Journal of Geotechnical and Geoenvironmental Engineering
Modelling Lifetime Performance of Monopile Foundations for Offshore Wind

Manuscript Number:

Full Title:

Manuscript Region of Origin:
Article Type:

Manuscript Classifications:

Funding Information:

Abstract:

Corresponding Author:

Corresponding Author E-Mail:
Order of Authors:

Additional Information:

Question

Authors are required to attain permission
to re-use content, figures, tables, charts,
maps, and photographs for which the
authors do not hold copyright. Figures
created by the authors but previously
published under copyright elsewhere may
require permission. For more information
see
http://ascelibrary.org/doi/abs/10.1061/978
0784479018.ch03. All permissions must

Applications

--Manuscript Draft--

GTENG-9833R2

Modelling Lifetime Performance of Monopile Foundations for Offshore Wind
Applications

UNITED KINGDOM
Technical Paper

Constitutive relations; Cyclic loads; Deep foundations; Models and modeling; Piles and
pile driving

This paper explores the application of a numerical method for modelling pseudo-
random cyclic loading, at very large cycle numbers, to the design of offshore wind
turbine foundations. The work expands the development of a novel constitutive
modelling framework, HARM, described by Houlsby et al. (2017), with a calibration
method outlined in Abadie et al. (2019). HARM captures both the non-linear hysteretic
behavior during cycling and the accumulation of permanent deformation (ratcheting)
with large cycle numbers in a rigorous, yet computationally efficient manner, enabling
the computation of foundation response over a lifetime of loading. This paper
demonstrates how the approach can be applied to the cyclic pile field testing from the
PISA project (Byrne et al. 2020a). Following calibration, the model is used to assess
pile response to three load signals representative of operational and extreme loads
throughout the lifetime of a full scale wind turbine foundation: (i) a short storm, (ii) a
35h storm and (iii) a lifetime loading. The paper discusses how computational
efficiency can be achieved whilst maintaining a high level of calculation accuracy.
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Some of the loading data used for input to the analysis have been provided by a third
party through a collaboration agreement, and is presented in the paper anonymised as
requested by the data provider (i.e. they wish to remain anonymous). Selected
sequences of the time-history data, in anonymised form, for verification purposes could
be made available upon reasonable request.

This paper contributes to the numerical modelling of the response of monopile
foundations to cyclic loading for very large cycle number by:

(1) proposing a numerical method that comines the PISA 1D model and the HARM
model for cyclic applications of pile design.

(2) validating the model. This is achieved by using the numerical model and calibration
procedure to capture field test data published as part of the PISA project;

(3) demonstrating industrial feasibility and relevance. This is achieved by using the
model to predict the foundation response to a lifetime worth of load, as well as random
storm loading;

(4) exploring methods for computational efficiency whilst maintaining a high level of
calculation accuracy.

a. Some or all data, models, or code that support the findings of this study are available
from the corresponding author upon reasonable request.; d. Some or all data, models,
or code generated or used during the study are proprietary or confidential in nature and
may only be provided with restrictions.

Elements of the work are either proprietary or confidential (e.g. the computational
implementation of the PISA and HARM approaches), though much of the background
has been published and is referenced in the paper (e.g. the PISA field tests, the PISA
design model, the HARM approach). Selected sequences of the time-history data, in
anonymised form, for verification purposes could be made available upon reasonable
request. Some of the loading data used for input to the analysis have been provided by
a third party through a collaboration agreement, and is presented in the paper
anonymised as requested by the data provider (i.e. they wish to remain anonymous).
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Abstract

This paper explores the application of a numerical method for modelling pseudo-random cyclic
loading, at very large cycle numbers, to the design of offshore wind turbine foundations. The work
expands the development of a novel constitutive modelling framework, HARM, described by
Houlsby et al. (2017), with a calibration method outlined in Abadie et al. (2019). HARM captures
both the non-linear hysteretic behavior during cycling and the accumulation of permanent
deformation (ratcheting) with large cycle numbers in a rigorous, yet computationally efficient
manner, enabling the computation of foundation response over a lifetime of loading. This paper
demonstrates how the approach can be applied to the cyclic pile field testing from the PISA project
(Byrne et al. 2020a). Following calibration, the model is used to assess pile response to three
load signals representative of operational and extreme loads throughout the lifetime of a full scale
wind turbine foundation: (i) a short storm, (ii) a 35h storm and (iii) a lifetime loading. The paper
discusses how computational efficiency can be achieved whilst maintaining a high level of

calculation accuracy.

Keywords

Lifetime performance, Cyclic loading, Monopile, Offshore wind, Constitutive modelling
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Introduction

Offshore wind plays an important role in the transition to a green economy, with rapid
development over the past decade, in particular in Europe, and more recently in East-Asia and
North America. Offshore wind turbines are substantial structures, for which optimized and robust
design is central to capital cost reduction, allowing a more rapid build-out of wind farms offshore,
including in deeper water and with larger turbines. Offshore wind turbines are commonly
supported by short rigid monopiles, typically of embedded length-to-diameter ratio 3 to 6 (see

Figure 1).

The wind turbine structure is subjected to large lateral repetitive loads arising from the action of
the winds, waves and currents, as well as inertial loads, leading to a combined moment and
horizontal force at the top of the embedded pile. Due to the nature of the environmental loads,
the design load scenarios include extreme lateral loads (Ultimate Limit State, ULS), cyclic load
packets of variable amplitudes and magnitudes (Serviceability Limit State, SLS), and small
amplitude loading but with very large cycle number (Fatigue Limit State, FLS), typically involving
about 108 cycles. The design objective is to ensure sufficient capacity and limited deformation
over 25 years of service life. For example, a maximum tilt rotation of the support structure is
usually specified by the turbine manufacturer to guarantee good operation of the turbine (DNV
2014; Golightly 2014, Section 10.3.2.6, p. 173). Typically, the maximum tolerance for the
foundation tilt over its lifetime (including installation tolerance) is 0.5 degrees (Achmus et al. 2009;
DNV 2014; Lombardi et al. 2013; Malhotra 2011), with a maximum requirement of 0.25 degrees

rotation induced by SLS (DNV 2014).

