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Abstract 5 

The High-Cycle Accumulation framework is modified and coupled with a practice-6 

oriented cyclic sand constitutive model and implemented in a geotechnical finite element 7 

software to test the approach’s ability to predict the outcomes of monotonic and cyclic 8 

lateral loading field tests performed in Dunkirk, France, under the Pile-Soil Analysis (PISA) 9 

Joint Industry Project. A consistent and rational calibration procedure using only site-10 

specific in-situ investigation and laboratory tests is presented and a single set of 11 

calibrated parameters is shown to reproduce Dunkirk sand’s response in monotonic, 12 

drained cyclic and undrained cyclic triaxial element tests up to 10,000 cycles, covering a 13 

wide range of densities and stress conditions. The finite element analyses are shown to 14 

match well the monotonic lateral loading responses of fully instrumented 2m and 0.76m 15 

diameter open steel driven test piles and the latter’s cyclic lateral response up to 30,000 16 

cycles. New insights into the evolution of the ground state under long-term lateral cyclic 17 

loading are gained to inform future research into practical site-specific methods for cyclic 18 

loading design over the full lifespan of piled foundations. (176 words)  19 



2 
 

1 Introduction 20 

The development of robust site-specific design methods to predict the long-term 21 

response of pile foundations under lateral cyclic loading is a key issue in the design of 22 

offshore wind turbine (OWT) and other structures (Abadie et al., 2023). The  satisfactory 23 

performance of monopile supported OWTs (CFMS, 2020; DNV, 2021) relies crucially on 24 

avoiding lateral instability and excessive deformations under ultimate limit (ULS) and 25 

serviceability (SLS) limit state conditions. Short-term (e.g. storm) and long-term 26 

repetitive (e.g. wind and wave) loading may be critical to SLS design, while 27 

characterisation of the system stiffness (and a lifetime range of values) is required for 28 

fatigue limit state checks (Arany et al., 2017).  29 

Models capturing pile-soil cyclic lateral loading behaviour are generally based on 30 

extending existing monotonic loading approaches. Examples are summarised in Table 1, 31 

grouped into categories of reducing modelling complexity. 32 

Table 1 Summary of geotechnical models proposed for cyclic lateral loading of piles. 33 

Category References 

A (most detailed) 

3D continuum with 2D 

frictional interface 

between pile and soil 

Achmus et al. (2009), Corciulo 

et al. (2017), Staubach & 

Wichtmann (2020), Liu et al. 

(2022a), Gao et al. (2023) 

B 

Multiple (Winkler-type) 

1D springs distributed 

along pile length 

Peralta et al. (2017), Zhang et 

al. (2020), Kementzetzidis et al. 

(2022), Williams et al. (2022), 

Abadie et al. (2023) 

C (most approximate) 

Global 1D spring(s) only at 

mudline level, also called 

‘0D’, ‘macro-element’ or 

‘macro-model’ 

Page et al. (2021), Abadie et al. 

(2023) 

 34 

OWT monopile design now employs three dimensional (3D) finite element (FE) models 35 

(CFMS, 2020; DNV, 2021) routinely to validate simpler schemes of distributed (Winkler) 36 

or mudline-level springs. These rely on rational and robust site-specific calibration 37 
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procedures that may be checked against benchmark sets of field-scale pile tests, provided 38 

that similar conditions exist at intended project sites. The use of 3D FE analyses to model 39 

long-term cyclic behaviour at sand sites presents two main challenges: 40 

1) Establishing constitutive models capable of reproducing critical aspects of sands’ 41 

mechanical response under tens to hundreds of relatively high load level cycles and 42 

covering representative stress states, densities, stress directions and directional changes. 43 

Examples of such analyses of laterally loaded monopiles include Liu et al. (2022a),  Liu & 44 

Kaynia (2023), Kheffache et al. (2023) and Li et al. (2023). 45 

2) Considering the millions of lower loading cycles sustained over the piles’ design lives. 46 

Feasible approaches for application at the FE integration point level include equivalent 47 

degraded cyclic stiffness (Achmus et al., 2009; Gao et al., 2023) and cycle-dependent 48 

strain accumulation laws (Suiker & De Borst, 2003; Niemunis et al., 2005; Pasten et al., 49 

2014; Staubach & Wichtmann, 2020; Staubach et al., 2022a). 50 

The High-Cycle Accumulation (HCA) framework considered in this paper can address 51 

both challenges by averaging and characterising the material point stress-strain response 52 

of soils under cyclic loading as a time-dependent phenomena, rather than incremental 53 

stress-strain constitutive relationships. While a cycle-by-cycle treatment may be more 54 

appropriate for the most severe cycles under design storm conditions, HCA can 55 

effectively evaluate the impact of a large number of regular lateral loading cycles on 56 

monopiles. The HCA framework for geotechnical FE modelling (Niemunis et al., 2005; 57 

Wichtmann et al., 2013; Staubach et al., 2022b) was developed from laboratory drained 58 

triaxial tests on clean sands covering a wide range of void ratios, average mean effective 59 

stress, average stress ratios, strain amplitudes and directions (Wichtmann, 2005). The 60 

HCA treatment extends continuum constitutive modelling by combining it with an 61 

empirical framework for geotechnical predictions involving large numbers of cycles 62 

(Galindo et al., 2014; Teng et al., 2018; Page et al., 2021; Birrell et al., 2022). 63 

Numerical aspects of the HCA framework and its supporting laboratory evidence in sands 64 

are well established (Wichtmann et al., 2010a, 2013, 2015, 2007; Wichtmann & Knittel, 65 

2020; Knittel et al., 2023; Staubach et al., 2022b; Wichtmann, 2016). An extension to 66 

reconstituted kaolin clay has also been proposed (Wichtmann, 2016:pp.290–299; 67 

Staubach et al., 2022a). The framework has been applied in back-analyses of monitored, 68 

field-scale geotechnical structures (Zachert et al., 2015; Machacek et al., 2018; Zachert et 69 
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al., 2020) through coupling with a hypoplastic constitutive model (von Wolffersdorff, 70 

1996) employing intergranular strain (Niemunis & Herle, 1997). Other related HCA 71 

applications include Jostad et al. (2020) and Page et al. (2021) using hypoelastic low-cycle 72 

models and monopile studies coupled with a hypoplastic base model by Westermann et 73 

al. (2014) and Staubach & Wichtmann (2020). Staubach et al. (2024) recently extended 74 

the framework to multi-dimensional strain paths and multi-amplitude cyclic loads with 75 

comparison against laboratory scale model tests including large deformation modelling 76 

of pile installation. 77 

However, it is not yet clear how HCA analyses can be incorporated into practical, site-78 

specific geotechnical design for OWT monopiles or other structures. Current cyclic design 79 

practice assesses deformations typically only for the most severe tens or hundreds of 80 

loading cycles via an idealisation (e.g. rainflow counting (ASTM, 2023)) of single design 81 

storm events (Andersen et al., 2013). Benchmark cyclic laboratory datasets, such as the 82 

Karlsruhe fine sand database (Wichtmann, 2005), rather than site-specific cyclic 83 

laboratory studies, are generally employed to gauge the ground response through 84 

approximate procedures. This approach implicitly assumes similarity between sands and 85 

structures and ignores the impact of long-term loading events and other storm events. 86 

This paper sets out a site-specific approach for predicting long-term cyclic loading at sand 87 

sites that modifies and extends the HCA framework, coupling it with a practice-oriented 88 

state-parameter based low-cycle constitutive model (Taborda et al., 2016, 2022; 89 

Tantivangphaisal et al., 2024). These changes address certain numerical instabilities and 90 

capture better the cyclic triaxial response of marine sand (Liu, 2018; Zdravkovic et al., 91 

