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This study develops a shaft load-transfer curve formulation to predict the response of offshore piles to pull-out.
The functional form is the second-order conical equation recently proposed within the PISA framework for
laterally loaded piles. A procedure to identify the constants of the approach is proposed which employs the
unified CPT method to determine the ultimate conditions, and results of interface tests to describe the pile
monotonic response prior to failure. The formulation is devised and validated using the data of an experimental

campaign on model piles, field tests and results of two-dimensional finite element analyses. The load-transfer
curves are intended for piles supporting wind turbines on jackets in intermediate and deep waters, but their
application can also be extended to anchor piles.

1. Introduction

Jacket structures are being increasingly used to extend offshore wind
installations from shallow to intermediate water depths, either in the
North Sea [1] or off the Atlantic coast [2]. A recent study has also
illustrated the potential of the Adriatic Sea for offshore wind de-
velopments on jackets [3]. Jacket structures are supported mainly by
steel open-ended piles. In this configuration, the foundations are pre-
dominantly subjected to axial tensile and compressive loads through a
push-pull mechanism. As a result, there is renewed interest in both the
research community and industry in developing robust design proced-
ures for axially loaded piles.

Over the last two decades, various methods based on Cone Pene-
tration Test (CPT) data were proposed to predict the ultimate axial ca-
pacity of offshore piles in sand. These procedures, comprehensively
described in [4], have been recently collected under a unique approach,
named Unified CPT method [5]. The method contains empirical ele-
ments but also builds upon strong theoretical bases, explicitly account-
ing for essential behavioural features of open-ended driven piles, such as
the effects of friction fatigue [6] and degree of soil plugging [7], which
occurs during the pile installation. Shown to provide excellent correla-
tion with a large set of pile load tests performed at various locations
worldwide and referred to as the Unified database [8], the Unified CPT
method was incorporated in the latest ISO 19901-4 [9] to be used for
ultimate limit state design of offshore piles in sand.

* Corresponding author.

The pile performance under in-service conditions is routinely pre-
dicted with the load-transfer curves method, which implements the
Winkler model of soil reaction and employs suitable functions to
describe the stress-displacement response along the pile. The method
dates back to the Sixties [10], but novel load-transfer functions continue
to be developed [11-14]. For offshore piles, ISO 19901-4 [9] still rec-
ommends the use of the API curves [15] for design purposes. The main
shortcomings of the API formulation were shown to relate to the pre-
diction of the shaft response, arising from the use of a constant value for
the pile displacement at failure to diameter ratio, with major limitations
observed for piles tested in tension, notably in dense sand [16,17]. Other
procedures, based on continuous models or numerical methods, either
deterministic [18-21] or probabilistic [22,23] metamodels have also
been recently considered.

For small jackets supporting lightweight wind generators, tensile
loads can be particularly onerous, driving the design choices, therefore
this paper introduces shaft load-transfer curves to predict the monotonic
drained behaviour of offshores pile when subjected to pull-out.

The selected mathematical form is the one recently presented within
the Pile Soil Analysis (PISA) framework [24,25] for laterally loaded
monopiles. A procedure to identify the equation constants is proposed,
using results of routine experiments, such as constant normal load (CNL)
interface tests and CPT data.

The approach is developed and validated upon available results of an
experimental campaign conducted at a semi-technical scale (1:5-1:10)
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on two model piles of different embedment ratios. The problem is first
addressed via a two-dimensional finite element (2D-FE) approach that
implements the constitutive model of Sanisand [26] to reproduce the
experiments and extrapolate the load-transfer curves. The comparison
between the numerical load-transfer curves and the results of the
experimentally available interface tests provides the basis for the
development of interface-test based load-transfer curves, which are
implemented in a one-dimensional finite element model. The outcomes
of the analyses are eventually validated by comparison with the model
pile test data and field test data, showing consistently good agreement.

The proposed approach delivers a t-z formulation that can be
implemented in any structural analysis software but that it is grounded
in a robust geotechnical theoretical framework.

2. Details of the experiments

The tests were carried by the research institute Fraunhofer IWES at
the Leibniz University of Hannover and were first published in [27].

Essential details of the experimental campaign are summarised in the
following.

The laboratory hosts an indoor pit of length 14 m, width 9 m and
depth 10 m devised to investigate the response of offshore foundations
at a semi-technical scale (1:10-1:5). A schematic drawing of the
experimental set-up is given in Fig. 1

2.1. Sample preparation

The soil used in the experiments was a medium fine silica sand,
named Rohsand 3152, whose physical properties are given in Table 1.

