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Accelerating the current timeline of offshore wind projects is imperative to achieve global decarbonisation plans.
In response, a novel in-situ site characterisation tool ROBOCONE is being developed to make the geotechnical
design of offshore pile foundations more efficient by directly providing lateral p-y response data, reducing the
need for offshore sampling and onshore laboratory testing. This device expands the kinematic range of standard

Sands . . . . s . . :
End effect cone penetrometer testing by integrating a robotic cylindrical section capable of horizontal translation, referred
p-y curves to as a p-y module. However, due to the finite length of p-y module, it is necessary to quantify ‘end effects’ to

accurately derive p-y curves from the direct measurements of the p-y module. This paper presents detailed three-
dimensional finite element analyses of the p-y module in sands, utilizing a bounding surface elastoplastic model
that accounts for variations in stress—strain behaviour due to relative density and stress level. The resulting end
effect model is underpinned by a two-stage optimisation process that considers key factors such as overburden
pressure and relative density. The model’s predictive accuracy is proven through additional finite element an-
alyses different to the calibration cases. The research outcomes offer a robust interpretative framework to
accurately determine p-y curves for the design of laterally loaded offshore piles, using the ROBOCONE p-y
module.

1. Introduction

The UK’s long-term vision to achieve net-zero emissions necessitates
up to 125GW offshore wind capacity to be installed by 2050 (Climate
Change Committee, 2020), which is around seven times the current
capacity of 15 GW at the end of 2023. To support this rapid growth,
there is a pressing need to compress the typical timeline of offshore wind
farm developments, which currently takes around 15 years from site
leasing to operation in the UK (Greaves et al 2024). From the perspective
of geotechnical practice, one of the crucial targets is enhancing the ef-
ficiency of the processes for site characterisation and design for offshore
foundations.

Driven piles are commonly utilised as offshore foundations for
bottom-fixed wind turbines and can also serve as anchors for offshore
floating platforms. In current design practice, the serviceability response
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to lateral loads is typically predicted using the p-y spring approach. This
approach involves dividing the pile into a series of segments and ide-
alising the continuum soil domain into a series of independent nonlinear
soil springs that represents the mobilisation of local lateral resistances, p,
with local pile displacement, y (Matlock 1970; API 2014; DNV GL 2016;
Burd et al. 2020; Jeanjean 2009). When establishing p-y curves at a
specific site, it is common to correlate the cone penetration test (CPT)
measurements to the stiffness and strength parameters needed for the p-
y curves in advance of detailed soil laboratory testing (Suryasentana and
Lehane 2014; Guo and Lehane 2016; Lehane 2019). However, it is rec-
ognised that the soil failure mechanisms and stress paths that govern
CPT parameters do not match those controlling laterally pile-soil
response parameters (Diambra et al. 2022).

A collaborative research project ‘ROBOCONE’ has developed a pro-
totype of new site investigation tool by adding a cylindrical p-y module
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section into the standard CPT equipment, as shown in Fig. 1 (White
2022; Diambra et al. 2022; Creasey et al., 2023). This device, capable of
horizontal translation upon penetration into ground, expands the kine-
matic range of CPT testing and allows to probe the soil response to more
representative stress histories, drawing on recent advancements in ro-
botic control and actuation. This innovative equipment can accelerate
the pile design process in two aspects: (i) by providing in-situ charac-
terisation of soil properties, eliminating the challenges of sample
disturbance and recapturing in-situ stress states during laboratory
testing and (ii) direct extracting the p-y curves to support the design of
laterally loaded piles, relying on the similarity of the soil deformation
pattern near the p-y module and a pile elements (see Fig. 1). Wen et al.
(2024) adopted approach (i) via an interpretive framework to convert
measured ROBOCONE data into undrained clay’s properties such as
undrained shear strength and elastic stiffness.

This paper will tackle the approach (ii) and address the challenge of
additional soil reaction due to the finite length of the p-y module and the
resulting displacement discontinuity between the stationary penetrom-
eter shaft and the moveable p-y module - referred hereafter as the end
effect. It is necessary to eliminate such end effect from the p-y module
measurements in order to obtain practical p-y curves for the design of
laterally loaded piles.

Finite element (FE) modelling has been widely used to develop
interpretative frameworks for novel in-situ characterisation tools,
including T-bar penetrometers (Randolph and Andersen 2006, Wang
etal., 2020), ball penetrometers (Zhou et al. 2013; Mahmoodzadeh et al.
2015) and shallow penetrometers — such as the hemiball and toroidal
(Yan et al. 2011, Stanier & White, 2015). Given that the ROBOCONE p-y
module is still a new concept, this paper contributes the first analyses of
such a device in drained cohesionless material.