2020; Taborda et al., 2020). A single set of low-cycle model and high-cycle framework 92 

parameters is established from drained and undrained, monotonic and cyclic, triaxial 93 

tests on dense Dunkirk sand by Liu (2018). Numerical predictions compare well against 94 

field tests on open steel driven piles that sustained up to 30,000 lateral load cycles during 95 

the Pile-Soil Analysis (PISA) experiments at Dunkirk (Byrne et al., 2020). This paves way 96 

for the method to be further explored to inform future practical lateral cyclic design 97 

methods for offshore piles and other similarly loaded foundations. 98 
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2 Extension and modification of HCA for sands 99 

As indicated in Figure 1, HCA finite element analyses involve switching the constitutive 100 

relationship at each integration point between conventional ‘monotonic’ or ‘low-cycle’ 101 

loading and ‘accumulation’ or ‘high-cycle’ phases (Niemunis et al., 2005). For low-cycle 102 

analysis, the general incremental stress-strain relationship is: 103 

 {Δ𝜎}𝑐𝑜𝑛 = [𝐷
𝑒𝑙𝑎]({Δ𝜀𝑡𝑜𝑡} − {Δ𝜀𝑝𝑙}) (1) 

while during accumulation or high-cycle analysis, the above becomes: 104 

 {Δ𝜎}𝑎𝑐𝑐 = [𝐷𝐻𝐶𝐴
𝑒𝑙𝑎 ]({Δ𝜀𝑡𝑜𝑡} − {Δ𝜀𝑝𝑙} − {Δ𝜀𝑎𝑐𝑐}) (2) 

Where 𝜎 is the Cauchy stress tensor, and assuming infinitesimal strains its conjugate is 𝜀. 105 

[𝐷𝑒𝑙𝑎] is the tangent elastic stiffness, Δ denotes an arbitrary small incremental quantity, 106 

superscripts 𝑡𝑜𝑡 , 𝑝𝑙, 𝑎𝑐𝑐  denote total, plastic and accumulated quantities, 107 

respectively. 108 

 109 

Figure 1 Illustration of the different analysis phases in an HCA FE model. 110 

2.1 Low-cycle model 111 

The base version of the Taborda et al. (2022) elastoplastic model consists of isotropic 112 

hypo- or non-linear elasticity with non-associated plasticity and isotropic hardening 113 

(and/or softening) based on the Mohr-Coulomb failure criterion with both yield surface 114 

and plastic flow dependent on the sand’s state parameter (Been & Jefferies, 1985). The 115 

hypo-elastic tangent stiffness varies with density, stress and shear strain during cyclic 116 

loading through a strain-space reversal detection algorithm (Taborda, 2011; Taborda et 117 
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al., 2016). Implementation as a User Defined Soil Model (UDSM) in PLAXIS (Bentley 118 

Systems, 2024) is described by  Taborda et al. (2023). Modularity of the implementation 119 

allows for easy incremental upgrades to the model if targeted material tests are available 120 

to inform their calibration, for example a generalised shape for the yield surface in the 121 

deviatoric plane. The base version of the model already captures the crucial influence of 122 

the sand state parameter on peak strength and plastic dilatancy. Each material parameter 123 

has a unique physical meaning and is found via a logical stepwise calibration procedure. 124 

The calibrated low-cycle model can reproduce local and global response for small 125 

numbers of loading cycles at a wide range of magnitudes. Appendix Table A-1 126 

summarises the key equations and state variable evolution rules. 127 

2.2 Modifications to HCA 128 

Table 2 summarises the modifications made to the original HCA framework to match the 129 

Dunkirk laboratory tests (Liu, 2018) and achieve stability in finite element analyses. 130 

Changes to the stress ratio, void ratio and cycle number contributions to strain 131 

accumulation rate (𝑓𝑌 , 𝑓𝑒  and 𝑓𝑁  respectively) are detailed in Tantivangphaisal et al. 132 

(2025) alongside other aspects of the numerical implementation.133 
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Table 2 High-cycle accumulation equations: original and modified. 134 

Equation Original Modified 
Material 

parameters 
State 

variables 

Direction of accumulated strain increment 

(3) {𝑚⃗⃗ } 
Unit vector normal to the Modified Cam 
Clay surface defined by 𝜙𝑐𝑠

′  and current 
average stress state 𝑝𝑎𝑣

′ , 𝐽𝑎𝑣, 𝜃𝑎𝑣 
A calibrated 𝜙𝑑𝑖𝑟

′  used instead of 𝜙𝐶𝑠
′  𝜙𝑑𝑖𝑟

′  𝑝𝑎𝑣
′ , 𝐽𝑎𝑣, 𝜃𝑎𝑣 

Cyclic history 𝑔𝑐𝑦𝑐 = 𝑓𝑎𝑚𝑝𝑙 ⋅ 𝑓𝑁; 
𝜕𝑔𝑐𝑦𝑐

𝜕𝑁
= 𝑓𝑎𝑚𝑝𝑙 ⋅

𝜕𝑓𝑁

𝜕𝑁
 

(4) 𝑓𝑎𝑚𝑝𝑙 min((
𝜀𝑎𝑚𝑝𝑙

10−4
)
𝐶𝑎𝑚𝑝𝑙

, 10𝐶𝑎𝑚𝑝𝑙)  (
min(𝜀𝑎𝑚𝑝𝑙,𝜀𝑙𝑖𝑚)

10−4
)
𝐶𝑎𝑚𝑝𝑙

  𝐶𝑎𝑚𝑝𝑙, 𝜀
𝑙𝑖𝑚 𝜀𝑎𝑚𝑝𝑙 

(5) 
𝜕𝑓𝑁
𝜕𝑁

 
𝐶𝑁1𝐶𝑁2

(1+𝐶𝑁2𝑁0)
exp (

𝑔𝐴(𝑁0)−𝑔
𝐴(𝑁)

𝐶𝑁1𝑓𝑎𝑚𝑝𝑙
) + 𝐶𝑁1𝐶𝑁3  𝐶𝑁1𝐶𝑁2 (

𝑔𝑐𝑦𝑐−𝑔𝑐𝑦𝑐(𝑁0)

𝑓𝑎𝑚𝑝𝑙⋅𝐶𝑁1
+ (1 + 𝑁0)

𝐶𝑁2)
(1−

1

𝐶𝑁2
)

  𝐶𝑁1, 𝐶𝑁2 
𝑔𝑐𝑦𝑐, 

𝑔𝑐𝑦𝑐(𝑁0),𝑁0 

Void ratio, mean effective stress and normalised stress ratio dependent factors 

(6) 𝑓𝑒 
(𝐶𝑒−𝑒𝑎𝑣)

2

(1+𝑒𝑎𝑣)
⋅
(1+𝑒𝑚𝑎𝑥)

(𝐶𝑒−𝑒𝑚𝑎𝑥)2
  {

1, 𝑒𝑎𝑣 ≥ 𝑒𝑚𝑎𝑥

0, 𝑒𝑎𝑣 < 𝑒𝑚𝑎𝑥 −
1

𝐶𝑒

1 − 𝐶𝑒(𝑒𝑚𝑎𝑥 − 𝑒𝑎𝑣),  otherwise

  𝐶𝑒, 𝑒𝑚𝑎𝑥 𝑒𝑎𝑣 

(7) 𝑓𝑝 exp (−𝐶𝑝 ⋅ (
𝑝𝑎𝑣
′

101.3 [𝑘𝑃𝑎]
− 1))   no modification 𝐶𝑝 𝑝𝑎𝑣

′  

(8) 𝑓𝑌 

exp(𝐶𝑌 ⋅ 𝑌̅𝑎𝑣) 

𝑌̅𝑎𝑣 =

𝐼1𝐼2
𝐼3
−9

8 tan2𝜙𝑐𝑠
′   

exp(𝐶𝑌 ⋅
𝐽𝑎𝑣/𝑝𝑎𝑣

′

𝑔(𝜙𝑚𝑎𝑔
′ , 𝜃𝑎𝑣)

) 

𝑔(𝜙𝑚𝑎𝑔
′ , 𝜃𝑎𝑣) is the available strength 

defined by the Mohr-Coulomb failure 
criterion expressed in stress ratio terms. 