The sample was prepared in layers of average thickness 25 cm up to a
final height of 9.65 m then saturated at a constant rate of 30 cm/day up
to 0.5 m below the surface. Each layer was compacted using a small
hand-operated vibratory plate compactor (0.16 m? area and peak load of
16 kN). Cone penetration tests were carried out with a cone of diameter,
dcone, Of 25.2 mm and area of 500 mm?. The profiles of cone resistance,
q., are displayed in Fig. 2a, reflecting the preparation in layers charac-
terised by almost constant amplitude oscillations about average. Peaks
correspond to the top of each layer and the tails to the bottom.

Three undisturbed core specimens were retrieved from each layer
after compaction, systematically varying the sampling location to cover
the entire pit area. The relative densities calculated on these specimens
are shown in Fig. 2b. The mean value resulted equal to 0.74 as it is also
shown in Fig. 2b, with a coefficient of variation of 2.9%, assessing a
rather homogeneous sample.
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Table 1

Properties of Rohsand 3152.
Dio Dso Deo Cy Ce USCS Cmin Cmax G
[mm] [mm] [mm] [] [-] [ [-1 [-1 [-1
0.22 0.36 0.40 1.82 0.96 SP 0.44 0.83 2.70

2.2. Model piles tests

Two model piles were considered in this present study, hereinafter
referred to as P3 and P4 (Fig. 1, Table 2). They were open-ended and
made of S355 steel. The average centre-line roughness, R, was
measured equal to 5 pm, with a normalised roughness R;max/Dso of
about 0.06. The installation was completed using a double-acting pile
hammer, with measurements of the incremental filling ratio carried out
throughout. After the installation and following a 23-day set-up, the
piles were subjected to monotonic loading up to a mobilised pile
displacement of 0.1D. For both piles, installation was fully cored and
pull-out fully plugged. During the tests, the axial load, Q, and head
displacement, wy;,, were recorded. Measured ultimate capacities were
195 kN for pile P3 and 258 kN for pile P4.

2.3. Operative cone resistance

The operative cone resistance profile, q. s, was evaluated using the
following empirical correlation, which was selected to accommodate
cone size effects [28]

qc‘dcone = qcl qc.2 (1)
where:
P —Cy
g =Cp (;) exp(CsD;) (2)
and
-~ z Co(p\ @

g, =1—exp { "o D? <[7,1) } 3
where

P =0,(1+2Ky)/3 4)

is the mean effective stress, Koc is the compaction-induced earth pres-
sure coefficient, assumed equal to 1.3, as calculated based on the
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Fig. 1. Layout of the experiments.
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Fig. 2. Sample characterisation: profiles of a) cone tip resistance b) relative density and c) actual, (q. ) and adjusted for cone size (q. ) mean cone tip resistance.

Table 2
Details of the model piles.
Pile D L s L/D D/s
[m] [m] [m] [-] [-1
P3 0.356 5.70 0.0063 16.00 56.50
P2 0.356 6.70 0.0063 18.80 56.50

simplified procedure of Duncan and Seed [29] and detailed in [30], pq is
the atmospheric pressure, d..n is the cone diameter, D, is the relative
density, z is the cone penetration depth and C;, Cy C3 C4 Cs are
empirical constants.

Constants C; = 22, C; = 0.45, C3 = 2.93, C4 = 0.07 and C5 = 0.5
were those which provided the best fit to the D, measured on specimens
(Fig. 2b). The values C4 and Cs were close to those suggested by [28],
only slightly adjusted to account for the different soil conditions [31]. To
assess if the choice of the Senders [28] correlation was appropriate, the
mean soil relative density near the model piles (indicated as operative D,
in Fig. 2b) was also evaluated with Eq. 1 and resulted equal to 0.74,
eventually matching the laboratory-measured average.

Eq. 1 was applied again to the estimated D, profile to convert the
cone resistance measured in the laboratory with the small cone (d¢one =
25.2 mm) to the cone resistance that would be measured employing the
standard measure, dcpr = 35.7 mm, and indicated hereinafter as g si. In
Fig. 2c, the g ¢m profile is compared to that obtained averaging all the
CPTs and indicated as g qye. Main differences are found in the first one
and a half meters, where the shallow failure mechanism governs the
penetration [32]. The predicted standard cone profile g s, is employed
when empirical correlations are applied to the evaluation of ultimate
condition in the proposed 1D-model, to avoid the cone size affecting the
results.

