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ABSTRACT8

Cyclic loading of saturated sand under partially drained condition may lead to accumulated9

strains, pore pressure build-up and consequently reduced effective stresses, stiffnesses and shear10

strengths. This will affect the ultimate limit state (ULS) capacity of monopile foundations in sand11

for offshore wind turbines (OWTs). This paper calculates the performance of a large diameter12

monopile foundations, which is installed in a uniform dense sand, subjected to a storm loading13

using the Partially Drained Cyclic Accumulation Model (PDCAM). The simultaneous pore pres-14

sure accumulation and dissipation is accounted for by fully coupled pore water flow and stress15

equilibrium (consolidation) finite element analyses. Drainage and cyclic load effects on monopile16

behaviour are studied by comparing the PDCAM simulation results with simulation results using17

Hardening Soil model with small strain stiffness (HS-Small). At the end, a simplified procedure18

of PDCAM – named as PDCAM-S is proposed and the results using this approach together with19

PLAXIS 3D and the NGI-ADP soil model are compared with the PDCAM results.20
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INTRODUCTION22

In design of monopile foundations for offshore wind turbines (OWTs), the Ultimate Limit State23

(ULS) condition, i.e., sufficient capacity or tolerable displacements, needs to be checked. Origi-24

nally, this was done using API (API 2014) soil support springs developed for design of other types25

of offshore structures as, for instance, jacket platforms used in the oil and gas industry. However,26

it is well accepted nowadays that the API soil support springs developed for long slender piles are27

not suitable for large diameter piles with length to diameter ratios (𝐿/𝐷) typically smaller than 528

(DNV 2016). New formulations for soil supports were developed based on large-scale model tests29

together with finite element analysis (FEA) in, for instance, the PISA project (Byrne et al. 2019).30

The PISA soil support springs are calibrated based on the push-over analyses results, where the31

non-linear stress-strain relationship of clay layers is modelled by the stress-path dependent NGI-32

ADP soil model (Grimstad et al. 2012) and sand layers by the Hardening Soil model with small33

strain stiffness (HS-Small) (Schanz et al. 1999). There, the clay layers are assumed to be undrained34

while the sand layers are assumed to be drained.35

In many 3D FE analyses on OWT foundation cyclic behaviour, fully drained conditions are36

assumed (Liu et al. 2021). However, it has been demonstrated by FEA (Li et al. 2019; Erbrich37

et al. 2010; Jostad et al. 2020) that the behaviour of sand during at least a single load cycle is closer38

to be undrained. Furthermore, for fine sand and sand with fines content, the behaviour is even39

close to undrained during several load cycles. This may therefore lead to pore pressure build-up,40

and consequently reduced effective stresses, stiffnesses and shear strengths. DNV (2016) requires41

that the effect of cyclic loading should be considered in the design of monopile foundations. The42

effect of cyclic loading under partially drained conditions may give increased or reduced capacity43

compared to the drained capacity depending on the sand (relative density 𝐷𝑟 , grain size distribution,44
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fines content, etc.) and the actual storm loading history. ‘Partially drained’ in this paper is used to45

describe the situation where pore pressure accumulation and dissipation occurs simultaneously –46

which is different from the fully drained and perfectly undrained conditions.47

To account for the effect of cyclic loading in clay and sand layers, NGI has developed two48

finite element calculation procedures, namely the Undrained Cyclic Accumulation Model (UD-49

CAM) (Jostad et al. 2014) and Partially Drained Cyclic Accumulation Model (PDCAM) (Jostad50

et al. 2015). UDCAM and PDCAM are based on a methodology developed from the beginning of51

the 1980s to consider the effect of cyclic loading due to waves on gravity-based structures (GBS)52

used by the oil and gas industry (Andersen et al. 1988). A key parameter in the two methodologies53

is the equivalent number of undrained cycles (𝑁𝑒𝑞) of the largest cyclic shear stress that accounts54

for the effect of the cyclic stress history of the entire storm.55

The main purpose of this paper is to demonstrate the effect of cyclic loading on the capacity of a56

large diameter monopile foundation in a uniform dense sand under partially drained and undrained57

conditions for the DTU 10-MN reference wind turbine in the North Sea, subjected to a representa-58

tive peak storm history (Bachynski et al. 2019). The lateral displacement of the monopile founda-59

tion (used to check monopile capacity in this work) is calculated by PDCAM. To check the validity60

of the assumptions in some well accepted design methods – for instance assume fully drained be-61

haviour for sandy soil layer and not fully address the effects of cyclic loading, the PDCAM simula-62

tion results are compared with the conventional drained push-over analysis using PLAXIS 3D and63

the HS-Small model (Brinkgreve et al. 2016; Schanz et al. 1999).64

Finally, a simplified calculation procedure that accounts for cyclic loading under partially drained65

condition, named PDCAM-S, is proposed as a practical monopile design tool.Use of PDCAM and66

PDCAM-S requires a constitutive model can capture reliably soil undrained stress-strain response67

at a given number of cycles. Constitutive models such as hypoplasticity model (Niemunis and Herle68

1997) and bounding surface model (Liu et al. 2020) can also be used for the purpose. In this work,69

NGI-ADP model (Grimstad et al. 2012) is selected. The advantage of using NGI-ADP model is70

that the model can capture the change of the direction of the major principal stress in different71
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soil elements adjacent to the pile shaft (as shown in Grimstad et al. (2012)). Besides, this paper72

aims to provide a convenient simulation tool for industrial design. NGI-ADP model is available73

in the widely used FE software PLAXIS 3D. However, the validation of PDCAM and PDCAM-S74

procedures (as well as 3D FE analysis using both implicit and explicit constitutive models) suffer75

from the lack of suitable model tests with combined pore pressure accumulation and dissipation76

representative for the soil around monopiles. PDCAM and PDCAM-S procedures are considered77

as reasonable based on the facts that: (1) the undrained stress-strain and pore pressure responses of78

the soil at different cyclic and average shear stresses and number of cycles are directly from the lab79

test data and their interpolation; (2) the dissipation of the generated pore water pressure is taken in80

account through the well-accepted consolidation theory.81

BRIEF DESCRIPTION OF PDCAM82

The PDCAM model described in Jostad et al. (2015) may be used to calculate strain accu-83

mulation, pore pressure build-up, reduction in cyclic shear modulus and shear strength of a sand84

subjected to an idealised load history. The pore pressure accumulation procedure (Andersen 2015)85

is used to calculate the number of undrained cycles, 𝑁𝑒𝑞, of a cyclic shear stress 𝜏𝑐𝑦 that generates86

an accumulated pore pressure 𝑢𝑎𝑐𝑐, as illustrated in Fig. 1 and being explained in Stewart (1986)87

(for the accumulation strains).88

The key assumption of the principle of equivalent number of cycles can be described as follows:89

for a given normalised average shear stress 𝜏𝑎/𝑝′0 (where 𝑝′0 is the initial mean effective stress prior90

to cyclic loading), all combinations of normalised cyclic shear stress 𝜏𝑐𝑦/𝑝′0 and number of cycles91