𝐶𝑌 , 𝜙𝑚𝑎𝑔
′  𝑝𝑎𝑣

′ , 𝐽𝑎𝑣, 𝜃𝑎𝑣 

(9) [𝐷𝐻𝐶𝐴
𝑒𝑙𝑎 ] 

Isotropic tangent elastic stiffness 
matrix, defined by the HCA bulk and 
shear moduli: 

𝐾𝐻𝐶𝐴
𝑒𝑙𝑎 = 𝐾𝑟𝑒𝑓,𝐻𝐶𝐴

(1.63 − 𝑒𝑎𝑣)
2

1 + 𝑒𝑎𝑣
(
𝑝𝑎𝑣
′

101.3
)

0.5

 

𝐺𝐻𝐶𝐴
𝑒𝑙𝑎 =

3𝐾𝐻𝐶𝐴
𝑒𝑙𝑎 (1 − 2𝜈𝐻𝐶𝐴)

2(1 + 𝜈𝐻𝐶𝐴)
 

no modification 𝐾𝑟𝑒𝑓,𝐻𝐶𝐴, 𝜈𝐻𝐶𝐴 𝑒𝑎𝑣, 𝑝𝑎𝑣
′  

𝑝′, 𝐽, 𝜃 are conventional soil mechanics stress invariants and 𝑒 and 𝑒𝑚𝑎𝑥 are the current and maximum void ratios, 

𝜙𝑐𝑠
′  is the low-cycle model critical state strength, 𝜙𝑑𝑖𝑟

′  the angle of shearing resistance defining the direction of strain accumulation 
using the normal to the Modified Cam Clay surface and 𝜙𝑚𝑎𝑔

′  is a reference angle of shearing resistance to assess the contribution 

of current stress ratio on strain accumulation, 

𝑔(𝜙′, 𝜃) describes the Mohr-Coulomb failure criterion in the 𝜋-plane: 
sin(𝜙′)

cos(𝜃)+sin(𝜃)⋅
sin(𝜙′)

√3

, 

𝐶𝑎𝑚𝑝𝑙, 𝐶𝑒, 𝐶𝑝, 𝐶𝑌 are material parameters controlling the cyclic strain amplitude, void ratio, mean effective stress and stress ratio 

contributions to the magnitude of strain accumulation, 𝐶𝑁1, 𝐶𝑁2 are material parameters controlling the rate of accumulation with 
cycles, 

𝑔𝑐𝑦𝑐 and 𝑔𝑐𝑦𝑐(𝑁0) are values of the current cyclic history variable and at the start of current cyclic package at 𝑁 = 𝑁0, 

Subscript 𝑎𝑣 denotes the average trend value during high-cycle or accumulation phases, 

𝜀𝑎𝑚𝑝𝑙 and 𝜀𝑙𝑖𝑚 are cyclic strain amplitude and reference limit strain amplitude respectively, 

Note that definitions of superseded variables (Niemunis et al., 2005) are omitted for brevity. 

135 



8 
 

The effects of void ratio 𝑓𝑒 , mean effective stress 𝑓𝑝, normalised stress ratio 𝑓𝑌 and cyclic 136 

history 𝑔𝑐𝑦𝑐 on accumulated strain are treated by Niemunis et al. (2005) as: 137 

 {Δ𝜀𝑎𝑐𝑐} = Δ𝑁 ⋅ {
𝜕𝜀𝑎𝑐𝑐

𝜕𝑁
} = Δ𝑁 ⋅ {𝑚⃗⃗ } ⋅

𝜕𝑔𝑐𝑦𝑐

𝜕𝑁
⋅ 𝑓𝑒𝑓𝑝𝑓𝑌 (10) 

where {𝑚⃗⃗ } is a unit direction vector and Δ𝑁 is an increment in number of cycles. While 138 

the pressure dependent factor 𝑓𝑝  remains unchanged, the void ratio and stress ratio 139 

dependencies 𝑓𝑒  and 𝑓𝑌  have been simplified to avoid discontinuities in the original 140 

formulation. Accumulation direction {𝑚⃗⃗ } is also decoupled from 𝑓𝑌 to better fit Dunkirk 141 

sand, extending the HCA framework to allow for its application in a wider range of sands 142 

through the calibration procedure described for Dunkirk sand. From the accumulation 143 

laws summarised by Chong & Santamarina (2016), Liu (2018) showed that Dunkirk 144 

sand’s drained cyclic triaxial tests’ strain accumulation trends were better fitted using 145 

power than log-linear curves. Details of all numerical modifications and derivation of a 146 

new cyclic history variable 𝑔𝑐𝑦𝑐 = 𝑓𝑎𝑚𝑝𝑙 ⋅ 𝑓𝑁  in equation (5) are found in 147 

Tantivangphaisal et al. (2025). The authors employed the Wichtmann et al. (2013) elastic 148 

stiffness matrix, relating per-cycle strain accumulation to stress relaxation, as 149 

summarised with other HCA equations in Table 2. 150 

2.3 Numerical implementation in a FE software 151 

Robust use of low-cycle elasto-plastic constitutive models with the HCA framework 152 

requires consideration of how underlying state variables evolve during accumulation. 153 

The adaptive strain approach (Staubach et al., 2022b) has been applied to develop a strain 154 

space state variable evolution rule during high-cycle accumulation. Tantivangphaisal et 155 

al. (2024, 2025) give further details of the constitutive model’s numerical integration, 156 

software-specific implementation strategy and verification against independent work. 157 

3 Low-cycle model parameters for Dunkirk sand 158 

Low-cycle model calibration relies on site-specific piezo-cone and seismic cone 159 

penetration (SCPT) profiling, as well as drained and undrained triaxial compression tests. 160 

The profiles established for Dunkirk (Chow, 1997; Kuwano, 1999; Aghakouchak, 2015; 161 

Liu, 2018; Zdravkovic et al., 2020) led to the calibrated model parameters in Table 3. At 162 

the same site and for the same set of piles, Zdravkovic et al. (2020) summarised the 163 
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relative density profile interpreted from cone penetration tests utilising approaches by 164 

Baldi et al. (1986) and Kulhawy and Mayne (1990). The in-situ void ratios were then 165 

computed using limits of 𝑒𝑚𝑎𝑥 = 0.91 and 𝑒𝑚𝑖𝑛 = 0.54 determined in the laboratory (Liu, 166 

2018). 167 

3.1 Elastic stiffness at very small strains 168 

The SCPT 𝐺𝑚𝑎𝑥  values, normalised by the Hardin & Richart (1963) void ratio relationship, 169 

are plotted on logarithmic axes against in-situ mean effective stress in Figure 2, assuming 170 

𝐾0 = 0.4  after the site-specific assessment in Chow (1997) and bulk densities of 171 

17.1 [𝑘𝑁/𝑚3] and 19.9 [𝑘𝑁/𝑚3] above and below a water table depth of 5.4 𝑚. A linear 172 

best fit gave the 𝐺𝑟𝑒𝑓 and 𝑚𝐺 values defined in equation (A.1) as shown in Figure 2. The 173 

initial shear modulus with depth assessed from SCPT shear wave velocity profiles, is well 174 

reproduced and intrinsically linked in the calibration process with the assumed initial 175 

lateral stresses. Poisson’s ratio 𝜈  was determined by Liu (2018) from high-resolution 176 

triaxial compression tests on medium dense and dense Dunkirk sand. 177 

 178 

Figure 2 Least square fit for reference elastic shear stiffness 𝐺𝑟𝑒𝑓 and pressure-179 

dependent exponent 𝑚𝐺 , assuming in-situ 𝑝0
′ = (1 + 2𝐾0) ⋅ 𝜎𝑣

′ 3⁄  with 𝐾0 = 0.4. 180 

3.2 Critical state and peak strength envelope 181 

The critical state line in equation (A.2) employs the parameters interpreted for earlier 182 