3. 2D-FE models

The 2D-FE models of the load tests were developed using the

commercial FE package Abaqus 2020 [33].
3.1. Mesh geometry and boundary conditions

The model was devised in axial-symmetric conditions, imposing zero
displacement boundaries at a distance of 15D from the pile shaft and
10D down the pile tip. Boundaries were set to ensure no influence on the
model response at failure and prior to failure, setting a distance greater
than the magic radius [34]. The mesh was generated using 4-node
bilinear axisymmetric quadrilateral elements (CAX4) which are recom-
mended for analyses involving relatively large displacements. This
element type also reduces CPU time compared with higher-order ele-
ments, while maintaining adequate accuracy [33]. Mesh geometry is
shown in Fig. 3.

A structured mesh was used for the pile, with elements of width D/40
and aspect ratio of 10. For the soil, a structured mesh was also used
throughout the domain but it was replaced by a free mesh of quadran-
gular elements up to 3D from the pile shaft and 3D from the base to
smooth the transition from very thin to thicker elements. A check on
possible distorted elements was completed before the analyses, to avoid
convergence problems. The mesh was created following the operative
indications of [35], as they provided a good balance between accuracy
and computational costs for axially loaded piles (in this present study,
about 90 min using a standard processor — e.g. i99-13900H, 2.60 GHz). A
thin column of rectangular elements was inserted next to the pile shaft to
model the pile-soil interface as further detailed in Section 3.3.

3.2. Soil and piles modelling

The piles were wished-in-place and modelled with deformable ele-
ments to which a linear-elastic behaviour was assigned. As a fully
plugged failure was experimentally observed after a cored penetration,
the pile cross section was assumed uniform and the density and elastic
properties were calculated as equivalent to the actual open-ended one
(Epite = 9.14 GPa and v = 0.3). To the soil, the Sanisand constitutive
model in the version proposed by Dafalias and Manzari [26] was



G. Orlando and L. Govoni

7D

& 3D 12D

D/2/

Fig. 3. Two-dimensional finite element mesh.

assigned by implementing an external subroutine. The model constants
were calibrated on isotropically consolidated drained triaxial tests
conducted on Rohsand 3152 samples for different levels of confining
stresses. Further details on the calibration are provided in [36] and
constants are listed in Table 3. A relative density was prescribed to the
domain equal to the experimental average (e = 0.541).

3.3. Contact formulation and interface modelling

The contact between the pile base and the soil was modelled using
the software’s hard contact algorithm, which prevents the transfer of
tensile stresses across the interface [33]. A thin column of rectangular
elements, herein referred to as interface elements, of width uDsp, was
inserted next to the pile shaft to model the pile-soil interface, with Dsp
being the sand mean particle diameter and y the dimensionless interface
thickness. Interface element thickness was selected based on previous
empirical observations on shear band formation in experimental setups.
For a medium-fine silica sand (D59=0.36 mm) in contact with steel
surfaces of roughness Rq = 5 pm and R max/D50 of about 0.06, a value of
u = 5 appeared to be a reasonable modelling choice [37]. Instead, the
height of interface elements was set equal to 10y, as this allowed for an
accurate description of interface kinematics (further detailed in Section
4.2) while also preventing convergence issues. This choice also aligns
with the aspect ratio range recommended for finite-thickness interface
elements by [38]. A perfect contact was assigned between the pile and
the adjacent interface elements, by tying together their common nodes
with respect to all degrees of freedom. The advantage of using
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two-dimensional interface elements over the zero-thickness ones is that
no additional algorithms are needed and standard FE rectangular ele-
ments can be employed as long as their behaviour is described by a
suitable constitutive law [19].

The interface elements were prescribed to behave according to the
Sanisand constitutive model but with constants adjusted to best fit the
results of the available interface tests. The experiments used were
Constant Normal Load (CNL) interface shear tests carried on samples of
Rohsand 3152 and employing steel plates of R, = 5 pm and D, = 0.74.
The tests were performed by the same laboratory facility that tested the
piles and data already published in [36].