The objective of this paper is to develop an interpretative framework
of accurately predicting, and eliminating, the end resistance contribu-
tion to the measured resistance on a p-y module in drained sands, thus
providing the resistance equivalent to the p-y spring. Three-dimensional
FE modelling of a p-y module subject to monotonic lateral movement is
carried out, including a comprehensive parametric study with a wide
range of device geometries and soil conditions, including variations in
density, and overburden or surcharge pressure. The resulting end effect
model allows the deduction of end resistance from p-y module mea-
surements thus providing rational p-y curves for offshore pile design.
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2. FINITE ELEMENT MODEL
2.1. Model geometry and boundary conditions

The three-dimensional finite element analyses in this study were
carried out in the PLAXIS 3D V23 programme (PLAXIS, 2023). Fig. 2
illustrates the geometry of the ROBOCONE system, including the CPT
shaft and moveable p-y module. These structures are wished-in-place,
neglecting the impact of the installation process. In the prototype
ROBOCONE, a stack of moveable discs is installed at each end of the p-y
module to prevent water leakage and soil particles from entering the
CPT rod (Creasey et al. 2023). However, these discs were omitted in this
study in order to improve the numerical stability of FE analyses. Trial
analyses indicate this simplification has a negligible impact on the
ROBOCONE load-displacement response.

Benefiting from the double symmetry feature of the simulated
problem (see Fig. 1), only a quadrant of p-y module was simulated to
reduce the computational cost while ensuring numerical accuracy.
Although the actual p-y module prototype is a hollow cylindrical shaft
with a complex actuation system and sensors inside (Creasey et al.
2023), it was modelled as a solid rigid body herein for simplicity as the
mechanical operation of the device is irrelevant for the analysis of the
soil response. The prototype p-y module, featured an external diameter
(Dgc) of 54 mm and a height (Hgrc) of 100 mm, is embedded within a
half-cylindrical soil domain measuring 2600 mm in diameter and 1100
mm in thickness. These soil dimensions were determined after trial
sensitivity studies of possible domain boundary effect on p-y module
response. It is important to note that any variations in the module di-
mensions (Hgc, Dre), as discussed subsequently, require corresponding
alterations in the dimensions of soil domain to efectively avoid any
boundary effects.

The soil was discretised using second-order tetrahedral elements,
each with 10-nodes and 4 Gaussian integration points. A relatively finer
discretisation was applied near the p-y module to avoid stress concen-
trations and reduce the influence of element size. Two planes of sym-
metry at Y = 0 and Z = 0 were normally fixed to prevent orthogonal
movements, while vertical displacements were permitted along the
curved side of the soil domain and at the top surface.

The ROBOCONE system was modelled as a rigid body with all de-
grees of freedom fixed, except for a lateral translation in the X-direction
which was prescribed. The stress—strain response of the soil material was

Cross Section A-A

Fig. 1. Schematic illustration of ROBOCONE p-y module and testing mechanism (adapted from Diambra et al. 2022)
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Fig. 2. Finite element model of the p-y module prototype (Hrc/Drc = 3.7) embedded in drained sands assembly with mesh, loading and boundary conditions.

represented by a bounding surface plasticity model in fully drained
conditions, as detailed later. Special zero-thickness interface elements
were introduced around the p-y module to reflect the soil-structure
interaction, which allows separation between the structure and soil to
occur (PLAXIS, 2023). The interface was modelled using an elasto-
plastic Mohr-Coulomb model, with the elastic parameters of shear
stiffnessK; = 4.5E6 kN/m® and normal stiffness K, = 5.1E7 kN/m?®.
These stiffness parameters were determined after a sensitivity study that
ensured they have negligible influence on the p-y module response. The
plastic parameters included a nominal cohesion of ¢; = 3 kPa (ensuring
numerical stability) and an effective angle of shearing resistance ¢; =
29.0.

2.2. Constitutive model

The SANISAND-MS constitutive model (Liu et al. 2019) was selected
to represent the drained sand stress strain behaviour. It is a bounding
surface elastoplastic model, based on a critical state framework. The

Bounding surface
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Fig. 3. Schematic illustration of SANISAND-MS model surfaces (a) in p’-q space; (b) in the deviatoric stress ratio plane (modified after PLAXIS (2023)).

model is a recent evolution of the parent SANISANDO04 model (Dafalias
and Manzari 2004) to accurately capture the sand response under long-
term cyclic loading. It has been preferred over the parent model due to
its enhanced versatility for future studies of the ROBOCONE p-y module
under complex and cyclic loading paths. Nevertheless, the response
under monotonic loading is identical to that of the parent SANISAND04
model. The monotonic plastic response is governed by four distinct
conical surfaces (Fig. 3). They are (1) the yielding surface, controlling
the boundary of the elastic region; (2) the dilatancy surface, defining the
transition from plastic contraction to dilation; (3) the critical state sur-
face, defining the stress conditions at failure and (4) the bounding sur-
face, defining the peak strength and the plastic strain rate. This
SANISAND models’ family captures the effect of void ratio and mean
effective stress, p’, on strength and stiffness with a single set of
parameters.

