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ARTICLE INFO ABSTRACT
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Successive episodes of cyclic loading cause the strength of soft soils to reduce, through pore pressure build-up,
and then recover, through consolidation, as shown by model testing, field studies and theoretical considerations.
These ‘whole-life’ changes in soil strength affect the capacity of anchoring systems for offshore infrastructure
such as floating turbines or platforms. This paper introduces a new macro-model for assessing the through-life
changes in seabed strength and anchor capacity as a result of variable cyclic loading and concurrent consoli-
dation. The model combines SN curves for damage accumulation with a critical state soil mechanics framework
for changes in soil strength and anchor capacity. These methods allow the full operational lifetime of an
anchoring system to be rapidly analysed, encompassing timescales from individual wave-induced load cycles,
through to annual seasons and soil consolidation processes. The approach provides a new basis for whole-life
modelling of anchoring systems that is sufficiently fast to allow reliability-based assessments via a Monte
Carlo method. In soft soils that exhibit beneficial gains in capacity, this method provides a basis for more efficient

design through reductions in anchor size.

1. Introduction

Offshore infrastructure for renewable energy, oil and gas production
is subjected to a wide range of actions from metocean and operational
conditions. These actions are transmitted via structures or mooring lines
to the foundation or anchoring systems. Over the ‘whole-life’ or opera-
tional lifetime of the infrastructure, these loads can alter the geotech-
nical properties of the seabed and the capacity and response of the
infrastructure. Whole-life geotechnical design couples the life cycle of
imposed actions with the evolving geotechnical resistance to forecast the
evolving response and reliability of the system across the design life of
the infrastructure (Gourvenec, 2020).

In soft soils, a key geotechnical mechanism within ‘whole-life’
analysis is the beneficial consolidation effects that can cause an increase
in strength around offshore foundations, which counteracts the more
recognised effect of soil strength reduction from cyclic loading, typically
captured by SN curves (Andersen et al. 1988; Andersen 2015). Consol-
idation gains following loading events have been quantified during flow
round penetrometer tests (Hodder et al., 2013; O’Loughlin et al., 2017),
direct simple shear element tests (Laham et al., 2021; Laham et al.,
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2023), large scale laboratory tank tests and geotechnical centrifuge tests
of pipelines (Smith and White, 2014), sliding foundations (Cocjin et al.,
2014, 2017), anchors (Han et al., 2016; Zhou et al., 2020) and pile
foundations (Lai et al., 2020; Bayton et al., 2018; Richards et al., 2018,
2020; Abadie et al., 2019; Truong et al., 2019, Guevara et al., 2020,
White et al., 2022).

The examples listed above highlight the potential value in any design
approach that quantifies ‘whole-life’ changes in the capacity and stiff-
ness of foundations and anchors. Firstly, this may allow more accurate
assessment of system reliability, including changes in the geotechnical
reliability through life. Such an advance would parallel developments in
structural reliability analysis, where time-dependent changes — usually a
reduction in reliability — are recognised and quantified within models
(Bai and Jin 2016). Secondly, the transition of offshore engineering to
focus on large numbers of uncrewed renewable energy facilities, which
have lower environmental impact potential than oil and gas platforms,
creates a stronger impetus to understand system reliability (Cerfontaine
et al., 2023.) This is because the consequences of an individual failure
are smaller, and therefore target reliability values can be larger and
therefore more quantifiable.

To explore this type of design approach, this study presents a macro
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SYMBOLS

Ay cross sectional area of anchor

B anchor diameter

cy coefficient of consolidation

D damage

Finax maximum peak anchor force for a sea state

Fr tension force on anchor

H hardening

H; significant wave height

ka> scaling parameter

ki constants controlling rate of damage accumulation
N number of cycles

N, bearing capacity factor

Neg equivalent number of cycles

Py probability of failure

Quit anchor capacity

q rate of change in sensitivity

R average cyclic stress or average cyclic load ratio
S cyclic amplitude stress or cyclic amplitude load ratio
St sensitivity

Sto initial sensitivity

Su

Sur

(su/6,5)nc mormally consolidated undrained strength ratio

P,

undrained shear strength

initial undrained shear strength

ratio of the maximum gain in undrained strength to the
initial undrained strength

peak wave period

time

duration of cyclic loads

duration of intervening consolidation stage
pore water pressure

scale factor in marginal PDF of H;
scaling parameter

shape factor in marginal PDF of H;

rate of change in hardening

effective soil unit weight

location factor in marginal PDF of H;
swelling index

compression index

location factor for conditional PDF of T,
shape factor for conditional PDF of T,

‘RSN—CSI’ model for assessing the whole-life behaviour of an anchoring
system in soft clay during the application of variable amplitude cyclic
loads throughout an operational life.

Whole-life
realisation
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The paper first introduces the model components and how they fit

together, which is illustrated in Fig. 1, and consists of:

Step 1. Create realisation of whole-life continuous anchor load time series by concatenating shorter time
periods of stationary sea state, randomly sampled from a monthly distribution

See Panel A

Load normalisation and collation

Step 2. Use Rain-flow counting method on force-time series to:

.