Recent research has led to improved design guidelines for ULS conditions (e.g. Byrne et al. 2017,
2019; Jeanjean et al. 2017; Puech 2017), that should lead to optimization of the next generation
of monopiles. As foundation design for the ULS condition is further optimized, cyclic loading
considerations may become the design limiting condition. However, tracking the effects of cyclic
load history is an extremely complex problem, due to the non-linear behavior of soil, and can lead

to prohibitive computational costs. As a result, cyclic design is typically assessed using empirical
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methods (e.g. Achmus et al. 2009; LeBlanc et al. 2010a;b; Little and Briaud 1988; Poulos 1982)
and/or by the application of safety factors on the ULS condition (e.g. AP 2010; DNV 2014; O’Neill
and Murchison 1983; Reese et al. 1974). However, these methods are approximate, do not
account for load-sets of varying magnitude and cycle number, and therefore require conservative
safety factors. In consequence, significant research on the simulation of high-cyclic monopile tilt
has been undertaken in recent years. This includes conventional finite element-based
approaches, but with improved cyclic constitutive models, such as by Liu et al. (2021, 2022), and
whilst these might track the detailed cycling behavior well, they tend to be very computationally
intensive for large cycle numbers. Alternative methods, focusing specifically on large cycle
numbers, involve hybrid methods where detailed finite-element cycle-by-cycle modelling is used
to calibrate a faster "high cycle accumulation” model, as illustrated by Staubach and Wichtmann
(2020), building on earlier work by Wichtmann et al. (2010), and also described in the work of
Page et al. (2020). These methods work well when there are uniform cycles applied but may not
be so well adapted to non-uniform or pseudo-random cycling. A different approach is to adapt,
typically by degrading, the conventional p-y model for the effects of cyclic loading through cyclic
strain contour diagrams, calibrated by cyclic soil element testing, such as described by Zhang et
al. (2020). These models do not capture the cycle-by-cycle behavior but might capture the overall
response following a large number of cycles. A more sophisticated approach was taken by
Kementzetzidis et al. (2022), who implemented a p-y model expressed in terms of the bounding

surface approach, emhanced specifically to account for high numbers of cycles.

This paper presents a new modelling approach that can be used to predict cyclic loading effects
on monopile response. The work is based on HARM (Hyperplastic Accelerated Ratcheting Model;
Houlsby et al. 2017), a theoretical model that accurately captures both the hysteretic behavior
commonly observed during cycling, as well as the accumulation of deformation with cycle number.
For a constant amplitude load packet, with a high number of cycles, this model allows computation
of the ratcheting effects to be “accelerated” rigorously (see below); thus faciltating, for example,
the computation of foundation response over the wind turbine’s lifetime (Abadie et al. 2020b). The
objective of this paper is to demonstrate the advantages of HARM, first, through modelling of the

PISA field pile test results (Byrne et al. 2020a), and then through calculations for three realistic
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cyclic loading sequences for a full scale turbine. The selected load sequences are representative
of an extreme storm event, a 35hr storm and a lifetime of loading for an offshore wind turbine
foundation. The loading considered is uni-directional, but the approach can be extended to

address multi-directional loading.

Modelling technique

Key Modelling Features

HARM is a constitutive modelling framework for cycling, derived within the hyperplasticity
approach (Houlsby and Puzrin 2006), and developed for capturing ratcheting while conforming
approximately to the well-established Masing behavior (Masing 1926). The modelling framework
is summarized in Appendix A, and a detailed description can be found in Houlsby et al. (2017).
The calibration method is outlined in Abadie et al. (2019), based on the experimental results of

Abadie et al. (2017), with the key steps of the method summarized in Appendix B.

The model is based on a kinematic hardening multi-surface plasticity modelling framework,
supplemented with an additional “ratcheting” element as shown in Figure 2 (see also Appendix
A). The ratcheting element results in the accumulation of deformation with cycling, while the
Masing behavior arises from the underlying multi-surface kinematic hardening model. The rate at
which permanent deformation is accumulated during cycling is governed by the ratcheting rate,
R,. The shape of the hysteresis loop is defined by the backbone curve (see Appendix B), itself
determined by the parameters H,, H,, k,. One of the strengths of the model is that the amount
of ratcheting strain, accumulated during N repetitions of any group of cycles, can be “accelerated”
by simulating just one such group, whilst multiplying the ratcheting rate R,, by the factor N. This

feature allows computationally efficient simulation of very long loading histories.

The model tracks each load increment, regardless of the load history, so that, in the case of multi-
amplitude load packets, the model follows the response step-by-step without the need to
introduce additional assumptions such as rainflow counting of cycles or the use of Miner’s rule
(e.g. LeBlanc et al. 2010a; Miner 1945). Modifications are needed to apply the acceleration

technique when the load magnitude and/or amplitude change. In particular, each load-set of a
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given magnitude, amplitude and cycle number N¢ycie packee MUSt be accelerated independently. A
standard incremental calculation of the first cycle is needed, prior to acceleration of the remaining
cycles in the load-set, to ensure that the Masing behavior is computed correctly. A long-term cyclic
load history that contains a total of Npqckes Of l0ad-sets, requires the computation of at least
2Npqckets Of individual cycles as a basis for the acceleration technique. It is good practice to
compute a total of 3N,,ees Cycles, with the first and last cycle of each packet computed
incrementally in order to extract the cyclic response properties at the end of each load packet
(e.g. stiffness, residual deformation, permanent ratcheting strain, etc.) excluding the effects of the

acceleration process. Using this procedure, the ratcheting rate is accelerated by Rpq. =

Ncycle,packet — 2.

The model can be expressed as either a series (s-HARM, Figure 2(a)) or parallel (p-HARM, Figure
2(b)) configuration (Houlsby et al. 2017). For unidirectional response, Abadie et al. (2019) and
Beuckelaers et al. (2018) demonstrate that the two models produce indistinguishable stress-strain
responses when k, H, and a, are chosen appropriately. This is demonstrated in Figure 2(c-f),
with parameters and ratcheting rate definition chosen following Abadie et al. (2019), (see Equation
(21) and Table (2) of that paper). The series model is well adapted for load-controlled problems,
while the parallel version is better suited for strain-control (e.g. for use within finite element codes).
This offers possibilities of using the different forms for computational advantage, with confidence
that the results obtained are indistinguishable for unidirectional loading, and very similar for more

complex loadings.

Modelling method

This paper focuses on prediction of the global moment-rotation response of a monopile (Figure
1). Common approaches for lateral pile design are listed in Table 1. The HARM framework can
be used to specify the constitutive response at any level of detail (macro-response of the pile, a
Winkler model or local soil response) and could in principle be integrated within many of the
current modelling approaches used for the design of monopiles. Because the model takes the
monotonic pile response as the input backbone curve, it is naturally compatible with recent

approaches for monotonic loading predictions, such as the PISA approach (Byrne et al. 2019,
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2020b) or that described by Jeanjean et al. (2017). Either the 0-D or 1-D design approach can be

developed, as illustrated in Figure 3.

The simplest, and fastest, approach would be the 0-D model: in this case the foundation reaction
is captured using a macro-scale moment-rotation response (Figure 3) only. 0-D models provide
an efficient link to structural analysis as they allow a very fast representation of the soil-structure
interaction, but yield no information about the detailed load distribution in the pile. It is recognized
that the lateral load-displacement “H-ve” component can be added, as well as the induced cross-
coupling terms between moment and horizontal force, but that aspect is not further developed
here. The additional computational cost is likely to be marginal, but the gain in accuracy is also
relatively small as the overall response is dominated by the moment-rotation behavior. For the
calculations presented in this paper, the moment load is specified as input, with pile rotation
computed; HARM is used in load-control mode, so that the series form, s-HARM, is adopted for

the 0-D model.

