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Abstract

The High-Cycle Accumulation framework is modified and coupled with a practice-
oriented cyclic sand constitutive model and implemented in a geotechnical finite element
software to test the approach’s ability to predict the outcomes of monotonic and cyclic
lateral loading field tests performed in Dunkirk, France, under the Pile-Soil Analysis (PISA)
Joint Industry Project. A consistent and rational calibration procedure using only site-
specific in-situ investigation and laboratory tests is presented and a single set of
calibrated parameters is shown to reproduce Dunkirk sand’s response in monotonic,
drained cyclic and undrained cyclic triaxial element tests up to 10,000 cycles, covering a
wide range of densities and stress conditions. The finite element analyses are shown to
match well the monotonic lateral loading responses of fully instrumented 2m and 0.76m
diameter open steel driven test piles and the latter’s cyclic lateral response up to 30,000
cycles. New insights into the evolution of the ground state under long-term lateral cyclic
loading are gained to inform future research into practical site-specific methods for cyclic

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

The development of robust site-specific design methods to predict the long-term
response of pile foundations under lateral cyclic loading is a key issue in the design of
offshore wind turbine (OWT) and other structures (Abadie et al., 2023). The satisfactory
performance of monopile supported OWTs (CFMS, 2020; DNV, 2021) relies crucially on
avoiding lateral instability and excessive deformations under ultimate limit (ULS) and
serviceability (SLS) limit state conditions. Short-term (e.g. storm) and long-term
repetitive (e.g. wind and wave) loading may be critical to SLS design, while
characterisation of the system stiffness (and a lifetime range of values) is required for

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

Models capturing pile-soil cyclic lateral loading behaviour are generally based on
extending existing monotonic loading approaches. Examples are summarised in Table 1,

grouped into categories of reducing modelling complexity.

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

Category References
Achmus et al. (2009), Corciulo
etal. (2017), Staubach &
Wichtmann (2020), Liu et al.
(2022a), Gao et al. (2023)
Peralta et al. (2017), Zhang et
al. (2020), Kementzetzidis et al.
(2022), Williams et al. (2022),
Abadie et al. (2023)

3D continuum with 2D
A (most detailed) frictional interface

between pile and soil

Multiple (Winkler-type)
B 1D springs distributed
along pile length

Global 1D spring(s) only at
mudline level, also called  Page et al. (2021), Abadie et al.
C (most approximate)
‘0D’, ‘macro-element’ or (2023)

‘macro-model’

OWT monopile design now employs three dimensional (3D) finite element (FE) models
(CFMS, 2020; DNV, 2021) routinely to validate simpler schemes of distributed (Winkler)

or mudline-level springs. These rely on rational and robust site-specific calibration
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procedures that may be checked against benchmark sets of field-scale pile tests, provided
that similar conditions exist at intended project sites. The use of 3D FE analyses to model

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

1) Establishing constitutive models capable of reproducing critical aspects of sands’
mechanical response under tens to hundreds of relatively high load level cycles and
covering representative stress states, densities, stress directions and directional changes.
Examples of such analyses of laterally loaded monopiles include Liu et al. (2022a), Liu &

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

2) Considering the millions of lower loading cycles sustained over the piles’ design lives.
Feasible approaches for application at the FE integration point level include equivalent
degraded cyclic stiffness (Achmus et al., 2009; Gao et al., 2023) and cycle-dependent
strain accumulation laws (Suiker & De Borst, 2003; Niemunis et al., 2005; Pasten et al.,

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

The High-Cycle Accumulation (HCA) framework considered in this paper can address
both challenges by averaging and characterising the material point stress-strain response
of soils under cyclic loading as a time-dependent phenomena, rather than incremental
stress-strain constitutive relationships. While a cycle-by-cycle treatment may be more
appropriate for the most severe cycles under design storm conditions, HCA can
effectively evaluate the impact of a large number of regular lateral loading cycles on
monopiles. The HCA framework for geotechnical FE modelling (Niemunis et al., 2005;
Wichtmann et al., 2013; Staubach et al., 2022b) was developed from laboratory drained
triaxial tests on clean sands covering a wide range of void ratios, average mean effective
stress, average stress ratios, strain amplitudes and directions (Wichtmann, 2005). The
HCA treatment extends continuum constitutive modelling by combining it with an
empirical framework for geotechnical predictions involving large numbers of cycles

