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Abstract

The article presents a continuum approach to predict the response of pile foundations for jacket-supported offshore wind turbines.
Tensile loading conditions are examined, which may be critical for piles used in combination with this structure type, generally adopted
to exploit wind energy in intermediate water depths. The approach is developed to guarantee a simple implementation with a limited
number of input data easily attainable from cone penetration tests and laboratory tests, and to ensure computational cost-
effectiveness. Data from technical-scale tests on open-ended steel piles driven in dense sand and subjected to drained pull-out are used
to assess the performance of the approach. The results are shown to be accurate, approximating rather closely the experimental load–
displacement curves. The accuracy of the approach is also compared to that obtained with a recently proposed design method, to inves-
tigate the predictive capacity of the approach and its potential to support preliminary design activities.
� 2023 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Jacket platforms on driven piles are commonly
employed structural solutions to exploit offshore wind in
intermediate water depths. In this configuration, the foun-
dations are prevalently subjected to axial loads, which may
become onerous in tension, due to the light weight of the
superstructure.

The response to pull-out of pile foundations is tradition-
ally estimated using the load-transfer curve approach, com-
bined with ultimate shaft friction prediction methods. For
offshore piles, the ultimate shaft friction is currently esti-
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mated using Cone Penetration Test-based procedures
(CPT methods). These methods were developed over the
last two decades using a wide experimental database and
recently collected under a unified formulation (Lehane
et al., 2020a). The pile response prior to failure depends
on the choice of the load-transfer formulation. Different
approaches were lately shown to yield good results when
applied to offshore piles (e.g. Zhang et al., 2019, Lehane
et al., 2020b) but, unlike for the pile capacity prediction
methods, there is no common agreement on which one is
to be favoured.

To address this specific loading condition, less attention
has been generally given to continuum approaches (De
Nicola and Randolph, 1993; Broere and Van Tol, 2006)
which are instead extensively employed for combined and
lateral loading (e.g. Wakai et al., 1999; Hu et al., 2022).

In general, a reliable modelling approach should be able
to adequately mimic the effects of pile installation, includ-
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mmons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.sandf.2023.101376
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:riccardo.zabatta2@unibo.it
mailto:l.govoni@unibo.it
mailto:l.govoni@unibo.it
mailto:aligi.foglia@ngi.no
mailto:alessio.mentani2@unibo.it
mailto:alessio.mentani2@unibo.it
https://doi.org/10.1016/j.sandf.2023.101376
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sandf.2023.101376&domain=pdf


Nomenclature

D pile diameter
L pile length
t pile thickness
Di inner diameter of the pile
Dr soil relative density
qc cone tip resistance
qc,art artificial cone tip resistance
pa atmospheric pressure (=100 kPa)
p00 mean effective stress at rest
r0v0 vertical effective stress at rest
r0ri post-installation radial stress
r0h circumferential stress
PLR pile Plug Length Ratio
h distance of the local depth to the pile head
/0p;soil peak friction angle of the surrounding soil
wsoil dilation angle of the surrounding soil
Epile Young’s modulus of the equivalent pile
Esoil Young’s modulus of the surrounding soil
vpile Poisson’s ratio of the equivalent pile
vsoil Poisson’s ratio of the surrounding soil
cpile unit weight of the equivalent pile

csoil unit weight of the surrounding soil
KE Young’s modulus number
p00i post-installation mean effective stress
Icn normalised soil behaviour type index
Gadj shear modulus of the adjacent soil
G* model constant
sadj thickness of the adjacent soil
D50 mean particle size of the sand
dyield model constant and yield interface friction angle
dcv constant volume interface friction angle
b model constant
cp plastic shear strain
wadj dilation angle of the adjacent soil
emin minimum void ratio of the material
emax maximum void ratio of the material
/0