The framework of the PISA approach (Byrne et al. 2017, 2019, 2020b) has been used to
demonstrate the 1D implementation of the HARM approach. The soil reaction on the pile is
captured by four soil reaction components: a distributed lateral load p, a distributed moment m, a
base horizontal force H, and a base moment M,. The monotonic backbone curve (H,, H,, k,,) for
each soil reaction component is derived from the conic function used in the PISA approach (as in
Byrne et al. (2020a), but with the depth variation functions and parameters given in Table 8), with
HARM adopted locally for the cyclic response for each of these components. The formulation of

the 1D model demonstrates the use of the p-HARM approach.

As indicated in Table 1, HARM could in principle also be applied at an element level and
implemented within a 3D FE calculation. Such an approach offers the possibility of formulating a
link between parameter values established from element testing and those required for
macroscopic pile modelling. Work is in progress in this area, but this approach has not yet been

developed to a stage that firm conclusions can be drawn. Work is also in progress for
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consideration regarding the applicability of this modelling approach to cases including more

pronounced dynamics and/or pore pressure effects.

Calibration

Field test data

The HARM approach, at 0-D and 1-D, is applied to the PISA field pile tests at Cowden (Byrne et
al. 2020c) to demonstrate that it produces realistic results by comparison with the tests. For the
two different models, it is necessary to calibrate the following features at either macro level (0-D)
or local soil reaction level (1-D) (see Figure 3):

1. The backbone curve, i.e. the values of Hy, H,, k,,

2. The ratcheting behavior, i.e. the values of R,
Three tests are used for this process: a monotonic test CM9, and two cyclic tests CM5 and CM6
(Byrne et al. (2020b). The properties of the test piles are given in Table 2, while the load

sequences for CM6 and CM5 are shown in Table 3 and Table 4 respectively.

Zdravkovi¢ et al. (2020) present a three dimensional finite element analysis for CM9, so that these
calculations underpin calibration of the backbone curves for the HARM calculations. The ultimate
capacity of the pile is calculated as the minimum moment at either a ground-level displacement

of vgr = 10% x D or a ground-level rotation of y; = 2°. For the CM9 pile test data this gives:

Hg = 116.18 kN, My = 1161.8 kNm, vg = 0.0762m = 0.1 X D, thg r = 1.82° Equation 1

When this criterion is applied to the CM9 3D FE computation this leads to:

Hgp = 96.58kN, Mz = 965.8 kNm, v5r = 0.0762m = 0.1 X D, Y5 = 1.73° Equation 2

CM6 involves a short series of cycles of three load-sets at increasing load magnitudes, while CM5
involves a more extensive series of load-sets, of larger numbers of cycles. Calibration follows the
steps outlined by Abadie et al. (2019), in which the model is expressed in terms of a normalized

“stress” and normalized “strain”. For the 0-D model:

M, Equation 3



-
e Equation 4

221  with the values of Mz and Y,z from Equation 2. When M = M., nax = {p With ¢, defined by
222 Leblanc et al. (2010b).

223 Calibration method: Backbone curve

224  Test CM9 underpins the backbone curve calibration. For both 1-D and 0-D models, the stiffness
225  H, and strength k,, parameters for the model are calculated using the methodology set out by

226 Houlsby et al. (2017) and Abadie et al. (2019), and summarized in Appendix B.

227 = 1-D model: a set of parameterized soil-reaction components was defined using the PISA
228 approach. For this purpose the ‘representative offshore site’ parameters presented in
229 Byrne et al. (2020b) cannot be used directly, as the relationship between the (reduced
230 scale) pile dimensions and the soil stratigraphy at the Cowden test site differ significantly
231 from the conditions employed in the Byrne et al. (2020b) calibration. A separate
232 calibration procedure was therefore conducted for the Cowden site, employing data from
233 the 3D finite element analyses in Zdravkovic et al. (2020). The PISA design model
234 employs a (smooth) conic function for the soil reaction curves. These soil reaction curves
235 were used to calibrate HARM models for the distributed lateral load and moment
236 components applied to the pile, together with the base horizontal force and moment
237 components. The backbone curve is computed using the PISA method described in
238 Byrne et al. (2020a), but with the depth variation functions and parameters given in Table
239 8).

240 = 0-D model: to match with the 1-D calculation the 3D FE data for CM9 are used directly
241 as the reference, with the moment-rotation curve at ground-level determining the values
242 of k, and H,,.

243

244 The calculations from the 0-D and 1-D models are compared to the test data and the 3D FE data
245  in Figure 4. A comparison (Figure 4(a)) is also made with the experimental framework from Abadie
246 et al. (2018) and Abadie (2015), with the power-law fit having the exponent 1/m,, and a value

247  m, = 3, consistent with the previous work gathered and published in Abadie et al. (2019). Either
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curve can be used as an input to calibrate the backbone curve, following the method outlined in

Appendix B.

Without ratcheting, the 1-D and 0-D models result in a similar macro-response backbone curve,
consistent with the PISA approach (Figure 4(b,c); 1-D / 0-D kinematic hardening, no HARM). Also
note that the 0-D model does not use the pile geometry (L or D) as an explicit input, although this
information is implicit in the parameters defining the backbone curve and the ultimate capacity. In
the following, a single calibration is applied to the model and then used to predict the three
different pile responses. No allowance is made for the minor variations in ground conditions at

the different pile locations, even though these resulted in minor variations in the pile test results.

Calibration method: Ratcheting strain

The small fraction of strain accumulated at each load increment is controlled by the ratcheting
rate, R,,, which is the only parameter that needs to be calibrated to specify the ratcheting behavior.
The introduction of ratcheting strain is the main novelty in the HARM framework, and its calibration
is summarized in Appendix B, which describes a simplified version of the procedure in Abadie
(2015), Abadie et al. (2017b) and Beuckelaers et al. (2017). It also corresponds to that used in
Abadie et al. (2017a) and Abadie et al. (2020b). The method adopts the assumption that
ratcheting effects observed at a macro-level are reflected in the soil reaction curves below ground.
Therefore, the values of the dimensionless 0-D HARM parameters are applied to all four
components of the soil reaction curves for 1-D HARM. The calibration uses field test data from
CM5 and CM6, with the extracted parameters checked against model test results from Abadie
(2015). The methodology follows the steps described by Abadie et al. (2019). The form of the
ratcheting rate R,, is chosen to capture (i) a decreases with load history, and (ii) an increase with

the load level, using:

-m, ms
R, =R, (E> (£> @ Equation 5
ky/ \Bo 0o

Where g is the accumulated ratcheting strain, which acts as a memory of the cyclic history; g, is

an arbitrarily small value used for normalization purposes; g, is the ultimate stress level. Details
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of the calibration procedure are given in Appendix B, and the resulting values for each of the

parameters in Equation 5 are provided in Table 5.