To identify the constants of the interface constitutive model, a four-
node bi-linear plane strain quadrilateral element of thickness 5D5p was
implemented in Abaqus to simulate the experimental CNL test. The void
ratio was set to prescribe a 0.74 relative density to the element at the
beginning of the shear phase (e = 0.541). Movements were fully
restrained at the element base while the upper edge was free to move.
The confining stress was assigned as a uniform normal pressure, ¢y,
matching the experimental values (30 kPa, 90 kPa). Shear was applied in
a displacement-controlled way up to 8 mm. In Figs. 4a and 4b, the
evolution of the experimental shear stresses, 7, and vertical displace-
ments, y, with the applied horizontal displacements, x, are compared
with the outcome of the FE analysis. The comparison shows a rather
satisfactory agreement on mobilised shear stresses, albeit with a slightly
reduced peak and a smaller initial compression, aspects that, as shown in
Section 4, did not particularly influence pile response. The model con-
stants for the interface elements are also listed in Table 3.

4. 2D-FE analyses

The 2D-FE analyses started with the application of the geostatic step,
during which the stress field was initialised by assigning uniformly a
value of earth pressure coefficient K= 1.2 that accounted for the effects
of sample compaction and pile installation following the indication of
[39] for medium rough pile installed in medium to dense samples (R,
max/Ds50~0.06). The procedure of incorporating the installation effect in
wished-in-place piles was already successfully applied in previous FE
studies (e.g. [38] and [40]).

After this step, an upward vertical displacement of 0.1D was applied
to the pile head. Loading analyses were monotonic conducted with
quasi-static implicit dynamic simulations.

4.1. Pile response

Numerical simulations ended when failure conditions were reached
in all interface elements and the pile base completely detached from the
surrounding soil as shown in Figs. 5a and 5c. The results of the analyses
are shown in terms of load-displacement curves in Fig. 5a along with the
corresponding experimental data for pile P3; those referred to pile P4
are displayed in Fig. 5¢. The numerical results closely approximate the
experimental data for both piles. After an initial non-linear branch,
along which most of the ultimate capacity was mobilised, the axial load
continued to increase slightly and almost linearly as the piles were
pulled out until flattening into a plateau. The focus on the initial curve
branch, provided in Figs. 5b and 5d, confirms the ability of the model to
reproduce the experimental response at working loads, defined as those
within the 50% of the ultimate capacity. The curves obtained with the

Table 3
Sanisand [26] parameters sets.
e A £ M, M, m Go v ho ch nb Ao nd Cz Zmax
[-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-]
Soil 0.62 0.015 0.40 1.31 0.911 0.02 200 0.05 5 0.968 1.4 0.9 2.5 0 0
Interface 0.62 0.015 0.40 1.07 0.789 0.02 5 0.05 5 0.968 0.8 0.22 3.5 0 0
Elements
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Lab Test 6,’=30 kPa
Model 6,’=30 kPa
Lab Test 6,’=90 kPa
Model 6,’=90 kPa

Lab Test 6,’=30 kPa
Model 6,’=30 kPa
Lab Test 6,’=90 kPa
Model 6,’=90 kPa

Fig. 4. Constant normal load interfaces test results conducted at different vertical confinement stresses, ¢’,.
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Fig. 5. Results of the 2D-FE analyses compared with experimental data: a) load-displacement response for pile P3 and b) focus on working load and relative
measured (5x,) and computed () pile head displacements for pile P3, c) load-displacement response for pile P4 and d) focus on working load and relative measured
(6nm) and computed (5p.) pile head displacements for pile P4.

2D-FE model closely follow the experimental ones and provide rather
accurate prediction of working load displacements. The introduced
error, defined as the difference between the measured pile head

displacement, Shy,, and calculated head displacement, 5h,, both mobi-
lised at the 50% of the ultimate capacity, was lower than 0.5%D [17].

4.2. Interface behaviour

Fig. 6 illustrates the interface response at failure. In particular, with
reference to a selection of eleven (thirteen) interface elements along pile
P3 (P4), Fig. 6a (6b) displays the shear stress, 7, and the corresponding
radial stress, o', on the shaft, throughout the last steps of the analysis. As
it is observed, all elements have reached the critical state line of
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Fig. 6. Results of the FE analyses a) stress paths along the shaft for pile P3 and b) for pile P4; c) evolution with depth of the increment in radial stress at failure for

pile P3 and P4.

inclination §. = 27° along the vertical plane, following the mobilisation
of a slight peak shaft friction.

Fig. 6¢ also shows results taken at the end of the analysis, given in
terms of increment of radial stress, Ac',, and pile depth along with the
prediction of the unified CPT method

v~ (&) a -0.33 @ ©
= \10/ \oh D

where dcpris the standard cone diameter, and g. = g s as introduced in
Section 2.1.