The model adopts a hypoelasticity law for its elastic behaviour,
where the elastic shear and bulk modules (Gy and K) are functions of
mean effective stress p’ and current void ratio e (Li and Dafalias, 2002).

A rn=s5/p

T =5/p g T3 =s3/p

(b)
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where G is a dimensionless input parameter; v is a constant Poisson’s
ratio.

There are 11 primary model parameters employed to characterise
the plasticity component of the SANISAND-MS model under monotonic
loading and three additional parameters governing the response under
cyclic loading. These parameters and the main modelling features are
briefly introduced below:

(a) The yield surface is a narrow cone in stress space, of a constant
opening defined by the model parameter m. When the soil starts
yielding, the inclination of the yield locus can change to maintain
the soil stress state on its boundary. Consequently, the elastic
region moves together with the changes in the mobilised stress
ratio, as the model utilises only kinematic hardening.

(b) The opening of the critical state surface is defined by the stress
ratios q/p’ corresponding to the strengths in triaxial compression
and tension at critical state, denoted as M. and M, respectively.
The model parameter ¢ defines the ratio of M./M..

(c) The opening of the bounding surface (Mb) influences the peak
strength of sand, and it is related to opening of the critical state
surface through the state parameter y, defined as the difference
between the current void ratio, e, and that at the critical state line
(ecs) under the same p’, as given by:

C\ ¢
w—eecs—e{eoﬁgp >} 3

where the model parameter e, represents the void ratio at the critical
state forp’ = 0; £ and A are input parameters that control the shape of the
critical state line in the e-In p’ plane (Dafalias & Manzari 2004). Hence,
the opening angle of the bounding surface in triaxial compression is:
MP =M. e exp({—y)n®), where n® is an input parameter. Note that (—y)
= —yify <0and (—y) = 0if y > 0. For very dense sands y is generally
a large negative number, which allows a very high stress ratio to char-
acterise the bounding surface, thus providing a high peak strength.

(d) The dilatancy (i.e. the ratio between plastic volumetric strain and
plastic deviatoric strain) depends on the deviatoric distance be-
tween the current stress state and the dilatancy surface and a
model parameter Ao. This means the soil contracts when inside
the dilatancy surface and dilates outside. A dilatancy surface with
inclination M¢ in the p’-q plane depends also on y and an input
parameter n¢, as given by M? = M, e exp(ndy) in compression.
For dense sands, a large negative y yields a lower stress ratio,
implying the onset of plastic dilation occurs early during
shearing.

(e) The plastic modulus depends on the deviatoric distance from the
current stress state to the bounding surface, thus dependent on
the current e and p’, and scaled by the model parameters h, and
Ch.

(f) There are three input parameters pg, ¢, B related to memory
surfaces and the ratcheting characteristics of sands, but they
should have no influence on the mechanical response in drained
monotonic loading conditions.

2.3. Calibration of model parameters

The value of the model parameters previously calibrated by Pisano
et al. (2024) for the simulation of monopiles in the Dunkirk sands were
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used in this study (see Table 1). Among those, the three parameters
related to the memory surface are not considered to affect the monotonic
loading behaviour of ROBOCONE module. The initial void ratio (eq) is
specified as 0.6 (corresponding to Dg = 83%) as a baseline case, which is
later varied to investigate its effect of sand density on the p-y module
response. The maximum and minimum void ratios were defined as the
limits to the evolution of void ratio (Kuwano, 1999) to prevent unreal-
istic soil states.

Fig. 4 describes the performance of the SANISAND-MS model with
the set of parameters from Table 1 against measured drained triaxial
tests on Dunkirk sand at relative density Dg = 73%. The results
demonstrate reasonable agreement between the simulations and labo-
ratory results (Zdravkovic et al., 2020), underscoring the effectiveness of
the constitutive model across a range of initial confining stresses.

2.4. Description of FE simulations

For modelling the p-y module, the initial simulation phase created an
isotropic stress state in the soil domain by applying a uniform vertical
surcharge pressure on the top boundary surface of the soil domain (see
Fig. 2) and specifying a coefficient of earth pressure at rest (Ko = 1) to
generate horizontal stress. The soil was defined as weightless so that the
variations of surcharge pressure (¢,) on the domain represented
different overburden stresses at the operating depth of the p-y module.
In the second simulation phase, lateral displacement of the p-y module
was prescribed in the X direction.