𝑁 (i.e., 𝜏𝑐𝑦/𝑝′0 and 𝑁 pair) that give the same normalised accumulated pore pressure 𝑢𝑎𝑐𝑐/𝑝′0, are92

assumed to be at the same state. This assumption is used to transfer an idealised composition93

of parcels of different constant 𝜏𝑐𝑦/𝑝′0 to an equivalent number of cycles (𝑁𝑒𝑞) of the normalised94

largest cyclic shear stress (as illustrated in Fig. 1).95

At this equivalent stress state, the average (𝛾𝑎), accumulated (𝛾𝑎𝑐𝑐) and cyclic (𝛾𝑐𝑦) shear strain96

are assumed to be the same as the corresponding strain components after the entire shear stress97

history was applied (i.e., 𝛾𝑎 = 𝛾𝑎,𝑒𝑞, 𝛾𝑎𝑐𝑐 = 𝛾𝑎𝑐𝑐,𝑒𝑞 and 𝛾𝑐𝑦 = 𝛾𝑐𝑦,𝑒𝑞). The cyclic shear stress98
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𝜏𝑐𝑦 is defined as 𝜏𝑐𝑦 = (𝜏𝑝𝑒𝑎𝑘 − 𝜏𝑡𝑟𝑜𝑢𝑔ℎ)/2, where the subscripts ‘peak’ and ‘trough’ represent the99

peak value and the trough value of the corresponding variables. Similarly, the cyclic shear strain100

𝛾𝑐𝑦 = (𝛾𝑝𝑒𝑎𝑘 − 𝛾𝑡𝑟𝑜𝑢𝑔ℎ)/2; the average shear stress 𝜏𝑎 = (𝜏𝑝𝑒𝑎𝑘 + 𝜏𝑡𝑟𝑜𝑢𝑔ℎ)/2 and the average shear101

strain 𝛾𝑎 = (𝛾𝑝𝑒𝑎𝑘 + 𝛾𝑡𝑟𝑜𝑢𝑔ℎ)/2 are defined. The accumulated shear strain (𝛾𝑎𝑐𝑐) is the increase in102

average shear strain due to cyclic loading. In triaxial condition, shear stress 𝜏 = (𝜎′
𝑎 −𝜎′

𝑟)/2; shear103

strain 𝛾 = 𝜀𝑎 − 𝜀𝑟 , where 𝜎′
𝑎, 𝜎′

𝑟 , 𝜀𝑎 and 𝜀𝑟 denote the axial effective stress, radial effective stress,104

axial strain and radial strain, respectively.105

The accumulated pore pressure, average and cyclic shear strains as function of number of106

undrained cycles of constant normalised cyclic shear stress under a given normalised average shear107

stress are presented in contour diagrams (Andersen 2015) that are established from a set of cyclic108

tests consolidated to different average shear stresses 𝜏𝑎 and mean effective stress 𝑝′0, and then sub-109

jected to a cyclic shear stress 𝜏𝑐𝑦 under undrained condition. An example of a contour diagram110

cross-section is shown in Fig. 2a, namely, normalised accumulated pore pressure, 𝑢𝑎𝑐𝑐/𝑝′0, as a111

function of number of cycles and normalised cyclic shear stress, 𝜏𝑐𝑦/𝑝′0. A similar diagram of112

contours of cyclic shear strain is shown in Fig. 2b. These diagrams are based on results from tri-113

axial tests on clean Dogger Bank sand with a relative density 𝐷𝑟 = 80% presented in Blaker and114

Andersen (2019), where a ratio 𝜏𝑎/𝑝′0 = 0.43 was used.115

The simultaneous reduction in the accumulated pore water pressure 𝑢𝑎𝑐𝑐 due to pore pressure116

dissipation is accounted for by a fully coupled stress equilibrium and pore water flow (consolida-117

tion) formulation (Jostad et al. 2015). The analyses are run in time domain, with time increments118

corresponding to a specified number of cycles of constant global cyclic load. The normalised cyclic119

shear stress (𝜏𝑐𝑦/𝑝′0) in all integration points around the monopile under the global loads is calcu-120

lated in an independent FEA. The 𝑢𝑎𝑐𝑐 under undrained condition in each integration point is found121

from the pore pressure contour diagram based on the updated number of cycles (current equivalent122

number of cycles, 𝑁𝑒𝑞,𝑖 plus the additional number of cycles 𝑁𝑖+1 due to the change of 𝜏𝑐𝑦/𝑝′0 in123

the time increment) as shown in Fig. 1.124

The pore pressure increment Δ𝑢𝑎𝑐𝑐 is transferred to a volumetric strain increment Δ𝜀𝑣𝑜𝑙,𝑎𝑐𝑐125
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by dividing it by a mean-effective-stress-dependent reloading bulk modulus 𝐾𝑟 , i.e., Δ𝜀𝑣𝑜𝑙,𝑎𝑐𝑐 =126

Δ𝑢𝑎𝑐𝑐/𝐾𝑟 . The mean effective stress change Δ𝑝′ for the actual time increment is than calculated as:127

Δ𝑝′ = 𝐾𝑟 (Δ𝜀𝑣𝑜𝑙 − Δ𝑢𝑎𝑐𝑐/𝐾𝑟) (1)128

The resulting mean effective stress reduction Δ𝑝′ and volumetric strain increase Δ𝜀𝑣𝑜𝑙 are auto-129

matically found by the coupled consolidation formulation. It is seen from the above equation that130

Δ𝑝′ = −Δ𝑢𝑎𝑐𝑐 for perfectly undrained condition (Δ𝜀𝑣𝑜𝑙 = 0) andΔ𝜀𝑣𝑜𝑙 = Δ𝑢𝑎𝑐𝑐/𝐾𝑟 for fully drained131

condition (Δ𝑝′ = 0).132

For non-linear consolidation problems (e.g. 𝐾𝑟 ∼ 𝑘 ∼ nonlinear average shear stress-strain133

relationship, where 𝑘 is the void-ratio-dependent permeability), a global iteration scheme is used to134

satisfy stress equilibrium and ensure consistency in the amount of pore water flow within the time135

increment (Potts et al. 2001). The increase in pore pressure accounting for pore pressure dissipation136

(Δ𝑢) and volumetric strain increase (Δ𝜀𝑣𝑜𝑙) can be calculated as:137

Δ𝑢 =
Δ𝑢𝑎𝑐𝑐

1 + 𝑀𝑟 𝑘Δ𝑡
𝛾𝑤𝐿𝑑𝐻𝑠𝑜𝑖𝑙

(2)138

Δ𝜀𝑣𝑜𝑙 =
Δ𝐻𝑠𝑜𝑖𝑙
𝐻𝑠𝑜𝑖𝑙

=
Δ𝑢𝑎𝑐𝑐 − Δ𝑢

𝑀𝑟
(3)139

where 𝐿𝑑 is the one-way drainage distance, Δ𝑡 is the time increment, 𝐻𝑠𝑜𝑖𝑙 is the soil sample140

height. In this calculation, it is assumed that the amount of pore water flow is given by the pore141

pressure gradient at the end of the time increment (i.e., an implicit formulation). Detailed discussion142

to the equation can be found in Jostad et al. (2021).143

Knowing 𝑁𝑒𝑞 at a given integration point, the cyclic and average stress-strain relationships144

are also established from contour diagrams. The shear stress-strain relationships defined by the145

triaxial contour diagram are transferred to a general 3D stress state by assuming same orientations146