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

Numerical aspects of the HCA framework and its supporting laboratory evidence in sands
are well established (Wichtmann et al,, 2010a, 2013, 2015, 2007; Wichtmann & Knittel,
2020; Knittel et al,, 2023; Staubach et al.,, 2022b; Wichtmann, 2016). An extension to
reconstituted kaolin clay has also been proposed (Wichtmann, 2016:pp.290-299;
Staubach et al.,, 2022a). The framework has been applied in back-analyses of monitored,

field-scale geotechnical structures (Zachert et al., 2015; Machacek et al., 2018; Zachert et

3
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al., 2020) through coupling with a hypoplastic constitutive model (von Wolffersdorff,
1996) employing intergranular strain (Niemunis & Herle, 1997). Other related HCA
applications include Jostad et al. (2020) and Page et al. (2021) using hypoelastic low-cycle
models and monopile studies coupled with a hypoplastic base model by Westermann et
al. (2014) and Staubach & Wichtmann (2020). Staubach et al. (2024) recently extended
the framework to multi-dimensional strain paths and multi-amplitude cyclic loads with
comparison against laboratory scale model tests including large deformation modelling

of pile installation.

However, it is not yet clear how HCA analyses can be incorporated into practical, site-
specific geotechnical design for OWT monopiles or other structures. Current cyclic design
practice assesses deformations typically only for the most severe tens or hundreds of
loading cycles via an idealisation (e.g. rainflow counting (ASTM, 2023)) of single design
storm events (Andersen et al., 2013). Benchmark cyclic laboratory datasets, such as the
Karlsruhe fine sand database (Wichtmann, 2005), rather than site-specific cyclic
laboratory studies, are generally employed to gauge the ground response through
approximate procedures. This approach implicitly assumes similarity between sands and

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

This paper sets out a site-specific approach for predicting long-term cyclic loading at sand
sites that modifies and extends the HCA framework, coupling it with a practice-oriented
state-parameter based low-cycle constitutive model (Taborda et al, 2016, 2022;
Tantivangphaisal et al., 2024). These changes address certain numerical instabilities and
capture better the cyclic triaxial response of marine sand (Liu, 2018; Zdravkovic et al.,
2020; Taborda et al., 2020). A single set of low-cycle model and high-cycle framework
parameters is established from drained and undrained, monotonic and cyclic, triaxial
tests on dense Dunkirk sand by Liu (2018). Numerical predictions compare well against
field tests on open steel driven piles that sustained up to 30,000 lateral load cycles during
the Pile-Soil Analysis (PISA) experiments at Dunkirk (Byrne et al,, 2020). This paves way
for the method to be further explored to inform future practical lateral cyclic design

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

As indicated in Figure 1, HCA finite element analyses involve switching the constitutive
relationship at each integration point between conventional ‘monotonic’ or ‘low-cycle’
loading and ‘accumulation’ or ‘high-cycle’ phases (Niemunis et al., 2005). For low-cycle

analysis, the general incremental stress-strain relationship is:

{8d}con = [DE]({AE*T} — {AeP'}) (1)

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

{A0Yace = [DFE] ({8} — (2P} — {Ae%Y) (2)
Where ¢ is the Cauchy stress tensor, and assuming infinitesimal strains its conjugate is ¢.

[D®%] is the tangent elastic stiffness, A denotes an arbitrary small incremental quantity,

superscripts tot  pl - acc denote total, plastic and accumulated quantities,
respectively.
F(t)
Applied
F(t) — boundary Feyea :
> condition F. _ { 3
ave, !
' ' 4 ' H H 4 i
Integration- High-cyclg phases
iE |  behaviour < AW
E: Tl —> P :
Not to scale 3 4 4 } Time
Low-cycle phases :
which consist of: o o
[rregular cycles ‘esi | o~
Regular (recording) cycles | <> P e

Figure 1 Illustration of the different analysis phases in an HCA FE model.
2.1 Low-cycle model