cv constant volume friction angle
Ra shaft surface average roughness
Rn normalised average roughness
Vult pile tensile capacity prior to failure
wult pile head displacement at failure
w0 pile head displacement at service conditions
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ing geometrical effects and friction fatigue on the subse-
quent load stages (Jardine et al., 1998; White and
Lehane, 2004) and to correctly model the steel-sand inter-
face behaviour (DeJong et al., 2006). From the standpoint
of a realistic model, this implies the use of large-
deformation analyses of pile installation to provide the ini-
tial stress and state variables (e.g. Heins and Grabe, 2017)
within small-strain simulations, performed with advanced
interface models (e.g. Staubach et al., 2022). This proce-
dure, however, is still too laborious and computationally
onerous for the exploitation in the engineering practice.

The approach presented in the paper lies halfway
between one-dimensional approaches which implement
load-transfer curves and a realistic modelling procedure.
Of the Finite Element (FE) type, it makes use of CPT
and interface tests data. The implementation is kept simple
and the computational cost low, enabling for parametric
studies to be performed, which can be interpreted within
the framework of new probabilistic approaches (e.g.
Mentani et al., 2022, Mentani et al., 2023). The perfor-
mance of the approach is evaluated in reproducing
technical-scale tests and is compared with recently devel-
oped predictive methods.
2. Details of the approach

2.1. Description

The approach addresses the axisymmetric problem of a
pile of diameter D, length L and thickness t, driven in a
homogeneous deposit of constant relative density, Dr and
2

subjected to a vertical upward displacement, w, at the head
(Fig. 1a) in fully drained conditions.

The study assumes that, at the end of the installation
phase, the length of the soil plug is equal to that of the pile
embedment depth. This installation mode is called cored
and is characterised by a Plug Length Ratio, PLR, equal
to 1. It is also assumed that, during loading the soil plug
perfectly sticks to the inner pile surface. This condition is
called fully plugged. Under this circumstance, the pile is
pulled out with no relative movement of the inner soil
and behaves as it was closed-ended. Such behaviour, cored
in installation and fully plugged in loading, is typical of off-
shore piles (see for instance Randolph and Gourvenec,
2011). According to these hypotheses a uniform cross sec-
tion is assigned to the pile, of properties suitably averaged
to account for the soil and steel components.

The pile is modelled as it was wished in place and the
post-installation radial stress in the vicinity of the pile is
linked to the local cone tip profile by using empirical corre-
lations available in the literature. This is meant to approx-
imate the effects of pile driving on the soil stress state prior
to loading. Recent numerical research findings have
showed that the circumferential stress component is also
affected by the installation process to an extent that is sim-
ilar to that observed on the radial (Ciantia et al. 2019).
Based on this, and to avoid equilibrium issues in the geo-
static step, the same value is prescribed to the radial and
circumferential initial stress.

The approach is based on the modelling of three main
features: the pile, the soil adjacent to pile shaft and the soil
not in contact with the pile wall, and referred hereinafter as



Fig. 1. Schematic overview of the approach: a) geometry, b) expected prediction and c) model mesh adjacent to the pile.
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the surrounding soil (Fig. 1c). It is assumed that the shear
stress along the pile shaft is mobilised in the adjacent soil,
rather than at the interface, to which a rigid response is
prescribed up to a failure threshold, governed by the Cou-
lomb failure criterion. The adjacent soil remains attached
to the shaft until failure (sticking condition), then, when
the failure surface is attained, relative motion can take
place (slipping condition). The same resistance is assigned
to the interface and to the adjacent soil.
2.2. Implementation

The FE software Abaqus (ABAQUS, 2014) is used to
implement the approach. Other commercial packages can
be used, as long as they allow for a structured mesh in the
vicinity of the pile. Four nodes, bilinear and axisymmetric
elements were used. Zero displacement boundaries are set
at a 15D distance from the pile shaft and 10D down the pile
tip. Details of modelling of the part is given in the following.
2.2.1. Pile

The pile is deformable and obeys to a linear elastic con-
stitutive law, whose constants (Epile, tpile) and physical
properties (cpile) are averaged accounting for the steel and
soil properties and pile thickness.
2.2.2. Surrounding soil

A uniform mesh is assigned up to a distance D to the pile
wall, with element thickness set to D/12. No effects of fur-
ther refining the mesh size on the model results were
3

observed. A portion of the model mesh in the vicinity of
the pile tip is shown in Fig. 1c.