Input parameters Sy

Loop

H, sy

Step 5. Repeat Steps 2 to 4 for next sea state using updated D, H, sy, Quir =

f(sw D, H)

|L41

Fig. 1. (a) Flow-chart and (b) accompanying schematic of embedded plate anchor, anchor loads breakdown and the RSN—CSI model method.
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Fig. 1. (continued).

e RSN model: An extended SN model for calculating the accumulation
of damage (or reduction in soil strength) from a time series of
random cyclic loads, representing a period of stationary weather, (or
a ‘sea state’).

e CSI model: A critical state-inspired model for calculating the com-
bined effects of damage and consolidation on soil strength and an-
chor capacity, through a sequence of sea states.

e Anchor bearing capacity: A conventional link from soil strength to
anchor capacity.

The analysis is firstly illustrated by comparison with two sets of
centrifuge model tests with idealised patterns of loading and is shown to
give good predictions of the resulting changes in strength and capacity.
The approach is then used to simulate the whole-life response of the
anchoring system of a taut-moored wave energy converter — the X-MED
buoy (Hann et al., 2015). Realistic seasonal weather is considered, based
on a location offshore the south-west of the UK, and the changing anchor
capacity is simulated. The analysis is expanded using a Monte Carlo
approach to investigate the reliability of different sizes of anchor, with
and without consideration of whole-life loading effects.

2. RSN model

The purpose of the RSN model is to evaluate the scalar parameter,
damage, D, that results from a series of random cyclic loads during a sea
state. The damage then feeds into the CSI model to quantify the reduction
in soil strength caused by the cycles. Damage is analogous to excess pore
pressure build-up. Andersen and Lauritzen (1988) and others, quantify
damage from a time series of random cyclic loads based on an accumu-
lation approach in which each load cycle is assigned an average cyclic
stress ratio value, R and a cyclic amplitude stress ratio value, S, and the
number of cycles, N, within binned ranges are combined (Andersen et al.,
1988; Andersen, 2009, 2015; Randolph and Gourvenec, 2017).

The SN accumulation approach works upwards through the binned
cyclic amplitudes converting the accumulated damage at each binned
value of S into a number of cycles at the next bin, until the final result is

the total damage, D (this result is often expressed as the equivalent
number of cycles, N, at the peak load that would cause the same D).
This approach allows the accumulated effect of a general spectrum of
loads to be reduced to a single scalar quantity that represents the level of
damage experienced by the soil surrounding the anchor.

In this study we use SN curves that originate in Verruijt (1995) and were
modified in Bonjean et al. (2008) and Tom et al. (2019), to link D, S and N
analytically as defined in Egs. (1 3. These equations have been extended to
additionally include the influence of average load and this is captured in
the average cyclic stress ratio R term, such that if R=0, Egs. (1) ((3) reduce
back to the original SN curve formulation). This extended RSN formulation
provides three-dimensional damage contours of similar shape to those
shown by Andersen (2015). These RSN relationships involve five con-
stants, kj to ks, and can be written with D, S or N as the subject:

D:k1(1+R)k5(l —exp(—kzN{S—k4}k3>) m
1/ks

D
= tn(1 )

"IN +ky 3

where {...} are Macaulay brackets such that no damage is accumulated
when S < k4. The parameter, k4 therefore sets a minimum cyclic load
threshold below which no damage occurs. k; represents the maximum
possible value of D, which is 1. The parameters ky, k3 and ks control the
rate of damage generation. The selected values of k; to ks were chosen to
provide RSN curves similar to those presented in Andersen (2015) for a
normally consolidated soft clay. The RSN damage accumulation calcu-
lation extends the usual SN method by accumulating up each step of R
after accumulating in the SN plane for each value of R, as illustrated in
Fig. 1b Panel C. Also, any damage present at the start of the sea state is
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used as an initial value in the accumulation process.

The RSN concept comes from element testing, where R and S are
written in terms of stress ratios. In the macro-model concept, foundation
loads are linked to the stress mobilised in the surrounding soil via the
bearing factor N, and cross-sectional area of the plate, Ap, in the same
way that foundation capacity is linked to soil strength. It is therefore
possible to also treat R and S as load ratios, defined accordingly as
average cyclic and cyclic amplitude load ratios:

F. avg F, amp

R = X =
Qulr Qulr

4

where Qy is the current ultimate anchor capacity and Fqy, is defined as

Foamp

> (5)

Favg = chak -

and Fyq and Fgy correspond to the maximum tension force and
amplitude of each load cycle as shown in Fig. 1 Panel B.

The adopted RSN model parameters are given in Tables 1 to 3, and
were selected based on those presented in Anderson (2015). It is rec-
ognised that the shapes of RSN curves for soil element behaviour may
not be applicable directly to foundation capacity, although similar
scaling has been adopted previously with success (Jardine et al., 2012).