The base version of the Taborda et al. (2022) elastoplastic model consists of isotropic
hypo- or non-linear elasticity with non-associated plasticity and isotropic hardening
(and/or softening) based on the Mohr-Coulomb failure criterion with both yield surface
and plastic flow dependent on the sand’s state parameter (Been & Jefferies, 1985). The
hypo-elastic tangent stiffness varies with density, stress and shear strain during cyclic

loading through a strain-space reversal detection algorithm (Taborda, 2011; Taborda et
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al., 2016). Implementation as a User Defined Soil Model (UDSM) in PLAXIS (Bentley
Systems, 2024) is described by Taborda et al. (2023). Modularity of the implementation
allows for easy incremental upgrades to the model if targeted material tests are available
to inform their calibration, for example a generalised shape for the yield surface in the
deviatoric plane. The base version of the model already captures the crucial influence of
the sand state parameter on peak strength and plastic dilatancy. Each material parameter
has a unique physical meaning and is found via a logical stepwise calibration procedure.
The calibrated low-cycle model can reproduce local and global response for small
numbers of loading cycles at a wide range of magnitudes. Appendix Table A-1

summarises the key equations and state variable evolution rules.
2.2 Modifications to HCA

Table 2 summarises the modifications made to the original HCA framework to match the
Dunkirk laboratory tests (Liu, 2018) and achieve stability in finite element analyses.
Changes to the stress ratio, void ratio and cycle number contributions to strain
accumulation rate (fy, fo and fy respectively) are detailed in Tantivangphaisal et al.

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

Material State

Equation Original Modified parameters  variables

Direction of accumulated strain increment

Unit vector normal to the Modified Cam
3) {m} Clay surface defined by ¢/, and current A calibrated ¢;, used instead of ¢ Duir Pavs Javs Oav
average stress state Py, Jav Oav

. . ag af
Cyclic history Yeye = fampl v ﬁ = fampl : a_I\I,V
i amply Campl i (campl Glim\y Campl .
@) fampl min ((510_4) , 1ocampz) (%) Campp €™ gampt
Ofy CN1CN2 A We)=gA (V) (1-=) Geyer
6y = exp( ) + Cy1Cns Cy1C <97cyc_gcyc(lvﬂ) 1+N, CNZ) cnz Cy1, Cyz
N (1+Cn2No) CN1fampt LN A — +(1+ Ny) Geye (o), N
Void ratio, mean effective stress and normalised stress ratio dependent factors
1! €av = €max
(Ce=eav)® _(1+emax) _1
© % (rean)  Cemema? O Cav < Emax ~ , Corbmar  Cav
1 —C.(emax — €av), Otherwise
_c. (P _ ificati /
7 fo exp ( G, (101_3 cPal 1)) no modification Gy Pav
exp (C ]av/p&v >
_ ey
exp(CY : Yav) .9(¢r'nag, gav)
g C. , 1 ’
®) fr 7o %‘9 g(qb,’nag,Ha,,) is the available strength v $mag Pav:Jav: Oav
W gtan? gis defined by the Mohr-Coulomb failure

criterion expressed in stress ratio terms.

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

0.5
(1.63 — e4,)? ( Pav ) no modification KrerncarVica  €avr Dav

1+e, \1013

@ [Df,

ela _
KHCA - Kref,HCA

31(13[& 1= 2vyc4)

Gits =
2(1 + viyca)

p',J, 0 are conventional soil mechanics stress invariants and e and e, are the current and maximum void ratios,

¢¢s is the low-cycle model critical state strength, ¢;, the angle of shearing resistance defining the direction of strain accumulation
using the normal to the Modified Cam Clay surface and ¢, is a reference angle of shearing resistance to assess the contribution
of current stress ratio on strain accumulation,

sin(¢")

g(¢', 8) describes the Mohr-Coulomb failure criterion in the 7-plane:
cos(6)+sin(6)-

sin(¢’y
V3

Campu Ces 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, Cy4, Cy, are material parameters controlling the rate of accumulation with
cycles,