(coaxiality) between principal total strains and principal effective stresses.147
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Due to the coupling between average and cyclic shear stresses and strains for a given 𝑁𝑒𝑞 when148

calculating the shear strains, the analysis of an idealised storm history in PDCAM is carried out149

by altering between average and cyclic calculation phases for each load parcel. An average phase150

is a consolidation analysis starting from the previous cyclic phase. A cyclic phase is an undrained151

analysis starting from the last average stress state. In this process, 𝑁𝑒𝑞, 𝑝′0 and 𝜏𝑎/𝑝′0 within each152

integration point are transferred from an average phase to a cyclic phase, while 𝜏𝑐𝑦/𝑝′0 in each153

integration point is transferred from a cyclic phase to an average phase. The detailed description154

about this coupled calculation procedure can be found in Jostad et al. (2015). This procedure makes155

it possible to calculate the total (sum of average plus cyclic) displacements of the monopile at the156

maximum loads, accounting for the effect of pore pressure build-up and accumulation of strains157

due to the storm loading prior to the maximum loads.158

PDCAM ANALYSIS159

Storm loading160

A one-hour peak history (including the maximum loads) during a 35-hour storm load sequence161

at a water depth of 30 m in the North Sea (Bachynski et al. 2019) is considered. The significant162

wave height, peak wave period and wind speed at the location are based on hind-cast data. The163

calculated time history of bending moment and horizontal force at seabed are for the DTU 10-MW164

reference wind turbine with a hub height of 119𝑚 above seabed during idling (shut down). The165

wave and wind directions are assumed to be aligned. The loads are calculated for a monopile with166

a diameter of 9𝑚 that extends 36 m beneath seabed. Any effects of cyclic degradation of the soil are167

neglected in the calculations of the loads. Thus, the coupling between seabed loads and foundation168

stiffness is neglected in the analyses.169

From the one-hour peak storm history, an idealised load composition containing 12 load parcels170

with increasing constant cyclic load amplitude is established by the Rainflow counting method171

(Matsuishi and Endo 1968). The maximum resultant cyclic horizontal force is 13.8𝑀𝑁 , acting 27172

m above seabed and the resulting cyclic bending moment at seabed is 372𝑀𝑁𝑚. The number of173

load cycles (𝑁) at different load levels (expressed as a fraction of the maximum cyclic load) within174
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the different parcels is presented in Table 1. The average loads in this load history are small and,175

therefore, for simplicity taken equal to zero. The dominating cyclic load frequency of the history176

is about 0.25𝐻𝑧 (i.e., cyclic loading period of 𝑇𝑝 = 4𝑠). Thus, the duration of the idealised load177

composition is 1.3 hour instead of one-hour.178

Material properties179

Test results from drained monotonic and cyclic undrained triaxial tests on a clean Dogger Bank180

sand with a relative density of 80% were used to establish contour diagrams of cyclic and average181

shear strains and normalised accumulated pore pressure as a function of number of undrained cycles182

of different normalised cyclic shear stress (Blaker and Andersen 2019). Examples of representative183

triaxial cross-sections at an average normalised shear stress 𝜏0/𝑝′0 = 0.43, based on a horizontal184

earth pressure coefficient of 𝐾0 = 0.45, are shown in Figs 2a and 2b. These contour diagrams are185

digitised (points of 𝜏𝑎/𝑝′0, 𝜏𝑐𝑦/𝑝′0, 𝛾𝑐𝑦, 𝛾𝑎, 𝑢𝑎𝑐𝑐/𝑝′0 and 𝑁) and used as input in PDCAM. From186

these figures one may extract non-linear normalised shear stress-strain curves for different cycles187

as shown in Fig. 3 and normalised accumulated pore pressure curves versus number of cycles188

for different normalised cyclic shear stresses. However, PDCAM interpolates directly between the189

digitised points.190

A representative reloading bulk modulus 𝐾𝑟 = 100𝑀𝑃𝑎 is established from the oedometer191

tests on the sand using the interpretation presented in Jostad et al. (2020). To transfer the odometer192

modulus to the bulk modulus, a Poisson ratio 𝜈 = 𝐾0/(1 + 𝐾0) = 0.31 is used (i.e., 𝐾0 = 0.45). An193

isotropic coefficient of permeability, 𝑘 = 5 × 10−6𝑚/𝑠, is taken from Blaker and Andersen (2019).194

To ease comparison of the results obtained, for instance, against the dissipation data presented195

in Li et al. (2019) is used – that is, a coefficient of consolidation 𝑐𝑣 = 0.079𝑚2/𝑠 is adopted in196

PDCAM-S simulation as presented in the following part of this paper. For PDCAM simulation,197

same 𝑐𝑣 value is achieved by using a constant oedometer modulus of 𝑀𝑟 = 158𝑀𝑃𝑎. However,198

PDCAM can use a general mean effective stress dependent bulk modulus that varies from virgin199

loading, to unloading and reloading (Jostad et al. 2020).200
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Finite element model201

NGI’s in-house FE program, Bifurc3D, is used in the analyses in order to streamline the PDCAM202

calculation process, i.e., the coupling between the average and cyclic calculation phases for the203

different load parcels and manual control of the time increments within the different load parcels.204

The finite element model is generated by the pre-processor Femgv (Femsys Limited 1999). An205

example of a finite element mesh is shown in Fig. 4. Due to the symmetry, only half of the boundary206

value problem is modelled. The distance to the outer boundaries from the vertical centre line is207

45𝑚 (5 times the pile diameter 𝐷). The presented mesh contains 1072 20-noded iso-parametric208

brick elements with reduced (2x2x2) Gaussian integration. The soil elements have excess pore209

pressure degrees of freedom in the 8 corner nodes, besides the 3 displacement degrees of freedom210

in all nodes. The nodes at all vertical boundaries are fixed in the direction normal to the boundary211

surface, and at the bottom boundary in all directions. Free drainage (i.e., zero excess pore pressure)212

is prescribed at the top and vertical outer boundaries. The horizontal load (half of the total load) is213

applied to the monopile at 27𝑚 above seabed.214

The monopile has the following properties: outer diameter 𝐷 = 9𝑚, constant wall thickness of215

0.1𝑚 and Young’s modulus 𝐸 = 210𝐺𝑃𝑎. In Bifurc 3D, the monopile is modelled as a solid pile.216

