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Plate anchors have been recognized as a cost-effective and efficient solution for offshore applications.
Conventional methods for predicting anchor pullout capacity often assume the soil is homogeneous with uniform
properties. However, natural soils, particularly in offshore environments, typically exhibit significant spatial
variability due to their geological history and formation process. To account for the inherent spatial variability, this
paper conducts a probabilistic analysis of the pullout capacity of strip plate anchors embedded in both clay and
sand using the Random Finite Element Method (RFEM) over a wide range of soil and anchor parameters. The soil
undrained shear strength and friction angle are represented as random fields, and the mean and standard deviation
of the anchor pullout capacity factor are estimated. The results show that while the soil correlation length has a
minimal impact on the mean pullout capacity, it strongly influences the standard deviation. This indicates that
understanding the spatial variability of soil properties is essential in order to achieve accurate anchor pullout
failure probability predictions. Overall, the findings of this study can aid in the probabilistic analysis of anchor
pullout capacity and guide the design of reliable plate anchors in spatially variable soils.

Keywords: Plate anchor; pullout capacity; spatial variability; probabilistic analysis, random finite element method,
clay, sand.

1. Introduction

Floating offshore wind turbines (FOWTs) have been an attractive option for harnessing the more substantial
wind resources over deep water. To anchor these systems, plate anchors arerecognized as a cost-effective and
efficient option, particularly for taut and semi-taut FOWTs, due to their affordability and performance
(Randolph and Gourvenec 2017; Cerfontaine et al. 2023).The pullout capacity of these anchors is traditionally
estimated as a function of parameters such as soil strength and anchor embedment depth ratio.However, existing
studies often assume a homogeneous soil with uniform properties over the soil mass, ignoringthe spatial
variability in the soilcaused bythe geological history of soil formation (Phoon and Kulhawy 1999).This spatial
variability needsto be considered in the reliability-based and thus economic design of plate anchors.

A probabilistic approach can explicitly address various sources of uncertainties and is able to produce
more cost-effective and consistently reliable designs across varying site conditions. A number of previous
studies have shown that soil spatial variability significantlyinfluences the failure probability of ultimate capacity
and deformations for a wide range of geotechnical problems, such as the bearing capacity of shallow (Soubra
and Massih 2010; He et al. 2022) and deep (He et al. 2023) foundations, slope stability (Griffiths and Fenton
2004), etc.However,probabilistic studies on plate anchorsinspatially variable soils are still sparse. To address
this, this study aims to estimate thestatistical moments of the pullout capacity of plate anchors in soil with
spatially variable considering both undrained and drained soil conditions.

2. Random Soil Models

The pullout capacity of plate anchors is primarily influenced bythe soil strength parameters, i.e., the undrained
shear strength, s, , for undrained soil conditions and the soil friction angle, ¢, for drained soil conditions. These

u

parameters are represented by spatially variable random fields, characterized by theirmeans, x, and
4, ,standard deviations, o, and O, and correlation length, € (assumed the same for both parameters).

In this study, s, is assumed to follow a lognormal distribution since it is non-negative and has a simple

relationship with the normal distribution.Following Fenton and Griffiths (2008), ¢ is assumed to be bounded
between 20° and 45° with a bounded tanh distribution, which is a simple transformation from a standard normal

random field. The correlation coefficient between the soil properties at one spatial location, x,, and a second
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location, x;, is assumed to follow a simple isotropic Markovian correlation function (e.g., Vanmarcke 2010),

ie.,
—27;
P(T,-,-)ZGXP(TJ (1)

where 7; =|x,—x/.| is the absolute distance between the two points in the soil mass; and @ is the spatial

correlation length. The correlation length is loosely defined as the distance beyond which the soil properties at
two points become largely uncorrelated. Smaller 8 indicate rapid spatial variationsin the field, whereas larger
values correspond to more gradual variations. Note also that the correlation length for the soil random field is
applied directly to the values of Ins, (or the underlying normal distribution leading to ¢ ). However, the log-

space correlation length and its real-space counterpart have been demonstrated to be very similar for most
geotechnical problems (e.g., PuR and Griffiths 2021).

3. Random Finite Element Method (RFEM)

A RFEM programme, ‘ranch2d’, was developed to estimate the stochastic pullout capacity of horizontal strip
anchors in spatially varying soils. The programme uses a two-dimensional plane strain model, with the soil
property random fields generated using theLocal Average Subdivision(LAS) method (Fenton and Vanmarcke
1990). The anchor was modelled to be rigid and rough, with no horizontal displacement allowed at the soil-
anchor interface. The anchor width and thickness were taken as B =6 m and 7 = 0.6 m, respectively. The finite
element model adopted an elastic-perfectly-plastic soil constitutive model with a Mohr-Coulomb failure
criterion, which degenerates to a Tresca failure criterion under undrained soil conditions. Boundary conditions
included fixed horizontal displacements at the two vertical sides of the soil domain and fixed displacements at
its base.

