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ARTICLE INFO ABSTRACT

Keywords: Large-diameter monopiles are the predominant foundation solution for supporting offshore wind turbines. They
Monopile are conventionally designed using soil reaction curves developed for long slender piles used for supporting
Soft clay offshore oil and gas platforms (e.g., the API p-y model). However, due to the difference in the length/diameter
1:3 -aysea;:;r ratio and the resulting soil mechanisms, the use of p-y curves alone can lead to significant under-prediction of the

lateral stiffness and capacity of monopiles. To overcome the shortcoming, the authors have previously proposed a
conceptual two-spring framework, i.e., the so-called ‘p-y + Mg-6g’ model, to capture the monopile response in
soft clay under lateral loading. The framework uses distributed p-y springs to consider the lateral soil resistance
along the pile above the rotation point (RP) and a single moment-rotation (Mg-6g) spring attached at the RP to
capture the entire soil resistance below the RP, i.e., the distributed resistance along the pile, base shear and base
moment at the pile tip. The proposed p-y and Mg-0g springs were curve-fitted to the results of 3D numerical
analyses. However, as the stress-strain response and the shear strength profile inevitably influence the p-y and
Mg-0r springs, the applicability of the empirical formulations to soil conditions other than those examined is
uncertain. This study proposes an enhancement to the ‘p-y + Mg-0g’ framework, in which the p-y and Mg-0g
springs are not tied to a specific soil and strength profile but fundamentally linked to the properties that can be
measured directly in the site investigation and laboratory. This extension is achieved through analytical analyses
and an extensive parametric numerical study. The predictive capabilities of the model are demonstrated by back-
analyses of finite element analyses and centrifuge model tests. The proposed model provides practising engineers
with a simple yet powerful approach to use site-specific soil reaction curves in the design of monopiles embedded
in soft clay.
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1. Introduction

Monopiles are the dominant foundation solution for supporting
offshore wind turbines (OWTs). To resist large lateral load and bending
moment resulting from wind, waves and current, pile diameter (D) in the
range of 6-8 m is common nowadays. Extra-large monopiles with
diameter greater than 10 m are also being considered in newer projects.
The embedded length-to-diameter ratio (L/D) of monopiles is typically
in the range of 4-8 (Doherty and Gavin, 2012; Murphy et al., 2018) in
competent soils. In soft seabed conditions, such as offshore China, the
L/D ratio can be as high as 10 or more (Lai et al., 2020).

* Corresponding author.

1.1. Literature review

Monopile foundations are commonly designed using the beam-
column approach where the pile is modelled as an equivalent elastic
beam and the lateral soil resistance are represented by distributed
nonlinear p-y springs along the pile length. In soft clays, the API
formulation (API Recommended Practice 2GEO, 2014) has been
conventionally used, despite that the API p-y model is originally devel-
oped for the design of small diameter slender piles used in the offshore
oil and gas industry. Direct adoption of the API model to the design of
monopiles with small L/D ratios are insufficient and may lead to an
underestimation of lateral pile capacity and stiffness (Gerolymos and
Gazetas, 2006; Lam, 2009; Gao et al., 2015; Byrne et al., 2017, 2019;
Wang et al., 2018, 2020; Zhang and Andersen, 2019; Fu et al., 2020a).
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During the past decade, a number of alternative p-y formulations have
been proposed for improving the modelling of slender pile response in
clay through numerical, analytical and experimental studies. Examples
are, among others, Jeanjean (2009), Yu et al. (2017), Zhang and
Andersen (2017), Jeanjean et al. (2017) and Zhu et al. (2017). It is worth
noting that generalized approach proposed Zhang and Andersen (2017)
and Jeanjean et al. (2017), which derives the site-specific p-y response
by mapping the normalised stress-strain response measured in direct
simple shear test is set to be incorporated in the upcoming revisions of
the ISO 19901-4 and API RP2GEO and supersedes the existing clay p-y
formulation.

To gain insight into the monopile response, a joint industry research
project PISA performed a comprehensive set of large scale field tests on
model piles. Based on the test results and extensive 3D finite element
analyses, Byrne et al. (2017, 2019) emphasized that for monopiles,
besides the distributed lateral soil resistance, additional resistance
components including the base shear, the base moment and the
distributed moment resistance due to vertical shaft friction are mean-
ingful and cannot be neglected for optimized design. They proposed a
four-spring model for monopile analysis, which includes the afore-
mentioned soil resistances. Zhang and Andersen (2019) proposed a
two-spring model that accounts for the distributed lateral soil resistance
along the pile and the base shear at the pile tip, arguing that the base
moment is negligible. Compared to the PISA model, Zhang and Ander-
sen (2019) linked the soil springs to the elemental stress-strain response
of the soil for ease of application in design. Fu et al. (2020a) further
proposed scaling relationship for mapping stress-strain response to
distributed moment-rotation spring due to the vertical shaft friction. In
addition, three-dimensional numerical models are widely adopted in
research for analysing monopile behaviour (Kim and Jeong 2011; Qi
et al., 2014; Achmus and Thieken 2016; He et al., 2019; Wang et al.,
2020), which are capable of modelling complex three-dimensional
pile-soil interaction. However, it is clear that three-dimensional nu-
merical modelling is too computationally expensive, and thus may not
suitable for engineering practice (Burd et al., 2017).
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Fig. 1. ‘p-y + Mg-6g’ conceptual framework proposed by Wang et al. (2020) for
monopile analysis.
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The authors have previously proposed a conceptual framework,
termed as ‘p-y + Mgr-0r” model (as illustrated in Fig. 1). The soil resis-
tance along the pile above the rotation point (RP) is represented by
distributed lateral springs (p-y springs), while the soil resistance below
the rotation point is modelled by (i) constraining the lateral displace-
ment at the rotation point, and (ii) incorporating a concentrated rota-
tional spring (Mg-0g spring) at the rotation point. By doing so, the
overall soil resistance at and below the rotation point, including the
contributions from the base shear and base moment, are all integrated
into the concentrated rotational spring. Validation exercises demon-
strate that the model can predict the lateral behaviour of monopiles with
a range of L/D ratios using a unified set of parameters (Wang et al.,
2020).

