, Dublin, and are described herein. Blessington Lower quarry (BL)
omprised three monopile configurations with 𝐿∕𝐷 = 3, 4.5, and 6;

and one pile from Blessington Upper quarry (BU) with 𝐿∕𝐷 = 13. Full
details on pile dimensions are given in Table 2. Fig. 4 demonstrates
the notable uniformity for the CPT investigations for each quarry. Due
to the lack of pile-specific CPT data, the average 𝑞𝑐 profile is used to
inform the multi-spring model. The water table is reported to be 13 m
below ground level for BU and >10 m below ground level for BL. The
site contains dense, fine sand with relative density close to 100% and
bulk unit weight of 19.8 kN m−3. All piles were installed via driving.
Detailed descriptions of the ground conditions at the Blessington site
have been reported by Gavin and Lehane (2007), Tolooiyan and Gavin
(2011) and Doherty et al. (2012). Minimum, maximum, and average
CPT profiles, including the 𝐺0 profile, are plotted in Fig. 4 for both BL
and BU sites.

The piles described in Table 2 are modelled using the multi-spring
model and the springs are informed using the average CPT and 𝐺0
profile shown in Fig. 4. Three different permutations of the multi-spring
model are simulated to demonstrate the individual spring-type contri-
butions to lateral resistance. These permutations include the traditional
6

𝑝-𝑦-only method, 𝑝-𝑦 + 𝑚-𝜃, and the full multi-spring model, which
Table 2
Monopile geometries at Blessington site (Murphy et al., 2018).

Pile Embedment Diameter. Slenderness ratio Thickness Eccentricity
Name 𝐿 (mm) 𝐷 (mm) 𝐿∕𝐷 𝑡 (mm) ℎ (mm)

LP2 1500 510 3.0 10 1000
LP3 2250 510 4.5 10 1000
LP4 3000 510 6.0 10 1000
UP1 4500 340 13.0 14 400

incorporates both rotational and lateral pile tip spring elements. The
results are shown in Fig. 5. Two configurations of the multi-spring
model are plotted; one with 𝑞𝑏,𝑟𝑒𝑠 = 0.1𝑞𝑐,𝑟 and the other corresponding
to the 𝑞𝑏,𝑟𝑒𝑠 value that provides the best fit to pile head deflections.

The multi-spring model compares well with the site tests for all piles
t deflections below 0.01𝐷 when 𝑞𝑏,𝑟𝑒𝑠 = 0.1𝑞𝑐,𝑟, which can be improved
or larger deflections if an appropriate 𝑞𝑏,𝑟𝑒𝑠 value is identified. Notably,
he response of different spring model permutations demonstrate that
he influence of each spring type diminishes as the slenderness ratio
ncreases. For example, the difference between the deflection estimated
n the 𝑝-𝑦 +𝑚-𝜃 model and the 𝑝-𝑦-only model is greater for piles with

low 𝐿∕𝐷 ratios, such as piles LP2 and LP3 in Fig. 5a and b, respectively.
This is indicative of the contribution of the distributed 𝑚-𝜃 springs, and
reduces for the more flexible piles such as LP4 and UP1, as shown in
Fig. 5c and d, respectively. Pile UP1 indicates that, when 𝐿∕𝐷 is high,
the additional spring mechanisms become negligible and the multi-
spring model collapses to the traditional 𝑝-𝑦 method. This is suggested
in Fig. 5d, as the difference between the 𝑝-𝑦 and multi-spring model is
minor, and demonstrates that the diameter effects present in low 𝐿∕𝐷
monopiles are captured effectively in the proposed model. It is worth
noting that the apparent underestimation of ground line deflections in
UP1 could potentially be attributed to the use of a site-averaged CPT
profile.

The 𝑝-𝑦 function proposed by Li et al. (2014) is a power law
relationship and is calibrated for piles with 𝐿∕𝐷 ≥ 6.5, therefore it
is not suitable for the response prediction of low 𝐿∕𝐷 piles loaded
to failure. This is evident in Fig. 5a and b, as the 𝑝-𝑦 -only model
does not capture the yielding behaviour of piles LP2 and LP3. A more
appropriate 𝑝-𝑦 function should be applied if ULS analysis is required.
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Fig. 5. Model performance compared to Blessington pile tests (a) LP2, 𝐿∕𝐷 = 3.0 (b) LP3, 𝐿∕𝐷 = 4.5 (c) LP4, 𝐿∕𝐷 = 6.0 (d) UP1, 𝐿∕𝐷 = 13.0.
The issue is further exaggerated by the significant creep experienced at
large ground line deflections, which is not considered in the proposed
model.