To maintain the same bending stiffness (i.e., 𝐸𝐼 = 5538𝐺𝑁𝑚2) as the actual tubular pile, the solid217

pile has an equivalent Young’s modulus 𝐸∗ = 17.2𝐺𝑃𝑎 and Poisson’s ratio 0.3. The contribution218

of the stiffness and drainage of the soil within the monopile is for simplicity neglected. Pile head219

displacements calculated using solid pile and tubular pile are compared – a difference of about 10%220

is expected under the same ULS load level. Such a difference is not important under the premise221

of qualitative comparisons.222

Both physical modelling results (Fan et al. 2021) and numerical simulation results (Staubach223

et al. 2021) reveal that pile installation affects pile stiffness and bearing capacity to an extent. In the224

current work, the soil-steel interface is for simplicity simulated as a rough interface since the effect225

of installation may increase or decrease the actual interface strength depending on the installation226

method together with the sand properties. To include any effects from the installation, the actual227
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installation process needs to be considered and its effect to be accounted for in the analysis. Due to228

the rapid two-way cyclic loading, no tensile gaps are assumed along the monopile. However, in an229

actual design situation, the validity of this assumption, together with the limitation due to cavitation230

cut-off in the pore water need to be considered (Jostad et al. 2020).231

Results232

Reference cases with constant 𝑁𝑒𝑞233

As references, the cyclic lateral displacements of the monopile with embedded length 𝐿 = 15𝑚234

(𝐿/𝐷 = 1.667) and 𝐿 = 18𝑚 (𝐿/𝐷 = 2) are first calculated with different assumed uniform 𝑁𝑒𝑞 =235

1, 10 and 25 (simulation case 𝑁𝑒𝑞=25 only applies to the pile with 𝐿/𝐷 = 2) of the maximum cyclic236

storm load within the entire soil volume. Thus, only the cyclic phase with the load in parcel 12 (see237

Table 1) is analysed with input of the initial effective mean stress, 𝑝0 = 1+2𝐾0
3 𝛾′𝑧 = 6.33𝑧 𝑘𝑁/𝑚2,238

𝜏𝑎/𝑝′0 = 0.43 and the considered 𝑁𝑒𝑞 in each integration point.239

The cyclic shear strain 𝛾𝑐𝑦 versus normalised cyclic shear stress 𝜏𝑐𝑦/𝑝′0 for 𝑁 = 1, 10 and240

100 are provided in Fig. 3, for undrained cyclic triaxial test. The curves are extracted from the241

contour diagram in the cross section shown in Fig. 2b. It should be noted that the upper part of the242

curves (above 𝜏𝑐𝑦/𝑝′0 = 1.2) at low 𝑁 (< 10) is uncertain, since the curves are extrapolated beyond243

the tested cyclic shear stress range from the laboratory tests. Therefore, also the results from the244

undrained monotonic triaxial compression and extension tests shown in Jostad et al. (2020) are245

included. Based on these results, it is believed that the extrapolations give cyclic shear strengths on246

the low side at low 𝑁-values.247

Fig. 5 shows the calculated cyclic lateral displacement at seabed versus the cyclic horizontal248

load. In the figure, a vertical line corresponding to 0.1𝐷 = 0.9𝑚 is also shown. The cyclic lateral249

displacement is increasing from about 0.12𝑚 to 1.24𝑚 when 𝑁𝑒𝑞 is increasing from 1 to 10 for250

𝐿 = 15𝑚 (𝐿/𝐷 = 1.667, Fig. 5a). For 𝐿 = 18𝑚 (𝐿/𝐷 = 2), the cyclic lateral displacement251

increased from 0.07𝑚 to 1.03𝑚 from 𝑁𝑒𝑞 = 1 to 𝑁𝑒𝑞 = 25 (Fig. 5b). This demonstrates the252

importance of evaluating the effect of cyclic loading (e.g. equivalent number of undrained cycles)253

on the capacity (or displacement) of large diameter monopiles in sand.254
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One-hour peak storm load history255

PDCAM analyses of the one-hour peak storm are performed for three different embedded256

monopile lengths over diameter ratios 𝐿/𝐷 = 1.667, 2 and 2.22. Each load parcel is analysed257

by an average and a cyclic phase as described before. As reference, the response assuming per-258

fectly undrained conditions is also analysed for the different monopile embedded lengths. The259

calculated cyclic lateral monopile displacement at seabed under the maximum load at the end of260

the load history for the different 𝐿/𝐷-ratios and drainage conditions are shown in Fig. 6. To sat-261

isfy a displacement criteria of less than 0.1𝐷, the required embedded length is about 𝐿/𝐷 = 1.75.262

For undrained conditions, this length had to be increased to about 𝐿/𝐷 = 2.15 (based on linear263

interpolation between the two data points available).264

The calculated cyclic lateral displacement of 0.29𝑚 for 𝐿/𝐷 = 2 corresponds roughly to a con-265

stant uniform equivalent number of undrained cycles of 𝑁𝑒𝑞 = 9 based on logarithmic interpolation266

in 𝑁 between the curves in Fig. 5b. This value (𝑁𝑒𝑞 = 9) could be compared with the calculated267

distribution of the equivalent number of cycles before application of the maximum load shown in268

Fig. 7. It is seen that 𝑁 < 10 in a large volume around the monopile. The equivalent number of269

cycles for the undrained case is much larger at the end of the load storm – which is in line with270

larger pore water pressure.271

The corresponding accumulated pore pressure distributions are shown in Fig. 8. The undrained272

and partially drained simulations give similar pore water pressure distribution pattern. Only, the273

pore pressure under partially drained condition is slightly smaller than the pore pressure accumu-274

lated under undrained condition.In the plot, the color change ‘inside’ the monopile is due to the275

plotting issue of the software – no pore water pressure should be accumulated inside the equivalent276

solid pile in this work.277

The reduction in effective mean stresses 𝑝′ around the monopile is therefore also rather similar278

for the partially drained and undrained case as shown in Fig. 9 at four depths (𝑧/𝐷 = 0.375, 0.625,279

0.875 and 1.13) at integration points close to the centerline in the front of (i.e., along the primary280

loading direction) the monopile.281
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The normalised accumulated pore pressure at the end of the storm (loci of end points) for these282

four points, both partially drained and undrained, are included in the pore pressure contour diagram283

in Fig. 10. Based on these points, the equivalent number of cycles (𝑁𝑒𝑞) is varying between 9 and284

30 for the partially drained condition and between 30 and 50 for the undrained condition.285

ANALYSES USING THE HS-SMALL MODEL286

The PISA project (Byrne et al. 2019) aimed to propose monopile design method for relative287

small 𝐿/𝐷 (under 6) ratio. To calibrate PISA soil springs, PLAXIS has developed a numerical288

tool - MoDeTo (Monopile Design Tool) (Brinkgreve et al. 2020). In PISA method, the sand layer289

is assumed to be drained. Hardening Soil Small Strain model (i.e., HS-Small model proposed by290

Schanz et al. (1999)) is suggested to be the simulating consitutive model for the purpose.291

To study the possible effects of cyclic loading and pore water pressure, the above lateral monopile292

displacements obtained using PDCAM is compared with a ‘PISA’ type analysis for sand. In detail,293

drained push-over analyses of the same pile are performed using PLAXIS3D and HS-Small model.294