PISA monotonic analyses (Taborda et al., 2020) from Dunkirk sand tests by Aghakouchak 183 

(2015). The shear strength is assumed linearly dependent on state-parameter 𝜓 with 184 
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slope 𝑘. The slope and intercept 𝑀𝑐𝑠 in equation (A.3) were fitted from the five drained 185 

laboratory tests plotted in Figure 3 (Taborda et al., 2020). 186 

 187 

Figure 3 Determining low-cycle model parameters for critical state and peak strength. 188 

3.3 Plastic dilatancy at larger strains 189 

The model’s non-associated plastic potential is engaged after achieving peak strength. In 190 

drained triaxial tests, the plastic dilation rate 𝐷𝑝 is approximately equal to the ratio of 191 

total volumetric and deviatoric strain rates 𝐷 = Δ𝜀𝑣𝑜𝑙
𝑡𝑜𝑡/Δ𝜀𝑑

𝑡𝑜𝑡 .  Parameter 𝑙  in equation 192 

(A.4) is obtained from linear regression of 𝐷 values against state parameter from drained 193 

triaxial tests (see Figure 4). 194 

 195 

Figure 4 Dilation against state parameter from drained triaxial tests. 196 

As discussed in Loukidis & Salgado (2009), 𝐷𝑝  values interpreted from undrained 197 

laboratory tests are highly sensitive to the assumed 𝐾𝑒𝑙𝑎. With the model’s open yield 198 

surface and strain-dependent tangent elastic moduli, 𝐷𝑝 predicted under undrained or 199 

constant volume shearing is reflected by the value of 𝐾𝑡𝑎𝑛
𝑒𝑙𝑎 = 𝐾𝑚𝑖𝑛 = 𝑅𝑚𝑖𝑛 ⋅ 𝐾𝑚𝑎𝑥 . An 200 

appropriate 𝑅𝑚𝑖𝑛  for this model is determined first by calculating undrained plastic 201 
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dilation 𝐷𝑝
∗ =

−Δ𝑝′

𝐾𝑚𝑎𝑥

1

Δ𝜀𝑑
𝑡𝑜𝑡 from laboratory data using the maximum, non-degraded elastic 202 

stiffness 𝐾𝑚𝑎𝑥. 203 

A large discrepancy between 𝐷𝑝 and 𝐷𝑝
∗ owing to the use of 𝐾𝑚𝑎𝑥 to calculate 𝐷𝑝

∗  is seen 204 

in Figure 5. 205 

 206 

Figure 5 Plastic dilation analysed from drained and undrained Dunkirk sand triaxial 207 

compression tests (Kuwano, 1999; Liu, 2018) and respective trends. 208 

By adopting 𝑅𝑚𝑖𝑛 = 0.104 equal to the ratio of the drained (𝑙 = 3.91) and undrained (𝑙∗ =209 

0.41) slopes, the model can predict the same plastic dilation trends under drained or 210 

undrained conditions: 211 

 
𝑙∗

𝑙
=
𝐷𝑝
∗

𝐷𝑝
=

−
Δ𝑝′

𝐾𝑚𝑎𝑥

1
Δ𝜀𝑑

𝑡𝑜𝑡

−Δ𝑝′

𝐾𝑚𝑖𝑛

1
Δ𝜀𝑑

𝑡𝑜𝑡

=
𝐾𝑚𝑖𝑛
𝐾𝑚𝑎𝑥

= 𝑅𝑚𝑖𝑛 (11) 

 212 

3.4 Shear stiffness degradation 213 

The low-cycle model’s modified hyperbolic degradation curve for the tangent elastic 214 

shear modulus 𝐺𝑡𝑎𝑛 is controlled by parameters 𝑎, 𝑏 and 𝑅𝑚𝑖𝑛 in equation (A.5). The role 215 

of each is described in Taborda & Zdravkovic (2012) and Taborda et al. (2016). 216 

Applying the calibrated 𝑅𝑚𝑖𝑛, a non-linear regression for parameters 𝑎 and 𝑏 is carried 217 

out against tangent stiffness trends taken from locally instrumented triaxial tests (Liu, 218 

2018; Liu et al., 2022b), normalised by the corresponding value of 𝐺𝑚𝑎𝑥  determined using 219 

equation (A.1) (see Figure 6). 220 
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 221 

Figure 6 Best fit of shear modulus degradation curve parameters 𝑎, 𝑏 up to 𝐸𝑑 =222 

1% from locally instrumented drained triaxial compression tests. 223 

3.5 Monotonic response 224 

Single element simulations made with the calibrated parameters listed in Table 3 are 225 

compared with triaxial experimental data in Figure 7, showing generally good fits to the 226 

experimental non-linear stress-strain responses and shear-volumetric coupling from 227 

small strains to critical states, under a range of density and pressure conditions in the 228 

range of values anticipated for the engineering problem at hand. 229 

 230 

Figure 7 Calibrated low-cycle model response in drained triaxial tests. 231 

Table 3 Summary of low-cycle model parameters calibrated for Dunkirk Sand. 232 

Parameter 𝐺𝑟𝑒𝑓 

(𝑀𝑃𝑎) 

𝑚𝐺  𝜈 𝑎 

(%) 

𝑏 𝑅𝑚𝑖𝑛 𝑒𝑐𝑠,𝑟𝑒𝑓 𝜆 𝜉 𝜙𝑐𝑠
′  

(°) 

𝑘 𝑙 

Value 94.4 0.515 0.180 9.25 ⋅ 10−3 0.765 0.104 0.910 0.135 0.179 33.9 2.34 3.91 
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4 High-cycle parameters for Dunkirk sand 233 

4.1 Calibration rationale 234 

The HCA framework has been calibrated for Dunkirk sand against triaxial tests that 235 

imposed regular stress cycles. The rates of change in averaged conventional soil 236 

mechanics triaxial stress and strain quantities over sets of 𝑁 cycles, as given in Equation 237 

(12)  are illustrated in Figure 8a. 238 

 239 

Figure 8a) General definition of quantities averaged over 𝑁 cycles; b, c, d) schematic of 240 

possible cyclic triaxial stress paths. 241 
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 (12) 

 242 

In equation (12), 𝐾𝑡𝑎𝑛
𝐻𝐶𝐴,𝑒𝑙𝑎 and 𝐺𝑡𝑎𝑛

𝐻𝐶𝐴,𝑒𝑙𝑎 are respectively the tangent elastic HCA bulk and 243 

shear moduli relating the rate of change in average stresses with rate of change in average 244 

elastic strains during long-term cycling. Wichtmann et al. (2010b, 2013) confirmed these 245 

stiffness values depend on pressure and density, as under monotonic loading. 246 

Following classical plastic shakedown and ratcheting theories, the cyclic stress-strain 247 

response of sands can be generalised into four stable or metastable regimes (Collins & 248 

Boulbibane, 2000): 1) fully recoverable elastic response, 2) elastic shakedown, with 249 
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closed hysteretic stress-strain loops, 3) plastic shakedown and 4) plastic ratcheting until 250 

some terminal state (Narsilio & Santamarina, 2008). Schematics of stress paths seen in 251 

cyclic triaxial tests during the metastable plastic shakedown and plastic ratcheting 252 

regimes are shown in Figure 8b and 8c for stress-controlled tests and Figure 8d for strain-253 

controlled tests. 254 

An upper bound cyclic strain amplitude of 0.1% (Niemunis et al., 2005) was originally 255 

proposed for the HCA framework to capture the behaviour observed in drained 256 

laboratory tests which fall within these qualitatively described regimes. Liu (2018) 257 

noticed that stress-controlled drained tests carried out at large initial stress ratios 258 