When 𝑞𝑏,𝑟𝑒𝑠 = 0.1𝑞𝑐,𝑟, the multi-spring model offers a satisfactory
match to all the pile tests conducted at Blessington for small deflections
below 0.01𝐷, and are within the ground line rotation limit of 0.25◦.
However, the ground line deflection at higher loads is underestimated
for low 𝐿∕𝐷 piles, giving a conservative estimate. Notably, LP2, LP3,
and LP4 require different 𝑞𝑏,𝑟𝑒𝑠 values (0.04𝑞𝑐,𝑟, 0.08𝑞𝑐,𝑟, and 0.1𝑞𝑐,𝑟,
respectively) to improve large head deflection estimates. This obser-
vation suggests that 𝑞𝑏,𝑟𝑒𝑠 increases with the 𝐿∕𝐷 ratio. However,
determining precise correlations for parameters localised near the pile
tip remains challenging due to the many factors that influence ground
line deflections. Furthermore, the utilisation of an average CPT profile
across the site limits the ability to directly investigate such correlations.
It is also important to address that changing the 𝑝-𝑦 function will
influence the perceived value of 𝑞𝑏,𝑟𝑒𝑠 required for large deflection
estimates, suggesting different 𝛼 values would arise for different 𝑝-𝑦
functions.

Accurate measurements of residual base stresses on open-ended
piles in sand are scarce. For instance, Gavin and O’Kelly (2007) found
that the residual base stress was linked to the Incremental Filling Ratio
(IFR) during driving, pile diameter, and end resistance values. Simi-
larly, Paik et al. (2003) reported a residual base stress of approximately
1.7 MPa, or around 6% of the 𝑞𝑐 value at the pile tip, for a pile with a
diameter of 0.356 m and an IFR of 75% at the end of driving. Another
study by Gavin and Igoe (2021) measured very low residual stresses
during the initial driving stages of a 0.34 m diameter pile when the
IFR was high. Towards the end of installation, with an IFR value of
40%, a residual base stress of 4 MPa was mobilised, approximately 20%
of the 𝑞𝑐 value at the pile tip. Considering the substantial diameter of
offshore monopiles, significant plugging during installation is unlikely.
Therefore, it is recommended that residual stresses are conservatively
estimated, and designers should exercise caution.

3.2. Dunkirk tests

The PISA project conducted a series of lateral push-over tests in
Dunkirk (France) and Cowden (UK) to assess piles loaded in soil de-
posits similar to those encountered in offshore environments (Burd
7

Table 3
Monopile geometries at Dunkirk site (McAdam et al., 2020).

Pile Embedment Diameter. Slenderness ratio Thickness Eccentricity
Name 𝐿 (mm) 𝐷 (mm) 𝐿∕𝐷 𝑡 (mm) ℎ (mm)

DM3 6000 762 8.00 25 10 000
DM4 4000 762 5.25 14 10 000
DM7 2250 762 3.00 10 10 000
DS1 1450 273 5.25 7 5000
DS2 1450 273 5.25 7 5000
DL1 10 600 2000 5.25 38 9900
DL2 10 600 2000 5.25 38 9900

et al., 2020b; McAdam et al., 2020; Zdravković et al., 2020a). Twelve
open-ended circular steel piles with various 𝐿∕𝐷 ratios ranging from
3 to 8 were investigated. For this study, seven pile tests were selected
from the literature, and are detailed in Table 3.

CPT investigations were conducted at each pile location and the
profiles are shown in Fig. 6a. This enables a meaningful evaluation
of the influence of spatial variability on the CPT-based multi-spring
model. The water table was found to be at a depth of 𝑧 = 5.4 m below
ground level, with soil bulk unit weights of 𝛾 = 17.1 kN m−3 and 19.9
kN m−3 above and below the water table, respectively. Fig. 6b presents
the 𝐺0 profile, which was computed using a combination of triaxial
tests and seismic CPTs. Additional site-specific information is available
in Zdravković et al. (2020a).

The majority of pile tests were subject to incremental loading at
an average rate of 0.91 mm/min. DS2 was loaded continuously at a
rate of 325 mm/min to investigate the influence of load rate on pile
response. Notably, DS1 and DS2 share the same pile geometry but
differ in terms of the load application rate. DS2 is included in this
investigation to assess the influence of CPT profiles for identical pile
geometries. It is worth noting that the proposed multi-spring model
remains independent of load rate, which adds interest to evaluating the
extent to which CPT variations influence pile response. Finally, DL1
and DL2 are included in this analysis for the same reason. Piles DL1
and DL2 were loaded against each other, and deflection measurements
were recorded at the same time. Fig. 7 shows the results.