Jeye and ggyc(Ny) are values of the current cyclic history variable and at the start of current cyclic package at N = Ny,
Subscript , denotes the average trend value during high-cycle or accumulation phases,
£9mPL and '™ are cyclic strain amplitude and reference limit strain amplitude respectively,

Note that definitions of superseded variables (Niemunis et al., 2005) are omitted for brevity.
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The effects of void ratio f,, mean effective stress f,, normalised stress ratio f, and cyclic
history g.y. on accumulated strain are treated by Niemunis et al. (2005) as:

acc

ON

where {1} is a unit direction vector and AN is an increment in number of cycles. While

{Aea“}zAN-{ } AN - {im} - gcyc fofofy (10)

the pressure dependent factor f, remains unchanged, the void ratio and stress ratio
dependencies f, and fy have been simplified to avoid discontinuities in the original
formulation. Accumulation direction {m} is also decoupled from f; to better fit Dunkirk
sand, extending the HCA framework to allow for its application in a wider range of sands
through the calibration procedure described for Dunkirk sand. From the accumulation
laws summarised by Chong & Santamarina (2016), Liu (2018) showed that Dunkirk
sand’s drained cyclic triaxial tests’ strain accumulation trends were better fitted using
power than log-linear curves. Details of all numerical modifications and derivation of a
new cyclic history variable gy = fampi-fy in equation (5) are found in
Tantivangphaisal et al. (2025). The authors employed the Wichtmann et al. (2013) elastic
stiffness matrix, relating per-cycle strain accumulation to stress relaxation, as

summarised with other HCA equations in Table 2.
2.3 Numerical implementation in a FE software

Robust use of low-cycle elasto-plastic constitutive models with the HCA framework
requires consideration of how underlying state variables evolve during accumulation.
The adaptive strain approach (Staubach etal., 2022b) has been applied to develop a strain
space state variable evolution rule during high-cycle accumulation. Tantivangphaisal et
al. (2024, 2025) give further details of the constitutive model’s numerical integration,

software-specific implementation strategy and verification against independent work.

3 Low-cycle model parameters for Dunkirk sand

Low-cycle model calibration relies on site-specific piezo-cone and seismic cone
penetration (SCPT) profiling, as well as drained and undrained triaxial compression tests.
The profiles established for Dunkirk (Chow, 1997; Kuwano, 1999; Aghakouchak, 2015;
Liu, 2018; Zdravkovic et al., 2020) led to the calibrated model parameters in Table 3. At

the same site and for the same set of piles, Zdravkovic et al. (2020) summarised the
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relative density profile interpreted from cone penetration tests utilising approaches by
Baldi et al. (1986) and Kulhawy and Mayne (1990). The in-situ void ratios were then
computed using limits of e,,,,, = 0.91 and e,,;;, = 0.54 determined in the laboratory (Liu,

2018).
3.1 Elastic stiffness at very small strains

The SCPT G4, values, normalised by the Hardin & Richart (1963) void ratio relationship,
are plotted on logarithmic axes against in-situ mean effective stress in Figure 2, assuming
K, = 0.4 after the site-specific assessment in Chow (1997) and bulk densities of
17.1 [kN/m3] and 19.9 [kN /m3] above and below a water table depth of 5.4 m. A linear
best fit gave the G,.r and m values defined in equation (A.1) as shown in Figure 2. The
initial shear modulus with depth assessed from SCPT shear wave velocity profiles, is well
reproduced and intrinsically linked in the calibration process with the assumed initial
lateral stresses. Poisson’s ratio v was determined by Liu (2018) from high-resolution

triaxial compression tests on medium dense and dense Dunkirk sand.

~ 2.17 —¢)? X A
S sl =00 B
=) I % X X X
& 40_' X ’X‘)(’
= 4 Ix X% X
s 5T X Gy =944 [MPY]
3.5 - —
<) W mg = 0.915
= ] == Bestfit R2=0.63
3.0 - -

L

-1.0 -0.5 0.0

In(p’ [kPa]/101.3)

—1.5

Figure 2 Least square fit for reference elastic shear stiffness G, and pressure-

dependent exponent mg, assuming in-situ p;, = (1 + 2K,) - 0,,/3 with K, = 0.4.
3.2 Critical state and peak strength envelope

The critical state line in equation (A.2) employs the parameters interpreted for earlier
PISA monotonic analyses (Taborda et al., 2020) from Dunkirk sand tests by Aghakouchak

(2015). The shear strength is assumed linearly dependent on state-parameter Y with



185
186

187
188

189

190
191
192
193
194

195
196
197
198
199

200
201

slope k. The slope and intercept M., in equation (A.3) were fitted from the five drained

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

171 % Liu(2018)
] —— Bestfit: R?=0.63

(4/p") peak

........................................................................