Correction of the backbone curve

The addition of ratcheting to the kinematic hardening model leads to a stretch in the x-direction
of the backbone curve,. This is caused by the accumulated deformation that occurs during the
initial loading (shown in Figure 4(b,c)). To adjust for this effect, a correction has to be made to
balance the additional ratcheting strain, in order to recover the original backbone curve. In this
instance the adjustment is achieved using a standard optimization solver, such as fminsearch
(MATLAB), to revise the values of H, that define the backbone curve. For the 1-D model this is
performed for each reaction curve at each Gauss point down the pile. There are minor differences
between the original backbone calculation and the backbone calculation after correction (with
ratcheting) due to the tolerances adopted in the optimization. The following calculations adopt the
0-D and 1-D monotonic response after correction, to provide a common baseline for comparison

(see HARM 0-D / 1-D, with optimization in Figure 4(b,c)).

Further improvement of the calculations could be achieved through optimization of the ratcheting
parameters (Abadie et al. 2019), but this is not pursued further here, as it would make no material

difference to the conclusions drawn from the study.

Modelling of field test results: PISA

The 0-D and 1-D models described above are first used to simulate the PISA field tests. To retain
accuracy and efficiency, each cycle is divided into 500 increments for the 0-D model and 20

increments for the 1-D model.

Short-term cyclic loading: CM6

The load sequence of CM6 (Table 3) is sufficiently short that a full incremental modelling approach
can be undertaken using the 1-D and 0-D models. The results shown in Figure 5 demonstrate

that the analyses capture the cyclic behavior well, with the deviation explained by:

11
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1.

2.

3.

Variations in ground properties between the pile sites, leading to minor differences in the
backbone curves between tests CM9 and CM6

The predictions from HARM 1-D and HARM 0-D only account for kinematic hardening
and ratcheting, but do not explicitly account for other relevant phenomena, such as
gapping and rate dependency, which might be required to capture the test results more
accurately. These developments are not pursued in this paper.

The adopted ratcheting calibration focuses on the response to large numbers of cycles,

rather than short-term cyclic loading.

For completeness, the results in Figure 5 show the evolution of the residual rotation (i.e. rotation

after unloading to zero load, which, for 1-way loading corresponds to the minimum load) with cycle

number, and the evolution of the accumulated rotation for each load packet with cycle number.

Figure 5 also shows the amount of ratcheting strain generated by the load history within the 0-D

model, demonstrating that the contribution of ratcheting to the overall response is significant in

this case.

The results obtained from the 1-D and 0-D models match reasonably well, for instance Figure

5(d) shows that the calculated accumulated rotation at minimum and maximum load are the same

from both analyses for a given load packet. These results demonstrate that:

1.

Using a 0-D model for calculations, which is more time efficient, might be sufficient for
some design scenarios, such as for conceptual design. In this instance the simulation
with the 0-D model was computed in 0.089 s using 500 increments per cycle on a PC
with an Intel® core i7-8565U and 16GB RAM. The same loading sequence with the 1-D
model with 20 increments per cycle required about 15 minutes, using a similar computer.
The results give confidence that some of the ratcheting parameters, and probably m, and

mg, might be invariant with respect to the level of detail used in the analysis.

While the 0-D model provides very fast results, there are advantages in running simulations using

the 1-D model. Principally the 1-D model provides information on the soil reactions down the

length of the pile, which might indicate the soil “utilization” at a given depth due to the loading

12
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history, as illustrated in Figure 6. In that figure note that (a) at the highest elevation the
displacements are of course largest, (b) further down the pile the displacements are smaller, but
the reactions are larger because of the higher soil stiffness and strength, (c) towards the toe of

the pile the displacements are in the reverse direction.

Long-term cyclic loading: CM5

Unlike CM6, the load-sets for CM5 (Table 4) involve large numbers of cycles, and so an
appropriate acceleration programme is used to make the calculation more efficient, especially for
the 1-D model case. In both the approaches described below, for the 0-D model 500 increments
are used per load cycle, and 40 surfaces are employed in the multisurface model. These choices
allow each cycle to be defined to a high precision, as confirmed by sensitivity studies. For each
load increment an iteration is carried out in which the plastic strain, ratcheting rate and
“generalized stress” is recomputed, and convergence is accepted when the yield surface is within
a tolerance of 0.0001. Two approaches are adopted:
® The first approach — which tracks the loading path precisely — consists of modelling
each individual packet, but accelerating the load-sets involving large cycle numbers.
An example of this is given with acceleration Programme 1 in Table 6. In this table,
the computational time provided for the 0-D model corresponds to the time needed
to compute the constitutive equations to resolve the HARM model for all the cycle
number of the accelerated programme. This reduces the required number of cycles
for computation by a factor of 50. While the reduction using this method is significant,
this still may not be enough for an efficient calculation using the 1-D model.
(i) To reduce the calculation time further, a second approach involves a selection of
relevant load cases for computation, using the acceleration method. It is assumed
(based on experience from past analyses) that the majority of plastic and ratcheting
deformation is caused when loading exceeds the maximum past load, together with
the cyclic load packet of similar amplitude. For CM5 this makes load packets 1, 2, 3
and 11 most critical, while load-sets 4, 5, 6, 7, 8, 9 and 10 (which all involve load

magnitudes lower than the maximum historic load) could be ignored. An example of

13
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this approach is shown in accelerated Programme 2 in Table 6, which reduces the

number of cycles by a further factor of 4.6 compared to Programme 1.
Itis emphasized that the timings presented in Table 6 would be highly dependent on the hardware
and software used, as well as choices of increment sizes, tolerances and the detailed
implementation of the computational algorithm. They should be regarded as indicative only of the
relative computation times required for the different strategies adopted. Clearly both the
“acceleration” technique (reducing timings by a factor of about 50) and the elimination of smaller
load packets (reducing timings by a further factor of 4.6) are useful in this regard, whilst
maintaining comparable levels of accuracy, although small differences are observed as detailed
below.
The computed results using the two programmes are displayed in Figure 7, showing that
Programme 2 compares well to the incremental and Programme 1 calculations. The two methods
identify how computational efficiency can be achieved without compromising calculation
accuracy. Both 100 and 500 increments per cycles were tested, showing similar results, but with
the 100 increment calculation deviating by up to 5% above the original backbone curve. Further
development of this approach might lead to an optimal selection and acceleration procedure for
relevant load packets given the loading history to be modelled.
Finally, the results from the 0-D and 1-D modelling compare favorably in Figure 7, adopting the
accelerated Programme 2 for input. Note that, for the bottom left figure, the accumulated
deformation induced by load packet 1 has not been plotted. This is because the maximum load
is very low, and hence, close to the elastic limit, inducing very little accumulated deflection (none

in the case of the 0-D modelling).

Assessment of lifetime performance

The calibrated 0-D modelling framework is now used to explore pile response to three loading
regimes relevant to design: (i) a short storm event, (ii) a 35 hour storm and (iii) a lifetime loading.
Table 7 summarizes the relevant values for each of the three load signals considered. The 1-D

modelling framework could also be used, but would not be as computationally efficient.
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The values of moment and rotation at ultimate capacity are required for defining o, and g
(Equation 3 and Equation 4), and for normalization of the ratcheting behavior. Rotation at ultimate
capacity is defined as g,=2 degrees. g, is calculated based on the maximum load event that occurs
during the short storm (the largest load event of the three load regimes), multiplied by a factor of

safety of 1.35 (i.e. op = M5 = FoS x (max load), giving M,;s =532 MNm.