Similar to the Blessington site tests, the multi-spring model com-
pares well with the site tests for all piles at deflections below 0.01𝐷
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Fig. 6. (a) 𝑞𝑐 profiles and (b) 𝐺0 profile for the Dunkirk site (Zdravković et al., 2020a).

hen 𝑞𝑏,𝑟𝑒𝑠 = 0.1𝑞𝑐,𝑟. Fig. 7a and c suggest that piles DM7 and DS1
xhibit an improvement in estimating the response when additional
pring components are included, and an appropriate 𝑞𝑏,𝑟𝑒𝑠 value can be
dentified to improve medium to large strain deflections. Furthermore,
hese results demonstrate that low 𝐿∕𝐷 piles benefit from low 𝛼 values

to improve estimates for large displacements, which is a similar trend
to that observed in the Blessington site tests.

Fig. 7d and b show that all spring model permutations exhibit a
superficially stiff response in comparison to the DM3 and DM4 site
tests. Notably, the estimated ground line deflections do not improve
when more spring elements are added. This suggests that the issue is
not entirely related to the additional resistance mechanisms proposed
in this study. Fig. 6a shows that piles DM3 and DM4 are subject to
excessive variability in 𝑞𝑐 along the depth of the pile. In contrast,
ther pile tests, including those from the Blessington site, have either
artially uniform or linearly increasing CPT end resistance profiles. To
dd, DS1 and DM4 both have a slenderness ratio of 5.25. Aside from
ifferences in scale between the two pile geometries, a key distinction
etween DS1 and DM4 lies in the variability of the 𝑞𝑐 inputs, as shown

in Fig. 6. This suggests that high variations in 𝑞𝑐 can lead to artificially
large stiffness in 𝑝-𝑦-only models. The 𝑞𝑐 discretisation method pro-
osed may not adequately account for the horizontal shear load transfer
etween sand layers and localised failures at regions carrying locally
levated loads. This may be a limitation with CPT-based 𝑝-𝑦 models in
eneral.

According to Fig. 7c, pile DS1 exhibits a significant contribution
rom the base spring components, as the difference between the de-
lections estimated from the multi-spring model (𝑞𝑏,𝑟𝑒𝑠 = 0.1𝑞𝑐,𝑟) and
he 𝑝-𝑦 +𝑚-𝜃 model is large. This may be a consequence of the linearly-
ncreasing CPT profile evident in Fig. 6, which ultimately causes a high
tiffness in the base springs relative to the other reaction elements.

The initial deflections are captured reasonably well regardless of the
ssues associated with high CPT variation and uncertainty associated
round 𝑞𝑏,𝑟𝑒𝑠. It can be concluded that the CPT-based multi-spring
odel works best for relatively uniform CPT end resistance profiles, as
high degree of spatial variability leads to superficially stiff springs.
8

3.3. Sensitivity to CPT profiles

DS1, DS2, DL1 and DL2 offer an opportunity to investigate the
influence of CPT profile variations for identical pile geometries. For the
following analysis, 𝑞𝑏,𝑟𝑒𝑠 = 0.1𝑞𝑐,𝑟 is taken for piles DL1 and DL2, and
𝑞𝑏,𝑟𝑒𝑠 = 0.06𝑞𝑐,𝑟 for piles DS1 and DS2, as suggested by Fig. 7c.

As DS1 and DS2 were loaded at different rates (0.91 mm/min and
325 mm/min, respectively), it was originally concluded that the appar-
ent stiffness difference between DS1 and DS2 can be attributed to the
isotach behaviour of soil (McAdam et al., 2020). However, in Fig. 8a,
it is observed that the multi-spring model provides reasonable ground
line deflection estimates for both DS1 and DS2. More importantly, the
model captures the apparent increase in stiffness in DS2. This suggests
that the difference in load rate alone does not account for the observed
change in resistance between piles DS1 and DS2. The multi-spring
model is independent of load rate, which implies that these differences
may be attributed, at least in part, to the local variations present in
each CPT profile.