The same DoggerBank sand are used. The maximum cyclic load within the entire load history is295

applied 27𝑚 above seabed but neglecting any excess pore pressure response during application of296

the maximum cyclic loads, even for the case with a period for the storm history considered here of297

only 4 seconds. These analyses also neglects any changes in void ratio or redistribution of average298

effective stresses due to the cyclic loads prior to the peak storm loads.299

The material properties of the model are calibrated based on drained monotonic triaxial com-300

pression and extension tests presented in Blaker and Andersen (2019), together with the oedometer301

test as reported by Jostad et al. (2020). The parameter set used in the analyses are shown in Table 2.302

The finite element model for 𝐿/𝐷 = 2 is shown in Fig. 11. The model consists of 18049 10-noded303

tetrahedral elements. In this case, only half of the problem is modelled due to geometry symmetry.304

The calculated lateral displacements at seabed of monopiles with 𝐿/𝐷 of 1.5, 1.67, 2.0, 2.22305

and 2.5 versus the horizontal load applied 27𝑚 above seabed are shown in Fig. 12a, whereas Fig.306

12b shows the peak load assumed at the maximum lateral displacement allowed of 0.1𝐷 = 0.9𝑚,307

versus the normalised monopile length. Based on linear extrapolation of these results, the required308
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monopile length is only 12.5𝑚 (𝐿/𝐷 = 1.39, as indicated by the red star in Fig. 12b). This is309

shorter than compared to the results obtained by PDCAM (which required 𝐿/𝐷 ≈ 1.75), since310

build-up of excess pore pressure due to cyclic loading is entirely neglected.311

The comparison between PDCAM simulation results and HS-Small results suggests that ne-312

glecting the cyclic load and pore water pressure effects may lead non-conservative design of monopile313

in terms of ULS check.314

SIMPLIFIED PDCAM PROCEDURE (PDCAM-S)315

The PDCAM method can practically consider the cyclic load effects and gives detailed pore316

water pressure distribution in the soil domain. However the PDCAM program so far is only serving317

as a NGI in-house program and has relatively high computational cost. To easily consider partial318

drainage consideration in monopile industrial design, a more practical and light tool is developed319

based on the same theoretical framework – i.e., the simplified PDCAM procedure PDCAM-S.320

Procedure321

In this proposed simplified procedure, the soil domain is divided into multiple sub-layers. PDCAM-322

S is a simplification of the PDCAM approach, where 𝑁𝑒𝑞 is calculated at each integration point.323

This simplification results in a significant reduction of computational time. The load composition,324

here taken as a number of cycles of different cyclic lateral soil reaction for each sub-layer is derived325

from non-linear 3D finite element analyses. The cyclic non-linear shear stress-strain relationship326

within each sub-layer is fitted to the data in the cyclic shear strain contour diagram for an equiva-327

lent number of cycles. Due to the coupling between the cyclic soil reactions used to calculate 𝑁𝑒𝑞328

and the cyclic shear stress-strain relationship, these analyses need to be repeated until the solution329

converges to an accepted accuracy. The pore pressure accumulation for undrained condition is330

determined from a representative pore pressure contour diagram as, for instance, shown in Fig. 2a.331

The simultaneous pore pressure dissipation within each sub-layer is accounted for using curves332

of degree of drainage, for instance established from finite element analyses. Fig. 13 shows an ex-333

ample of the degree of drainage within a horizontal disc with the cross-section of the impermeable334
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monopile in the middle, as function of the normalised time, 𝑇 = 𝑡 𝑐𝑣
𝐷2 , where 𝑡 is the time of dissipa-335

tion, 𝑐𝑣 = 𝑘𝑀𝑟/𝛾𝑤 is the consolidation coefficient for reloading. This curve was established based336

on finite element analyses presented in Li et al. (2019). However, more site-specific dissipation337

curves accounting for soil layering and drainage toward seabed (i.e., combining vertical and hor-338

izontal pore water flow) may be established using a full 3D finite element model of the monopile339

and the surrounding soil. The pore pressure accumulation, i.e. calculation of equivalent number340

of undrained cycles for the established load composition, may be performed manually or using the341

method described in Andersen (2015).342

The cyclic lateral soil reaction composition for each sub-layer is extracted from the FEA by343

applying the cyclic loads in increments of the peak values according to the load levels in the actual344

load composition (Table 1). The resultant lateral soil reaction forces are extracted as the difference345

in shear force in the monopile at the top and bottom of each sub-layer at each load level.346

At the end of the analysis, the seabed loads may be increased until the maximum cyclic lateral347

capacity 𝐻𝑢𝑙𝑡 of almost all sub-layers are mobilised. The calculated lateral reaction forces may348

then be normalised by 𝐻𝑢𝑙𝑡 for each sub-layer. Alternatively, the reaction forces for each sub-layer349

are normalised by the maximum value (like the global load composition in Table 1). These load350

compositions are used to calculate the equivalent number of undrained cycles within each sub-layer.351

This process is repeated until the solution converges to an accepted accuracy.352

In detail, the PDCAM-S procedure can be described as following:353

1. Rearrange the irregular storm load into regular load history as presented in Table 1 (the354

global load), get 𝑁𝑒𝑞 values for each layer using global load;355

2. Extract from contour diagram the stress-strain response at a representative cyclic over av-356

erage stress ratio (one can usually assume the cyclic over average stress ratio equals to the357

largest cyclic load in the load history) at the determined 𝑁𝑒𝑞.358

3. Calibrate the constitutive model (in this paper, NGI-ADP model in PLAXIS 3D is adopted)359

against the extracted stress-strain curve and the calculated cyclic strength.360

4. Perform finite element analysis. Apply each load parcel from the load history in a calculation361
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phase for extracting reaction forces 𝑃𝑐𝑦 in each layer.362

5. The calculated reaction forces for a given layer are normalized by the maximum cyclic lat-363

eral load 𝐻𝑢𝑙𝑡 of that layer and construct a local load history/parcel by arranging them in364

ascending order.365

6. The local load history/parcels are used to obtain an updated 𝑁𝑒𝑞 value. The 𝑁𝑒𝑞 value is366

determined at the representative mobilization which is defined by 𝑃𝑐𝑦/𝐻𝑢𝑙𝑡 . This procedure367

should be done for each layer.368

7. Repeat procedures from Step 2 to Step 6 until pile deflection and 𝑁𝑒𝑞 for each layer con-369

verges.370

PDCAM-S analyses371

The proposed simplified Partially Drained Cyclic Accumulation procedure (PDCAM-S) is used372

to calculate the cyclic lateral displacement of the monopile for the same load condition and soil373

condition as used in PDCAM. The analyses are carried out using PLAXIS 3D where the cyclic374

undrained shear stress-strain curves for the different equivalent number of cycles 𝑁𝑒𝑞 are fitted with375

the 𝑁𝐺𝐼 − 𝐴𝐷𝑃 model (Grimstad et al. 2012). The shape of the stress-strain curves is given by376

a mathematical equation, where (i) the normalised initial shear modulus 𝐺0/𝑠𝑢, (ii) the undrained377

shear strength 𝑠𝑢 and (iii) the shear strain at failure, 𝛾 𝑓 , are used to fit the actual curves. Fig. 14378

shows the fitted curves for 𝑁 = 1, 3, 10 and 30. Since it was difficult to obtain a good fit of the379

entire curves, the part with relatively small strain level (𝛾 < 5%) of the actual curves was given the380

largest weight, based on previous experience on monopile analysis. For more accurate analyses, it is381

therefore recommended that a more suitable material model be adopted, which can give a better fit382

to the entire curve. The values used to fit the curves are presented in Table 3 and the corresponding383