M, =1.37, 0" =33.9°

0.00 0.05 0.10 0.15
State parameter —1)

Figure 3 Determining low-cycle model parameters for critical state and peak strength.
3.3 Plastic dilatancy at larger strains

The model’s non-associated plastic potential is engaged after achieving peak strength. In
drained triaxial tests, the plastic dilation rate D,, is approximately equal to the ratio of
total volumetric and deviatoric strain rates D = Aef9t /Ael°. Parameter [ in equation

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

triaxial tests (see Figure 4).

0.0
253 —=0.2 1 |
;uf _
)
Q Regression points
1 X e 2
0.6 XX T Best fit 27 = 0.65
—0.15 —-0.10 —0.05 0.00

State parameter 1)
Figure 4 Dilation against state parameter from drained triaxial tests.

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

laboratory tests are highly sensitive to the assumed K¢¢. With the model’s open yield
surface and strain-dependent tangent elastic moduli, D,, predicted under undrained or
constant volume shearing is reflected by the value of K&¢ = K,in = Rpin * Kmax- An

tan

appropriate R,,;, for this model is determined first by calculating undrained plastic

10
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o « —Ap' 1 . . .
dilation D,, = —pm from laboratory data using the maximum, non-degraded elastic
max d

stiffness K, g

A large discrepancy between D, and D,, owing to the use of K;,4, to calculate Dy, is seen

in Figure 5.
o H
T IR A
0.0 1 ': " B .: ....V—-—-—
...... ::.. ‘. W
Y [ S .
Q —0.2 - HE - D, Undrained
5 ’ 1\ t (Kuwano, 1999)
= - D,: Drained
a —0.4 \'f K (Liu, 2018)
: Ry -——- =301
1% 2 0 e 1" =0.41
-0.6 'h',';"ffl T T T T
-0.1 0.0 0.1

State parameter 1

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

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

By adopting R,,;;, = 0.104 equal to the ratio of the drained (I = 3.91) and undrained (I* =
0.41) slopes, the model can predict the same plastic dilation trends under drained or

undrained conditions:

Ap' 1
I* D _K A tot K. .
—=Zp_ TmaxB&q _ Zmin _p (11)
l D, —Ap' 1 Konax

Kinin ASéOt

3.4 Shear stiffness degradation

The low-cycle model’s modified hyperbolic degradation curve for the tangent elastic
shear modulus G, is controlled by parameters a, b and R,,;,, in equation (A.5). The role

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

Applying the calibrated R,,;;,,, @ non-linear regression for parameters a and b is carried
out against tangent stiffness trends taken from locally instrumented triaxial tests (Liu,
2018; Liu etal,, 2022b), normalised by the corresponding value of G,,,, determined using

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

11
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222 Figure 6 Best fit of shear modulus degradation curve parameters a, b up to E; =
223 1% from locally instrumented drained triaxial compression tests.

224 3.5 Monotonic response

225  Single element simulations made with the calibrated parameters listed in Table 3 are
226  compared with triaxial experimental data in Figure 7, showing generally good fits to the
227  experimental non-linear stress-strain responses and shear-volumetric coupling from
228 small strains to critical states, under a range of density and pressure conditions in the