The linear Drucker Prager (DP) model was assigned to
the soil elements employing the linear-elastic, perfectly-
plastic formulation. The procedure adopted to identify the
model constants is detailed in Table 1, and requires the
use of CPT data. These were selected as suitable to clean,
medium dense silica sands and steel displacement piles.

An artificial cone resistance qc,art, is calculated according
to Jamiolkowski et al. (2003) implementing a constant Dr

value:

qc;art ¼ 24:94pa p00=pa
� �0:46

e2:96lDr ð1Þ
where p00 is the mean effective in situ stress at rest, pa is the
atmospheric pressure and lDr is the mean soil density. The
profile of qc,art is used to set the initial stress field in the soil
according to:

r0
ri ¼ r0

h

¼ qc;art
44

1� PLR
Di

D

� �2
" #0:3

max 1;
h
D

� �� �� ��0:4

ð2Þ

where PLR = 1 (as mobilised in the installation phase), Di

is the inner diameter of the pile, h is the vertical distance of
the local depth to the pile tip (Lehane et al., 2020a). The
equation is relevant to piles driven in sand and explicitly
accounts for friction fatigue and geometrical effects (e.g.
Lehane et al., 1993). The peak resistance of the soil sur-
rounding the pile is prescribed to vary with depth accord-
ing to Kulhawy and Mayne (1990):
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4

/0
p;soil ¼ 17:6þ 11log qc;art= par

0
v0

� �0:5� 	
ð3Þ

where /0
p;soil is the peak friction angle of the material and

r0
v0 is the vertical effective stress at rest.
The elastic stiffness, Esoil, is prescribed to vary with

depth according to:

Esoil ¼ lKEpa p00i=pa
� �m ð4Þ

where lKE and m are dimensionless models constant, calcu-
lated as:

lKE ¼ mean ECPT=pað Þ p00i=pa
� ��m ð5Þ

ECPT ¼ 0:015ð100:55Icnþ1:68Þ qc � r0
v0ð Þ ð6Þ

where p00i is the mean, post-installation, effective stress, Icn
and qc are the experimental normalised soil behaviour type
index and cone tip resistance and m = 0.5 (Robertson,
2009).

2.2.3. Soil adjacent to the pile

The adjacent soil is modelled using the column of ele-
ments next to the pile shaft, of thickness sadj = 0.05D.
The choice of the value was based on the outcomes of a
recent, comprehensive set of steel displacement pile tests
that involved medium rough to rough piles in medium
dense to dense sand (Tovar-Valencia et al., 2018). The lin-
ear DP model is assigned to these elements employing the
linear-elastic, hardening-plastic formulation.

The shear elastic modulus Gadj is prescribed as function
of the normal stress acting on the pile shaft (De Gennaro
and Frank, 2002):

Gadj ¼ G� � sadj � ðr0riÞn ð7Þ
where rri is the radial stress of Eq. (2), G* and n are model
constants.

The shear stress at yield is given by:

syield ¼ r0ri � tanðdyieldÞ ð8Þ
where dyield is the slope of the yield surface of the DP
model. The yield surface evolves with mobilised plastic
shear strain cp up to failure, when the mobilised friction
angle equals dcv, according to the hardening law:

s ¼ r0ri � tanðdcvÞ � tanðdyieldÞ
ðbþ cpÞ

� �
cp ð9Þ

where b is a model constant. The flow rule is non-
associated and governed by wadj. The six model constants
(G*, b, n, dcv, dyield, wadj) can be calibrated on the interpre-
tation of constant stress interface tests, as described in
Section 2.2.