(𝑞0/𝑝0
′ = 1.2) with applied cyclic stress ratios (𝐶𝑆𝑅 = Δ𝑞/(2𝑝0

′ )) of 0.4 to 0.5 resulted in 259 

‘incremental collapse’ after a certain number of cycles. This was defined as uncontrolled 260 

plastic flow and failure where strains over the last cycle greatly exceeds the prior 261 

averaged trend. 262 

Incremental collapse within any single cycle cannot be accounted for in the HCA 263 

framework. However, for general stress paths, the plastic strain term produced by elasto-264 

plasticity provides a numerical mechanism for collapse. To ensure consistency this occurs 265 

when the stress state coincides with the low-cycle’s yield surface. 266 

The known boundary conditions of each test type can be substituted into Equation (12) 267 

allowing for a stepwise calibration of each HCA constituent part as illustrated in Table 4. 268 

Table 4 Cyclic element test type and corresponding HCA constituent part. 269 

Type of cyclic triaxial test 

Boundary conditions Enables calibration of 
Load control 

Drainage 
conditions 

Stress cycles 

Drained 
𝜕𝑝𝑎𝑣

′

𝜕𝑁
= 0, 

𝜕𝐽𝑎𝑣

𝜕𝑁
= 0 {𝑚⃗⃗ },

𝜕𝑔𝑐𝑦𝑐

𝜕𝑁
, 𝑓𝑒 , 𝑓𝑝, 𝑓𝑌  

Undrained 

𝜕𝜀𝑣𝑜𝑙,𝑎𝑣
𝑡𝑜𝑡

𝜕𝑁
= 0, 

𝜕𝐽𝑎𝑣

𝜕𝑁
= 0 𝐾𝑡𝑎𝑛

𝐻𝐶𝐴,𝑒𝑙𝑎 

Strain cycles 
𝜕𝜀𝑣𝑜𝑙,𝑎𝑣

𝑡𝑜𝑡

𝜕𝑁
= 0, 

𝜕𝐸𝑑,𝑎𝑣
𝑡𝑜𝑡

𝜕𝑁
= 0 𝜈𝐻𝐶𝐴 =

3𝐾𝐻𝐶𝐴 − 2𝐺𝐻𝐶𝐴

2(3𝐾𝐻𝐶𝐴 + 𝐺𝐻𝐶𝐴)
 

 270 

The simplification of loading conditions into packages of regular cycles that vary about 271 

an average static load as required in the HCA framework, requires the definition of when 272 

the first regular cycle begins, i.e. when ‘accumulation’ first starts. This was defined to 273 
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begin after any ‘irregular loading’ by both the original formulation (Niemunis et al., 2005) 274 

and subsequent developments (Wichtmann, 2005, 2016; Staubach, 2022). 275 

A schematic of the stress-strain history of an arbitrary point in the ground is illustrated 276 

in Figure 9 with descriptions of each state. Conceptual consistency is maintained from 277 

calibration using monotonic and cyclic element tests, through to the low-cycle modelling 278 

and the finite element analyses of the field problem. 279 

This is achieved in three ways: 280 

1. The stress and strain states in the element test immediately before cyclic load 281 

application should correspond to those at the end of stage [C]. 282 

2. Stage [D] in Figure 9 is considered an ‘irregular’ cycle whose strain accumulation 283 

or stress relaxation is accounted for by the low-cycle model, regardless of whether 284 

stage [C] modified the stress and strain states within the ground. This brings in 285 

line the treatment of single element tests cycled about the isotropic stress axis 286 

with those about an anisotropic or pre-loaded average stress state. 287 

3. The selected and calibrated low-cycle model is used to calculate strain amplitude 288 

𝜀𝑎𝑚𝑝𝑙  and cyclic history state variable 𝑔𝑐𝑦𝑐 during HCA single element calibration. 289 

In contrast with Wichtmann et al. (2010a), who fed the strain amplitudes from 290 

laboratory tests directly into the calibration process, this approach ensures 291 

consistency between the low-cycle model and HCA framework from its calibration 292 

through to the boundary value problem analyses. 293 

 294 

Figure 9 Schematic of HCA definitions on a general stress-strain path. 295 

Between different cyclic load packages, the HCA state variable 𝑔𝑐𝑦𝑐 governs how previous 296 

cycles of different magnitudes affect future accumulation trends. Experiments 297 
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(Wichtmann et al., 2010b; Lopez-Querol & Coop, 2012; Knittel et al., 2023) indicate that 298 

some ‘erasure’ or ‘reset’ of cyclic history occur if the magnitude of subsequent loading 299 

exceeds that of previous cycles. Wichtmann & Triantafyllidis (2017) and Knittel et al. 300 

(2023) have shown that this reset could be correlated with the ratio between the strains 301 

caused by subsequent loading and previous cyclic strains. A reset of 𝑔𝑐𝑦𝑐  to zero is 302 

employed between accumulation phases in the reported HCA analyses when loads 303 

applied during intermediate low-cycle phases exceed those in previous cycles. This 304 

avoids the significant underestimation of strain accumulation under increasing load 305 

cycles at increasing shear stress levels identified by Wichtmann & Knittel (2020). 306 

4.2 Calibration procedure 307 

Dunkirk sand HCA parameters were derived from effective stress paths, strain 308 

accumulation and amplitude data from 17 stress-control drained cyclic triaxial tests and 309 

5 stress-control undrained cyclic triaxial tests by Liu (2018). Drained test conditions 310 

covered a range of initial void ratios 𝑒0 ∈ [0.632, 0.716], initial mean effective stresses 311 

𝑝0
′ ∈ [100, 400] kPa, initial stress ratios 𝜂𝑎𝑣 ∈ [0, 1.2], cyclic stress amplitudes 𝐶𝑆𝑅 ∈312 

[0.1, 0.5], defined as Δ𝑞/2𝑝0
′  with Δ𝑞 = 𝑞𝑚𝑎𝑥 − 𝑞𝑚𝑖𝑛. Cycle numbers exceeded 10,000 for 313 

all tests but one (to 𝑁 = 6287). Undrained tests were carried out at 𝑝0
′ = 100 kPa, 𝑒0 ∈314 

[0.637, 0.660] and 𝐶𝑆𝑅 ∈ [0.1, 0.3]. 315 

All presented tests were normally consolidated and carried out on water-pluviated, fully 316 

saturated 38mm diameter, 2:1 height-diameter samples, employing enlarged lubricated 317 

platens and high-resolution local strain instruments. Shearing cycles were applied at 318 

0.00833 𝐻𝑧. These tests were designed to assess the strain accumulation characteristics 319 

of Dunkirk sand under regular loading cycles prior to reaching the material’s failure 320 

envelope. 321 

4.2.1 Direction of strain accumulation 322 

The ratio of volumetric to deviatoric strain accumulation is based on the vector normal 323 

to the Modified Cam Clay (MCC) surface fitted through the average stress state invariants 324 

𝑝𝑎𝑣
′ , 𝐽𝑎𝑣 , 𝜃𝑎𝑣  with its size defined by 𝜙𝑑𝑖𝑟

′ . As the average stress states of all DcycTX tests 325 

lie on the triaxial compression side, the ratio of the deviatoric to volumetric plastic flow 326 

direction is evaluated at 𝜃𝑎𝑣 = −30°. 327 

The directional derivatives of the MCC surface are: 328 
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𝜕

𝜕𝑝𝑎𝑣′
=

1

𝑝𝑎𝑣′
2 −

2𝐽𝑎𝑣
2

𝑝𝑎𝑣′
3𝑔2(𝜃)

; 
𝜕

𝜕𝐽𝑎𝑣
=

2𝐽𝑎𝑣

(𝑝𝑎𝑣′ 𝑔(𝜃))
2 (13) 