The main objective of the FE analyses is to quantify end effects due to
the finite length of ROBOCONE p-y module. To achieve this, two
different types of simulation were undertaken, as illustrated in Fig. 4.

e Case A, consistent with the field conditions: a lateral monotonic
displacement along the X-direction is prescribed to the reference
point of the rigid p-y module, while the CPT shaft is fixed in all de-
grees of freedom.

e Case B: a lateral monotonic displacement along the X-direction is
prescribed to the reference points of both the rigid p-y module and
the CPT shaft, ensuring zero relative displacement between the
moveable p-y module and the CPT shaft. By doing so, the end effects
is rigorous removed.

In both cases, the resultant reaction force acting on the ROBOCONE
p-y module were directly extracted at the reference points of horizontal
translation, which corresponds to the total force F in the Case A and to
the net force F in the Case B. The reaction forces were then divided by
the ROBOCONE projected area (DrcHgrc) to obtain the p-values, as
illustrated in Fig. 5, denoted as py and ppe in Case A and Case B
respectively. In comparison to the Case A, the pyet-y curves from Case B
were considered to contain zero end effects, given there is no relative
motion between ROBOCONE p-y module and CPT shaft. As such, the soil
layers above and below the p-y module exhibits negligible interaction
with the soil zone at the elevation of the module because their horizontal

Table 1
SANISAND-MS model parameters calibrated for Dunkirk sands (Pisano et al.
2024) as used in this study.

Components Parameters

Elasticity

Critical state line
Yield surface
Hardening modulus
Dilatancy

Memory surface

Gog =451;v=10.17

M,=1.28;¢=0.72; Ao =0.135; e =0.91; £ = 0.18
m = 0.065

hg =3.5; ¢, =1.0; n, = 1.9

Ag=1.3;ng = 0.75

Mo = 260; { = 1E-4; p = 1.0

Initial void ratio eo = 0.60
Min and Max void ratios €min = 0.54; epnax = 0.91
Maximum bounding stress M"max =1.63

ratio
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Fig. 4. Performance of SANISAND-MS model on predicting the drained triaxial compression behaviour of Dunkirk sand (

adapted from Pisano et al. 2024)
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Fig. 5. Determination of end effects from comparison of FE analysis cases.

movements are equal. This aligns well with the original definition of the
p-y approach, in which the soil domain is idealised into a series of in-
dependent Winkler-type springs acting on the lateral piles (Reese et al.
1974). Hence, ppet-y curves in the Case B are what the users of ROBO-
CONE need in order to design offshore laterally loaded piles.

As seen in Fig. 5, the total ROBOCONE resistances (Case A) are
therefore the superposition of two components, i.e. the net ROBOCONE

resistance (Case B) plus the additive resistances due to end effect pgg, so
that:

DeE = —5 77 = Ptot — Pnet ()]

3. Results & discussion

The mechanisms related to end effects of the ROBOCONE p-y mod-
ules are first identified, and the main influencing parameters discussed,
including aspect ratio (Hrc/Dgrc), sand relative density (Dg) and sur-
charge pressure (0,). Afterwards, an interpretative framework is
developed based on a parametric study for the p-y module with aspect

ratio Hrc/Dgrc = 3.7, which corresponds to the prototype ROBOCONE
(Creasey et al., 2023).

3.1. Key features of ROBOCONE p-y module response

Aspect ratio is an important geometric feature of the ROBOCONE. A
high aspect ratio reduces the relative contribution of the end effect to the
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measured total force, which is beneficial. However, the force required to
move the p-y module increases with its length and is limited by the
capacity of the actuation system that has to be miniaturised in order to
fit in the standard CPT rod.

Fig. 6 illustrates the numerical total resistances (pit, Case A) and net
resistances (pnet, Case B) of ROBOCONE and the calculated end effect
(pEE, Eq. (4), for a selected surcharge pressure ¢, = 200 kPa and relative
density Dg = 83%. The p-y module reaction forces are divided by the
product of the height and diameter of the ROBOCONE module, HrcDgc,
and the lateral displacement is normalised by Dgc. Three different aspect
ratios, Hrc/Dgrc = 3.7 (prototype), 8.0 and 16.0, were tested.

Fig. 6 shows the total resistance (pyt) decreases with the aspect ratio.
However, the pper-y curves are almost identical, regardless of the aspect
ratio of the ROBOCONE. The relative contribution of the end effect to
the ROBOCONE py,; appear to vary as a function of the aspect ratio. For
instance, the ratio of pgg /prot at y/Drc = 35% reduces from 39% for the
shortest p-y module (Hgc/Dgrc = 3.7) to 20% for the longest p-y module
(Hrc/Drc = 16.0). Moreover, the relative importance of the end effects
in the measured ROBOCONE resistances (pot) tend to vary as a function
of the normalised y/Dgc. At small displacement, the net resistance
component (ppe) dictates the magnitudes of total resistances, while the
end effects become more prominent in a later stage of the p-y module
displacement. Therefore, any end effect correction of the measured
ROBOCONE data should include this dependency.