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

1250 4 4 0
1000 R 2 NI
E 750 ] Dashed: model Sl N
o] ] Solid: experiment = ] iy
500 4 Z —61 -
= 1
1 > ] py=150
250 81 — a0
1 — PL=100 ]__ ep=0.59
O T T T T T T T T T T T T T T T T T —10 T T T T T T T T T L T T T T T T T T
0 5 10 15 20 0 5 10 15 20
Axial strain £, [%] Axial strain g4, [%]
230 ’ ’
231 Figure 7 Calibrated low-cycle model response in drained triaxial tests.
232 Table 3 Summary of low-cycle model parameters calibrated for Dunkirk Sand.
Parameter  Gyf mg v a b Rimin  €csyref A 3 dés k l
(MPa) (%) )
Value 944 0515 0.180 9.25-10"% 0765 0.104 0910 0.135 0.179 339 234 391
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4 High-cycle parameters for Dunkirk sand

4.1 Calibration rationale

The HCA framework has been calibrated for Dunkirk sand against triaxial tests that
imposed regular stress cycles. The rates of change in averaged conventional soil
mechanics triaxial stress and strain quantities over sets of N cycles, as given in Equation
(12) are illustrated in Figure 8a.

a) General definition b) Drained, stress-controlled

JA

z

Jo
p;m Jav)(N)
z(N) @', J)(N)

»,
Lo}

N Pf) p

¢) Undrained, stress-controlled d) Undrained, strain-controlled

JA "
: /(p', J)(N)

/

pﬁp Do f’

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

possible cyclic triaxial stress paths.

' tot acc l
0Pav de a‘c:vol,av del

HCA,ela voLay T an —vol
oN | _ [k 0 on | ) oN | _JoN (12)
0] av 0 Glam 1| | OB, 0Eqqy OEY!
ON ON ON ON

HCA,ela HCA,ela
Kian and Gy,

In equation (12), are respectively the tangent elastic HCA bulk and
shear moduli relating the rate of change in average stresses with rate of change in average

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

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

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

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

Boulbibane, 2000): 1) fully recoverable elastic response, 2) elastic shakedown, with

13
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closed hysteretic stress-strain loops, 3) plastic shakedown and 4) plastic ratcheting until
some terminal state (Narsilio & Santamarina, 2008). Schematics of stress paths seen in
cyclic triaxial tests during the metastable plastic shakedown and plastic ratcheting
regimes are shown in Figure 8b and 8c for stress-controlled tests and Figure 8d for strain-

controlled tests.

An upper bound cyclic strain amplitude of 0.1% (Niemunis et al., 2005) was originally
proposed for the HCA framework to capture the behaviour observed in drained
laboratory tests which fall within these qualitatively described regimes. Liu (2018)
noticed that stress-controlled drained tests carried out at large initial stress ratios
(q0/po = 1.2) with applied cyclic stress ratios (CSR = Aq/(2p;)) of 0.4 to 0.5 resulted in
‘incremental collapse’ after a certain number of cycles. This was defined as uncontrolled
plastic flow and failure where strains over the last cycle greatly exceeds the prior

averaged trend.

Incremental collapse within any single cycle cannot be accounted for in the HCA
framework. However, for general stress paths, the plastic strain term produced by elasto-
plasticity provides a numerical mechanism for collapse. To ensure consistency this occurs

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

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

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

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

Type of cyclic triaxial test

Load 1 Drainage Boundary conditions Enables calibration of
oad contro conditions
i 9pay _ o 9Jav _ — a.gcyc
. | Drained a;v =0, a—;" =0 {m}'W’fe’fp’fY
ress cycles
¢ asigg,av 0Jav KHCA,ela
aN 0, aN 0 tan
Undrained
Strain cycles Oevolav _ ( PEdav _ JHCA — 3KHCA —2GHCA
aN 7 aN " 2(3KHCA 4 GHCA)

The simplification of loading conditions into packages of regular cycles that vary about
an average static load as required in the HCA framework, requires the definition of when

the first regular cycle begins, i.e. when ‘accumulation’ first starts. This was defined to

14
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begin after any ‘irregular loading’ by both the original formulation (Niemunis et al., 2005)

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

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

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

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

and the finite element analyses of the field problem.

This is achieved in three ways:

Stress o

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

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

Stage [D] in Figure 9 is considered an ‘irregular’ cycle whose strain accumulation
or stress relaxation is accounted for by the low-cycle model, regardless of whether
stage [C] modified the stress and strain states within the ground. This brings in
line the treatment of single element tests cycled about the isotropic stress axis

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

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

%Pl and cyclic history state variable Jeyc during HCA single element calibration.
In contrast with Wichtmann et al. (2010a), who fed the strain amplitudes from
laboratory tests directly into the calibration process, this approach ensures
consistency between the low-cycle model and HCA framework from its calibration
through to the boundary value problem analyses.