Fig. 8b shows that the multi-spring model underestimates ground
line deflections beyond 0.01𝐷 and does not adequately capture the
response of both DL1 and DL2. Again, this is likely due to substantial
depth variations in the CPT profiles demonstrated in Fig. 6, leading
to a superficially high stiffness in the model. Regardless, the model
performs reasonably well for displacements below 0.01𝐷, and captures
he relative difference between the deflections of DL1 and DL2.

. Conclusions

A one-dimensional CPT-based multi-spring Winkler model has been
eveloped, where each soil element is informed using discretised 𝑞𝑐

data. The traditional 𝑝-𝑦 method is modified by incorporating addi-
tional spring mechanisms that encapsulate the expected resistances
induced by diameter effects in low 𝐿∕𝐷 monopiles. CPT-based axial
capacity methods are repurposed to approximate distributed moment-
resistances along the monopile, which arise from the rotation of large-
diameter sections. Pile tip resistances are estimated by decoupling the
expected base moment and horizontal shear mechanisms and utilising
a rotational and lateral bilinear spring positioned at the pile base.
The capacity of each base spring is informed by averaging 𝑞𝑐 values
0.25𝐿∕𝐷 above and below the pile tip to estimate the post-installation
residual bearing stress, 𝑞𝑏,𝑟𝑒𝑠. The following conclusions are made:

1. The proposed model captures initial ground line deflections
below 0.01𝐷 well when 𝑞𝑏,𝑟𝑒𝑠 = 0.1𝑞𝑐,𝑟, which is in agreement
with SLS design criteria. It is not suitable for analysing large
strains or predicting ultimate failure loads.

2. Determining an appropriate value for residual bearing stress
(𝑞𝑏,𝑟𝑒𝑠) is challenging, and a conservative estimate of 𝑞𝑏,𝑟𝑒𝑠 =
0.1𝑞𝑐,𝑟 is recommended.

3. The 𝑚-𝜃, 𝑉𝑏-𝑦𝑏, and 𝑀𝑏-𝜃𝑏 springs successfully encapsulate di-
ameter effects for low 𝐿∕𝐷 monopiles, and become negligible as
the slenderness ratio increases.

4. The model works well for CPT profiles that are uniform or
linearly increasing with depth, such as those measured in the
Blessington site.

5. Minor variations in CPT profiles are captured by the model.
However, a high degree of spatial variability leads to a super-
ficially stiff response.

6. A more appropriate 𝑝-𝑦 function is required to capture the
ultimate capacity of the pile.

It is difficult to establish 𝑞𝑏,𝑟𝑒𝑠 for lateral pile analysis using ground
line deflection estimates, as there are many overlapping factors that in-
fluence the ground line response of a laterally loaded pile. Additionally,
the underlying assumptions of uncoupled springs may not be suitable
for CPT profiles of high variability, as the horizontal shearing between
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Fig. 7. Model performance compared to Dunkirk pile tests (a) DM7, 𝐿∕𝐷 = 3.0 (b) DM4, 𝐿∕𝐷 = 5.25 (c) DS1, 𝐿∕𝐷 = 5.25 (d) DM3, 𝐿∕𝐷 = 8.0.
Fig. 8. Multi-spring model performance against pile tests DS1 and DS2 (b) Multi-spring model performance against pile tests DL1 and DL2.
laterally loaded soil layers is not captured. This may be significant for
neighbouring soil horizons with large differences in 𝑞𝑐 . It is postulated
that utilising site-average 𝑞𝑐 profiles may be more appropriate than CPT
profiles local to the pile, as the model performed better in general for
Blessington tests compared to Dunkirk tests. Averaging may reduce the
degree of fluctuation within the input data and improve the model’s
performance. However, more data from site tests is required to support
this claim.

The proposed model is a step towards a more comprehensive CPT-
based model for laterally loaded monopiles. However, further work is
required to improve the model’s ability to capture the ultimate capacity
of the pile. This may be achieved by defining a more suitable 𝑝-𝑦
relationship. This was not within the scope of this investigation, how-
ever the multi-spring model offers a modular framework to replace the
current definition, should a more appropriate CPT-based 𝑝-𝑦 definition
be proposed. To add, some underlying assumptions will require further
modification. For example, the 𝑚-𝜃 soil element assumes no gapping
at large pile deflections and vertical interface shear stresses remain
symmetrical about the pile section’s central axis. This can be improved
by coupling the 𝑚-𝜃 element with the 𝑝-𝑦 element, as the confining
stress imposed by the lateral soil pressure 𝑝 will have an influence on
the amount of vertical shear experienced. This is a topic of interest for
future research.
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