The resistance pgg above is expressed as the calculated end effect
force Fgg divided by the projected area of ROBOCONE (HgrcDgc) in the
translating direction. As with Wen et al. (2024), another more mean-
ingful and straightforward way is to present end resistances in the form
of pgg = Fgg/Drc?, which excludes the impact of the ROBOCONE length
so is a better quantity to describe the end effect. By doing so, the Fig. 6(c)
can be converted to investigate relationship between pgr and aspect
ratio. As shown in Fig. 7, the evolution of pgg tend to converge at greater
Hgc/Drc, which implies some degree of interaction between the two
ends for lower aspect ratios.

Fig. 8 demonstrates the influence of surcharge pressure (¢, ) on the p-
y module response components, of total, net and end resistances
respectively. Higher stress levels lead to increased resistance and initial
stiffness, as captured in the SANISAND-MS model by the frictional na-
ture of soil resistance and the stress dependent soil stiffness defined in
Eq. (1). The contribution of the end effect (pgg) to the total ROBOCONE
resistance (pgor) decreases with an increasing surcharge stress ¢,. For
instance, at a normalised displacement y/Dgc = 30%, the end effect
accounts for approximately 50% of the total resistance at low surcharge
stress ¢, = 10 kPa, reducing to around 40% at ¢, = 200 kPa.

While most p-y models for pile design include a plateau in p values in
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Fig. 7. Variation of end resistance with increasing lateral displacement and
ROBOCONE p-y module aspect ratios (¢, = 200 kPa).

drained sands (e.g., AP1 2014; Burd et al. 2020), the only simulation that
reached a stable upper limit of pgc was for a surcharge stress ¢, = 10
kPa, at a displacement of 25%Dgc, which approaches the lateral trans-
lation limit of the prototype ROBOCONE, which is 20%~25%Dgc
(Creasey et al., 2023). This effect can be attributed to the progressive
suppression of the soil’s tendency to dilate during shearing due to the
confining pressure from the surrounding mass. As the soil tends to dilate
within a confined mass, the surrounding confining stress increases,
leading to a corresponding increase in the soil’s shear strength. This
process continues until the shear strength reaches a plateau when the
soil attains its critical state conditions. This increase will be higher and
take longer for deep embedment depth (¢, = 200 kPa) due to the higher
soil stiffness and larger volume of surrounding soil mass involved.
Indeed, the plateaus observed in p-y curves backfitted to full-scale pile
load tests are located close to the surface (at low vertical stress), where a
shallow mechanism develops. It can therefore be assumed that the
variation of surcharge pressure is a simple way to represent the change
in response of the p-y module at different operation depths.

3.2. End effect mechanism
The vertical soil displacement during translation of the p-y module is

an indicative way to show the influence zone and three-dimensional
nature of the end effects. Fig. 9 shows the profile of soil displacement
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Fig. 6. Monotonic loading response of various p-y modules (o, = 200 kPa; Dy = 83%): (@) pror-y curves; (b) pner-y curves; (¢) pg-y curves.
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in the symmetry plane of the p-y module at a displacement of 20%Dgc,
with Hge/Dgc = 3.7, 8.0 and 16.0. The zones of vertical displacement
retain a similar shape independent of the aspect ratios, while their di-
mensions show slight variations. Those vertical displacement zones
overlap with the volume of soil directly in front of the p-y module and
indicate that some degree of interaction exists between the two p-y
components (pgg and ppet). The vertical displacement of the soil closer to
the symmetry line is close to zero, especially at larger aspect ratios.

Fig. 10 shows the distribution of current void ratio surrounding the
p-y module at the longitudinal cross section (y = 0). The void ratio is
incorporated as a state variable in the SANISAND-MS model and capable
of visualising the soil zones influenced by the p-y module movement.
The sand domain at the front of the p-y module experiences dilation, i.e.,
an increase in void ratio (relative to initial ey = 0.60), owing to the
dilation of the dense sand (initially Dg = 83%). Behind the p-y module,
where the soil is experiencing unloading, an increase in void ratio can be
observed for all cases.