And the ratio (
𝜕

𝜕𝑝𝑎𝑣
′ )/(

𝜕

𝜕𝐽𝑎𝑣
) is denoted as 𝜔𝑎𝑐𝑐: 329 

 𝜔𝑎𝑐𝑐 =

𝑔2(𝜙𝑑𝑖𝑟
′ , 𝜃𝑎𝑣 = −30°) − (

𝐽𝑎𝑣
𝑝𝑎𝑣′ 

)

2

2𝐽𝑎𝑣
𝑝𝑎𝑣′

=

(
2√3 sin 𝜙𝑑𝑖𝑟

′

3 − sin𝜙𝑑𝑖𝑟
′ )

2

− (
𝐽𝑎𝑣
𝑝𝑎𝑣′

)
2

2𝐽𝑎𝑣
𝑝𝑎𝑣′

 (14) 

An average direction 𝜔̅𝑎𝑐𝑐 is calculated from laboratory strain data using anisotropically 330 

consolidated tests by: 331 

 𝜔̅𝑎𝑐𝑐 =
1

𝑁𝑡𝑜𝑡𝑎𝑙
∫(

Δ𝜀𝑣𝑜𝑙
𝑎𝑐𝑐

Δ𝐸𝑑
𝑎𝑐𝑐)𝑑𝑁 (15) 

The evolution of 𝜔𝑎𝑐𝑐  is plotted against number of cycles in Figure 10a and a best fit 332 

𝜙𝑑𝑖𝑟
′ = 26.8° in 𝜔̅𝑎𝑐𝑐 − (𝐽𝑎𝑣/𝑝𝑎𝑣

′ ) space is shown in Figure 10b. The original formulation 333 

adopting the critical state angle of shearing resistance for 𝜙𝑑𝑖𝑟
′  is shown in red and lies 334 

well above laboratory data. 335 

 336 

Figure 10 Direction of strain accumulation from drained cyclic tests in Dunkirk sand 337 

showing a) response with number of cycles and b) averaged to fit 𝜙𝑑𝑖𝑟
′ . 338 

4.2.2 Magnitude of strain accumulation 339 

The current calibration uses a genetic algorithm (GA) (Holland, 1992) implemented for 340 

general geotechnical optimisation problems (Ruiz López, 2024). A bespoke modified-341 

Euler integration driver for equation (10) was used to evaluate the fitness function. From 342 



18 
 

the laboratory data, the scalar value of accumulated strain is calculated from end-of-cycle 343 

local readings of axial and radial strains as ‖𝜀𝑎𝑐𝑐‖ = √𝜀𝑎𝑥
𝑎𝑐𝑐2 + 2𝜀𝑟𝑎𝑑

𝑎𝑐𝑐2. The calibrated low-344 

cycle model is used in the driver to calculate and update the underlying 𝜀𝑎𝑚𝑝𝑙  state 345 

variable given current 𝑒𝑎𝑣, 𝑝𝑎𝑣
′  states during integration. This makes the calibration 346 

process of both low- and high-cycle parts of the constitutive consistent with how the final 347 

boundary value problem is computed with continuous re-engagement of the low-cycle 348 

model. 349 

Parameters governing magnitude of strain accumulation, 𝐶𝑎𝑚𝑝𝑙, 𝐶𝑁1, 𝐶𝑁2, 𝐶𝑒 , 𝐶𝑝, 𝐶𝑌 , are 350 

optimised by maximising the GA fitness computed as the reciprocal of the sum squared 351 

error between model response and laboratory data at 20 evenly spaced points in log(N) 352 

space. All tests carried equal weight. An additional sensitivity check using 50 data points 353 

per test and wider parameter bounds resulted in a negligible change in the optimised 354 

parameter set. Figure 11 compares the calibrated model response with experimental 355 

strain accumulation results. Considering the wide range of initial and loading conditions 356 

applied in the testing (six mean effective stress levels, two densities and four cyclic stress 357 

ratios), the laboratory data is generally well-reproduced. Robustness in the optimisation 358 

is ensured by taking modal values from the best 1000 candidates rather than a single best 359 

individual. 360 

 361 

Figure 11 Drained single element experimental strain accumulation compared against 362 

model prediction. 363 
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4.2.3 Stress relaxation-strain accumulation coupling 364 

The magnitude of 𝐾𝑟𝑒𝑓,𝐻𝐶𝐴 governs coupling between predicted strain accumulation and 365 

stress relaxation. Stress-relaxation may be significant where the soil mass shears with 366 

restricted volume change even when considering fully drained cyclic monopile boundary 367 

value problems. 𝐾𝑟𝑒𝑓,𝐻𝐶𝐴 was calibrated from the pore pressure response from undrained 368 

cyclic tests, using the integration driver and genetic algorithm optimisation described 369 

above, leading to the outcomes shown in Figure 12 for five tests at 𝑒0 = 0.63 and 𝑝0
′ =370 

100kPa. The adopted modelling approach captures the observed trends adequately, 371 

although there is some overprediction of pore water pressure build up under lower CSR 372 

and underprediction of rates at higher CSR. This is likely because the natural Dunkirk 373 

marine sand does not fully adhere to the same empirical forms of void-ratio- and stress-374 

dependent pore water accumulation as that derived from extensive tests of a 375 

reconstituted laboratory sand with a prescribed grading curve (Wichtmann et al., 2010a, 376 

2013). Further tests on a range of natural soil types offer the potential to improve the 377 

HCA framework’s pore pressure accumulation prediction, particularly for problems such 378 

as liquefaction or for use with low-permeability soils. 379 

 380 

Figure 12 Calibrated model compared against undrained pore pressure per cycle. 381 

As strain-controlled undrained cyclic triaxial tests were not conducted on Dunkirk sand 382 

samples, 𝜈𝐻𝐶𝐴 = 0.32 was taken as found for Karlsruhe fine sand by Wichtmann et al. 383 

(2013). Checks showed that the field monopile analyses were insensitive to this choice. 384 

The final set of HCA parameters for Dunkirk sand, which are fully compatible with the 385 

low-cycle constitutive model, is listed in Table 5. 386 
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Table 5 Summary of HCA framework material parameters for Dunkirk sand. 387 

𝜙𝑑𝑖𝑟
′  

(°) 

𝐶𝑎𝑚𝑝𝑙  

 

𝜀𝑙𝑖𝑚 

(%𝜀) 

𝐶𝑁1 

 

𝐶𝑁2 

 

𝐶𝑒 

 

𝑒𝑚𝑖𝑛  

 

𝑒𝑚𝑎𝑥  

 

𝐶𝑝 

 

𝐶𝑌 

 

𝜙𝑚𝑎𝑔
′  

(°) 

𝐾𝑟𝑒𝑓,𝐻𝐶𝐴 

(𝑀𝑃𝑎) 

𝜈𝐻𝐶𝐴 

 

26.8 1.52 0.1 2.29 ⋅ 10−4 0.167 0.168 0.540 0.910 0.222 1.49 33.9 91.2 0.320 

5 Field test details 388 

Cyclic (Byrne et al., 2020) and monotonic lateral pile load tests (McAdam et al., 2020) 389 

were carried out on 0.76m and 2m diameter open-steel piles driven at Dunkirk under the 390 

PISA project. The main long-term quasi-static cyclic load testing was carried out on the 391 

0.76m pile DM2, with sequentially increasing one-way lateral load cycles to 10, 20, 40, 392 

and 80 kN applied at 0.1 Hz frequency. These maximum load levels correspond to 393 

approximately 5, 10, 20 and 40% of the ultimate limit load, defined by the monotonic 394 

capacity at a pile head displacement of 10% pile diameter. The loading extended to 5100, 395 

3300, 8100 and 11110 cycles respectively at each level. 396 

5.1 Problem geometry 397 

The present high-cycle study focused on pile DM2, whose general arrangement is shown 398 

in Figure 13. The 14mm thick (L/D = 5.2) steel pile was modelled using 6-noded shell 399 

elements with an isotropic linear elastic material model with Young’s modulus 𝐸 = 200 400 