NGI-ADP parameters where the curves are normalised by the cyclic undrained shear strength for384

the actual 𝑁𝑒𝑞 in Table 4. Isotropic conditions were adopted in the analyses, i.e., identical cyclic385

shear stress-strain curves from triaxial compression, triaxial extension and DSS stress paths.386
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Pore pressure accumulation387

The analysis for any monopile length starts by first calculating the equivalent number of cycles388

based on the global load composition in Table 1. It is then assumed that the same shear stress389

mobilisation is achieved in all sub-layers at a given global load. In addition, it is assumed that all soil390

elements reach the failure contour (here taken at 𝛾𝑐𝑦 = 10%) at the peak loads. The inconsistency in391

these assumptions will be updated later by the iterative procedure described in the previous section.392

The normalised accumulated pore pressure 𝑢𝑎𝑐𝑐/𝑝′0 as function of the normalised cyclic shear stress393

𝜏𝑐𝑦/𝑝′0 and number of cycles 𝑁 under undrained condition is given by the pore pressure contour394

diagram in Fig. 2a. The simultaneous reduction in pore pressure due to pore pressure dissipation395

is found from the curve in Fig. 13. Then 𝑢𝑎𝑐𝑐/𝑝′0 is calculated by stepping forwards in time with a396

time increment, for instance, equal to either a period of ten cycles (Δ𝑡 = 40𝑠) if 𝑁 > 10 within the397

parcel, or equals to the real time period of the parcel (Δ𝑡 = 4𝑠) if 𝑁 < 10 within the parcel.398

Fig. 15 shows the calculated normalised pore pressure 𝑢𝑎𝑐𝑐/𝑝′0 as function of time for four399

different normalised cyclic shear stresses (𝜏𝑐𝑦/𝑝′0 = 0.68, 0.85, 1.022, 1.193) at the peak load. The400

results at the end of the load history for these four calculations are plotted as a loci of end points401

in Fig. 16. The corresponding equivalent number of undrained cycles (𝑁𝑒𝑞 = 4, 3, 4.1 and 4) is402

then found by moving vertically down to the x-axis (N). Different values of normalised cyclic shear403

stress at the peak load are selected until the loci of end points reach the failure line (here taken at404

𝛾𝑐𝑦 = 10%).405

To demonstrate the effect of drainage, the analyses are repeated assuming partially drained con-406

dition. The development of normalised pore pressures under this condition is shown as dotted lines407

in Fig. 15, and the corresponding loci of end points in Fig. 16. For undrained conditions, the408

obtained values are consistently higher than the partially drained cases.409

The NGI-ADP model parameters for the obtained 𝑁 values under partially drained condition410

are then selected based on logarithmic interpolation of the parameters adopted for 𝑁 = 1, 3, 10 and411

30. Once the stress-strain curves of all sub-layers have been calibrated, the peak storm loads are412

applied to the finite element model.413
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The adjusted equivalent number of cycles for each sub-layer is then calculated in a similar way414

as done using the global load composition. The results from these pore pressure accumulation415

calculations are presented in Table 5. It is seen that after the first iteration, 𝑁𝑒𝑞 increases from the416

originally calculated value in the layers near the sea bed and below the pile base (sub-layer 1, 2 and417

7) whereas it reduces slightly around the rotation point (sub-layer 4, 5, 6). The almost identical418

results after iteration 1 and 2 are indicative of convergence of the procedure.419

The calculated shear force distribution along the monopile for the load levels given in Table 1420

are shown in Fig. 17. These distributions are used to calculate the lateral soil reaction forces in each421

sublayer. The composition of lateral soil reaction force normalised by the value at the maximum422

load (i.e., when 𝐻𝑚𝑎𝑥 is applied) for each sublayer (i.e., 𝑅𝑃) is presented in Table 6. It is seen that423

the mobilised 𝑅𝑃 value in general increases with increasing global load ratio. On the other hand,424

the shallower soil layers have larger 𝑅𝑃 values than that of deeper layers. The number of cycles425

at high shear mobilisation (large 𝑅𝑃 value) is increasing toward seabed which is the reason for the426

increased 𝑁𝑒𝑞 in the upper soil layers (as indicated in Fig. 7). By comparing these compositions427

with the global load composition, it is seen that the mobilised 𝑅𝑝 value in general increases with428

increasing global load ratio. On the other hand, the shallower soil layers have larger 𝑅𝑝 values than429

that of deeper layers. The number of cycles at high shear mobilisation (large 𝑅𝑝 value) is increasing430

toward seabed which is the reason for the increased 𝑁𝑒𝑞 in the upper soil layers (as indicated in Fig.431

7).432

After 2 repetitions (iterations) the cyclic lateral displacement at seabed has stabilised at a lateral433

displacement of 0.24 m. This result is somewhat smaller than the displacement of 0.31 m obtained434

by PDCAM, but closer to PDCAM than compared to HS-small that only gave a lateral displacement435

of 0.06m. The main reason why PDCAM-S gave smaller displacement than PDCAM is expected to436

be due to the difficulties of fitting the stress-strain curves by the NGI-ADP model, as shown in Fig.437

14. In design, one should therefore use input data to PDCAM-S that gives conservative results.438

The main advantage of PDCAM-S is that the calculations are more robust and computationally439

significantly faster than using PDCAM, albeit sacrificing some accuracy in the results. In addition,440
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it may be used together with any suitable finite element programs.441

DISCUSSIONS442

The Partially Drained Cyclic Accumulation Model (PDCAM) or similar explicit calculation443

models may be used to account for the effect of cyclic loading on the capacity of monopiles in sand444

during storm loading. As shown, the effects of cyclic loading are pore pressure build-up, reduction445

in effective mean stress, cyclic stiffness and capacity – at material level (Liu et al. 2022) and/or446

foundation level. In addition, for other load conditions, including average load components, it will447

be accumulation of lateral displacements. PDCAM accounts for these effects based on the local448

cyclic shear stress levels, average shear stress levels, effective mean stress, degree of drainage and449

the cyclic load composition.450

However, PDCAM does not take into account any changes in fabric (i.e. change in void ratio,451

reorientation of grains, etc.) that may change the behaviour of the sand compared to the response452

obtained during the undrained cyclic laboratory tests. For instance, the effect of drainage (small453

volumetric strains) may affect the rate of pore pressure accumulation, as shown in Jostad et al.454

(2020), While neglecting the fact that the soil is close to undrained conditions during application of455

the maximum load within a storm, as generally considered in model tests and assumed in existing456

soil-spring expressions as API and PISA, may lead to a significant underestimation of the monotonic457

push-over capacity in dense sand, as shown in Jostad et al. (2020). While neglecting the effect of458

cyclic loading and pore pressure build-up may overestimate the capacity as shown in this work and459

in Liu and Kaynia (2021). It is therefore important to estimate the effect of partial drainage and460

pore pressure build-up due to cyclic loading, whether this is achieved with a more advanced model461