3. Application of the approach to model large-scale pile tests

3.1. Details of the experiment

The tests were carried out by Fraunhofer IWES at the
Test Centre for Support Structures of the Leibniz Univer-
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sität of Hannover and are selected as they involved offshore
piles for wind turbine jackets driven in a uniform sand
deposit. Referring to Schmoor et al. (2018) for more exper-
imental details, a schematic of the testing set-up is given in
Fig. 2 and relevant information are summarised in the
following.
Fig. 3. Identification of the shear band model constants based on the
results of interface tests.
3.1.1. Materials

The soil is a uniform siliceous sand (D50 = 0.36 mm,
emin = 0.45 and emax = 0.85), previously characterised with
triaxial tests (/0

cv = 32.5�). For the testing campaign, two
direct shear tests were carried out on dense sand specimens
(Dr = 0.74) and steel plates of medium roughness (average
roughness Ra = 5 lm). Tests were Constant Normal Load
(CNL), with pressures set at 60 kPa and 90 kPa. The mobi-
lised friction angle and vertical displacement against the
applied horizontal displacement are shown in Fig. 3.
3.1.2. Sample preparation

The sample was prepared in the laboratory sand pit to
achieve a dense state, overlapping compacted dry sand lay-
ers of about 25 cm thickness up to a height of 9.65 m. Sat-
uration was carried out at the end of the process up to
0.5 m below the sample surface. The relative density was
Fig. 2. Schematic drawing of the experimental set-up a) top view, b) section

5

measured collecting locally sand specimens and resulted
equal to 0.74.

3.1.3. Sample characterisation

Five CPTs were performed at various locations
(Fig. 2a). The summary of qc and sleeve friction is given
in Fig. 4. Data fall in a relatively narrow band showing
and pics of the piles, c) the pile layout and d) installation and loading.



Table 2
Details of the model piles used for the application of the modelling
procedure.

Test D [m] L/D [-] D/t [-]

Pile 1 0.273 20.9 54.6
Pile 3 0.356 16 56.5
Pile 4 0.356 18.8 56.5

Fig. 5. Experimental normalised load – displacement curves.
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the tests being consistent with the experimental hypothesis
of a homogenous deposit. Fluctuations of constant ampli-
tudes about average values, clearly visible at the tip passage
and then attenuated along the shaft, are ascribable to the
sample preparation procedure, as already observed in sim-
ilarly conducted campaign at the same facility (Foglia
et al., 2021).

3.1.4. Load tests

The experiments involved three steel, medium rough
(average roughness Ra = 5 lm) open ended piles (Pile 1,
Pile 3 and Pile 4) of dimension given in Table 2, driven
using a double-acting pile hammer and subjected to a
displacement-controlled pull-out at 0.01 mm/s rate, to
ensure drained conditions. The results in terms of nor-
malised vertical displacement and load, in Fig. 5, shows a
general good agreement.

3.2. Analyses and results

Employing the available CPT data and laboratory tests,
the model constants are identified and the values are
inserted in Table 1.

The profile of artificial qc,art (Eq. (1)) is computed using
the measured mean sample density lDr = 0.74 and shown
in Fig. 4a. The value lDr compared on the sample density
profile, applying again Eq. (1), is instead shown in
Fig. 6a, confirming the suitability of the selected empirical
Fig. 4. Summary of CPT results: profiles of a) cone resistance and b)
sleeve friction.

6

correlation for the sand deposit in exam. The value of qc,art
is used to calculate the surrounding soil strength (Eq. (3))
and to set the geostatic step according to Eq. (2).

Fig. 6b illustrates the profile of KE, calculated using Eqs.
(5) and (6). The average, lKE = 1100 (standard deviation,
rKE = 290), also inserted in Fig. 6b, is used to implement
the soil stiffness in the surrounding soil, according to Eq.
(4).