MPa and Poisson’s ratio 𝜈 = 0.3. Staubach et al. (2024) recently discussed the need to 401 

model installation effects for laboratory scale model tests in dry soils with very low 402 

confining stresses. Considering the current boundary value problem is mainly governed 403 

by the behaviour of a large volume of surrounding soil, although localised installation 404 

effects are present, various studies show piles modelled as wished-in-place or driven 405 

using a variety of methods in medium dense to dense sands show broadly comparable 406 

lateral load-displacement behaviour and ultimate capacities. The current modelling thus 407 

follows Taborda et al. (2020) and the pile was ‘wished-in-place’. The pile shaft to soil 408 

interface was modelled using 12-noded zero-thickness interface elements with a 409 

Coulomb failure criterion. The interface strength was adopted as the same 𝜙𝑐𝑠
′  from the 410 

surrounding soil following interface shearing tests by Liu (2018). Parameters for the 411 

normal stress (𝜎𝑛
′ ) dependent elastic interface were selected based on the stiffness 412 

properties of the surrounding soil to prevent numerical difficulties due to an over-stiff 413 
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interface but stiff enough to have negligible effect on the result. The corresponding shear 414 

stiffness 𝑘𝑠 = 1.59 ⋅ 10
6 ⋅ (𝜎𝑛

′/101.3)0.423  𝑘𝑁/𝑚3  and normal stiffness 𝑘𝑛 = 𝑘𝑠 ⋅ (2(1 −415 

𝜈𝑖𝑛𝑡)/(1 − 2𝜈𝑖𝑛𝑡)) where 𝜈𝑖𝑛𝑡 = 0.45 (Bentley Systems, 2024). 416 

Full drainage was assumed. The soil layers were discretised to capture the field 417 

distributions of void ratio, bulk unit weight and  static pore water pressures (Taborda et 418 

al., 2020). A total of 30,243 10-noded quadratic tetrahedral elements each with 4 419 

integration points were used to discretise the soil domain. Element edge immediately 420 

adjacent to the pile shaft were kept at, or less than, no larger than 0.05m on each edge to 421 

ensure calculation accuracy in zones of high stress gradients. This element size was 422 

selected by evaluating the equivalent displacement (p-y) and rotational (m-θ) springs as 423 

derived from interface nodal forces (Burd et al., 2020b) computed in lateral monotonic 424 

analyses that extended to a pile head displacement of 10% pile diameter. Checks 425 

confirmed that the results obtained were insensitive to any further refinement of the 426 

mesh. Extensive mesh sensitivity studies were performed to ensure the discretisation 427 

was adequate, with further refinement showing no measurable impact on the obtained 428 

response. Similarly, the chosen domain dimensions (Figure 13) were found sufficiently 429 

large to avoid boundary effects. A single set of parameters calibrated using only site 430 

investigation and laboratory test data is used for all analyses for both low- and high-cycle 431 

behaviour without any recalibration to match field-scale test pile measurements. 432 

 433 
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 434 

Figure 13 Details of the medium sized 0.76m diameter pile FE model. 435 

6 Predictions and field measurements 436 

6.1 Monotonic and single-cycle response of the low-cycle model 437 

The low-cycle model’s ability to match field monotonic loading behaviour was tested 438 

against pile head measurements made with both 0.76m (DM4, equivalent dimensions to 439 

the cyclic DM2 pile) and 2m (DL2) diameter piles. Applying the area difference accuracy 440 

metric 𝜂𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦  to 𝐷/10  (Burd et al., 2020b) confirms that the low-cycle model 441 

predictions shown in Figure 14 replicate the piles’ field monotonic load-unload behaviour 442 

( 𝜂𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = 85%  and 90% , respectively and similar to the response reported by 443 

Taborda et al. (2020)). 444 
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 445 

Figure 14 Load-unload pile response to ultimate capacity – calibrated low-cycle model 446 

compared against field data. 447 

The single-cycle pile head moment-rotation response is also well captured by the low-448 

cycle model, as shown in Figure 15, where different scales are used for the various loading 449 

amplitudes for clarity. The predicted response at the lowest (10kN) load cycle appears to 450 

deviate farthest from the measured response. However, field rotations (in the order of 451 

0.01°), derived from relative displacements measured at different heights (Burd et al., 452 

2020a), should be treated with caution given the difficulty of measuring such small values 453 

accurately. The 20, 40 and 80kN cyclic moment-rotation predictions match the field 454 

measurements well. 455 

 456 

Figure 15 Moment-rotation response over single regular cycles compared with field 457 

data. 458 

6.2 High-cycle comparison 459 

As detailed in Appendix table B-1, the field lateral loading sequence applied to pile DM2 460 

was followed faithfully in the high-cycle FE analyses. The 5100 (10kN), 3300 (20kN), 461 

8100 (40kN) and 11110 (80kN) cyclic packages were applied sequentially in a single 462 

analysis, re-zeroing the history variable 𝑔𝑐𝑦𝑐 at the start of each package. The resulting 463 

pile head level displacements and rotations are presented in Figure 16. Several HCA 464 
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update cycles (shown as vertical dashed lines) were applied per package, with sensitivity 465 

checks confirming that more frequent updating had no influence. Although the modelling 466 

over-predicted the displacements and rotations observed for 20 kN cycling, the three 467 

other predictions plot closer to the field trends. 468 

 469 

Figure 16 Pile response compared with measured field data at pile head at four different 470 

load levels, referenced to zero at the start of each load package. 471 

The simulated rotation-depth trends also showed a good match with the field data; 472 

measurements made at the front and back of the pile are shown as dual readings for the 473 

80 kN cyclic load package depicted in Figure 17, while the FE model rotations were 474 

calculated using front and back nodal vertical displacements.  475 
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 476 

Figure 17 Comparison of computed pile rotation with field inclinometer readings. 477 

A major benefit of modelling the 3D soil domain and pile-soil interaction using finite 478 

elements is the possibility to explore and attribute associated physical mechanisms to 479 

globally observed phenomena. In Figure 18, the application of “pre-loading” due to the 480 

10, 20 and 40kN one-way load packages is seen to increase the initial stiffness of the pile 481 

relative to the reference monotonic curve. This feature was captured by the coupled low-482 

cycle and modified HCA modelling over the pile re-loading stages imposed after each load 483 

package.  484 

 485 

Figure 18 Increases in pile initial stiffness due to cyclic load packages. 486 
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While full drainage applied at Dunkirk (matching the field pile dimensions, loading rate 487 

and water table depth), excess pore pressures could build up in other cases. Piezometer 488 

measurements made offshore over three years in sand at two depths around a 5m 489 

diameter (L/D = 5.9) monopile in the Belgian North Sea identified excess pore pressure 490 

accumulation during storms and immediately after rotor-stop events. However, excess 491 

pressures dissipated rapidly and were negligible under most operational conditions 492 

(Stuyts et al., 2023). The present approach can capture, when appropriate, such pore 493 

pressure trends at the single element (Figure 12) and field level by re-engaging the low-494 

cycle model regularly (Staubach & Wichtmann, 2020). 495 

7 Conclusions 496 

A rigorous means of undertaking cyclic lateral loading design analyses for piles driven in 497 

sands using finite element software is presented by coupling the well-established high-498 

cycle accumulation (HCA) framework with a practice-oriented low-cycle constitutive 499 

model and making modifications to ensure numerical robustness and a good fit with 500 

laboratory data. The proposed approach, by making consistent each step in the 501 

calibration procedure from single element to boundary value problem, allows low-cycle 502 

and high-cycle analyses of a wide range of geotechnical boundary value problems taking 503 

due account of the cyclic history. 504 

The numerical model, calibrated to high-quality element laboratory tests with a single set 505 

of parameters, matched well with the measured accumulated deformation and tilt from 506 

instrumented field-scale pile tests carried out at Dunkirk for the PISA joint industry 507 

project. The model allowed an examination of how the ground state evolves during cyclic 508 

loading, capturing quantitatively the overall stiffening of the pile observed to be a 509 

consequence of re-distributed stresses locked-in after cyclic loading. This approach 510 

works well to model the cyclic response of field-scale geotechnical structures, validated 511 

for cyclic loads in the order of 104 cycles with magnitudes of up to 40% of the ultimate 512 

monotonic capacity. 513 
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A. Low-cycle model 758 