The backbone curve adopted for the analysis is that defined for the PISA field test calibration, but
scaled to represent the response of a full scale monopile subjected to realistic storm loading. This

involves scaling by (W s pesign/ W s pisa) for the e axis and (Myys pesign/ Myrseisa) for the o axis.

The H, and k, values are also scaled by (Yyispesign/Vuwspisa)/ (Muspesign/ Murspisa) and
(MULSDES,g,,/M,,LSP,SA) respectively. The ratcheting parameters, being dimensionless, do not
require further scaling. The 0-D model does not require further information on pile geometry (L or
D) for input, as that is captured fully by the backbone curve. Bespoke calibration for specific field
cases would be required but is not covered here — it could be calibrated by using the PISA 1-D
model design approach. The purpose of the following calculations is to demonstrate how the
HARM approach can be used to explore pile response under different loading regimes. With
sufficient computational resource the calculations could also be achieved with the 1-D model.

Short storm

The short storm can be modelled entirely incrementally, with no need for acceleration. The signal
(Figure 8(a)) consists of a small to medium pseudo-random signal dominated by a peak load. The
results of the simulation, given in Figure 8(b,c), display the evolution of the deformation with load
and cycle number, as well as the residual rotation after the final unloading to zero. These
demonstrate that the effect of ratcheting to the overall response is limited, with the response
dominated by deformations induced by the largest load event.

35h storm

The 35 hour storm load signal as initially provided consisted of multi-amplitude load packets,
arranged in an artificial and unrealistic sequence (Figure 9(a)) suited for rainflow counting, which
might bias the results. To obtain more realistic results, the load sequence was re-arranged to a

random order (Figure 9(b)). Different sequences were adopted, demonstrating that the order of
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the random series has little influence on the overall outcome for the 35 hour storm. The response

was computed using both accelerated and incremental forms, giving identical results.

The results of the incremental calculation are shown in Figure 9(b) and (c), where the response
appears to be dominated by the largest events, with ratcheting effects again being of second
order. This aligns with results from the short storm, suggesting that accurate prediction of the

backbone curve is crucial for the modelling of storm load regimes.

Lifetime load series

The lifetime load series (Table 7) was modelled using the acceleration technique described
earlier. As for the 35 hour storm, the original loading sequence consisted of a series of multi-
amplitude load packets, arranged in an artificial and unrealistic sequence (Figure 10(a)). This was

re-ordered into a random sequence (Figure 10(b)).

The resulting response is shown in Figure 10(c) and (d). Here, the effect of ratcheting on the
response is much more significant, becoming the main contributor to the final deformation. It is
noteworthy that both the short storm and 35 hour storm involve a number of one-way loading
events, while the lifetime loading involves both one-way and two-way loading events. This allows
some investigation of the influence of 2-way loading on the response, addressing whether, as a
result of the change in loading direction, the accumulated ratcheting strain decreases or is

cancelled.

Discussion

Load history effect

By combining the short storm and lifetime load signals, the effect of a storm event at different
stages within the lifetime loading can be investigated. The results are shown in Figure 11, where
three cases are studied, involving: (1) a storm immediately following installation, followed by the
lifetime, (2) a storm during the middle of the lifetime and (3) a storm following the lifetime event.
The results show that the time at which the storm occurs has a noticeable effect on the overall

final response.
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When the storm occurs prior to the lifetime loading the final rotation is largest, principally as the
pile has not experienced any hardening behavior prior to the storm, so that the effects of the large
storm load on both the plastic and ratcheting deformation are maximum. Ratcheting generated
by the subsequent lifetime loading is similar to the “no storm” case, because the initial storm event

is too short to have had any significant impact on decreasing the ratcheting rate.

Conversely, the scenario that generates the least deformation appears to be when the storm
occurs during the lifetime loading. Hardening occurs during the first half of the lifetime enabling a
stiffer response to the large storm load event, limiting the amount of plastic and ratcheting
deformations. Following the large load event, the ratcheting rate appears to drop significantly,

with the remaining half lifetime of loading leading to reduced accumulated ratcheting strain.

Finally, the case with the storm at the end is only slightly less severe than if it occurs at the
beginning, in terms of maximum total deformation, and much less severe when the ratcheting
strain and residual rotation are considered. Here, the cyclic load history has a beneficial effect on
the large load event by (i) reducing the ratcheting rate by a significant proportion before the large
load is applied, so that the dependence on stress level and the rate is counter-balanced, and, (ii)
the response is hardened, resulting in a stiffer response to the large load. As a result, the large

load has little impact on the accumulated ratcheting strain.

Although only a small number of simulations are shown, they demonstrate how HARM can be
used to improve understanding of cyclic loading effects. Minor variations in the choice of
calibration parameters are unlikely to change the main conclusions that are drawn. However, the

importance of calibrating the model against robust data is emphasized.

Minimum load threshold

The possible existence of a threshold value T > 0 (cutting threshold) below which any cyclic load
contained between [-1, T] can be ignored (Figure 12(a)), is an important concept that could affect

cyclic pile design calculation time. It has been observed from the calculations that small cycles
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usually have a limited effect on the final response, and so could potentially be disregarded to

improve modelling efficiency.

An initial study had already been performed using the signal Figure 6 (Table 6) by omitting certain
load-sets that were not perceived as important. The results of the analyses (Figure 5(b,d)) show
that the evolution of the peak and final deflection is not affected by this simplification, while
enabling significant computational time savings (Table 6). A more systematic approach is to
progressively remove load-sets using the procedure illustrated in Figure 12(a). The evolution of
the peak and residual deflection, as a fraction of the corresponding deflection obtained with the
entire signal is shown in Figure 12(b), demonstrating that, for this load sequence, any load cycle
below 50% of the maximum load did not affect the final response significantly. Cutting these load
cycles from the simulated load signal reduced the number of load packets by about 58%. To
illustrate the computational gains, the number of load cases and computational time have also
been plotted. Above the 50% threshold, further simplification of the load signal leads to an error

in estimation that depends entirely on when the large load events occur.

Further development
For the model to be routinely applied in design, some areas require further development:

(1) Further understanding of the calibration process is needed, for example to relate the
values obtained from the macro-behavior to that of the local soil reaction. The comparison
of the 1-D and 0-D models provides confidence that similar ratcheting parameters can be
used in each of these approaches. The importance of stress level and scale needs to be
further explored, see for instance Richards et al. (2020).

(2) Experimental results from model scale tests (e.g. LeBlanc et al., 2010, Klinkvort, 2012,
Abadie, 2015, Kirkwood, 2015) demonstrate a change in secant stiffness with load
history. This was not observed in the PISA field test results, and hence, was not included
in the modelling subsequently adopted.

(3) The modelling explores loads in a single direction. However, full-scale monopile loading

is likely to be multi-directional. It is anticipated that multi-directionality may have a
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beneficial effect on the accumulated rotation and any subsequent change of foundation
properties (e.g. damping, stiffness). See Richards et al. (2020).