The six constants (G*, n, b, dcv, dyield, wadj) of the DP
model assigned to the adjacent soil elements are calibrated
against the available interface tests data. Simple shear,
CNL conditions are prescribed to an element of thickness
equal to 5D50, which is a realistic value for shear band
heights for medium rough steel plates (e.g. DeJong et al.,
2006). The quality of fitting can be observed in Fig. 3,
where model and test data are presented along with the
identification of the model constants: G* is the slope of
the initial linear branch, while dcv and dyield, are the model
ultimate and yield interface friction angle respectively. The
constant b governs the tan(d) – x curvature, while wadj

enables to fit the experimentally observed volumetric
response.

The FE models of Piles 1, 3 and 4 are created using these
inputs. Analyses are small strain, total stress and carried
out applying a 0.1D upward displacement to the pile head.

The numerical load–displacement curves are compared
to the experimental in Fig. 7a, 7b and 7c for Piles 1, 3
and 4, respectively. The three pile models reproduce accu-



Fig. 6. Identification of the soil model constants a) lDr on the
experimental Dr profile and b) lKE on the experimental KE profile.

Fig. 7. Comparison of the experimental load–displacement curves with
the numerical results of the proposed approach and with the load-transfer
curve method from Lehane et al. (2020b) for Pile 1 (a), Pile 3 (b), and Pile
4 (c).
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rately the entire load displacement response, well capturing
the non-linearities prior to failure. Selected values are also
identified to assess the performance of the approach.
According to Fig. 1b, these are: the mobilised pile head dis-
placement at half of the measured capacity, w’, through the
normalised parameter Dw’ = (w’FE – w’Exp)/D, which
shortly describes the service conditions (Lehane et al.,
2020b); the tensile capacity, Vult, and the upward pile head
displacement at failure, wult, which instead are representa-
tive of the ultimate conditions.

With reference to Dw’, the computed values are 0.0024,
0.0010, 0.0014, for Pile 1, 3 and 4, respectively. The agree-
ment is satisfactory and ascribable to the choices made for
the surrounding soil modelling. Eq. (4) enables to imple-
ment the variation of the stiffness with depth also account-
ing for the post-installation confining stress, and Eq. (6) is
calibrated based on clean silica sand and thus particularly
suitable to model the soil used in the experiments. The stiff-
ness remains constant during loading consistent to the gen-
erally observed pile response under axial loading (e.g. De
Gennaro and Frank, 2002).

The tensile capacity is particularly well predicted, nota-
bly for Pile 3 and Pile 4. The 17% underestimation on Pile 1
(Fig. 7a) can be partly ascribable to a comparatively higher
experimental normalised capacity (Fig. 5). The available
experimental data did not show local inconsistencies at Pile
1, which might have shown possible factors causing this
discrepancy to be considered in the FE modelling.
7

The model evaluates the pile head displacement at fail-
ure wult when all the nodes at the pile-soil interface reach
the slipping conditions. The calculated values are 0.05D,
0.04D and 0.06D for Pile 1, Pile 3 and Pile 4, respectively.
The data compare well with the experimentally observed
values, measured on the load–displacement curve when
the pile is no longer able to take on additional load. These
are equal to 0.06D for Pile 3 and 0.07D for Pile 4. As Pile 1
still shows to mobilise an increasing resistance to pullout at
w = 0.1D, the data for comparison could not be inferred.
For the ultimate conditions, the agreement could be
explained by the implementation of the adjacent soil part,
which was calibrated on relevant interface data, notably



Fig. 8. Shaft resistance mobilisation during loading of Pile 1: (a) evolution of the shear stress mobilisation at the pile shaft during loading; (b) stress paths
followed by the elements adjacent to pile towards the failure line.