(see PDCAM) or a more computationally efficient one (see PDCAM-S).462

CONCLUSIONS463

Monopile response under cyclic loading in saturated sand under partially drained condition may464

be largely affected by the accumulated strain, pore pressure build-up and consequently reduced ef-465

fective stresses, stiffnesses and shear strengths within the soil. In addition, the response during a466
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single load cycle may be close to undrained, which for dense sands may result in a significant in-467

crease in the shear strength due to shear-induced negative excess pore pressure (dilatancy). There-468

fore, the capacity of a monopile in sand or a soil profile dominated by sand may be higher or lower469

than obtained by methods assuming monotonic loading under drained condition, depending on the470

actual sand (e.g. grain size distribution and relative density) and storm load history. This paper471

considers calculation of the Ultimate Limit State (ULS) capacity of monopiles. It is acknowledged472

that the actual dimensions of the monopile may be governed by other design states and require-473

ments. It is shown that the Partially Drained Cyclic Accumulation Model (PDCAM) may account474

for the effects of cyclic loading and dilatancy in the calculation of the capacity (here defined as a475

lateral cyclic displacement at seabed equal to 10% of the diameter). For an example calculation of476

a large diameter (𝐷 = 9𝑚) monopile foundation into a homogeneous dense sand (𝐷𝑟 = 80%) for477

a 10𝑀𝑊 wind turbine at about 30 m water depth in the North Sea, a two-way peak storm loading478

condition (idling) needs an embedded depth of more than 15.8𝑚 (𝐿/𝐷 > 1.75) to satisfy the dis-479

placement criterion. The corresponding required embedded depth found from a drained push-over480

analyses using the Hardening Soil Small strain (neglecting the effect of cyclic loading) is 12.5𝑚481

(𝐿/𝐷 > 1.4).482

A simplified procedure PDCAM-S for evaluating the effect of cyclic loading under partially483

drained condition is also proposed. This procedure may be used together with almost all non-linear484

finite element programs. The main advantage of PDCAM-S is that the calculations are more robust485

and computationally more efficient than using PDCAM, albeit sacrificing some accuracy in the486

results. The input parameters to PDCAM-S should therefore be selected carefully to obtain results487

on the conservative side.488
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TABLE 1. Load parcels of bending moment and horizontal force at seabed

Parcels Cycles Storm moment M (kNm) Loading ratio Time (s)
1 421 18575 0.05 1684
2 209 55727 0.15 2520
3 218 92879 0.25 3392
4 142 130030 0.35 3960
5 79 167181 0.45 4276
6 38 204333 0.55 4428
7 19 241484 0.65 4504
8 11 278636 0.75 4548
9 2 306500 0.825 4556
10 2 325075 0.875 4564
11 1 343651 0.925 4568
12 1 371515 1 4572
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TABLE 2. Material parameters for HS-Small model

𝐸
𝑟𝑒 𝑓
50

[𝑘𝑁/𝑚2]
𝐸
𝑟𝑒 𝑓
𝑜𝑒𝑑

[𝑘𝑁/𝑚2]
𝐸
𝑟𝑒 𝑓
𝑢𝑟

[𝑘𝑁/𝑚2]
𝑚 𝜈𝑢𝑟 𝐾𝑁𝐶0 𝐺

𝑟𝑒 𝑓
0

60000 55000 160000 0.5 0.2 0.45 200000
𝛾0.7
[%]

𝑐′𝑟𝑒 𝑓
[𝑘𝑁/𝑚2]

Φ′

[◦]
Ψ
[◦] 𝑅 𝑓

POP
[𝑘𝑁/𝑚2]

2 0 43.6 12 0.9 10000
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TABLE 3. Stress-strain curve fitting parameters

(𝐺0/𝑝′0)∗
(𝛾𝑝𝑠 𝑓 )∗
[%] (𝜏0/𝑝′0)∗

(𝜏𝑐𝑦/𝑝′0)𝑚𝑎𝑥
𝑁 = 1 𝑐𝑡 (𝜏𝑐𝑦/𝑝′0)𝑚𝑎𝑥

𝑁 = 3

(𝜏𝑐𝑦/𝑝′0)𝑚𝑎𝑥
𝑁 = 10

(𝜏𝑐𝑦/𝑝′0)𝑚𝑎𝑥
𝑁 = 30

500 21 0 4.4 3.6 2.2 1.5
*: The values are the same across 𝑁 = 1, 3, 10, 30.
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TABLE 4. NGI-ADP model parameters

𝐺𝑢𝑟/𝑠𝐴𝑢
𝛾𝐶𝑓
[%]

𝛾𝐸𝑓
[%]

𝛾𝐷𝑆𝑆𝑓

[%]
𝑠𝐶,𝑇𝑋𝑢 /𝑠𝐴𝑢

𝑠𝐴𝑢𝑟𝑒 𝑓
[%]

∗/ 21 21 21 0.99 0.1
𝑧𝑟𝑒 𝑓
[m]

𝑠𝐴𝑢𝑖𝑛𝑐
[𝑘𝑁/𝑚2/𝑚] 𝑠

𝑝
𝑢/𝑠𝐴𝑢 𝜏0/𝑠𝐴𝑢 𝑠𝐷𝑆𝑆𝑢 /𝑠𝐴𝑢 𝜈𝑢

0 ∗/ 1 0 1 0.49
∗/: Depends on the 𝜏𝑐𝑦/𝑝′0 values in Table 3
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TABLE 5. Equivalent number of cycles for each sublayer after iteration in PDCAM-S

Layer 1 2 3 4 5 6 7∗
𝑁𝑒𝑞 for initial estimation 6 6 6 6 6 6 6
𝑁𝑒𝑞 after iteration 1 8 8 6 5 5 5 8
𝑁𝑒𝑞 after iteration 2 8 8 7 5 5 5 8

*: The soil layer below pile tip
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TABLE 6. Soil reaction force ratio 𝑅𝑝 with embedded length for all load parcels and global load
ratio after each parcel. 𝐿 = 18𝑚 (𝐿/𝐷 = 2).