The trend of the numerical and empirical predictions is close,
exhibiting a non-linear increase with depth. This rise in radial stress is
due to inhibited dilation along the pile shaft by the surrounding soil, also
leading to the development of the peak friction angles observed in
Figs. 6a and 6b. This might explain the slight discrepancy observed in
the comparison in Fig. 6¢. In fact, a larger dilation, and thus a larger
increase in the radial stress, is expected for pile P3 and pile P4 with
respect to that predicted by Eq. 5, which was developed on piles of
comparatively higher dimensions [8].

The evolution of radial stress along the pile shaft is traditionally
interpreted through the cavity expansion (CE) theory as follows

, 4G
Ao e = F}' (6)

where y is the sand dilation. According to [41], the operational shear
modulus G can be calculated combining the following equations

Go

G=— 20
2y/D \a
1+ (0.(}),001)

)

and

Yo ®)

where Gy is the small strain stiffness, yo is the maximum value of dilation
measured in CNL interface test, k, = 4 G/D is the normal stiffness of the
far field soil [42], knref and « are the constants of the equations equal to
500 kPa/mm and between 0.4 and 0.7, respectively.

With reference to pile P3, Fig. 7 depicts shear and normal stiffness
acting along the pile during the FE analysis.

In particular, Fig. 7a shows the operational shear stiffness, G, at the
end of the simulation along with the prediction of Eq. 7. For the calcu-
lation, the value of y, was taken as the maximum dilation measured in
the FE CNL interface tests which were completed to this scope, assigning
confining stress values equal to those expected acting on the pile shaft
prior to loading. The small-strain stiffness, Gy, was instead estimated
using the Sanisand constitutive equation [43,44]. For the piles in exam,
cavity strains were observed to be sufficiently large, so that G values at
failure became significantly lower than Gy, whose profile with depth is
also inserted in Fig. 7a. In fact, the value of a which led to the best fit of
Eq. 7 to the numerical G is 0.4, on the lowest boundary of Eqs. 7 and 8, in
agreement with the observed larger increase in radial stress, depicted in
Fig. 6c¢.

Fig. 7b shows the evolution of normal stiffness throughout the sim-
ulations at various depths, with reference to the dilation phase only. The
steeper part of the curves corresponds to the transition from the initial
contraction phase. The stiffness increases with depth and tends to sta-
bilise to a constant value at relative displacements which also increase
with depth, assessing that the stress path along the pile shaft is close to
normal stiffness, although not precisely so [45].

5. Development of load-transfer curves

Load-transfer curves, in terms of the mobilised shear stress, 7, and
vertical displacement, w (calculated relatively to the pile movement at
various pile depths), were extracted at each interface element and then
averaged upon layers of length equal to 0.51 m.
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Fig. 7. FE shear and normal stiffnesses acting along pile P3, a) evolution with depth of the operation shear modulus at failure and b) evolution of normal stiffness

throughout the simulations at various depths.

5.1. Load transfer curves and CNL interface tests results

A selection of the extracted load-transfer curves given at various pile
depths is shown in Fig. 8a, for pile P3 and Fig. 8b for pile P4, with
reference to the corresponding initial radial stress, ;. The shape of the
curves is similar, independent of the pile dimensions and depth. A
hardening type of response is observed with the shear stress mono-
tonically increasing up to the end of the analysis.

In Fig. 8c, the results of a set of FE CNL interface tests are displayed in
terms of mobilised shear stress, 7, and horizontal displacement, x. These
tests were performed using the single-element model described in Sec-
tion 3.3 and assigning values of confining stress, ¢, in the range of those

a) 60

T Pile P3

acting on the pile shaft prior to loading, ¢’y (i.e. from ten to 80 kPa).
Different from the response observed along the pile shaft, the CNL curves
exhibit a small peak before reaching the steady state. Dividing the shear
stress by the mobilised normal stress, variable along the pile shaft (¢’
and constant (¢’,) in the interface tests, load-transfer curves and CNL
results align rather closely, as it shown in Fig. 9, where data are dis-
played against the respective vertical, w, and horizontal displacement, x.