R. Zabatta et al. Soils and Foundations 63 (2023) 101376
the dcv. The implementation of the hyperbolic hardening
(Eq. (9)) also allows for the non-linearities prior to failure
to be correctly captured, leading to a satisfactory estima-
tion of wult.

The approach allows to model the progressive mobilisa-
tion of the shaft resistance along the pile, as depicted in
Fig. 8a, where the non-linear variation during the loading
phase ofthe shear stress within the adjacent soil, is shown
along with the embedment depth, z/L. In Fig. 8b, the stress
paths followed by the elements along the shaft are shown
on the r’r - s plane at various pile depths. These paths
are characterised by a first reduction in the radial stress fol-
lowed by a monotonic increase toward the failure line, of
slope dcv, due to the soil dilation. This pattern is in close
agreement with the main experimental findings on the sub-
ject (e.g. Lehane et al., 1993).
3.3. Comparison with CPT-based predictive methods

The results are compared with those obtained by the
load-transfer curve method in the formulation recently
proposed by Lehane et al. (2020b). The mobilised shaft
resistance is given as:

s
sf

¼ G
sf

� �
w
2D

� 	
1� w

2 � D � q0:5c r00:25
v0

Ap0:75a

2
4

3
5 ð10Þ
where G is the operational shear modulus and A = 625 for
piles loaded in tension and the ultimate shaft resistance, sf,
is calculated with the unified CPT-method as:

sf ¼ f ðr0ri þ Dr0rÞtanðdÞ ð11Þ
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where f = 0.75, and d = 29�. The initial radial stress r’ri is
as per Eq. (2), with the PLR function of the pile thickness
and:

Dr0r ¼ qc
10

qc
r0v0

� ��0:33 dcpt

D
ð12Þ

where dcpt is the cone diameter. The method is implemented
in a one-dimensional model using a ten elements discretisa-
tion and suitably averaging the experimental profile of qc
(Fig. 4). The results, displayed in Fig. 7 with grey lines, pre-
dict a slightly stiffer response and higher capacity with
respect to the experimental.
4. Concluding remarks

The paper presents a continuum approach to predict the
behaviour of steel piles driven in a uniform sand deposit
and subjected to a drained axial pull-out. It requires CPT
data and interface laboratory tests to be implemented.
The implementation is simple and the computational cost
is low with a simulation running in about thirty minutes,
using a standard workstation (Intel Xeon E3-1240 v5
CPU @ 3.50 GHz, 16 GB RAM).

The modelling approach was applied to model the
results of laboratory technical-scale tests and showed accu-
racy in reproducing the entire load–displacement curve of
three piles of different diameters, slenderness and thickness.
Both service and ultimate conditions were successfully pre-
dicted. The progressive mobilisation of the shear stress
along the pile and the stress paths also appeared to be cor-
rectly captured and consistent with the relevant experimen-
tal literature.

The good performance observed relatively to the consid-
ered testing campaign is partly ascribable to the choice of
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the empirical correlations, especially suitable for piles
installed in a homogenous commercial clean silica sand
and the direct implementation of interface test data. This
offers a possible explanation to the scatter observed
between the experimental data and the prediction of the
latest CPT-based load-transfer method, which was based
on a rich database of instrumented piles installed in natural
deposits. These characteristics allow the CPT-based
method to be implemented with confidence for pile design
at offshore sites, but it is not easily extendable to encom-
pass the considered laboratory conditions.

Conversely, the approach proposed in this work can be
a strong support in comparing results from laboratory tests
on small- to large-scale piles, since it uses empirical corre-
lations calibrated on artificial deposits and it models the
whole pile response until failure by adopting specific soil
and interface properties. A broader involvement of data
from pile tests and steel-sand interfaces would be required
to adequately assess the approach robustness. Therefore, at
this stage the method might be used as a support of CPT-
based methods, eventually adding information to other
characteristics of the monotonic response of axially loaded
piles than the ultimate capacity.
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