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 global load ratio
Parcel 1 0.07 0.06 0.05 0.03 0.01 0.04 0.05
Parcel 2 0.21 0.18 0.15 0.12 0.08 0.11 0.15
Parcel 3 0.35 0.29 0.24 0.20 0.15 0.19 0.25
Parcel 4 0.48 0.40 0.34 0.28 0.23 0.26 0.35
Parcel 5 0.60 0.52 0.45 0.37 0.31 0.34 0.45
Parcel 6 0.70 0.64 0.55 0.46 0.39 0.42 0.55
Parcel 7 0.78 0.75 0.66 0.55 0.48 0.51 0.65
Parcel 8 0.84 0.84 0.77 0.65 0.58 0.63 0.75
Parcel 9 0.89 0.89 0.86 0.74 0.66 0.72 0.825
Parcel 10 0.92 0.92 0.91 0.80 0.73 0.80 0.875
Parcel 11 0.96 0.95 0.95 0.88 0.82 0.87 0.925
Parcel 12 1.00 1.00 1.00 1.00 1.00 1.00 1

29 Liu et al., September 28, 2022



List of Figures578

1 Accumulated pore pressure 𝑢𝑎𝑐𝑐 versus number of loading cycles 𝑁 and normalised579

cyclic shear stress 𝜏𝑐𝑦 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32580

2 Examples of cross-sections of contour diagrams. . . . . . . . . . . . . . . . . . . 33581

2a Pore pressure contour diagram. . . . . . . . . . . . . . . . . . . . . . . . . 33582

2b Cyclic shear strain contour diagram. . . . . . . . . . . . . . . . . . . . . . 33583

3 Cyclic stress strain curves for 𝑁 = 1, 10 and 100 extracted from cyclic strain contour584

diagram, compared with undrained monotonic triaxial compression and extension585

tests results. Test conditions: initial mean effective stress 𝑝′0 = 200kPa, relatively586

density 𝐷𝑟 = 80%, 𝐾0 = 0.45. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34587

4 Bifurc 3D FE model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35588

5 Cyclic lateral displacement at seabed level. Cyclic horizontal load applied at 27𝑚589

above seabed, 𝑁𝑒𝑞 = 1 and 10. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36590

5a Pile length 𝐿 = 15𝑚 (𝐿/𝐷 = 1.667) . . . . . . . . . . . . . . . . . . . . . 36591

5b Pile length 𝐿 = 18𝑚 (𝐿/𝐷 = 2) . . . . . . . . . . . . . . . . . . . . . . . 36592

6 Cyclic lateral displacement at the end of the storm history against different pile593

aspect ratios (𝐿/𝐷). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37594

7 Contours of equivalent number of cycles in a cross section cut along axis of sym-595

metry (along loading direction), at the end of the storm. 𝐿 = 18𝑚 (𝐿/𝐷 = 2). . . . 38596

7a Partially drained . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38597

7b Undrained . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38598

8 Contours of accumulated pore water pressure (in the unit of 𝑘𝑃𝑎) in a cross section599

cut along axis of symmetry (along loading direction), at the end of the storm. 𝐿 =600

18𝑚 (𝐿/𝐷 = 2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39601

8a Partially drained . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39602

8b Undrained . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39603

30 Liu et al., September 28, 2022



9 Mean effective stress change against time at four different depths, at the end of the604

storm. 𝐿 = 18𝑚 (𝐿/𝐷 = 2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40605

9a Evolution of mean effective stress 𝑝′ . . . . . . . . . . . . . . . . . . . . . 40606

9b Evolution of mean effective stress reduction ratio . . . . . . . . . . . . . . 40607

10 End points in pore pressure contour diagram from pore pressure accumulation using608

PDCAM. 𝐿 = 18𝑚 (𝐿/𝐷 = 2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41609

11 Finite element model used in the PLAXIS model. . . . . . . . . . . . . . . . . . . 42610

12 Cyclic lateral displacement at the end of the storm history. Simulation conditions:611

fully drained domain, HS small model results. Pile lateral capacity defined as the612

load to cause 0.1𝐷 pile displacement at seabed level. . . . . . . . . . . . . . . . . 43613

12a Pile displacement against applied load . . . . . . . . . . . . . . . . . . . . 43614

12b Pile lateral capacity against pile 𝐿/𝐷 ratio . . . . . . . . . . . . . . . . . . 43615

13 Degree of drainage with normalised time. . . . . . . . . . . . . . . . . . . . . . . 44616

14 Fitted cyclic shear stress-strain curves for N=1, 3, 10 and 30 using NGI-ADP. . . . 45617

15 Normalised pore pressure against time under different stress levels. . . . . . . . . . 46618

16 Loci of end points in pore pressure contour diagram from pore pressure accumula-619

tion using PDCAM-S. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47620

17 Variation of shear force with embedded length for all load parcels. 𝐿 = 18𝑚621

(𝐿/𝐷 = 2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48622

31 Liu et al., September 28, 2022



Fig. 1. Accumulated pore pressure 𝑢𝑎𝑐𝑐 versus number of loading cycles 𝑁 and normalised cyclic
shear stress 𝜏𝑐𝑦
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Fig. 2. Examples of cross-sections of contour diagrams.
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Triaxial compression

Triaxial extension

N=1

N=10

N=100

Fig. 3. Cyclic stress strain curves for 𝑁 = 1, 10 and 100 extracted from cyclic strain contour
diagram, compared with undrained monotonic triaxial compression and extension tests results. Test
conditions: initial mean effective stress 𝑝′0 = 200kPa, relatively density 𝐷𝑟 = 80%, 𝐾0 = 0.45.
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Fig. 4. Bifurc 3D FE model.
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(a) Pile length 𝐿 = 15𝑚 (𝐿/𝐷 = 1.667)
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(b) Pile length 𝐿 = 18𝑚 (𝐿/𝐷 = 2)

Fig. 5. Cyclic lateral displacement at seabed level. Cyclic horizontal load applied at 27𝑚 above
seabed, 𝑁𝑒𝑞 = 1 and 10.
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Fig. 6. Cyclic lateral displacement at the end of the storm history against different pile aspect ratios
(𝐿/𝐷).
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(a) Partially drained (b) Undrained

Fig. 7. Contours of equivalent number of cycles in a cross section cut along axis of symmetry
(along loading direction), at the end of the storm. 𝐿 = 18𝑚 (𝐿/𝐷 = 2).

38 Liu et al., September 28, 2022



(a) Partially drained (b) Undrained

Fig. 8. Contours of accumulated pore water pressure (in the unit of 𝑘𝑃𝑎) in a cross section cut
along axis of symmetry (along loading direction), at the end of the storm. 𝐿 = 18𝑚 (𝐿/𝐷 = 2).
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Fig. 9. Mean effective stress change against time at four different depths, at the end of the storm.
𝐿 = 18𝑚 (𝐿/𝐷 = 2).
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Fig. 10. End points in pore pressure contour diagram from pore pressure accumulation using PD-
CAM. 𝐿 = 18𝑚 (𝐿/𝐷 = 2).
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Fig. 11. Finite element model used in the PLAXIS model.
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Fig. 12. Cyclic lateral displacement at the end of the storm history. Simulation conditions: fully
drained domain, HS small model results. Pile lateral capacity defined as the load to cause 0.1𝐷
pile displacement at seabed level.
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Fig. 13. Degree of drainage with normalised time.
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Fig. 14. Fitted cyclic shear stress-strain curves for N=1, 3, 10 and 30 using NGI-ADP.
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Fig. 15. Normalised pore pressure against time under different stress levels.
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Fig. 16. Loci of end points in pore pressure contour diagram from pore pressure accumulation
using PDCAM-S.
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Loading parcels 1~12
Loading parcels 1~12

Fig. 17. Variation of shear force with embedded length for all load parcels. 𝐿 = 18𝑚 (𝐿/𝐷 = 2).
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