3. CSI model
3.1. Model description

The CSI model is set out by White et al. (2022), and tracks the current
soil undrained strength, s,, which controls the anchor capacity, using
two state parameters: damage, D and hardening, H, both of which vary
in the range 0 to 1 (see Fig. 1b, Panel D). The model was applied by
White et al. (2022) to the capacity and stiffness of a laterally-loaded pile,
by integrating the model into a p-y analysis. They used a strain-based
approach to damage generation, in which increases in D result from
pile movement. That aspect has been replaced in the present study by
the RSN model for damage generation. This change allows long time
series of cyclic loading to be analysed more efficiently, and permits the
analysis to use a loading history as input, rather than requiring dis-
placements to be evaluated.

The hardening index H is analogous to voids ratio in critical state
terms. Since the model represents soft clay that tends to contract on
cyclic loading, initially H = 0. The damage-hardening (D — H) domain
is bounded by three values of undrained strength — an initial value, s,
an initial minimum value, s, min, and a final fully-hardened value, s, max-

Consolidation causes densification and hardening through the
dissipation of pore pressure and this is captured in the model by a time-
dependent reduction in the damage index concurrent with an increase in
the hardening index. This is analogous to consolidation following an
unload-reload path, and the slope of this hardening path is defined by «*
(Fig. 1b Panel D).

The minimum strength is defined by as s, min = Suo/Sto Where Sy is
the initial soil sensitivity. As the soil densifies, the sensitivity reduces to
unity and the strength converges to s, max, which is related to s, by the
compression index parameter 1*. The parameter 1* is the slope of the
line when damage D=0 (Fig. 1b, Panel D) and is analogous to the slope
of the critical state line, which is also linked to the potential change in
soil strength from densification.

3.2. Model formulation

The current normalised strength (;u—uo), where s, is the initial un-

drained strength, depends on the current hardening (H) and damage (D).
The equilibrated strength (s,.) is a strength at the current H when D=0

Applied Ocean Research 138 (2023) 103671

Sue H
Swe 14 = (6)
Su0 )

The current strength (s,) is therefore
Su 1
2 —1-D(1-= 7
Sue ( S,) @

and the current normalised strength <SS—> can be found from combining

u0
Egs. (6) and (7).
A general form of the geometry of the model, shown in Fig. 1 allows
the sensitivity, S;, to fall as hardening increases from S; = S,0o—1 as H =
0—1, at a set rate by the power of a constant, q:

Si=1+(So—1)(1 —H)! ®

Therefore, no pore pressure generation will occur once H = 1. At this
point, the soil has reached a (cyclic) critical state, S, = 1 and the damage
and hardening process stop. In an initial burst of cyclic loading, taking
place over a short time period such that consolidation and hardening is
minimal, D-1, H=0 s0 s;—Symin- In the long term, as consolidation
dominates, H—1 s0 s;—S; max SO long as there is cyclic loading causing
damage, from which consolidation can create a gain in strength. s,z is
the ratio between the maximum and initial soil strengths s max/Suo and is
found from Eq. (6) when H=1, so that s;g =1+ 1/4".

3.3. Damage and hardening

Increases in damage during the period of a sea state are calculated
via the RSN method and cannot exceed D=1. This damage also decays
with time due to pore pressure dissipation, leading to consolidation. The
rate of this decay follows the typical scaling of consolidation, being
proportional to the ratio of the coefficient of consolidation and diameter
of the anchor, 2:

©)

where kg and f are dimensionless parameters, enabling flexibility for
the solution to be scaled to match analytical solutions for the dissipation
of pore pressures (e.g. for plates, based on Gourvenec et al. 2010)

The increment of hardening is related to the damage dissipated and is
expressed by modifying Eq. (9):

dH Kc

— =kp(l —H—D 10
= k(1 — HY; (10)
such that consolidation leads to hardening, following a path in the H vs
s‘% space, dependent on «*. x* sets the initial slope of the hardening

response at H=0 and lies in the range of 0 to 1. The parameter y sets how
this slope changes as H—1. The dimensionless parameters q, kgo,
S and y have been obtained by fitting the RSN—CSI model’s response to
measured model-scale foundation responses, as well as from theoretical
solutions. They may not be strongly influenced by soil parameters, so
could be applicable to other conditions, but further work is needed to
identify links between soil properties and these model parameters. This
is discussed in further detail in Section 5.

The combined effects on D of accumulation (from a set of loads
analysed using the RSN model) and dissipation (from consolidation over
time), means that the analysis proceeds in time steps over which any
reduction in D due to consolidation is small. This is required because
changes in D affect s,, which in turn affect R and S because these
dimensionless quantities involve normalising the anchor load by the
current anchor capacity.



K.A. Kwa et al.
4. Anchor capacity

The soil strength is linked to the anchor capacity using a conven-
tional bearing capacity approach. For this paper, it is assumed that the
anchor is buried sufficiently deeply that a local failure mechanism is
mobilised, with soil flow around the anchor. In this case the capacity is
independent of the burial depth, and is given by:

Qult = NrsuAp (11)
where N, is the bearing factor (with 12.42 being the theoretical value for
a smooth thin embedded circular plate (Martin et al., 2001)), s, is the
current undrained soil strength and A, is the plate area.