(4) The PISA tests identified that rate effects are important for both the Cowden clay and the
Dunkirk sand site (Byrne et al., 2020c; McAdam et al., 2020). Such effects can be readily
incorporated into the modelling framework that has been described here, see
Beuckelaers (2017).

(5) The numerical modelling for the PISA project, and observations of the PISA field testing,
identified that gapping around the pile, particularly for clay soils, may be important. Such
effects could potentially be incorporated for the 1-D model, but would introduce a
significant degree of complexity to the work. The PISA design method, which is calibrated
against the numerical modelling, already explicitly accounts for gapping around the pile
for the Cowden clay (as the numerical analyses allowed the gap to form). Therefore, if
the cyclic modelling adopts the backbone curve from PISA then the integrated effect of

gapping will be captured.

Conclusion

This paper demonstrates the capabilities of the HARM approach for modelling the cyclic loading
response of offshore wind turbine foundations to realistic load scenarios. The model was first
calibrated and validated against the PISA cyclic tests, expanding application of the calibration
procedure described by Abadie et al. (2019) to large-scale field test data. The calibrated model
was then applied to three realistic loading cases, including to two extreme cyclic loading events
as well as a lifetime load signal of 3 x 108 cycles. The results demonstrate that, for the adopted
set of parameters, which were intended to represent a full scale pile with an appropriate safety
factor on loads, the residual pile deflection remains below the design limit of 0.5 degrees for all
three cases, but is close to this limit for the case where an extreme storm would occur immediately
following installation and then followed by a lifetime of loading. The model shows promising
capabilities for application to design of monopile foundations to very large cycle number in a
computationally efficient manner, with avenues for further optimization to reduce computational

time if needed.
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Appendix A: HARM modelling framework

The HARM framework used here is described in Houlsby et al. (2017). That paper proposes
various options for the choice of some variables, and in particular for the definition of ratcheting
and hardening strains and for the evolution of the ratcheting rate. It presents formulations for both
parallel and series forms of the model, and for both rate dependent and rate-independent media.
To apply the model to monopile design, choices described below and in the main body of the
paper have to be made. For consistency, the notation used here follows Houlsby et al. (2017).
Thus any load quantity ("H" or "M", but also soil lateral reaction "p" or moment "m") is referred to
in terms of stress "c" and any deformation quantity (displacement "v", rotation "y"), in terms of

strain "¢".

The constitutive response observed in Figure 2 can be considered as the result of two
phenomena: one producing the hysteresis loop and one achieving ratcheting (Figure 13). The
hysteretic behavior, as shown on the left of Figure 13, is commonly achieved using a multi-surface
kinematic hardening model, as shown schematically in Figure 2(a) or (b), without the ratcheting
element in red. On loading the system, the springs (H,) of each individual unit contribute to the
global response when the corresponding slider reaches the threshold value (kn). The strain of
each unit contributes to the global response, resulting in a backbone curve as depicted in Figure

14.

The novelty of the HARM model lies in the introduction of a new feature, the ratchet shown in red
in Figure 2(a, b), that results in an additional ratcheting strain. The plastic deformation of the
kinematic hardening model is supplemented by a small quantity —ratcheting strain a, — which is a
small fraction of the plastic strain. This results in the total strain response ‘slipping’ from one cycle
to the next, producing a hysteresis loop that does not close at the end of each cycle (right hand
of Figure 13), in contrast to the underlying kinematic hardening model (left hand, Figure 13) which
never exhibits ratcheting. The small fraction of accumulated strain is controlled by the ratcheting

rate, R, which is the only parameter that needs calibration for the ratcheting behavior.
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The key equations that define the s-HARM framework, used for the 0-D model, are provided

below. The “free energy” (in either Helmholtz or Gibbs form) is defined by:

Ng
z :H H ,
f= 771 (e—a, — ar)z + % (e — ar)z Equation 6
n=1
Ng 2 Ns
1 H, , .
g= BETA o+ Z H,a, | —oa, + 7“11 Equation 7
0 n=1 pryry

The dissipated power is given by:

N
d = Z(knldnl) +od, Equation 8
n=1

To maintain options for development of both the series and parallel models, the definition of
ratcheting strain is chosen to ensure the same results for unidirectional loading with either model.
This requires the ratcheting strain to be a function of the dissipated energy within any unload-

reload cycle. This is achieved through the constraint Equation 9:

Ng

2 k .
¢, =&, —S(0)R (a_n> |d,| =0 Equation 9
0

n=1

The parameter £ is then defined by a further constraint as the accumulated ratcheting strain,
which acts as a memory of the cyclic history by summing the ratcheting strain from each

increment.

cg=p—la =0 Equation 10

Following the method outlined in Houlsby et al. (2017)), the constraints can be incorporated into

the dissipation function using the method of Lagrangean multipliers:

N
d* = Z(knldnl) +oa, + A.c, + Aﬁcﬁ Equation 11

n=1
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From these basic definitions it is possible to define the yield surface, which may be expressed in

terms of stresses as:

vn€[1,Ng] y,=l|oc—Huay| —k, <0 Equation 12

If the “accelerated” method for ratcheting strain is used, then Equation 9 becomes modified to:

Ng

E k :
Cr = &y — RacS(0)R (a_n) |&,| =0 Equation 13
0

n=1

Appendix B: Calibration

Calibration of the backbone curve (no correction)

The model relies on accurate fitting of the backbone curve, here produced using the 3D FE data
from the PISA project (Zdravkovic et al., 2020). This backbone curve is used as an input for
calibration of parameters H,, H,, and k,, and corrected to account for ratcheting following the

methodology described by Abadie et al. (2019).

In the case of the 1-D model, the k, and H,, are calculated for the reaction curve of each Gauss
point, based on the parameterized curves using the PISA method described in Byrne et al.
(2020a), but with the depth variation functions and parameters given in Table 8. For the 0-D
model, the fitting is applied the backbone curve for the moment-rotation response of the pile. The

methodology used in both cases is briefly described below.

The monotonic relationship of the desired stress-strain curve is discretized by a number of break
points corresponding to the number of yield surfaces of the kinematic hardening model (each
spring-slider unit in Figure 2). The break points and the tangent moduli (see Figure 14) are defined

by:
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Ng+1 Ng+1
Zk + ZH €= Zk +— ZH, , n=1...Ng Equation 14

i=1 i=n+1 N j=n+1
kn

€n=—",n=1.Ng Equation 15
Hp
Ng+1

E,= ZH,- , n=0...Ng Equation 16
i=n+1

Hence, the values of the k, and H, can be deduced from Equation 15 to Equation 16. This
provides the monotonic response shown in Figure 4, which matches that obtained from the 1D

PISA design model.
Calibration of the ratcheting element

The small fraction of strain accumulated in each load increment is controlled by the ratcheting
rate, R, the only parameter specifying the ratcheting behavior. The calibration procedure below is
a simplified version of that in Abadie (2015), Abadie et al. (2017b) and Beuckelaers et al. (2017),

and also corresponds to that used in Abadie et al. (2017a) and Abadie et al. (2020Db).