3.3. End effect model

The purpose of the ROBOCONE tool is to determine pye-y curves
directly in situ. This requires correction of the measured pot-y curves to
remove the end effect contribution across the full range of lateral dis-
placements. The following section details this correction framework for
monotonic loading, for the aspect ratio corresponding to the dimensions
of the prototype p-y module (Hrc/Dgrc = 3.7) (Creasey et al., 2023).The
calibration space, as set out in Table 2, consisting of 12 combinations of
surcharge pressure (¢, from 10 kPa to 200 kPa) and relative densities
(DR, from 43% to 83%). For each combination, a pair of FE analyses were
undertaken (Cases A and B), to calculate the end effect contribution pgg.
All individual curves were fitted by an explicit conic function (Equations
(5), (6)), which has been used to capture the p-y soil response from small
to large displacements and has been widely adopted by the offshore
industry (Burd et al. 2020).
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Table 2
Calibration space encompassed by 12 combinations of surcharge pressure (c,,)
and relative density (Dg).

D @, [kPa] D o, [kPa] D ¢, [kPa]
83% 10 65% 10 43% 10
50 50 50
100 100 100
200 200 200
Bee = P, 2 if y<v )
PeE _pu.EEm if y<vyu
Where a =1 — 2ng
y yk,
b:ZnR,lf(lfnR) 14 2%
Yu DufE
Yk y
c==—(1-mng) —n,=
PuEE ( R) "yuz
Pt A
ﬁu,EE ______ T
o |
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& |
1
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Fig. 11. Illustrative diagram of the conic curve and primary governing pa-
rameters used to define the end effect of ROBOCONE p-y module.

Fig. 11 illustrates the shape of the conic function and its four primary
variables (kgr, DugE, Mr, Yu) that depend on sand relative density and
surcharge pressure as discussed later. Each of these variables in the conic
function has straight-forward interpretation. For instance, the variable
kg controls the initial slope, while y, is the normalised displacement at
which the normalised ultimate soil reaction py g is attained. Beyond y,,
the p, gr remains constant. The ng (0 < ng < 1) influences the shape of
the curve; for ng = 0 or 1.0, the function reduces to the bilinear forms, as
seen in Fig. 11.

The end effect model operates by correlating the four variables in
Equations (5) and (6) with the surcharge pressure and relative density,
both of which can be estimated from the processing of regular CPT re-
sults. The calibration of the model followed a two-stage optimisation
process, as outlined in the flow chart given in Fig. 12, similar to previous
work regarding the development of p-y models for monopiles (Burd et al.
2020).

Stage 1 — Step 1: In the first-stage optimisation, the set of variables

Step 1
Obtain the magnitudes of variables (kg,
Yu» Du,gg» NR) by fitting each numerical
Prg -y curves (in Table 2) to the conic
function ‘

1

1

1

1

1

1

1

1

1

1

1

|

| Step 2
i For each Dy, adjust the surcharge
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Stage 1: Optimisation on
each condition (g, DR)
pressure variation function and
introduce the new variables ({y, {;)

Step 3
Identify the dependency of variables
(¢x, ¢p) on Dy and introduce the

parameters (Kgc, Nrc)

Step 4
Find the optimal values (Kgc, Npc, Ngr,
¥,) that perform well across the
Nsample datasets in terms of py-y curves

Stage 2: Global
[&—— optimisation across all
conditions at once

N
C=3

sample | _ p2
Pnet ¥

Fig. 12. Two-stage optimisation process for calibration of end effect model.
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(kg, Pu,gE, MR, Yu) Was calculated independently for each individual pgg —
y curve (from Table 2) by minimising the least-square error (Rgﬂy) be-
tween the numerical data and the conic function. This process was
achieved using optimisation function namely fmincon() in MATLAB
(MathWorks Inc. 2022). Prior to optimisation, the initial value of kg was
approximated as the secant stiffness at y = 1 %, while the p, gz was
initially assumed to be the final increment of the numerical pgg-y curves.
In addition, the curvature variables ng was subjected to an upper limit of
1.0. An arbitrary y, values of 1.0 was adopted initially and adjusted
during optimisation.

Stage 1 — Step 2: For each calibration relative density case, the
dependency of the variables (kg, Pu.gg, Nr, ¥u) determined from Step 1 on
the surcharge pressure (¢,) was separately identified and predicted by
the ‘surcharge pressure variation function’, with new variables ({y, ¢p)
being introduced.

Stage 1 — Step 3: The dependency of new introduced variables (¢,
{p) on relative density (D) was identified and predicted by the ‘relative
density variation function’, with new parameters (Krc, Nrc) being
defined.

Stage 2 — Step 4: the aim of the second-stage optimisation is to find
the optimised values of (Krc, Nrc, Nr, ¥u) that perform well across the
entire database to predict the ppe-y curves. The parameters in the sur-
charge pressure and relative density variation functions were optimised,
and the parameter magnitudes from the first-stage calibration were used
as initial values.

3.4. Calibration of the model: Stage 1

Fig. 13 shows an example of the individual fitting of the pgg-y curves
for Dg = 83%, achieving close agreement with an R? of 0.99. While not
shown here, the other simulations for the cases in Table 2 also demon-
strate excellent matches to numerical data.