Although the original ‘p-y + Mg-6g’ framework is simple and easy to
apply, the formulations of the p-y and the Mg-0r curves were based on
empirical curve-fitting to the results of finite element analyses in a
specific soil (normally consolidated Malaysian kaolin). It is well estab-
lished that soil reaction curves are highly dependent on the stress-strain
response of the soil (Bransby, 1999; Klar and Osman, 2008; Yu et al.,
2017; Zhang and Andersen, 2017, 2019). A soil with stiffer stress-strain
response will naturally result in stiffer soil reaction curves, and vice
versa. In addition, the strength distribution below the rotation point will
naturally changes the ultimate capacity of the Mg-6g curve. Based on the
above discussions, the applicability of the previously proposed ‘p-y +
Mg-0r’ framework to other soil conditions is uncertain and further
development is necessary to generalise the model for wider range of soil
conditions.

1.2. Motivation of this study

The motivation of this study is therefore to enhance the previously
proposed ‘p-y + Mg-6r’ framework so that the formulations of the p-y
and Mg-0g springs are no longer tied to a specific soil type and strength
profile but linked to fundamental soil properties that can be directly
measured in routine site investigation and laboratory testing. Note that
Zhang and Andersen (2017) have already proposed a model for mapping
the lateral p-y response in clay from the laboratory stress-strain curves
(more details are provided in Section 5.1). Therefore, this study mainly
focusses on the development of a model for the construction of the Mr-0g
spring from the site-specific stress-strain response and the undrained
shear strength profile.

Osman and Bolton (2005) proposed the so-called ‘mobilizable
strength design (MSD)’ concept, which assumes self-similarity between
the stress-strain response of a soil element and the load-displacement
response of a boundary value problem. Based on this concept, the
work by Osman et al. (2007) demonstrates that, for a circular surface
foundation under pure moment loading, its moment-rotation response
can be scaled from the soil element’s stress-strain response. For
monopiles, the Mg-0g response at the rotation point can be regarded as
the moment-rotation response of an imaginary circular foundation, with
embedment equal to the pile length below the rotation point. As the soil
failure mechanism beneath the circular surface foundation is similar to
that below the rotation point of a monopile, i.e., a rotational scoop-type
mechanism (Hong et al., 2017). It is worth noting that in the current
framework, the lumped Mg-0g response is only meant to capture the soil
resistance below the rotation point. The soil that is above the rotation
point but also mobilised by the rotational mechanism does indeed
contribute to additional resistance. However, this resistance is captured
by the distributed p-y springs. Based on the above discussion, it is
possible and rationale to link the Mg-0g response of the monopiles to the
stress-strain response of the soil.

In this study, an analytical derivation of the ultimate capacity of the
Mg-6g spring based on the well-established scoop failure mechanism is
first presented. Thereafter an extensive numerical parametric investi-
gation of the Mg-0g responses for various geometries over a wide range
of stress-strain behaviours and undrained shear strength profiles is
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performed. The parametric investigation explores the scaling relation-
ship of the Mg-6g springs to the stress-strain response and how that
scaling relation is influenced by the strength profile and geometry.
Lastly, to verify the validity of the proposed ‘p-y + Mg-0gr’ framework,
pile responses computed by 3D finite element analyses and measured in
centrifuge model tests are compared with the model predictions.

2. Analytical solution for ultimate moment capacity of Mg-0r
curves (Mg_uit)

As reported by Hong et al. (2017) and Zhang and Andersen (2019),
for semi-rigid or rigid monopiles, the soil failure mechanism below the
pile rotation point takes the form of a rotational scoop around the
rotation point. Therefore, the upper-bound solution of the reacting ul-
timate moment capacity Mg u; about the rotation point is given as the
sum of the moment resistance due to the scoop failure surface (Mg scoop)
and side shear (Mg side):

MR_ult = MR_scoop + MR_side (1)

The scoop failure surface is a 3D surface. The ultimate moment
resistance from the scoop failure surface Mg sco0p can be considered as
the sum of the moment resistance from the slip surfaces caused by a
series of strips, as illustrated in Fig. 2. A strip (AA") with a thickness of dy
and located at a distance y from the pile central cross-section forms a
semi-circle slip surface CBB’C’ with a radius of r¢:

rn=0B= \/(O/A’)2 +(AB) = \/(OA’)2 —(00)* + (AB)
= (2)2 — yZ + H? 2

For a linearly increasing undrained shear strength profile with a
strength at the rotation point equal to s, and a strength gradient k (see
Fig. 2), the moment resistance about the rotation point (O') due to the
slip surface caused by strip AA’ can be calculated as (assuming unit
thickness, i.e., dy = 1):

z

2

MR_scoop—seclion =2 /(su() + krl' sin a) Ty (dl : 1)
0

5 3)
= 2/(%0 +kresina) - re-re-da
0
Therefore, the Mg scoop due to the 3D scoop failure surface is:
3
MR _scoop =2 / “MR_scoop-section Yy 4
0

Substituting Eq. (3) into Eq. (4):
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D T
3 7
Mg _scoop =2 / 2 [ (swo+kresina) - re-re-da-dy
o 0 5)

1 1 1 1
= (c7D's0 + AsaDHY) + KD +2H°) [% {4+ sin(2) 45 sin(40)]

where t = aresin( 52 ).