The form of ratcheting rate R is chosen to capture (i) a decrease with load history, and (ii) an

increase with the load level, using:

R=R [ J (' |j Equation 17
Po Oo

Where B, is an arbitrarily small value and o, is the ultimate stress level. In this equation, the term

p

(B_] , through the value of m,, controls the evolution of the ratcheting rate with load history,
0

o)
and the term (uj , through the value of m,, controls the dependence on stress/load level.

Finally, R, defines the base rate at which these phenomena occur.
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Load History Effect (m,)

At large cycle number, various authors including LeBlanc et al. (2010), Abadie (2015) have found

a decreasing rate of accumulated rotation with cycle number, which can be expressed as:

AB ~ N* Equation 18
where the power @ has been found to be approximately 0.31. The accumulation of ground level
rotation throughout the load sets of CM5 and CM6 are compared to this power in Figure 15. For
CMB6, only a small number of load cycles were applied and therefore the accumulation of rotation
does not yet tend towards the slope for high cycle numbers. In test CM5, where larger cycle
numbers were applied, the data tends towards the lower slope of 0.31. Although the limited data
is not necessarily conclusive for the slope at high cycle numbers, the value proposed by LeBlanc

et al. (2010) seems to give a reasonable fit and will be used in further analysis.

At large cycle number, where the hysteresis loops are almost closed, the stress component and

the dissipation component do not vary with cycle number. The hardening parameter can be written
N
as: B= J.o |a, |dN + B Where the constant can be neglected at high cycle number. The

ratcheting strain can therefore be expressed as function of the cycle number by:
A0~ Vs .~ pny0.31-1 :
_[0 |6 N =6 ~ N Equation 19

1-0.31
m, =$:2.2 Equation 20

o.31)‘mr N
0.31

6, ~pr O3~ (N

These equations show that with a value of: M, =2.2, the ratcheting slope of 0.31 can be

achieved at high cycle numbers.

The initial hardening parameter ﬁ’o defines the location of the transition zone where the slope of

the accumulated rotation decreases to a value of 0.31. The data in the PISA field tests do not

provide enough information to accurately determine this parameter. An estimated value of
ﬂo = 0.015u , Where &, represents the ultimate displacement or rotation in the soil reaction curve,

results in reasonable results for the ratcheting behavior and therefore this value has been used
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in further analysis. For the case of the 1-D model, the values of 8, are linked to the ultimate strain
&y Of each independent soil-curve (Vpu, Umu, Vhu, U, first line of each soil reaction component in

Table 8), and hence vary for each of the soil-reaction curves.

Load Magnitude Effect (im,)

The effect of load magnitude on the ratcheting response can be calibrated using a similar
methodology. The overall rotation of the foundation with load magnitude can generally be

described by:

Ac9~'|ic(§b) Equation 21

where &, =M, /M, is the dimensionless cyclic load magnitude. In the experimental tests

by Abadie (2015), T, (é’b) has been found to fit well with a power exponent of 4 (A~ ™t with:
m, = 4). The experimental results and the power law fit are compared in Figure 16 to Abadie

(2015) and the values obtained from CM6. This figure shows that a value M, = 4 is consistent

with these tests.

The behavior of the ratcheting element with cycle amplitude is analysed for a single cycle:

O max 0 Omax B -m, |G| mg Ng k
AO~ _([c'x,ch fo,do~ | (%j [—j Z(é}dn% Equation 22

Cmax 0 %0 n=1
In the unload part of the cycle, the accumulated ratcheting is very low as the effect of the stress
component and the dissipation component reach their maxima at opposite points during
unloading. Therefore the analysis can be simplified by only considering the upward part of the
load cycle. To analyze the effect of the stress magnitude on the ratcheting element, the evolution

of each of the individual components need to be identified.

N
Since: f~ .[0 |0'cr|dN at high cycle numbers, both terms increase with the same exponent with

regards to cycle amplitude. Therefore, we can write: 3~ ot . The stress term simply increases

with its exponent M, . The evolution of the dissipation term with cycle amplitude can be evaluated

by analysing the evolution of dissipated energy by the foundation within a load cycle. This has
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been evaluated using the kinematic hardening model applied to the 1-D model for varying §b,
illustrated in Figure 17. The resulting dissipated energy can be approximated well using a power
law fit as E jes ™ Cmd where: M, = 3. Since it is expected that this dissipation is reflected in
each of the soil reaction curves, we can write that:

GTXNi( J|0‘ |d(’—>2( j|0° |~ o™Ma Equation 23

o n=1

Combining the effects of all terms of the ratcheting element, we arrive at:

Gmax
oMt ~ IB_mf oMs gMd g ~ g Ts HMd ~Mr M Equation 24
0
—>my =mg+myg—m, my ->mg =my(1+m,)—my Equation 25

which results in a value of mg =9.9, for values of My =4, m, =2.2and my =3.

Rate of Ratcheting (R;)

Finally, the rate of ratcheting is chosen heuristically to fit the data closely.

For the 1-D analyses the assumption is made that the ratcheting effect observed at a macro-level
is reflected in the soil reaction curves below ground, so that the same calibration of the HARM
model at macro-level applies to all four components of the soil reaction curves. Hence, the
calibration procedure is achieved using the model test results from Abadie (2015) and the

resulting values are used within all the ratcheting elements, for both the 1-D and 0-D model.
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Comparative results from the predictions of CM6 from HARM 1-D and HARM 0-
D
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Comparative results from the predictions of CM5 from HARM 1-D and HARM 0-
D: Moment-rotation response obtained with (a) the 0-D and (c) 1-D models; (b,d)
Evolution of the maximum rotation at ground-level with cycle number and (e)
Evolution of the normalised accumulated rotation with cycle number

Short Storm response: (a) Load signal, (b) Moment-rotation and (c) Evolution of
the rotation with cycle number

35 hour Storm response: (a) Initial and (b) Randomised Load signal, (c) Moment-
rotation and (d) Evolution of the rotation with cycle number

Lifetime response: (a) Initial and (b) Randomised Load signal, (c) Moment-
rotation and (d) Evolution of the rotation with cycle number

Effect of a short storm on a random lifetime signal (and conversely): (top) load
signal simulated, (middle) Moment-rotation response obtained, (bottom) evolution
of rotation compared with ratcheting contribution and final residual rotation after
the entire load series.

Investigation of a cutting threshold value for simulation: (a) pictorial representation
of modelling, (b) comparison of maximum, residual and ratcheting rotation for a
range of cutting values and corresponding computational effectiveness, (c,d)
corresponding moment-rotation response for selected values of t.

Schematic representation of the decomposition of total response into kinematic
hardening and ratcheting response.