The set of primary model parameters determined for all twelve
calibration cases are shown as a function of the surcharge pressures (o,),
which varies with the depths of p-y module test. Most calibrated y,
parameters are close to 3 (Fig. 14a), irrespective of surcharge stress and
density, except two cases under ¢, = 10 kPa, 50 kPa where ¥, values are
smaller. This value represents the displacement at which the pgg value
becomes constant, but could not be verified explicitly, as the simulations
only extend to y/Dg = 0.35, and the prototype p-y module has a
translation limit of 20 %~25 %Dg (Creasey et al., 2023).

The initial stiffness kg increases with both surcharge pressure and

25.0 : —

Markers: FE simulations

Lines: Fitted curves using Eq. (6
200 L g Eq. (6)

Drr [MPa]

10.0 -

RN

c,'= 50 kPa, 100kPa, 200kPa

00 L 1 L 1 L 1 L 1 L
0.00 0.05 0.10 0.15 0.20 0.25

V/Dge

Fig. 13. Individual fitting performance of the conic function to numerial results
(Dr = 83%).
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sand density (Fig. 14(b)), as would be expected from the SANISAND-MS
model where the shear modulus changes with the confining stress (p') to
the power of 0.5 (see Equation (1)). To be consistent, it was assumed that
the stiffness parameter kg would increase according to the same trend,

()'. 0.5
kR = Ckpatm<P :’ > @)

where p,m is atmosphere pressure. ¢ is a variable dependent on relative
density (DgR), to be optimised according to Step 3.

The curvature parameters ng for both loose sand (Dg = 43%) and
medium dense sand (Dg = 65%) fall within the range of 0.8-0.9, indi-
cating slight variation with ¢, (see Fig. 14¢). Conversely, the ng values of
dense sand show an apparent growth with the surcharge pressure.
However, the ng values seem to converge as the surcharge pressure in-
creases irrespective of the density. For simplicity, in view of the limited
value range and convergence observed, it was considered that this value
could be kept constant in Step 3.

The derived ultimate end resistances at corresponding ¥, also in-
crease with the surcharge pressure and relative density (Fig. 14(d)). A
fitting equation similar to the stiffness parameter was adopted:

O" 0.5
5u.EE = éppam<p = ) (8)
atm

Where ¢, is a parameter associated with relative density, which will be
optimised in Step 3.

Equations (7) and (8) introduce the new variables (¢, ¢ ) which are
correlated to the relative density of the sand as shown in Fig. 15 and
Fig. 16. A simple relative density variation function was established as:

o = KpeDj )
¢, = NrcDjy (10)

where Kpc is the non-dimensionless stiffness factor (= 1.82E3 in this
case) and Npc is the so-called bearing factor (= 470), both of which are
determined from least-square fitting. The values of Dy are expressed as a
decimal rather than a percentage.

3.5. Calibration of the model: Stage 2

Equations (5)-(10) constitute the initial end effect model after the
first-stage optimisation. They assume that two variables can be consid-
ered constant (¥, and ngr) and introduce two parameters (Kgc and Ngc) in
the simplified equations. In the second-stage optimisation, these pa-
rameters were updated by minimising the following cost function (C),

o Noample 2
C=) "1-R; an

where Ngmple = 12 represents the number of datasets in the calibration
space. For this second stage optimisation, it was chosen to minimise the
error between the numerical ppet-y curves and the predicted ppet-y curves
obtained once the ROBOCONE curves are corrected by the end effect
model. This choice was made because the p,e-y curves represent the
desired outcome of the ROBOCONE interpretation, so these provide the
best measure of accuracy.

The initial values of the optimised parameters (yy, ng, Krc, Nrc) were
obtained from the first-stage optimisation and all parameters were
allowed to vary by up to = 50 % of their initial values, subject to an
upper limit of 1.0 on the curvature parameter ng. This global optimi-
sation led to an updated final set of parameters (Kgc = 2.36E3, y, = 3.0,
ng = 0.74, Ngc = 433).

3.6. Performance assessment of the end effect model

First, the prediction performance of the developed end effect model
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is assessed over the range of calibration conditions (see Table 2). The
Dre-y curves were predicted using Equations (5)-(10), whereas the ppet-y
curves were calculated by subtracting the end effects from the direct
measurement of p-y module. These two curves were compared to the
numerical ppec-y response and the prg-y response. Table 3 summarises
the performance metric R? for all calibration conditions. The average R?
values of 0.8 and 0.9 respectively indicate a good fit of the developed
end effect model to the data, with the higher relative density cases
tending to produce slightly higher R? than the lower relative density
cases.