Due to the circular cross-section of the monopile, a 3D spherical
scoop mechanism is mobilised by the pile around the rotation point. It
was not attempted to derive the moment resistance due to side shear
directly. Instead, the resistance for a square cross-section is first derived
and then corrected for the shape by applying a side shear factor which is
well established for suction anchor design at NGI (Jostad and Andersen,
2015). Assuming a square pile cross-section with the width equal to the
pile diameter D, the ultimate moment resistance contributed from the
shear on the two side planes(Mg siqe) is given as the sum of reacting
moment about axis E-E’ (as shown in Fig. 3):

H 3 H 3
MR,side:2/2/(Su()+kZSin5)'Z'dl'dzzz/z/(suo+kZSin5)'Z'Z'dﬁ-dz
0 0

©

However, the monopile foundation has a circular cross-section
instead of a square. The difference in shape results in a reduced side
shear resistance which is corrected by a side shear factor rg. For
computing the holding capacity of suction anchors using 2D soil ele-
ments, Jostad and Andersen (2015) carried out series of comparative 2D
and 3D finite element analyses on suction anchors of different length to
diameter ratios in order to calibrate the side shear factor which accounts
for the 3D shape of the suction anchor. They concluded a side shear
factor rgs = 0.73 for correcting for the 3D effect. Therefore, rss = 0.73 is
applied herein to correct the side shear moment resistance derived for a
square cross-section:

H

. 2

Mg_gae :2/2/7rbs(suo+kz sin &) .Z.Z.dé.dz:0.73(?ﬂsuoH3 +kH*)
0 0

)

Therefore, substituting Eq. (5) and Eq. (7) into Eq. (1), the solution
for ultimate moment capacity Mg yi is:

Mg i = (é aD?sy + sDH?) + k(3D* + 2H2)2 [% 1+1sin(2r) + i sin(41)]
2.
+0A73(?”su0113 +kHY)
®

where t = Mcsin(ﬁ).
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Fig. 2. Schematic illustration for calculating the moment resistance from the scoop failure surface (Mscoop)-
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Fig. 3. Schematic illustration for calculating the moment resistance from the side shear (Mg sige)-

3. Mg-0; response of monopiles in soft clay: methodology of 3D
numerical parametric study

3.1. Simplified finite element model to investigate Mgr-0r response of
monopiles

To form the ‘p-y + Mg-6g’ model, the Mg-0 spring, as a key element
of the model, should be generalized. To formulate Mg-6r response of
monopiles, Wang et al. (2020) performed a series of numerical analyses
of full-length monopiles with various L/D ratios. The pile bending
moment and rotation at the rotation point was extracted to form the
Mg-0g curves. In this study, a more efficient method is adopted. Instead
of modelling the full-length monopile, only the monopile below the
rotation point is modelled since the Mg-0r response represents the

overall soil resistance below the rotation point, as illustrated in Fig. 4. It
should be borne in mind that the Mg-6g response is only meant to cap-
ture the soil resistance below the rotation point. The soil resistance
above the rotation point is captured by the distributed p-y springs in the
current framework. Lateral displacement at the rotation point is con-
strained and a pure moment loading is applied on the top surface of the
pile model, enforcing a rotational scoop mechanism around the rotation
point. By doing so, the behaviour of the monopile below the rotation
point is reproduced by the simplified model. The computed
moment-rotation response of the pile model equivalents to the Mg-0g
response below the RP of a monopile. The validity of the simplified
approach is examined in Section 3.4 where the Mg-0g responses
computed by the simplified models are compared with those extracted
from the full-length monopile models.
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Fig. 4. Typical three-dimensional finite element mesh for investigating the Mg-6g response of pile below the rotation point (simplified model).
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The numerical analyses were performed in ABAQUS (Abaqus, 2014).
This study considers a monopile with a diameter (D) of 6 m and a range
of pile lengths (H) below the rotation point. H=3, 6,9, 12 and 15 m are
considered, covering H/D ratios from 0.5 to 2.5, which is considered a
practical range. As the results will be presented in a normalised format,
the absolute dimension of the pile diameter does not matter. A typical
three-dimensional finite element mesh for a monopile with D = 6 m and
H =6 misillustrated in Fig. 4. Only half of the pile is modelled by taking
advantage of the symmetry. The diameter of the cylindrical soil block
and the distance between the pile tip and the soil bottom boundary are
chosen to be 20D and 5D, respectively, to minimize the boundary effect.
The lateral boundary of the finite element mesh is constrained by roller
support while the bottom boundary is fixed by pinned support. The top
of the soil domain is set free to displacement.

The monopile is constrained to be a rigid body for simplicity, which
is considered reasonable since the pile rotates with negligible bending
below the rotation point. A fully rough pile-soil interface is modelled in
the numerical analyses. On the front side of the loading direction, the
pile pushes against the soil above the rotation point, thus cutting off the
water flow path if a tension gap was to open below the rotation point. On
the rear side, the pile kicks against the soil below the rotation point.
Thus, no separation is allowed on the interface. A pure moment load is
applied on the top surface of the pile and the ultimate state is indicated
by minimal increase in moment load with increase of rotation.