Legend
[A] Geological stress history

| C] A\}efé e static l‘oad’ -
: i [ g
/ [D] Package 1 first peak/trough

17 [E] [F] [E] Package 1 regular cyclic loads

\ & [G] [F] Package 2 first peak/trough
#< [HCA-1] [G] Package 2 regular cyclic loads
v A [HCA-2] [HCA-1] Load package 1 average trend

[HCA-2] Load package 2 average trend

Strain & o Start of High-Cycle Accumulation

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

Between different cyclic load packages, the HCA state variable g.,. governs how previous

cycles of different magnitudes affect future accumulation trends. Experiments
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(Wichtmann et al., 2010b; Lopez-Querol & Coop, 2012; Knittel et al., 2023) indicate that
some ‘erasure’ or ‘reset’ of cyclic history occur if the magnitude of subsequent loading
exceeds that of previous cycles. Wichtmann & Triantafyllidis (2017) and Knittel et al.
(2023) have shown that this reset could be correlated with the ratio between the strains
caused by subsequent loading and previous cyclic strains. A reset of g.,. to zero is
employed between accumulation phases in the reported HCA analyses when loads
applied during intermediate low-cycle phases exceed those in previous cycles. This
avoids the significant underestimation of strain accumulation under increasing load

cycles at increasing shear stress levels identified by Wichtmann & Knittel (2020).
4.2 Calibration procedure

Dunkirk sand HCA parameters were derived from effective stress paths, strain
accumulation and amplitude data from 17 stress-control drained cyclic triaxial tests and
5 stress-control undrained cyclic triaxial tests by Liu (2018). Drained test conditions
covered a range of initial void ratios e, € [0.632, 0.716], initial mean effective stresses
po € [100, 400] kPa, initial stress ratios 1, € [0, 1.2], cyclic stress amplitudes CSR €
[0.1, 0.5], defined as Aq/2py with Aq = qmax — Gmin- Cycle numbers exceeded 10,000 for
all tests but one (to N = 6287). Undrained tests were carried out at p, = 100 kPa, e, €
[0.637,0.660] and CSR € [0.1, 0.3].

All presented tests were normally consolidated and carried out on water-pluviated, fully
saturated 38mm diameter, 2:1 height-diameter samples, employing enlarged lubricated
platens and high-resolution local strain instruments. Shearing cycles were applied at
0.00833 Hz. These tests were designed to assess the strain accumulation characteristics
of Dunkirk sand under regular loading cycles prior to reaching the material’s failure

envelope.

4.2.1 Direction of strain accumulation

The ratio of volumetric to deviatoric strain accumulation is based on the vector normal
to the Modified Cam Clay (MCC) surface fitted through the average stress state invariants
Pavs Javs Oay With its size defined by ¢;,. As the average stress states of all DcycTX tests
lie on the triaxial compression side, the ratio of the deviatoric to volumetric plastic flow

direction is evaluated at 8,,, = —30°.

The directional derivatives of the MCC surface are:
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2w 2av
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An average direction w®““ is calculated from laboratory strain data using anisotropically
consolidated tests by:
1 AEaCC
59 = oL dN 1
@ Ntotal j- <AE¢?CC> ( 5)

The evolution of w%c¢

is plotted against number of cycles in Figure 10a and a best fit
bhir = 26.8°1in @2 — (J41,/Pav) Space is shown in Figure 10b. The original formulation
adopting the critical state angle of shearing resistance for ¢;, is shown in red and lies

well above laboratory data.
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2.0 2.0
] pp=133 =04 == pl=400 5o=0.4 ]
1 == p|=133 =04 =+ p[=167 =07 a0
] X I

1.5+ py=133 =04 -0+ p=1675,=0.7 1.5 1+ N 33.9°
1 =¢ pi=1339=04 —€= p{=117 =02 ] \‘ P s =09
1 @ pj=133 =04 ph=1561=0.6 1 v 7

1.0 ] =267 ny=0.4 M- 1.0 ] \ <—]".'