The agreement is observed along the entire curves, from the initial
linear branch to the attainment of a steady state. When normalised, a
small peak is observed also in the 2D-FE curves mostly in those related to
shallowest layers. This outcome provides the base for the development
of load-transfer curves as described in Section 5.2

b) 60 T Pile P4 o' =77 kPa
o',=64 kPa
40 o';=51 kPa

=
=

o=38 kPa

P
20
0 Yrr—+———+—+—+—+—+—++—+—+——+—+—+—+—+
0 0.0025  0.005  0.0075 0.01 0 0.0025  0.005  0.0075 0.01
w [m] w [m]
C) 60 T FE-CNL
o =80 kPa
é’ T 6,60 kPa
2] 5 =50 KPa
© 20 .—40 kPa
L =25 kPa
¢',~10 kPa
0 —
0.002 0.004 0.006 0.008 0.01
X |m

Fig. 8. FE load-transfer curves, a) at various depths along the shaft of pile P3, b) at various depths along the shaft of pile P4 and c) results of FE interfaces tests.
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Fig. 9. Friction mobilised with displacement in the 2D-FE analyses and FE CNL
interface tests.

5.2. Functional form

The second-order conical function, proposed within the PISA
framework [24], proved particularly suitable for describing the curves
shown in Figs. 8a and 8b. This is because post-peak strain softening was
not observed, as expected for load transfer in sand [17].

The PISA equation was, therefore, rewritten as follows

it w\’ t WK\ [t B
7n(ifw:u> +(17n)<ﬁff)<ﬁfl>:0, W< wy, (©)]

where t and w are the normalised shear stress, 7, and displacement, w,
variables and 't,, Wy, K and n are the model parameters.

In Eq. 9, t is divided by the initial radial confining stress, o'y,
computed as per [5]:

q p-25\2]" L—2z\1"%
o/,c—ﬁ{l—PLR( D )} {max(l,T”

where s is the pile wall thickness and L is the pile length.

Variable w is by divided by uD%,/R,. For industrial steel tubular piles
installed in coarse-grained soil y values are in the rage 3-5 [39].

The parameter t,is the normalised ultimate shear stress, 7,/0'x,

estimated also as per Lehane et al. [5]

(10)

_ Ad
f—" 075 (1 n %) tan29° an
T

rc 4

where Ac’;q is calculated according to Eq. 5.
The ultimate normalised displacement, indicated aswy, is the value

at which the ultimate shear stress is attained.
Parameter K is the initial slope of the load-transfer curves and can be

expressed as function of Ac’;4 as follows

A()',d
K=k(1 I
(1+572)

(12)

where k is a dimensionless constant. The curvature of the function is
defined by n, with 0 <n < 1.

Fig. 10 schematically depicts the procedure to identify the model
constants from CNL tests.

The results of the experiments, carried out at values of normal stress
relevant to the pile depth (¢’, = 6'1), are plotted in terms of £ against the
horizontal displacement, x, normalised by uD2,/R,, X. Possible gaps in
the experimental results can be filled using suitably calibrated numerical
models as illustrated in Section 3.3 or shown in Fig. 8c.

On the graph, wj is taken as the ultimate normalised horizontal
displacement, x,, which corresponds to the attainment of the curves’
steady state, based on the correspondence between w and x shown in
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, FE CNL
(range of relevant 6°,))
i|lk, from CNL
T i
T
Dtk B n, from CNL

Wy, from CNL

174

\_Vl i [_]
Fig. 10. Schematic drawing of the procedure to identify the model constants
from CNL tests.

Fig. 9. The dimensionless constant, k, is obtained by interpolation of the
first linear branch of the curves and the curvature n is evaluated
following a fitting of all the interface tests data using the Gauss-Newton
non-linear least square approach. As anticipated, Eq. 9 does not allow for
the modelling of post-peak strain softening, therefore peak values, if
present, are cut out by the interpolation. The diagram present in Fig. 11
schematically illustrates the step-by-step workflow to implement when
using the proposed t-z model.

5.3. Retrospective simulations of the experimental results using a one-
dimensional FE model

The procedure described in Section 5 was applied to predict, retro-
spectively, the response of piles P3 and P4 using a one-dimensional 1D-

Input:

Pile properties (D, L, s, PLR, R))
Soil properties (Ds, W, q.)

1-x CNL interface test curves

STEP 1

A 4

N
Compute t-z parameters:
STEP2 | %, from unified CPT method;
wy, n, k from CNL tests )
v
( Choose the appropriate number )
STEP 3 . ppropriate
of pile element discretization
. 8
v
( Output i
utput:
STEP 4 Pile load-displacement curve
(&

Fig. 11. Workflow diagram to implement the proposed t-z model.
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FE models which were also implemented in Abaqus.