Stress strain curve for multiple yield surface model (from Houlsby et al. (2017)).
Accumulated rotation for the cyclic tests in Cowden: (a) CM6 and (b) CM5.
Comparison of the power law fit of Th((1b) of CM6 and tests by Abadie (2015)

Dissipated energy as a function of the cyclic amplitude
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Table 1.
Table 2.
Table 3.
Table 4.
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Table 6.
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Table 8.
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Load sequence applied for CM6
Load sequence applied for CM5

Acceleration Programme for test CM5

Identification of the role of HARM in lateral pile design approach
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Table 1. Identification of the role of HARM in lateral pile design approach

3-DFE
(3-D)

Winkler-type model (1-D)

Macro-model
(0-D)

Model the entire soil
continuum and capture
complete pile-soil interaction

Model soil response by
series of soil reaction curves
down the pile length

Model entire pile-soil
interaction by representative
consitutive model at the soil

surface

HARM to define the stress-
strain constitutive behavior
of each soil element

HARM to define each soil
reaction curve

HARM to define the
relationship of the macro-
model

Computationally intensive
(getting faster) and
(probably) most accurate

Compromise between
accuracy and time

Computationally fast but
(probably) least accurate

Model detailed soil
stratigraphy, and complex
pile-soil interface response

Discretise soil layers, but no
interaction between layers

Difficult to calibrate for piles
in layered soil and in-
homogeneous strength
profiles

Any foundation geometry

Common pile design tool
(the p-y model)

Well established for shallow
foundations (e.g. spudcans)
and pipelines

Table 2. Geometry of Cowden field test pile geometry for CM9, CM5 and CM6 (T4)

Pile D h h/D L L/D t D/t
property (m) (m) (m) (mm)
Values 0.76 10 13.2 4.0 5.25 11 58
Table 3: Load sequence applied for CM6
Load set Max Load _ Max Load _ Min Load Cycles
(kN) b~ Ultimate Load €~ Max Load
1 435 0.37 0 9
2 70 0.60 0 9
3 90 0.77 0 37

Table 4: Load sequence applied for CM5
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Load set Max Load (kN) _ Max Load _ Min Load Cycles
>~ Ultimate Load ¢~ Max Load

1 10 0.09 0 7000
2 20 0.17 0 7000
3 60 0.52 0 2500
4 20 0.17 0 1100
5 30 0.26 0 3300
6 40 0.34 0 1400
7 20 0.17 0 500
8 40 0.34 0.5 1000
9 20-30-40 0.17-0.26-0.34 0 1500
10 20-30-40-60 0.17-0.26-0.34-0.52 0 1000
11 90 0.77 0 145

Table 5. List of parameters for calibration of the HARM 0-D model to the PISA tests CM5

_ . 0-D 1-D
Definition Equation Analytical
Bo Initial ratcheting strain Arbitrarily small value 1x107* | &,/100
Exponent defining the 1
m, decrease of ratcheting m=—-1 2.2 2.2
rate with cyclic history Mg
Exponent defining the
m, | increase of ratcheting m, =m, (m, +1)-m, -1 8.9 8.9
rate with load intensity
T, R,=1e+09 | Ry=1e+05
R Initial ratcheting rate Ry =Ry, =— o O i
0 9 £~ ToPo € 00 KmoKin Rp=1.7 Rp varies
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Table 6. Acceleration Programme for test CM5

Load Max Min Load Incremental Programme 1 Programme 2
set Load Max Load Cycles | Rge | N Rtac N Riac
(kN)
1 10 0 7000 1 10 1 10 1
1 6980 9 10
10 1 9 100
6 1000
2 20 0 7000 1 10 1 10 1
1 6980 9 10
10 1 9 100
6 1000
3 60 0 2500 1 10 1 10 1
1 2480 9 10
10 1 9 100
3 500
4 20 0 1100 1 10 1 0 -
1 1080
10 1
5 30 0 3300 1 10 1 0 -
1 3280
10 1
6 40 0 1400 1 10 1 0 -
1 1380
10 1
7 20 0 500 1 10 1 0 -
1 480
10 1
8 40 0.5 1000 1 10 1 0 -
1 980
10 1
9 20-30- 0 1500 1 30 1 0 -
40 30 48
30 1
10 20-30- 0 1000 1 40 1 0 -
40-60 40 20.5
40 1
11 90 0 145 1 145 1 10 1
14 10
Computed number of cycles: 26,445 523 113
Computed time 0-D
(Intel® core i7-8565U, 16GB RAM)
100 increments/cycle 83s 0.16 s 0.043 s
500 increments/cycle 43.40 s 092s 021s
Computed time 1-D ) i 30 min

(Intel® core i7-8565U, 16GB RAM)
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Table 7. Load regime characteristics respective modelling information

Short Storm 35 hr Storm Lifetime
Maximum Moment [MNm] 394 284 222
M o/ Muss 1/1.35=0.74 0.53 0.42
M pin/ M ax -0.37 -0.70 -0.97
No. of cycles 150 35,919 2.6503 x108
No. of load events 150 530 65,534
Modelling Incremental Incremental / Accelerated | Accelerated
Computed Number of Cycles 150 35,919/ 1,359 187,459
Calculation time (0-D)
(Intel® core i7-8565U, 16GB RAM)
100 increments 0.066 s 11.8s/0.58s 382s
500 increments 0.42s 78.7s/3.5s 1803 s
820
821
822 Table 8. Parameters for normalised soil reaction curves for Cowden field test (z positive
823 downwards)
Soil reaction component Parameter Expression
Distributed lateral load, p Ultimate strain, Vpu 200
z
Initial stiffness, k, —0.415+5.14
z
Curvature, np -0.0095+0.96
. . z
Ultimate reaction, p. 8.50 - 5.24 exp (-0.21 E)
Distributed moment, m Ultimate rotation, gmy n/a
z
Initial stiffness, kn -0.065+0.57
Curvature, np, 0
z
Ultimate moment, m, -0.025+0.29
Base horizontal force, Hg Ultimate strain, vy 300
. . L
Initial stiffness, ky -o,o4B+o_98
Curvature, ny 0.94
. . _ L
Ultimate reaction, Hgy 0.25 5 +1.29
Base moment, Mj Ultimate rotation, Py 200
.. . L
Initial stiffness, kv -0,0145+o,1o
L
Curvature, ny -0.01 B+o.89
Ultimate reaction, Mgy 0.84
824
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“Modelling Lifetime Performance of Monopile Foundations for Offshore Wind Applications”
by Abadie, C.N. et al.

Response to Reviewers:
Major point:

The most significant comment that required addressing was the issue of timings of computations.
This is of course a difficult area to address because the hardware and software available to different
users varies widely, as well as the algorithms employed. Our view is that relative timings are relevant
but absolute measures of computation time are not helpful, and we have adjusted the text to reflect
this, and we hope that we have indicated where significant savings are achievable. We have given
significantly more information about the algorithms used.

Minor points:

1. References have been updated and corrected, and specifically the Byrne et al (2020)
references checked.

2. Rewording around the (old) line 132 has been made.

A brief reference to Kementzetzidis et al (2022) has been added, as this is indeed relevant.

4. Some minor improvements have been made to the text flow, allowing Appendix C to be
removed entirely.

5. The redundant Table 8 has been removed and Table 9 renumbered.
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