This study uses the following two assumptions to capture, in an
efficient way, the changes in anchor bearing capacity caused by the
loading and consolidation processes:

1 s, is modelled as a single representative strength around the anchor,
which varies as a result of the applied loading and consolidation
according to the RSN—CSI model

2 N, depends on the geometry of the plate and is assumed to be con-
stant throughout the analysis.

The first assumption effectively ‘smears’ any spatial variations in
strength change around the anchor and the second overlooks any
changes in the failure mechanism. Various studies, using data from
model tests and numerical analysis, have shown that changes in bearing
capacity can be reliably assessed based on these two assumptions (albeit
using relationships other than RSN—CSI for the effect of loading on s,)
(Bransby 2002; Stanier et al. 2019; Gourvenec et al., 2014; Feng et al.
2015, Peccin da Silva et al. 2021). The Stanier et al. (2019) study spe-
cifically addresses the validity of these assumptions, exploring the
spatial changes in strength and failure mechanism. Other studies have
demonstrated the same form of behaviour, except that in their inter-
pretation s, has been held constant at the initial value, s,9, and N, has
been assumed to vary with the applied loading (Stanier et al., 2014). In
all cases, the general conclusion is that changes in bearing capacity due
to variations in the strength of the surrounding clay can be captured well
by varying a single scalar parameter — s, or N, — in accordance with the
applied load and any consolidation period, without needing to explicitly
model the spatial variations in strength.

Applied Ocean Research 138 (2023) 103671

5. Application to centrifuge model tests

The RSN—CSI model is first compared to changes in strength
observed in two types of centrifuge model test that involved episodic
cyclic loading in soft normally-consolidated clayey soils:

e T-bar penetrometer tests in soft kaolin clay reported by O’Loughlin
et al. (2020)

e Plate anchor tests reported in normally-consolidated carbonate silt
by Zhou et al. (2020)

The T-bar tests were unusual load-controlled episodic cyclic tests.
The longest of these tests involved three sets of 20 cycles (to 75% of the
initial capacity), with two intervening consolidation periods, following
by a final penetration to measure the available soil strength. The other
tests were curtailed versions of this longer test, therefore providing a
measure of the soil strength at earlier stages (see O’Loughlin et al. 2020
for full details). The plate anchor test involved a sequence of 5 episodes
of constant-amplitude load cycles, again interspersed with consolidation
periods, following by a final pull to failure.

The RSN—CSI model parameters used to simulate these tests are
summarised in Tables 1 and 2 and are also similar to the parameters
adopted in White et al. (2022) which were used to fit centrifuge tests on
a model pile . The procedure for simulating the T-bar and plate anchor
tests uses the model elements described earlier, stepping forward in
time. The RSN method is used to calculate the damage during each
packet of cyclic loads. The resulting damage is combined with the
time-dependent dissipation over the associated time period within the
CSI model. This leads to updated values of hardening and undrained
strength. The analysis steps forward in time, with the updated strength
being used for normalisation of the next sequence of loads, to find R and
S. As the soil progressively strengthens, successive cycles at the same
absolute load become less damaging, due to the reduction in R and S.
The results for simulation of the T-bar test are shown in Fig. 2, and the
plate anchor results are shown in Fig. 3.

The calculated changes in strength throughout the T-bar test follow
closely the five measured values from the end of the longest test and the
curtailed tests (Fig. 2a). The strength decreased during the 20 cycles of
each loading stage as the damage rate exceeded the dissipation, but
during the consolidation periods a high recovery of strength is simulated

Table 1
Summary of framework parameters used in the simulation of centrifuge model T-bar test in kaolin. Further details can be found in O’Loughlin et al. (2020).
Framework component Parameter  Description Value Remarks
Geometry B T bar diameter (prototype scale) 0.75 m Bearing capacity factor, N, = 12.56 Einav et al. (2005)
Loads S Cyclic amplitude load ratio 0.5 Selected from cyclic loads O’Loughlin et al. (2020) for an applied number of
R Average cyclic load ratio 0.5 cycles, N=20
teye Duration of cyclic loads 1 day At full scale
[ Duration of intervening consolidation stage 6.5 years
Soil Characteristics y Effective unit weight 6.7 kN/ X . e
m? O’Loughlin et al. (2020)
S Initial soil sensitivity 2.5 Measured by cyclic T-bar test O'Loughlin et al. (2020)
cy Coefficient of consolidation 2.6 m?/ Measured by piezocone tests (Chow et al., 2020; O'Loughlin et al. (2020)
year
Critical state model A Compression index 0.385 Slope of D=0 line (Fig. 1b Panel D)
K* Swelling index 0.36 Slope of hardening path (Fig. 1b Panel D)
(5u/0,0) Normally consolidated undrained strength 0.275 Based on an undrained shear strength gradient k=1.76 kPa/m and effective
ratio unit weight 6.7 kN/m>
Pore pressure ki 1.0 Selected to provide RSN curves similar to those presented for Drammen clay
accumulation in Andersen (2015)
k2 1.4
k3 4
ks 0.05
ks 1
Hardening/dissipation ka2 Dimensionless parameter 1 Fit to match model results
B Dimensionless parameter 1 From consolidation solution (Osman and Randolph, 2012)
q Rate of decrease in sensitivity as hardening 0.3 Fit to match model results
increases
4 Rate of change in hardening as H—>1 2.8 Fit to match model results




K.A. Kwa et al.