3.2. Soil model

The soil is described by a total stress, anisotropic model: NGI-ADP
model (Grimstad et al., 2012). For simplicity, the strength and stiff-
ness anisotropy are not considered. Although the NGI-ADP model is not
a built-in soil model in ABAQUS, it was achieved by adopting the
Mohr-Coulomb model with a zero-degree friction angle (i.e., Tresca
yield criterion) and specifying a table of plastic shear strain versus yield
stress (i.e., mobilised shear stress). In this study, the stress-strain
response (plastic component) is calculated using the following plastic
hardening rule adopted by the NGI-ADP model and then used as input in
ABAQUS.

\ 7T
T / ©)

Su 1+yp/9f?

where 7 = currently mobilised shear stress; s, = the shear strength of
soil; P = the current plastic shear strain; yP = the plastic shear strain at
failure (full mobilisation). The total shear strain y associated with the
currently mobilised shear stress 7 is the summation of elastic and plastic
shear strain components (y° and y® respectively):

P 7/Su P 10
Gmax + y Gmax/su + y ( )

r=r+ry=

where Gpax/sy is the small strain shear modulus ratio and is used to
calculate the elastic component of shear strain over the entire stress
range.

As can be seen from Egs. (9) and (10), the NGI-ADP model uses two
parameters, i.e., yP and Guax/sy, to define the stress-strain response of
clay. Gmax can be determined through a resonant column test or bender
elements incorporated in a soil element test. yf literally stands for the
plastic shear strain at failure and should be determined by curve-fitting
that provides the best fit to the stress-strain curve measured in the soil
element shear test. Zhang and Andersen (2017) demonstrate that the
model can describe the stress-strain behaviour measured over a wide
range of natural clays with combinations of the two parameters.
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3.3. Parametric range

In this study, an extensive numerical parametric study over a wide
range of H/D ratios and soil stress-strain response is carried out to
investigate the Mg-0g response. The ranges of the parameters are sum-
marized in Table 1.

It is assumed that the part of the pile below the rotation point is
embedded entirely within a single soil layer with a constant or linearly
increasing strength profile and the degree of soil strength heterogeneity
can be expressed by the normalised parameter «, defined as:

K= k—D an

Su0

where k and sy denote the shear-strength gradient and the shear
strength at the depth of the rotation point, respectively, as illustrated in
Fig. 4. In this study, a pile diameter of D = 6 m is fixed, while a range of
soil strength profiles are investigated. They are detailed in Table 2,
which presents a normalised group « varying from 0 to 0.5.

In total, 300 3D finite element analyses involving the full combina-
tion of all parameters listed in Tables 1 and 2 are performed, producing
300 Mg-0g curves. The scaling relationship between the Mg-0g curve and
the corresponding soil stress-strain curve is explored, which will be
presented below.

3.4. Validation of the simplified finite element model for investigating Mg-
6 response

Before performing the numerical parametric study using the
simplified finite element model, the validity and accuracy of the
simplified model for deriving Mg-0g response is verified first. For this
purpose, the Mgr-0g responses computed by the simplified model are
compared with those computed by the corresponding full length
monopile model.

Two finite element analyses of laterally loaded full length monopiles
with a diameter D = 6 m with L/D ratio of 4 and 5 are carried out. The
monopiles are modelled as linearly elastic solid cylinders, assigned with
equivalent elastic properties that produce bending stiffness (EI) that is
equivalent to the steel hollow piles with a wall thickness of 0.06 m.
Typical finite element mesh for the full length monopile with L/D = 5 is
presented in Fig. 5. The pile stick-up above the soil surface is kept 30 m
for the two L/D ratios, where a lateral force is applied. The magnitude of
the applied lateral force does not matter as long as the full Mg-0g
response can be obtained from the numerical results. Therefore, in the
analyses reported herein, a relatively large lateral force is applied to
ensure the Mg-0g response reaches its ultimate state, i.e., the Mg-0g
curve reaches a plateau. The soil is described by the NGI-ADP model (see
Section 3.2) with parameters of yP = 5% and Gpax/sy = 500. An effective
soil unit weight of 6 kN/m? is adopted for all the cases. The soil strength
increases linearly with depth at a gradient of 1.5 kPa per metre, i.e., s, =
1.5z. A fully rough pile-soil interface is modelled and separation be-
tween the interface is not allowed.

The pile bending moment (Mg) and rotation angle (dr) at the depth of
the rotation point were extracted from the full length monopile model to
form the Mg-6R relationships. The length of the pile below the rotation
point (H) is also obtained from the finite element analyses. Based on the
H revealed by the full-length models, corresponding simplified finite

Table 1
Range of parameters considered in this finite element
parametric analyses.

Parameter Value

H/D 05,1,15,2,25
77 (%) 2,5,10, 15
Gmax/Su 250, 500, 1000

K 0, 0.05, 0.1, 0.2, 0.5
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Table 2
Soil profiles considered in this study.

Parameters Soil profile

1 2 3 4 5
suo (kPa) 100 144 96 60 30
k (kPa/m) 0 1.2 1.6 2 2.5
k=kD/suo 0 0.05 0.1 0.2 0.5

element models, in which only the monopile below the rotation point is
modelled (as illustrated in Fig. 4), are then developed for deriving the
Mg-6g responses using the simplified approach as presented in Section
3.1. The computed M- responses from the simplified finite element
models are compared with those computed from the full-length model in
Fig. 6. It can be seen from the figure that, the My-0g responses computed
by the simplified models match well with those computed by the full-
length monopile models, demonstrating the validity and accuracy of
the simplified model. Fundamentally the good match is obtained
because: i) undrained soil response is assumed here thus the soil weight
above the rotation point does not affect the undrained shear strength of
the soil below the rotation point; ii) since a pure rotational scoop
mechanism is enforced about the rotation point, the soil mechanism
below the rotation point is the same with or without the soil above it.
The mobilised resistance offered by the soil below the rotation point is
thus the same with or without soil above the rotation point.