To further validate the predictive capability of the end effect model,
two additional FE cases were performed at a relative density of 55%,
with surcharge pressures of ¢, = 75 kPa and 150 kPa, respectively. These
conditions fall within the original calibration space but differ from the
conditions employed for the calibration. Fig. 17 shows the ppet-y curves
and pgg-y curves from numerical FE analysis, together with predictions
using the developed end effect model. Values of R? for two cases indicate
a close match between the numerical data and the predictions in terms
of both the pgr-y curves and the pyer-y curves. This confirms the appli-
cability and robustness of the model developed in this study.

4. Applicability of the developed end effect model

The main contribution of this work is to establish a generalised
framework to quantify and correct the ROBOCONE data for end effects
and determine p-y curves directly for offshore foundation design. This
framework is applicable to a wider range of sand types and states, even if
the model has been calibrated here using Dunkirk sand constitutive
model parameters and a specific prototype ROBOCONE module (Hrc/
Dgc = 3.7). In the future, the end effect model parameters can be refined
as data from the field and additional simulations become available, to
build confidence and reduce uncertainty in the correction factors for the
ROBOCONE module, so that no further numerical simulations are
necessary to interpret the data. In this way, the end effect model as
presented here has similar status to equivalent correction factors and
empirical correlations for other field-testing methods that often used
without soil type-specific calibration (Yu 2006; Suryasentana and
Lehane 2014).

However, if required, it would be possible to derive end effect model
parameters tailored to a significantly different soil type — such as highly
compressible carbonate sands — by rerunning a similar set of FE analyses
encompassing the expected density range and stress levels. Once the end
effect model is established, it enables corrections to ROBOCONE’s in-
situ measurement of total resistances against displacement, facilitating
the generation of net resistance-displacement curves without any end
effects. Considering the failure mechanism around ROBOCONE is simi-
larly to the one that can be observed around laterally loaded piles (Wen
et al., 2025), these net resistance-displacement curves can be further

Table 3
Summary of performance metrics of end effect model.
Relative density Dy Surcharge pressure o, R? R?
(eo) [kPa] Prey (Pret—y
curves) curves)
83% (0.60) 10 0.98 0.958
50 0.97 0.972
100 0.994 0.996
20 0.965 0.982
65%(0.67) 10 0.764 0.591
50 0.971 0.983
100 0.839 0.924
200 0.591 0.844
43%(0.75) 10 0.963 0.966
50 0.853 0.936
100 0.731 0.906
200 0.692 0.896
Average R* - 0.86 0.91
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scaled up to determine the p-y curves for offshore pile design. However,
this is beyond the scope of this study.

5. Summary & concluding remarks

This study presents an interpretative framework for a new CPT
module designed to probe the soil in a manner analogous to the soil
surrounding laterally loaded piles. The framework eliminates the end
effect of this device caused by its finite length, and reliably convert the
in-situ measured response into p-y curves. The 3D finite element
approach is used to simulate the behaviour of p-y module in drained
sands, with the soil characterised by a bounding surface plasticity model
capable of capturing the dependence of sand behaviour on relative
density and stress levels. In order to visualise the end effect of the p-y
module, two types of FE analyses were undertaken. In Case A, the lateral
displacement is solely prescribed on the p-y module, whereas in Case B
the same displacement is applied at both p-y module and CPT shaft.
Therefore, the ROBOCONE additive resistances due to end effect are
determined by deducting the net ROBOCONE resistances (Case B) from
the total ROBOCONE resistances (Case A). The following conclusions are
reached:

(a) The end effect becomes less important with increasing aspect
ratio of the p-y module as the shaft resistance increasingly
dominates the overall response.

(b) The ratio of end resistance to total resistance is larger under lower
surcharge pressure, so a higher correction is required; this ratio
also varies with the relative density of the sand.

(c) The end effect model is developed through a two-stage optimi-
sation on the basis of four-parameter conic function, which cap-
tures the effects of relative density and surcharge pressure.

(d) The developed end effect model can not only reproduce well the
behaviour of the ROBOCONE p-y module under calibrated con-
ditions, as indicated by the calculated error measures, but dem-
onstrates general applicability for other validation cases that fall
within the calibration space but have different from the initial
conditions.

(e) While the end effect model in this study is based on a specific
aspect ratio, the framework proposed in this study to optimise the
model parameters can be applied to a p-y module with other
aspect ratios.

In summary, this study provides the interpretation framework
required to convert the results from the p-y module to the p-y curves for
pile design. This supports greater use of such in-situ test data for offshore
design, without recourse to subsequent onshore laboratory testing, and
therefore contributes towards shorter timeframes for offshore project
developments. Future work will extend the current monotonic end effect
model by incorporating complex cyclic loading conditions. This will
leverage the advantages of memory surface components within the
SANISAND-MS model.
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