Table 2

Applied Ocean Research 138 (2023) 103671

Summary of framework parameters used in the simulation of centrifuge model plate anchor tests in natural carbonate silt. Further details can be found in O'Loughlin
et al. (2020) and Zhou et al. (2020).

Framework component Parameter  Description Value Remarks
Geometry B Diameter of circular plate anchor 5.25m Bearing capacity factor, N, = 12.42 Martin et al. (2001)
(prototype scale)
Loads S Cyclic amplitude load ratio 0.5 Selected from cyclic loads O’Loughlin et al. (2020) for an applied number of
R Average cyclic load ratio 0.5 cycles, N=1080
teye Duration of cyclic loads 40 weeks At full scale
te Duration of intervening consolidation stage 7.5 years
Soil Characteristics y Effective unit weight 5.2 kN/m*
Zhou et al. (2020)
Sio Initial soil sensitivity 5 Measured by cyclic T-bar test O'Loughlin et al. (2020), Zhou et al. (2020)
cy Coefficient of consolidation 3.5m?/ Measured by piezocone tests (Chow et al., 2020; O Loughlin et al. (2020)
year
Critical state model A Compression index 0.4 Slope of D=0 line (Fig. 1b Panel D)
K* Swelling index 0.25 Slope of hardening path (Fig. 1b Panel D)
(5u/0,0) Normally consolidated undrained strength 0.385 Based on an undrained shear strength gradient k=1.84 kPa/m and effective
ratio unit weight 5.2 kN/m?>
Pore pressure kq 0.8 Selected to provide RSN curves similar to those presented for Drammen clay
accumulation in Andersen (2015)
ko 1.4
ks 4
ks 0.05
ks 1
Hardening/dissipation ka2 Dimensionless parameter 1 Fit to match model results
p Dimensionless parameter 1 From consolidation solution (Osman and Randolph, 2012)
q Rate of decrease in sensitivity as hardening 0.3 Fit to match model results
increases
y Rate of change in hardening as H—1 1.4 Fit to match model results
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Fig. 2. Comparison of predicted and experimental soil responses during episodic T-bar centrifuge tests.

and measured. The final soil strength is more than double the initial
value. The evolution of damage and hardening are also shown in Fig. 2b,
c and d, illustrating the model behaviour.

The calculated change in strength over the loading period during the

episodic cyclic plate anchor test is also closely predicted (Fig. 3). In this
test, each cyclic packet consisted of a larger number of cycles — 1080 —
and the damage approached the limit of D = 1 over this period, although
the capacity always remained above the applied load. Each
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consolidation period led to a gain in strength, with the final anchor
capacity being 2.7 times the initial capacity measured in a separate
comparison test. The evolution of damage and hardening follow a
similar zig-zag path for both the T-bar and plate anchor cases,
converging towards the final strength given by s, e as H—1.

The two comparisons illustrate the model behaviour and show
promising agreement with the trends observed in model testing of two
different foundation types in two different soils, using only a single set of
model parameters. Both model tests involved discrete consolidation
episodes and simple constant-amplitude cyclic loading. In the following
example, we apply the RSN—CSI model to more realistic patterns of
cyclic loading, and over a longer period of analysis that represents
multiple years of operation.

6. Application to offshore wave energy converter
6.1. Introduction

The load sequences experienced by anchoring systems connected to
floating infrastructure involve a spectrum of cyclic amplitudes and mean
values, with this spectrum varying with metocean and operational
conditions. This section describes the methodology used to simulate the
anchor loads due to seasonally-varying sea states acting on a particular
type of taut line wave energy converter (WEC) — the XMED buoy. This
buoy was designed as a generic representation of a heaving point
absorber and has characteristics that are typical of full scale WECs
(Hann et al., 2015). This methodology is then applied using a Monte
Carlo approach to assess the probability of failure and system reliability
- with and without the whole-life effects captured by the RSN—CSI
model.

6.2. Characterisation of cyclic anchor loads

A Wave Energy Converter Simulator (WEC-Sim) model of the XMED
wave energy converter (Hann et al., 2015, 2018; Tosdevin et al., 2020)
was used to simulate three-hour sets of continuous force-time cyclic
anchor loads based on a range of sea states with varying likelihood,
defined by selected pairs of significant wave height (H;) and peak wave
period (T,) as shown in Fig. 4a. The environmental contours in Fig. 4a
define the likelihood of a sea state according to the IFORM method
(DNV 2019) and are based on 40 years of hindcast data from the Wave
Hub site (NNRCMP, 2022), located 16 miles off Hayle, on the north coast
of Cornwall, UK.