The piles were modelled using truss elements 0.25 m long. The
number of elements was identified following a sensitivity analysis that
showed no variations in the results to further mesh refinements. To each
element, the equivalent elastic constants already used in the 2D-FE
model were prescribed to account for the effects of the composite
steel-soil pile section on the pile axial stiffness.

For the soil reaction, non-linear elastic springs were attached to each
element midpoint, to which Eq. 9 was assigned with parameters
Wy= 0.05, k = 640, n = 0.95. The ultimate normalised shear stress t,
was computed using Eq. 11 at each element midpoint. A vertical
displacement of 0.1D was applied to the pile head.

Fig. 12 shows the load against relative displacement curves obtained
with the 1D-FE model along with their corresponding test results. Spe-
cifically, outcomes referred to Piles P3 are reported in Figs. 12a and 12c,
while those for Piles P4 are presented in Figs. 12b and 12d.

Throughout the entire test, the numerical curves track closely the
experimental ones. An excellent agreement is observed at failure,
assessing the ability of the CPT method to reproduce the pile ultimate
capacity in tension.

In fact, the values obtained with the proposed approach were 202 kN
for pile P3 and 250 kN for pile P4, introducing an error of the 8% for pile
P3 and 0.8% for pile P4.

The procedure used for the development of the load-transfer curves
also revealed effective to model the pile behaviour prior to failure. This
can be appreciated in the focus of Figs. 12b and 12d for piles P3 and P4,
respectively. The difference between the measured pile head displace-
ment, Shp,, and calculated head displacement, 5h., both mobilised at
50% of the ultimate capacity, as suggest by [17], resulted in an associ-
ated error, (6h.—5hy,)/D below 0.5%D for both piles.

In Fig. 12, the results are also compared to the prediction obtained
employing the API [15] load-transfer curves. The API [15] equation uses
non-modifiable stiffness and curvature parameters and does not allow
for adjustment to account for sand and pile specificities. For the piles in
exam, the use of the API [15] load-transfer curves resulted in an un-
derestimation of the response prior to failure (Figs. 12a and 12b) and in

a
) 300 Pile P3
250
200 z
— 150
é‘ 100 Experiment
> 50 1D model
0 API (2011)
0 0.025 0.05 0.075 0.1
Wpile/D [']
€)300
250 T
200
Z 150
; wo i - Experiment
1D model
50 4+ API(2011)
0 ——
0 0.025 0.05 0.075 0.1
Wpile/D [']
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a prediction of a more compliant behaviour at small pile head dis-
placements as it is observed in Figs. 12b and 12d.

5.4. Application to a well-documented case study

Results of field tests on two open-ended pipe piles were used to assess
the ability of the approach to reproduce the pile behaviour in site con-
ditions. Experimental data are taken from well-documented field tests
located on the French shore at Dunkirk. Offshore piles are traditionally
tested in onshore locations, and with reduced geometries, due to the
difficulties, economic disadvantages and regulation restrictions of
testing underwater in an offshore location. The selected piles are,
therefore, benchmark cases with slenderness ratios much higher than
those tested in indoor facilities and are the Dunkirk CLAROM - CL re-
ported in [46] and the Dunkirk GOPAL - R1 reported in [47], whose
geometries are listed in Table 4.

The piles are driven in a rather homogeneous formation of dense
Flandrain sand (D5¢p=0.26 mm, e,;;=0.5, émq=0.9, D, =75%). CPT tests
were carried out on site, the typical g, profile, reported in [46], is
depicted in Fig. 13a together with its interpolation by means of Eq. 1
used for calculation.

Soil-steel CNL interface tests were carried out on samples of Dunkirk
sand using a steel plate of R,= 10 pm and with a normal confinement
o’n= 150 kPa. Result of the interface direct shear test redrawn from [46]
and concerning a dense sample used for t-z parameter calibration is
reported in Fig. 13b. The ultimate normalised displacement resulted in
wy= 0.02, the point after which no further data oscillations were
observed. The initial stiffness factor was k =45 and the curvature

Table 4
Details of the selected piles tested at the Dunkirk site.
pile D L t L/D D/t PLR
[m] [m] [m] [-] [-] [-]
CLAROM - CL 0.324 11.30 0.0127 34.87 25.50 0.55
GOPAL - R1 0.457 19.30 0.0135 42.23 33.85 0.60
b) 300 +
+ PileP3 Experiment
250 [ 1D model
200 L API (2011)
— 150 + T et
o5y — o ---- T ILLEE
é 100 + 77 BT n T e
> 50 4/ e
0 - } | } } | } } } } |
0 & O 0.003 0.006