It should be reiterated that the lumped Mg-0g is only meant to cap-
ture the soil resistance below the rotation point. The soil that is above
the rotation point but also mobilised by the rotational mechanism does
indeed contribute to additional resistance. However, this contribution is
captured by distributed p-y springs in the current framework.

4. Numerical analysis results
4.1. Ultimate moment capacity of Mg-0g curves (Mg yir)

Fig. 7 shows the variation of the computed ultimate moment capacity
(Mg_u1t) with soil-strength heterogeneity (x) and H/D ratio. In the figure,
Mg y1t is normalised by ADsyo, where A is the overall cross-sectional area
enclosed by the pile.

As expected, Mg yj; is strongly influenced by x and the H/D ratio. At
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Full-length monopile model
O L/D=4
80 A L/D=5

Simplified model
— L/D=4
— L/D=5

Moment at rotaion point, M, (MN)

0 : s | L | L |
0 0.02 0.04 0.06

Rotation angle at rotation point, 6 (rad)

Fig. 6. Comparison of Mg-6r responses computed by the simplified model
(modelling monopile below the rotation point) and full-length monopile model.

any given of H/D ratio, Mg yi: shows an approximately linear relation-
ship with soil-strength heterogeneity x. Comparing to the influence of «,
the increase in H/D ratio leads to a much more pronounced growth in
Mg uir. As illustrated in Fig. 7, the Mgy is well predicted by the
analytical solution presented in Section 2.

4.2. Normalised Mg-0g curves

Fig. 8(a)-8(d) presents some typical results, illustrating the influence
of H/D ratio, yf, Gmax/su and « on the normalised My-6g curves (Mgr/
Mg it Vs 0R), respectively. The representative set of Mg-0g curves pre-
sented in Fig. 8(a) shows that as the H/D ratio increases, the normalised
Mg-6g curve becomes gradually softer. This is as expected that when H/
D ratio increases, the rotational soil scoop expands and thus a larger
rotation angle (0r) is needed to reach failure, resulting in a softer

Lateral load

AN

b d Bobbsk

%

~ & =

Fig. 5. Typical three-dimensional finite element mesh of a full length monopile.
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Computed Predicted
B H/D=05 = H/D=0.5
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Degree of soil-strength heterogeneity,

Fig. 7. Comparison between computed and predicted ultimate moment ca-
pacity (Mg 1) of the Mg-6g curves.

response. Fig. 8(b) presents an example set of four computed Mg-0r
curves for four soil stress-strain responses that are increasingly softer (i.
e.,7F =2, 5,10, 15%). As anticipated, the computed M- response also
becomes increasing softer. Different from the H/D ratio and yf, Gmax/su
and « exhibit negligible impact on the normalised M- curves, as can
be seen in Fig. 8(c) and (d), respectively.
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From Fig. 8, it is clear that the shape of the Mg-0g curves bears strong
similarities to the soil stress-strain curves that were used as input to
derive them. Therefore, it is interesting to explore the possibility of
“scaling” the soil stress-strain curves to the Mg-6r curves, which is
attempted in the following section.

5. Proposed site-specific ‘p-y + Mg-0g’ framework

This section aims to propose a site specific ‘p-y + Mg-0g’ framework,
where the p-y and Mg-6r curves can be constructed by directly scaling
the soil stress-strain curves measured in the laboratory tests. While the
site-specific p-y curves proposed by Zhang and Andersen (2017) is
adopted for capturing the soil resistance above the rotation point,
attempt is made in this section to link the Mg-6g curves to the soil
stress-strain curves based on the results of the extensive parametric
numerical analyses.

5.1. p-y curves

Based on an extensive finite element study, Zhang and Andersen
(2017) proposed a framework that allows for construction of
site-specific p-y curves by directly scaling the soil stress-strain curves
measured in laboratory element test, as schematically illustrated in
Fig. 9. A point on the stress-strain curve with mobilisation in shear stress
(z/sy) corresponds to a point on the p-y curve with the same level of
mobilisation in lateral bearing pressure (p/py):

p_ 12)
Pu Su

The corresponding normalised lateral displacement (y/D) can be
scaled from the shear strain (y) by using two scaling factors:

0.8
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Fig. 8. Example finite element analyses results showing the influence of (a) H/D ratio, (b) yf, (¢) Gmax/Su, and (d) x on normalised Mg-0g curves.
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/D, p/py)

Fig. 9. Schematic illustration of scaling p-y curve from stress-strain curve (Zhang and Andersen, 2017).

%: &re+ &P 13)
T T/84

¢ = =1 14

/ Gmax Gmax/su ( )

r=r—7 1s)

where & and & are the two scaling factors applied to the elastic and
plastic components of the shear strain, respectively. For simplicity, a
constant value of ff, = 2.8 is proposed, while 53 is expressed as a function
of pile-soil interface roughness factor (a): 55 = 1.35 + 0.25a. Further
details on the derivation of the scaling factors can be found in Zhang and
Andersen (2017).