For undrained soil conditions, s, was assumed to have a mean of x, =30 kPa, with coefficients of
variation of v, =02, 0.3,and 0.5 (i.e., o, =6, 9, and 15 kPa). For drained soil conditions, the lower and upper

=20 and ¢,

max

bounds of ¢ were taken to be ¢,

 in =45", with a mean of x, =32.5". The coefficient of variation
of ¢ was taken asv,=0.05, 0.10, and 0.15, which is consistent with the range of 0.05 ~ 0.15 suggested by

Phoon and Kulhawy (1999). An associated flow rule (i.e., soil friction angle = dilation angle) wasconsidered in
this study.The soil submerged unit weight  was held constant at10kN/m® for both undrained and drained soil
conditions. A wide range of spatial correlation lengths was considered, i.e., §=0.1~1000 m. The soil Poisson’s
ratio was taken asv =0.49 for undrained soil conditions and v =0.3 for drained soil conditions. The soil elastic
modulus was held constant at £=10004, =30,000 kPa for undrained soil conditions and £ = 1000y B = 60,000
kPa for drained soil conditions.Two anchor embedment ratios were considered, i.e., H/B=2 and 4 (H is the
anchor embedment depth).A total of n,, =2000 realizations were used in this study, which has been

demonstrated to provide reasonably accurate results in preliminary analyses.Refer to He et al. (2024a, 2024b)
for more details.

4. Results

The stochastic pullout capacity factor is defined as

M, = 4. , undrained soil conditions 2)
M,

M, = #, drained soil conditions 3)
YH

where ¢, is the random ultimate pullout pressure estimated using RFEM; and H is the anchor embedment depth

from the ground surface to the anchor.
Fig. 1presents the sample means and standarddeviations of the pullout capacity factors as a function of

6/B for the intermediate cases of v, =03andv,=0.10. Figs. 1(a) and (c) show that 6/B has a marginal effect
on the sample means, particularly for drained soil conditions (Fig. 1(c)). However, with an increase of 6/B,

both 6,, and o”'My increase from nearly zero at small 6/B (6/B<0.02) and eventually reach a plateau at large

6/B values (6/B>20).This trend reflects the increasing variance reduction caused by local averaging over the
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anchor failure zone as 6/B increases.Specifically, when 6/B — o, the soil property random field become

uniform, albeit remaining random across realizations, reducing to the single-random-variable (SRV) scenario.
This indicates that using the SRV approach, without considering the spatial correlation length, leads to an
overestimation of 6,, and 6‘M7 , which is unconservative.
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Fig. 1. Sample means and standard deviations of pullout capacity factors for v, =0.3 (undrained) and v, =0.10 (drained)

Fig. 2 illustrates the variation of the sample mean and sample standard deviation with 6/B for
H/B=2.As shown in Figs. 2(b) and (d), the standard deviations increase with the coefficients of variation of

the soil strength parameters, as expected. Figs. 2(a) and (c)exhibit a minimum value of the sample mean when
6 is of the same order as B. Similar minimums have also been observed in the undrained pullout capacity of
deep rectangular anchors (Cai et al. 2022) and the undrained bearing capacity of shallow foundations (Fenton
and Griffiths 2003). Thisbehaviour can be explained as follows: at very small correlation lengths (6 — 0),the
soil properties in the random field become independent at every point. In this case, any local averaging results in
a statisticallyuniform field(at the median for a lognormal distribution), so the weakest failure path (i.e., failure
mechanism) through the soil is expected to be symmetric and identical to thatin a homogeneous soil. At very
large values of 8 (8 — ), the random fields also become uniform, but random, with all local averagestending
to the mean. In this case, the failure path again becomes the same as those in a homogeneous clay. It is at
intermediate correlation lengths that the failure path is expected to deviate from these two extreme cases, and
thus has some freedom to choose a weaker failure path, leading to alower mean pullout capacitythan that for the
homogeneous scenarios.
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Fig. 2. Sample means and standard deviations of pullout capacity factors for H/B =2

5. Conclusions

This paper investigated the pullout capacity of plate anchorsembedded in spatially variable soilunder both
undrained and drained soil conditions. The soil undrained shear strength and friction angle were considered to
be spatially random fields. The Random Finite Element Method (RFEM) was used to estimate the mean and
standard deviation of anchor pullout capacity factorsfor various input parameters.The results show that the soil
correlation length @ has a marginal influence on the means of the pullout capacity factors but exerts a
significant effect on its standard deviations. Specifically, the standard deviations approach zero when € — 0,
and converge to constant values as a function of the soil coefficient of variation when € — oo .

The findings highlight the importance of sufficient site investigationsin practical anchor design. However,
when insufficient data areavailable to accurately estimate the correlation length, @ — o (i.e.,the SRV method)
can be adopted for a conservativedesign.Thisapproach, however, may lead to increased anchor costs, which has
been identified as a key challenge in the wide deployment of FOWTs (Cerfontaine et al. 2023).It should also be
noted that the current study does not account for the effects of correlation length anisotropy. Typically, soils
exhibit a smaller vertical correlation length compared to the horizontal correlation length. The results of the
present study have shown that a larger correlation length results in a larger standard deviation of the pullout
factor. Thus, the isotropic correlation structure used in this study can be seen to be conservative when compared
to an anisotropic model with reduced vertical correlation lengths. The influence of the correlation length
anisotropy is left for future research(while noting that estimating correlation length anisotropy is extremely
costly). Overall, this study can aid in the probabilistic analysis of anchor pullout capacity and provide guidance
to the design of reliable plate anchors in spatially variable soils.
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