The “rainflow” counting method was used to identify the peaks and
troughs in the force-time series to find the average cyclic and cyclic
amplitude loads in each half-cycle, which are then converted to cyclic
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amplitude (S) and average cyclic (R) load ratios Fig. 1 Panel B) as
defined in Egs. (4) and ((5). For each sea state, the cyclic loads were
grouped and binned into a 3D load histogram summarising the number
of cycles (N) of a particular range of mean and cyclic load components,
F oy and Fynp. Therefore, each sea state defined by an Hy, T, pair in
Fig. 4a has a corresponding set of anchor loads that are specific to the
XMED buoy and the maximum loads for each sea state pair are sum-
marised in Fig. 4b. Therefore, an anchor load histogram can be inter-
polated for any H;, T, pair in the region defined by the environmental
contour defining a 1 in 100-year likelihood, using the current s,,.

To create a realisation of the long-term anchor loading (i.e. a
continuous operational lifetime anchor loading history), seasonally
varying sea states were randomly sampled using a conditional modelling
approach (CMA) as specified in the DNV code (DNV 2019). Monthly
joint probability density functions (PDFs) were fitted to match the dis-
tributions of H; and T,, in the 40 years of hindcast data. The monthly
marginal distribution of H; was modelled by a 3-parameter Weibull PDF
as defined in the equation below

Pu, (h =1y, At h—ry, P
h) =2 s - — 12
. (h) an \ an exp an, (12)

where ay,, fy, and yy, are scale, shape and location constants that define
the 3-parameter Weibull PDF. The peak wave period (T,) conditional on
H; was modelled by a lognormal distribution as defined below

1 (Int —p)?
at\/ﬂeXp< B 202 ) as

fr i, (t)h) =

where ¢ and y are the shape and scale constants for the lognormal PDF.
Therefore, to define the monthly joint PDFs for H; and T}, 12 sets of ay,,
Py, and yy were fitted based on the recorded H; data, specific to the
month of the year, and five sets of ¢ and u were fitted based on the
recorded T, data for each month (total of 60 sets), conditional on its
paired value with H;.

6.3. Long term simulation approach

Each simulation created a 3-year history of loading using these joint
PDFs as the basis for seasonal variation — captured through monthly
distributions of Hsand T,- in the random sampling of sea states as shown
in Fig. 5a, b and c. Less severe sea states and therefore less onerous cyclic
load populations are found in summer (mid-year) compared to winter
(start and end of the year).

In this example application there is no coupling between the mooring
system and the foundation, (i.e. the anchor’s response to the applied
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Fig. 4. (a) Simulated sea states and (b) resulting maximum peak anchor forces, Fnq, from a WEC-Sim analysis on the XMED wave energy converter.
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Fig. 5. Monthly seasonal variation in sea states selected during simulations: Typical sea states sampled at (a) the beginning of the year (January), (b) middle of the

year (July) and (c) throughout the 3-year simulated time period.

loads has not effect on those loads) so the operational lifetime loading
histories are generated independent of the foundation response. This
uncoupled approach is usual for virtually all mooring analyses, as the
seabed connection is usually modelled as a fixed pin. This assumption is
reasonable unless the anchor compliance is non-negligible relative to the
mooring line compliance, or the anchor reaches close to or beyond
failure momentarily (as illustrated by Kwa et al., 2022).

Each operational lifetime starts at the beginning of the year, consists
of a 3-year long sequence of 8760 x 3-hour sea states, with their
associated cyclic loads. These are combined with the current s, to
generate an RSN distribution for each sea state, which leads to an
updated damage, D. The CSI model parameters (D and H) are then
updated after each 3-hour sea state. This timestep provides an efficient
balance between two considerations: (i) it is long enough to provide

much faster analysis than a cycle-by-cycle approach, in which each wave
is modelled explicitly, and (ii) it is short enough that consolidation-
related gains in undrained strength during the period can be neglec-
ted. For each sea state, the capacity after inclusion of any further dam-
age is compared to the maximum anchor force, to identify whether
anchor failure occurs.

The RSN—CSI model parameters used in the X-MED simulations are
summarised in Table 3 and are based on previous parameters that were
used to simulate the T-bar and plate anchor centrifuge tests in Section 5.
The following sections describe simulation results for different sizes of
circular plate anchors. A total of 10,000 simulations using different
randomly-sampled 3 year-long sequences of 3-hour sea states were
performed for each anchor size, to capture the random and seasonal
variability in loading. Based on the number of simulations that indicated
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Table 3
Summary of framework parameters used in the simulation of plate anchor used to anchor the X-MED wave energy buoy.
Framework component Parameter  Description Value Remarks
Geometry B Diameter of circular plate anchor 5m Bearing capacity factor, N, = 12.42 Martin et al. (2001)
Loads S Cyclic amplitude load ratio Variable Determined using WEC-Sim model of single line taut moored X-MED buoy
R Average cyclic load ratio Variable
Soil Characteristics y Effective unit weight 6.7 kN/m® o .
Loughlin et al. (2020)
S Initial soil sensitivity 2.5 Measured by cyclic T-bar test O'Loughlin et al. (2020; Zhou et al. (2020)
cy Coefficient of consolidation 3.5m?%/ Set to dissipate 10% of generated damage
year
Critical state model A Compression index 0.4 Slope of D=0 line (Fig. 1b Panel D)
K" Swelling index 0.25 Slope of hardening path (Fig. 1b Panel D)
(Su /g’vo In Normally consolidated undrained strength ~ 0.275 Based on an undrained shear strength gradient k=1.76 kPa/m and effective
ratio unit weight 6.7 kN/m®
Pore pressure k1 1.0 Selected to provide RSN curves similar to those presented in Andersen (2015)
accumulation
ka 2.8
ks 4
ks 0.05
ks 1
Hardening/dissipation kao Dimensionless parameter 1 Fit to match model centrifuge results
p Dimensionless parameter 1 From consolidation solution (Osman and Randolph, 2012)
q Rate of decrease in sensitivity as hardening 0.3 Fit to match model centrifuge results
increases
4 Rate of change in hardening as H—1 2.8 Fit to match model centrifuge results