It should be noted that this p-y framework is strictly only applicable
for a plain strain flow-around soil mechanism, and thus it is more
suitable for flexible piles. For a rigid or semi-rigid monopile, the soil
flow mechanisms are dominated by a wedge-type flow in the upper part
and a rotational flow in the lower part (Hong et al., 2017). Considering
the soft clay conditions concerned in this paper, a tension gap is un-
likely on the rear side of the monopile (Fu et al., 2020b), and thus two
soil wedges (passive and active wedge) will be mobilised. This is not
too dis-similar to the condition of a flow-around mechanism. There-
fore, despite the difference in soil mechanisms, the p-y curves proposed
by Zhang and Andersen (2017) are recommended for representing the
lateral soil resistance above the rotation point. The suitability of the p-y
curves will be examined later when the proposed model is used to
back-analyse the pile response obtained from centrifuge tests and finite
element analyses.

Through Egs. 12-15, the shape of the p-y curves (p/py vs y/D) is
determined. The ultimate soil resistance of the p-y curves (p,) is calcu-
lated by:

Pu= NpSuD (16)

where Nj, is the lateral bearing capacity factor. For the condition with
suction (i.e., no tension gap), the equations proposed by Zhang et al.
(2016), which is derived from Yu et al. (2015)’s upper bound analyses, is
adopted in the model to calculate the N}, value, as follows:

</D, &/D, 3/D

Np=2[Ny — (N1 = N2 )=—)( d )( d

/ 1Y (1~ )] < Nog a7

Npa =9.14 +2.8a (18)

where N; = 11.94; Ny = 3.22; d = 16.8-2.3log10(4), 4 = sym/kD and 0.1
< 24 <10, syn, is the soil shear strength at the mudline, as shown in Fig. 4.

5.2. Mg-6g curves

Due to the similarities between the input soil stress-strain curves and
derived Mg-0g curves, a simple scaling model similar to the p-y model is

proposed, as illustrated in Fig. 10. A point on the stress-strain curve with
mobilisation in shear stress (z/sy) corresponds to a point on the Mgr-0g
curve with the same level of mobilisation in moment resistance (Mg/
MR,ult):
M, T
R _Z 19

Mg e Su

The corresponding normalised rotation angle (dg) can be scaled from
the shear strain (y) by using two scaling factors:

Or =&° +&r° (20)

where & and &) are the two scaling factors applied to the elastic and
plastic components of the shear strain, respectively. y* and y® can be
calculated by using Egs. (14) and (15).

In elastic homogeneous soil (k = 0 and x = 0) with constant shear
modulus G, yP = 0 and thus y = y*. Eq. (19) can then be re-written as:
Kr(&y) Gy

9 @1
Mg u  Swo

where Ky is elastic rotational stiffness. The elastic scaling factor & fol-
lows that:

_Mr_uG

e 22
& suKr 22
The closed-form solution of Ky for a rigid caisson (similar to the
monopile segment below the rotation point) in elastic homogeneous soil
has been proposed by Efthymiou and Gazetas (2019), which can be
expressed by the following equation (assuming infinite bottom

boundary):

GD?
3(1-v)

2H

Kp= F)1.4] (23)

H
1+1.5=(1
1+ SD(+

where v is soil Poisson’s ratio (v = 0.5 for undrained condition).
According to Eq. (8), the Mg i for monopiles in homogenous soil
with fully rough interface, i.e., k = 0 and x = 0, can be expressed as:

1 2
Mg = (6 aD*sy + s DH?) + 0-73(?”51101‘13) 24)

Substituting Eqs. 23 and 24 into Eq. (22) leads to:

m 1+6(8)° +2.92(%)

=gl ) (25)
451+ 1.58(1 4 211

As illustrated in the equation, the £§ is not a constant, but changes

with H/D ratio. The variation of & with H/D ratio according to Eq. (25)

is presented in Fig. 11. For simplicity, the variation of & is fitted by a

linear equation:

£—063+ 0.32(g) (26)
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Fig. 10. Schematic illustration of scaling Mg-0r curve from stress-strain curve.
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Fig. 11. Variation of the scaling factors with the H/D ratio.

It is worth noting that Eq. (26) for elastic scaling factor & is derived
for monopiles in homogenous soil (x = 0). However, from the computed
results presented in Fig. 8(d), the Mg-0r curves are insensitive to the
degree of soil-strength heterogeneity x. Therefore, the equation for &§ is
considered also applicable for monopiles in non-homogenous soil
conditions.

Differing from the elastic scaling factor &, the plastic scaling factor &5
is developed based on the numerical results. A &) that varies linearly
with H/D ratio is found to give a best fit to the numerical results based on
least squares regressions:

H
P =0.34 + 0.19(5) @7

The variation of &) is also presented in Fig. 11.

Fig. 12 shows an example where the Mg-0 curves constructed by the
proposed approach (Egs. 19 and 20 and (26)—(27)) for the same stress-
strain curve are compared with those computed by the finite element
analyses. Overall, a very good match is demonstrated between the finite
element results and the model predictions for all H/D ratios examined
here. As the H/D ratio increases (noting that the normalised Mg-0g
response is insensitive to k, as demonstrated in Section 4.2), the rotation
needed to reach the ultimate moment resistance is increased, which
amplifies the discrepancy towards higher mobilisation levels. In prac-
tice, the L/D ratio of offshore monopiles is typically in the range of 4-8
(Doherty and Gavin, 2012; Murphy et al., 2018). The pile length below
the rotation point H varies between 0.2L-0.3L considering the depth of
rotation point usually occurs between 0.7 and 0.8L (Chortis et al., 2020;
Randolph and Gourvenec, 2011; Wang et al., 2020). This leads H/D

ranges from 0.8 to 2.4, which is fully covered in this study. Therefore, it
can be expected that the proposed approach is sufficiently accurate for
analysing offshore monopiles. The stress-strain response of the soil layer
below the rotation point measured at the in-situ stress state should be
used for the mapping. The assumption is that the normalised
stress-strain response remains relatively constant within the soil layer
below the rotation point.