Appendix Table A-1 Summary of low-cycle model. 759 

 Model equations Parameters State variables 

Elastic stiffness at very small strains 

(A.1) 𝐺𝑚𝑎𝑥 = 𝐺𝑟𝑒𝑓
(2.17−𝑒)2

1+𝑒
(

𝑝′

101.3 [𝑘𝑃𝑎]
)
𝑚𝐺

; 𝐾𝑚𝑎𝑥 =
2𝐺𝑚𝑎𝑥(1+𝜈)

3(1−2𝜈)
 𝐺𝑟𝑒𝑓 ,𝑚𝐺 , 𝜈 𝑒, 𝑝′ 

Critical state line and definition of the Been & Jefferies (1985) sand state-parameter 

(A.2) 𝑒𝑐𝑠 = 𝑒𝑐𝑠,𝑟𝑒𝑓 − 𝜆 (
𝑝′

101.3 [𝑘𝑃𝑎]
)
𝜉

; 𝜓𝑝 = 𝑒𝑝 − 𝑒𝑐𝑠 𝑒𝑟𝑒𝑓 , 𝜆, 𝜉 𝑒𝑝, 𝑝
′ 

Yield surface 

(A.3) 
𝐽 − 𝑝′ ⋅ (

sin(𝜙𝑠𝑡𝑟
′ )

cos(𝜃)+sin(𝜙𝑠𝑡𝑟
′ )

sin(𝜃)

√3

) = 0  

𝜙𝑠𝑡𝑟
′ = arcsin (

3𝑀𝑠𝑡𝑟

6+𝑀𝑠𝑡𝑟
); 𝑀𝑠𝑡𝑟 =

6sin(𝜙𝑐𝑠
′ )

3−sin(𝜙𝑐𝑠
′ )
+ 𝑘1 ⋅ 〈−𝜓𝑝〉 

𝜙𝑐𝑠
′ , 𝑘 𝑝′, 𝐽, 𝜃 

Derivatives of the non-associative plastic potential 

(A.4) 
{
𝜕𝑃

𝜕𝑝′
,
𝜕𝑃

𝜕𝐽
,
𝜕𝑃

𝜕𝜃
}
𝑇

= {−
sin(𝜈𝑑𝑖𝑙)

cos(𝜃)+sin(𝜈𝑑𝑖𝑙)
sin(𝜃)

√3

, 1, −𝑝′
sin(𝜙𝑠𝑡𝑟

′ )

cos(𝜃)+sin(𝜙𝑠𝑡𝑟
′ )⋅

sin(𝜃)

√3

 
sin(𝜃)−sin(𝜈𝑑𝑖𝑙)

cos(𝜃)

√3

cos(𝜃)+sin(𝜈𝑑𝑖𝑙)
sin(𝜃)

√3

}

𝑇

  

𝜈𝑑𝑖𝑙 = arcsin (
3𝑀𝑑𝑖𝑙

6+𝑀𝑑𝑖𝑙
); 𝑀𝑑𝑖𝑙 = min(𝑙 ⋅ 𝜓𝑝, 0) 

𝑙 𝑒, 𝑝′, 𝜃 

Tangent shear stiffness degradation 

(A.5) 𝐺𝑡𝑎𝑛 = 𝐺𝑚𝑎𝑥 (𝑅𝑚𝑖𝑛 +
1−𝑅𝑚𝑖𝑛

(1+(
𝐸𝑑
∗

𝑛⋅𝑎
))

𝑏)  𝑎, 𝑏, 𝑅𝑚𝑖𝑛 
𝐸𝑑
∗ , 𝑛 

𝑛 ∈ {1,2} 

State variable Hardening law  

𝑝′, 𝐽, 𝜃 Constitutive relationships in equation (1) and (2)  

𝑒 Δ𝑒 = −(1 + 𝑒0) ⋅ Δ𝜀𝑣𝑜𝑙  (A.6) 

𝑒𝑝 Δ𝑒𝑝 = −(1 + 𝑒0) ⋅ Δ𝜀𝑣𝑜𝑙
𝑝𝑙

 (A.7) 

𝑒0 is the specified initial void ratio. 

 760 
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B. Modelled construction and loading sequence for pile DM2 761 

Appendix table B-1 Summary of calculation sequence of the medium pile high-cycle 762 

lateral load test. 763 

 
Phase 𝑖, in 
calculation 

order 

Constitutive 
response 

Phase type 
Applied load 

boundary 
condition [kN]** 

Δ𝑁 
Begins 

from end of 
phase 𝑖 

 1 
Low-cycle 

Irregular 0-10-0-5 1 - 

 2 Recording 5-10-0-5 1 1 

 3 HCA Accumulation* 5 100 1 

 4 Low-cycle Recording (update) 5-10-0-5 300 3 

 5 HCA Accumulation 5 300 3 

 6 Low-cycle Recording (update) 5-10-0-5 1 5 

 7 HCA Accumulation 5 600 5 

 8 Low-cycle Recording (update) 5-10-0-5 1 7 

 9 HCA Accumulation 5 1500 7 

 10 Low-cycle Recording (update) 5-10-0-5 1 9 

 11 HCA Accumulation 5 2600 9 

 12 
Low-cycle 

Irregular 5-0-20-0-10 1 11 

 13 Recording 10-20-0-10 1 12 

 14 HCA Accumulation* 10 50 12 

 15 Low-cycle Recording (update) 10-20-0-10 1 14 

 16 HCA Accumulation 10 250 14 

 17 Low-cycle Recording (update) 10-20-0-10 1 16 

 18 HCA Accumulation 10 800 16 

 19 Low-cycle Recording (update) 10-20-0-10 1 18 

 20 HCA Accumulation 10 2200 18 

 21 
Low-cycle 

Irregular 10-0-40-0-20 1 20 

 22 Recording 20-40-0-20 1 21 

 23 HCA Accumulation* 20 20 21 

 24 Low-cycle Recording (update) 20-40-0-20 1 23 

 25 HCA Accumulation 20 180 23 

 26 Low-cycle Recording (update) 20-40-0-20 1 25 

 27 HCA Accumulation 20 800 25 

 28 Low-cycle Recording (update) 20-40-0-20 1 27 

 29 HCA Accumulation 20 2500 27 

 30 Low-cycle Recording (update) 20-40-0-20 1 29 



36 
 

 31 HCA Accumulation 20 4600 29 

 32 
Low-cycle 

Irregular 20-0-80-0-40 1 31 

 33 Recording 40-80-0-40 1 32 

 34 HCA Accumulation* 40 10 32 

 35 Low-cycle Recording (update) 40-80-0-40 1 34 

 36 HCA Accumulation 40 90 34 

 37 Low-cycle Recording (update) 40-80-0-40 1 36 

 38 HCA Accumulation 40 400 36 

 39 Low-cycle Recording (update) 40-80-0-40 1 38 

 40 HCA Accumulation 40 800 38 

 41 Low-cycle Recording (update) 40-80-0-40 1 40 

 42 HCA Accumulation 40 1200 40 

 43 Low-cycle Recording (update) 40-80-0-40 1 42 

 44 HCA Accumulation 40 2500 42 

 45 Low-cycle Recording (update) 40-80-0-40 1 44 

 46 HCA Accumulation 40 6100 44 

* 𝑔𝑐𝑦𝑐  is reset at start of phase 

** Actual applied load in FE model is halved to take advantage of the symmetric boundary used 
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