anchor failure, these results lead to estimates of the system reliability.
The calculations are implemented in Python and run on an Ubuntu

(Linux) operating system. A single simulation takes <5 s, and many

simulations can be run concurrently on a single workstation.

6.4. Simulation results from base case (B = 5m) single analyses

The model behaviour is first illustrated using a single simulation with
a base case anchor diameter of B =5m (Fig. 6). High damage was
generated during the first 3 months of the simulation, but as the soil
hardened and the season became summer, with low loads, the damage
level reduced. A minimum current strength of ~0.5s,9 occurred during
the first month, although this remained above the minimum value of
Sumin = 0.41sy0 for the adopted parameters, and also above the mobi-
lised strength (symep = ﬁ) which is the minimum soil strength required

to resist external forces that is based on the applied anchor loads. After 6
months, the current undrained strength s, was approximately double s,
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due to consolidation.

During subsequent winters, damage accumulates again, but the
strength remained higher during the first winter, reflecting the reduced
sensitivity, S; and higher H, as illustrated by the CSI model path shown
in Fig. 7.

Simulations were also performed with soil hardening disabled, by
setting * = 0. In these simulations, the dissipation of damage caused
regains in soil strength limited to s,=s,0, as shown in Fig. 6d, f and by the
horizontal path at H = 0 for values of damage 0 < D <1 in Fig. 7. High
damage was sustained because of R and S remaining high, compared to
the hardening case in which R and S reduce due to the rise s,.

6.5. Simulation results from larger anchor (B = 7.5m) analyses

Similar but less dramatic trends in soil strength and hardening are
observed for a larger anchor diameter (B=7.5 m) (Figs. 8 and 9). This is
because the applied average cyclic load and cyclic amplitude load ratios
(R and S) are smaller for larger anchor diameters. This results in lower
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Fig. 6. Comparison of soil (a, d) strength, (b, e) damage, (c, f) hardening responses with and without hardening for an anchor diameter B=5 m.
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applied accumulated damage, and so smaller changes in current strength
and hardening (according to Egs. (7) and (10). Damage was only
generated during the first winter, leading to hardening until s, ~ 1.3 sy0
(Fig. 8b). This gain in strength was sufficient for subsequent winters to
cause zero damage (Fig. 8c). With hardening switched off, each winter
causes damage and a reduction in strength, which is then recovered
during summer (Fig. 8d, e).

6.6. Monte carlo simulation results for base case anchor (B = 5m)

A total of 10,000 simulations were performed for each anchor size,
leading to collated time histories of s,, D and H, with and without
hardening. The 90th, 50th and 10th percentile (Pgg, Pso, P10) responses
of these parameters indicate the range of damage and hardening re-
sponses, caused by the loading variation from random sampling of sea
states.
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Fig. 9. Comparison of soil hardening versus strengthening responses without
and without hardening for an anchor diameter B=7.5 m.

The results for the base case anchor (B = 5m) are shown in Fig. 10.
The winter period, when rare but severe sea states can occasionally
occur, leads to a higher variation between the P;¢ and Pg values of D
and s,/su. The pattern of winter damage repeats each year, but the
hardening in each winter causes the changes in strength during subse-
quent years to be reduced. In all cases, the gain in strength during the
first year creates a high margin of safety between the mobilised and
available strength throughout subsequent winters. When hardening is
disabled (x* = 0) the range of each parameter is smaller, and each winter
leads to a convergence between the mobilised and available strengths.

The results for the larger anchor (B = 7.5m) are shown in Fig. 11. In
this case only the first winter causes damage to be mobilised, with a wide
range observed: the peak of the Pgy profile is ~0.8, whereas the Pjq
profile does not exceeds 0.05. Consequently, the hardening and strength
gain after the first winter both vary, with the long-term strength in the
range Sy /suo= 1.3 — 1.6 (P19 — Pgg). Without hardening, high values of
damage in the range 0.5 — 0.9 (P19 — Pgo) are evident each winter.
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6.7. Reliability analysis: probabilities of failure Table 4

Summary of anchor and soil parameters adopted during the reliability analyses.