5.3. Determination of the depth of the rotation point

The above sections have described the proposed site-specific ‘p-y +
Mg-6r’ model in detail, where the site-specific p-y and Mg-0g springs can
be directly derived from soil stress-strain response measured in labora-
tory tests. In addition to the soil reaction curves, another key element of
the proposed model is the depth of the rotation point.

For offshore monopiles in clay, as reported by Randolph and Gour-
venec (2011) and Wang et al. (2020), the depth of the pile rotation point
falls within z = 0.75-0.80L. Recently, Chortis et al. (2020) performed a
series of high-quality centrifuge tests and three-dimensional finite
element analyses, aiming to quantify the influence of scour depth and
type on the lateral response of monopiles in sand. It is revealed by both
centrifuge tests and numerical analyses that the pile rotation point oc-
curs at 0.7L, irrespective of the magnitude of lateral displacement. Given
the relatively narrow band (0.7-0.8L) for the depth of the rotation point,
Wang et al. (2020) recommend a rotation point depth of z = 0.80L for a
quick assessment of the monopile response in the tender design and
early design phases. For the detailed design, it is recommended to
perform a trial analysis where p-y springs are used along the entire pile
length. From the trial analysis, the depth of the rotation point can be
well determined. As pointed out by Zhang and Andersen (2019), the
depth of the rotation point is relatively insensitive to the p-y curves
adopted. Therefore, a trial prediction is sufficiently accurate.

5.4. Summary of the proposed site-specific ‘p-y + Mg-0r’ model

Table 3 provides a summary of the proposed site-specific ‘p-y + Mg-
6r’ model. Note that the proposed model is suited for different design
limit states. It can be either used to check the bearing capacity of the pile
under ultimate limit state (ULS) or the foundation stiffness for fatigue
limit state (FLS) design. The spring components of the proposed model
(p-y and Mg-0R) are formulated in such a way that the complete soil-pile
interaction from initial stiffness at small displacement to degraded
stiffness at large displacement is captured. The input to the model, i.e.,
strength and stress-strain response of the soil, should be aligned with the
purpose of the springs.

6. Validation of the proposed site-specific ‘p-y + Mg-6g’ model

This section presents validation to the predictive capability of the
site-specific ‘p-y + Mg-0r’ model against finite element analyses and
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Fig. 12. Comparison of predicted Mg-0x curves against numerical results: (a) H/D = 0.5, Gpax/Su = 500, k = 0; (b) H/D = 1, Gpax/su = 500, k = 0.1; (¢c) H/D = 2.5,

Gmax/Su = 500, k = 0.2.

published centrifuge pile test results. Comparisons between the
computed/measured and predicted results are presented and dis-
cussed in the following subsections. The pile responses calculated by
the API p-y curves are also included. When using the API curves, two
input parameters, i.e., J and 59, should be determined. J is a dimen-
sionless empirical factor that describes the rate of increase of the
lateral bearing capacity factor Ny with normalised depth and eso de-
notes the axial strain at which 50% deviator stress is mobilised in an
undrained compression test. In the following validation cases, a con-
stant value of J = 0.5 is adopted, which is recommended by (Matlock
(1970)) for normally consolidated soft clay. The value of €5 is
determined from the stress-strain curves of the corresponding soil.

6.1. Validation against 3D finite element analyses of full-length monopiles

To demonstrate the capability of the proposed model, finite element
analyses of full-length monopiles with various L/D ratios and soil stress-
strain responses are carried out. The diameter (D) and wall thickness (t)
of the monopiles are fixed to 8 m and 0.09 m, respectively. Three pile
embedment lengths of 24 m (L/D = 3), 32m (L/D =4) and 40 m (L/D =
5) are examined. A constant stick-up of 30 m is considered in all ana-
lyses. The undrained shear strength profile is s, = 5 + 1.5z. The soil is

10

modelled by the NGI-ADP model as described in Section 3.2, with the
relevant parameters being: Gmax/su = 500, and yf = 5, 8 or 10%. The
fully rough interface between pile and soil is modelled, and tension gap
on the soil-pile interface is not allowed.

Fig. 13 shows the comparison between computed and model pre-
dicted load-displacement relationship for three selected cases. As illus-
trated, the proposed model satisfactorily captures the computed pile
responses by finite element analyses with different combinations of L/D
ratio and stress-strain response. The model predicted pile responses are
slightly softer than the computed responses by finite element analyses,
which can be attributed to the neglect of the soil resistance contribution
from the vertical pile shaft friction above the rotation point. The model
predictions are considered sufficiently accurate for practical design
purposes. Using the API p-y curves alone leads to much softer pile re-
sponses compared to the current model prediction which is due to: i) too
soft distributed p-y curves, which has been discussed amongst others by
Jeanjean (2009) and Zhang and Andersen (2017); ii) neglect of the soil
resistance from the pile tip, which is more important for piles with
smaller L/D ratios. In addition to the pile head load-displacement
response, the proposed model also offers reasonable predictions for
the displacement and rotation profiles, as illustrated in Fig. 14 for
example.
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Fig. 15 compares the Mg-g curves at the pile rotation point extracted
from the finite element analyses of the full-length pile models and pre-
dicted by the proposed model. As illustrated, the model predicted Mg-6gr
curves, which are established by directly scaling the soil stress-strain
curve, match well with the computed results, demonstrating the accu-

racy of the proposed Mg-0g model.
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Fig. 14. Validation against finite element analysis on (a) lateral displacement profile and (b) rotation profile of the monopile with L/D = 5.