> 100 | [ P Experiment
50 + 1D model
[ ................. API (201 1)
0 } } : - } } } : } !
0 S O 0.003 0.006
Wpile/D [']

Fig. 12. 1D FE results compared with experimental data and API [15] prediction, pile response for: a) pile P3 and b) pile P3, focus on working loads displacements, c)

pile P4 and d) pile P4, focus on working loads displacements.
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EXP (Chow,1997)
Eq. 1 (Dr=75%)
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b)
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Fig. 13. Application of the framework to field tests of offshore piles: a) CPT tests, b) CNL interface tests, ¢c) 1D model results for the Dunkirk CLAROM - CL pile and d)

1D model results for the Dunkirk GOPAL — R1 pile.

n = 0.97, following the procedure illustrated in Section 5.2 for param-
eters identification.

The ultimate normalised shear stresses were computed over layers of
0.52 m long and for PLR ratios listed in Table 4. The Dunkirk CLAR-
OM-CL pile was, therefore, divided in 22 layers while the Dunkirk
GOPAL-R1 pile was divided in 37 layers.

The same number of truss elements were used to discretise the piles
in the 1D-FE model. It was again verified that the layer length was
appropriate through a sensitivity analysis and further discretisation
provided no increase in the result accuracy. Equivalent elastic constants
(Epite,c1 = 31.7 GPa, Epjer; = 24.18 GPa and v = 0.3) were assigned to
each element. Figs. 13c and 13d show the 1D model results together with
the experimental load-displacement curves for pile CLAROM - CL and
Dunkirk GOPAL - R1 respectively.

A satisfactory agreement was achieved between the 1D numerical
load-displacement curves and the experimental results, particularly in
terms of initial stiffness, backbone response and ultimate capacity.

The upward resistance V’ predicted using the proposed approach was
488 kN for pile CLAROM-CL (experimental 467 kN) and 1380 kN for
pile GOPAL-R1 (experimental 1427 kN), corresponding to errors of
4.0% and 3.2%, respectively.

The difference between the measured and calculated pile head
displacement mobilised at 50% of the ultimate capacity resulted in an
associated error below 0.5%D for both piles. Minor discrepancies are
ascribable to the adoption of a uniform q. profile, which neglected the
denser soil layer in the first three meters and the 0.6 m thick organic lens
located at a depth of 7.6 m depth (Fig. 13a). In addition, the load-

10

transfer curve parameters were calibrated based on a single CNL inter-
face test; a larger experimental dataset is expected to further improve
the predictive accuracy.

6. Concluding remarks

The paper developed a formulation for shaft load-transfer curves for
offshore piles subjected to axial tensile loading in sand, which makes use
of CPT data and results of interface tests. The study is essentially pro-
cedural and was aimed at employing industry-acknowledged ap-
proaches and routinely performed site and laboratory tests. Results of
2D-FE analyses were used in combination with the data of available
model pile tests to this scope.

The mathematical form that was selected is the second-degree
conical function of the PISA approach, written in terms of normalised
shear stress, t, and of normalised displacement w, and governed by four
parameters (&, Wy, n, k). The normalised ultimate shear stress, t, , was
computed using the unified CPT method. The normalised ultimate
displacement, w,, the curvature, n, and stiffness coefficient, k, were
identified on the CNL tests data, pursuing the analogy between the shear
stresses mobilised in interface experiments and along the pile shaft. The
load-transfer curves were implemented in a 1D-FE model which was
used retrospectively to predict the outcomes of the model pile tests,
yielding accurate results.

It is worth noticing that the 2D-FE analyses were used to develop the
procedure but are not required for its implementation. However, FE
models might be used to fill the gap of available interface experiments
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providing enough data to an accurate calibration of the load-transfer
constants.

The procedure was verified on two simi-technical scale piles tested
indoor and on two large scale field tested piles. In both cases piles were
open-ended pipe-piles, intended for offshore application, driven in
dense silica sand.

The proposed methodology provides t-z formulation that can be
readily implemented in any structural analysis software but that it is
grounded in a robust geotechnical theoretical framework.

The study was motivated by the need to extend offshore wind in-
stallations from shallow to intermediate water depths wind and there-
fore addresses piles for turbines on jackets. However, its application can
be extended to anchor piles for deep-water developments.
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