The 10,000 load history simulations were used to quantify anchor

R T . : Parameter Values Units
reliabilities for a range of anchor sizes and soil parameters, to allow for

the uncertainty in the variable applied loads and the resulting changes in Anchor diameter, B 45t08 m
the anchor capacity from the RSN—CSI model. The soil conditions Maximum soil hardening ratio, sumax/Suo L.5,2%25,3 -,
Coefficient of consolidation c, 0.97, 1.89, 2.7%, 5.4 m-/year

modelled in the reliability analyses are summarised in Table 4. The
typical distribution of the maximum tension loads, Fyq, applied during " Base case values.
a realisation, as summarised in Fig. 12a and b, show that most of the
maximum loads were from 14 to 17 MN and corresponded to sea states
that were within the 1 in 100-year environmental contour. Fpq, was Foae = Nos,A (i+ R) 14
found from each realisation as 2 max
The distribution of F,,,, is not as smooth as the distribution of H; and
T, (Fig. 4) due to the influence of the WEC system response — as evident
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Fig. 12. Summary histograms showing (a) the distribution and (b) the cumulative distribution of the maximum forces, Fpq, in all realisations and (c) the probabilities
of failure for anchor diameters for anchors embedded in soil at its minimum strength (sy, min )-

in the shape of the F,,,, distribution in Fig. 4b.

These maximum applied loads are presented as the probability of
exceedance during the anchor lifetime in Fig. 12c. These loads are
compared with the minimum anchor capacities to estimate a probability
of anchor system failure (Py) when the soil is set at the fully softened

reliability of Py < 1073,

However, smaller anchor diameters are required if the anchor ca-
pacity is assessed using the RSN CSI method, capturing whole-life
changes in strength. The results for these analyses are summarised in
Fig. 13. Each marker shows Py based on 10* realisations, and the dotted
lines are fitted to allow comparison of the anchor diameters required at

state (i.e. s, is set to sumin:% in Eq. (11)). Under this assumption, large

anchor diameters, B > 7.5 m, are required to achieve a reference
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In this set of analyses, two soil parameters were varied: maximum
soil strength increase, sur = Sumax/Suo, and the coefficient of consoli-
dation, c,, as summarised in Table 4. Also, cases with x*= 0 were per-
formed, referred to as ‘no hardening’. With no hardening, the required
anchor size reduces slightly from the s, ., case, with diameters of
B ~ 6.7 m required to achieve a Pf< 1073 (Fig. 13a). This improvement
in the required anchor diameter is because the soil recovers due to
consolidation and does not remain at its fully softened state, s, min.
during cycling.

If hardening is enabled, larger reductions in the required anchor sizes
can be made compared to the reference s, ,;; case. Within these cases,
higher values of s,z and ¢, result in greater reductions in anchor diam-
eter. A higher value for s,z results in a higher potential undrained
strength, while a higher value of ¢, increases the rate of damage dissi-
pation and soil hardening.

The reference probability of failure Pf:10_3 is a baseline used in
Fig. 14 to compare the required anchor sizes with and without hard-
ening and cyclic softening over a range of s,z and c,. The results show
significant reductions in required anchor size, approximately halving
the required cross-sectional area of the anchor (and therefore its weight)
if beneficial strengthening and hardening soil effects are considered.

This halving of the required design anchor size predicted by the
RSN—CSI model during these reliability analyses is consistent with
centrifuge model test results on T-bar and plate anchors (O’Loughlin
et al., 2020; Zhou et al., 2020) as well as direct simple shear test results
(Laham et al.,, 2021). In all examples, an approximate doubling of
strength or capacity was observed from the beneficial combined effects
of cycles and consolidation.
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7. Concluding comments

This study has shown that a novel macro-model approach - referred
to as RSN—CSI can capture through-life changes in soft soil strength
around embedded anchoring systems as a result of whole-life loading
conditions. This allows beneficial consolidation effects as well as
damaging cyclic effects to be combined, allowing the evolution in ca-
pacity to be compared with the varying load. The model combines
established techniques of SN curves for damage and a critical state-
inspired framework for hardening.

The model captures changes in soil strength seen in centrifuge ex-
periments in which model T-bar penetrometers and plate anchors are
subjected to cyclic loads with intervening consolidation. The model was
also used to assess the through-life changes in soil response around an
anchoring system connected to a single taut-moored wave energy con-
verter. The simulations are fast, allowing Monte Carlo analysis of un-
certainty in the sea states, loading history and evolution of soil strength.
The observed gains in capacity compared to an analysis that neglects this
beneficial recovery of soil strength indicate a potential halving of the
required anchor area.

The approach provides a new basis for whole-life modelling of
anchoring systems, capturing timescales from individual waves to
annual seasons and soil consolidation. The method is sufficiently fast to
allow reliability-based assessments via a Monte Carlo method. In soft
soils that exhibit beneficial gains in capacity, this method provides a
basis for more efficient design and can unlock reliability that is hidden in
current designs.
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Fig. 14. Comparison of required anchor sizes for anchors embedded in (a) soil with varying strength, s,z and (b) soil with different coefficients of consolidation, c,.
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