6.2. Validation against centrifuge monopiles tests reported by Murali et al.

(2015, 2019)
Murali et al. (2015, 2019) reported a series of centrifuge tests on a
rigid monopile with a prototype diameter of 3.47 m in normally
consolidated soft clay. The model pile has a wall thickness of 0.042 m (in
prototype) and an embedded length of 7.1 m (in prototype), leading to a
L/D ratio of 2. Four load eccentricities, i.e., e = 1.2, 1.5, 2.5, and 3.5D
were examined. The tests with the load eccentricity of 1.2 and 3.5D were

12
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Fig. 15. Validation against finite element analyses of full length monopiles on Mg-0r curves.
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Fig. 16. Validation against centrifuge pile tests performed by Murali et al. (2015, 2019) on load-displacement relationship of the rigid monopile (D = 3.47 m, L/D =

2) in (a) clay bed 1 and (b) clay bed 2.

carried out in clay bed 1, which has an undrained strength profile of s, =
1 + 1.1z. The tests with the load eccentricity of 1.5 and 2.5D were
conducted in clay bed 2 which has an undrained shear strength profile of
su=1+ 1.3z

The soil used in their centrifuge tests was the BASF kaolin clay, which
has a plasticity index (I,) of 33%. Due to the lack of reported soil element
tests on this kaolin clay, the stress-strain response of the UWA kaolin
clay (Gmax/su = 500 and yP = 5%) is adopted in the back-analyses (Zhang

13

etal., 2020). The properties of the UWA kaolin are selected because of its
comparable plasticity index (28%).

Fig. 16 compares the measured and predicted load-displacement
relationship of the monopile at four load eccentricities. The results
predicted by the API p-y model are also included in the figure for com-
parison. As illustrated, the API p-y model grossly underestimates the pile
response. On the other hand, the predicted pile response by the proposed
model agrees well with those measured from the tests, indicating the
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superiority of the proposed model for monopile analysis. For the
extremely short monopiles examined (L/D = 2) in this validation, the
soil resistance from the pile tip is essential. This validation demonstrates
that the proposed model can successfully capture the soil resistance
below the rotation point.

7. Limitations

In the current study, the soil has been simplified as an isotropic
material. However, natural soil exhibits anisotropic strength and stress-
strain response. This aspect is to be investigated in further studies. For
the monopile foundation under lateral loading, mixed shearing modes
are mobilised. For example, the triaxial extension and DSS shearing
modes are mobilised by the passive soil wedge while the triaxial
compression and DSS shearing modes are mobilised by the active soil
wedge. The rotational scoop mobilises the three different shearing
modes along different parts of the mechanism. As an interim recom-
mendation, the shear strength and stress-strain response measured in the
DSS shear model is suggested to be used when applying the proposed
model as the DSS strength is found to be typically a good average of
triaxial compression, DSS and triaxial extension strengths (Andersen
et al., 2008; Liedtke et al., 2019).

It should be also noted that the proposed site-specific ‘p-y + Mg-0g’
model in this study assumes that the pile section below the rotation point
is embedded entirely within a single soil layer with a constant or linearly
increasing strength profile. For the case in which the soil below rotation
point is layered, engineering judgement is called on to simplify the soil
profile into a single layer. However, if the strengths or the stress-strain
responses are strongly contrasted between the layers, a site-specific
calibration of the Mg-0g using the proposed simplified finite element
approach might be justified.

8. Summary and conclusions

This paper proposes a site-specific ‘p-y + Mg-0g’ framework for the
design of laterally loaded monopiles in soft clay. The lateral soil resis-
tance above the rotation point is represented by distributed p-y springs,
while the soil resistance below the rotation point is lumped into a
concentrated Mg-6r spring. The p-y model proposed by Zhang and
Andersen (2017) which scales the p-y curves from the stress-strain
response of the soil is adopted to capture the distributed soil resis-
tance above the rotation point. Special attention is paid on the con-
struction of the Mg-0g spring from the site-specific stress-strain response
and the undrained shear strength profile. Based on the combined
analytical analyses and an extensive parametric finite element study, the
following conclusions can be drawn:

1. The ultimate moment capacity Mg yic of the Mg-6g curves is the sum
of the moment resistance due to the scoop failure surface and side
shear. A closed-form solution of Mg i is proposed in this study
through an upper-bound analysis, which is a function of pile diam-
eter, the pile length below the rotation point and soil strength profile.

2. The shape of Mg-0g curves bear strong similarities to the soil stress-
strain curves. A soil with stiffer stress-strain response results in stiffer
Mg-0g response. When the pile length below the rotation point in-
creases, the Mg-0g response becomes gradually softer. While the soil
strength heterogeneity exhibits negligible impact on it.

3. The Mg-6g response can be well scaled from the stress-strain response
of the soil by introducing two scaling factors applied to the elastic
and plastic components of the shear stain. These two factors show an
approximately linear relationship with H/D.

4. With the proposed site-specific ‘p-y + Mg-0r’ model, soil reaction
curves for monopile analysis can be readily constructed based on
the stress-strain response of the soil measured in routine soil
element tests and shear strength profile established from site
characterisation. This provides practising engineers with a simple

14
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yet powerful approach to use site-specific soil reaction curves in
monopile design.

5. Validations against finite element analyses and centrifuge pile load
tests demonstrate the satisfactory predictive capabilities of the pro-
posed model. On the other hand, the conventional API p-y model is
proven to significantly underestimate the pile stiffness and capacity.
The adoption of the proposed model has large potential for achieving
safer and more optimized monopile designs.
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