J ~ ] \ .,
] g ] AY *.
w . ] N

0.5 1 | 0.5 ]-L\\\

la
e

ace
W

—acc
w

: UQQ_QQ_Q_Q Q—‘ﬁ M :Range of e %.i__\ i
0.0 -0"3"9'0'0'9'0‘ 0.0 1 "'-..,___
ittt re sheend | R
A iBestfnqsd,r_%s R2—077
-05 ———r———— e —————rer -05 ‘
10! 102 103 104 02 04 06 0.8
N ms/p av

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

showing a) response with number of cycles and b) averaged to fit ¢ ;,..

4.2.2 Magnitude of strain accumulation
The current calibration uses a genetic algorithm (GA) (Holland, 1992) implemented for
general geotechnical optimisation problems (Ruiz Lopez, 2024). A bespoke modified-

Euler integration driver for equation (10) was used to evaluate the fitness function. From
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the laboratory data, the scalar value of accumulated strain is calculated from end-of-cycle

local readings of axial and radial strains as ||%“¢|| = \/gg;cz + 28;1552. The calibrated low-

ampl gtate

cycle model is used in the driver to calculate and update the underlying &
variable given current e, pq, States during integration. This makes the calibration
process of both low- and high-cycle parts of the constitutive consistent with how the final
boundary value problem is computed with continuous re-engagement of the low-cycle

model.

Parameters governing magnitude of strain accumulation, Cyp;, Cn1, Cnz, Ce, Cp, Cy, are
optimised by maximising the GA fitness computed as the reciprocal of the sum squared
error between model response and laboratory data at 20 evenly spaced points in log(N)
space. All tests carried equal weight. An additional sensitivity check using 50 data points
per test and wider parameter bounds resulted in a negligible change in the optimised
parameter set. Figure 11 compares the calibrated model response with experimental
strain accumulation results. Considering the wide range of initial and loading conditions
applied in the testing (six mean effective stress levels, two densities and four cyclic stress
ratios), the laboratory data is generally well-reproduced. Robustness in the optimisation

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

individual.
Naw = 0 tests Naw 7 0 tests
100 _6--6"9’9'J -GG E R TRE
88 =St PR = iy i b
. # &_5-5“6'5— . —c-&ﬂbﬂj’e'&*} ¥ ¥ X.,x-f;“ﬁ‘:‘%%%c%cdé—g 3
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o2 L% ST L b B MNP e
9 % e AT el
— 2] %" —V"V—v'—_.—-—"-f-'"’ - 0 "_,;-1!'
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Figure 11 Drained single element experimental strain accumulation compared against

model prediction.
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4.2.3 Stress relaxation-strain accumulation coupling

The magnitude of K, yc4 governs coupling between predicted strain accumulation and
stress relaxation. Stress-relaxation may be significant where the soil mass shears with
restricted volume change even when considering fully drained cyclic monopile boundary
value problems. K. yc4 was calibrated from the pore pressure response from undrained
cyclic tests, using the integration driver and genetic algorithm optimisation described
above, leading to the outcomes shown in Figure 12 for five tests at e, = 0.63 and p; =
100kPa. The adopted modelling approach captures the observed trends adequately,
although there is some overprediction of pore water pressure build up under lower CSR
and underprediction of rates at higher CSR. This is likely because the natural Dunkirk
marine sand does not fully adhere to the same empirical forms of void-ratio- and stress-
dependent pore water accumulation as that derived from extensive tests of a
reconstituted laboratory sand with a prescribed grading curve (Wichtmann et al., 2010a,
2013). Further tests on a range of natural soil types offer the potential to improve the
HCA framework’s pore pressure accumulation prediction, particularly for problems such

as liquefaction or for use with low-permeability soils.

_10%4 o
g o=t
2 BN “"._,-—"
2 10’5 =
2 ; +++++++.++
O ] Symbols: Experiment
S 100 - Lines: Model
2 1+ + =063 CSR=0.1 % €=0.63 CSR=0.2
,f ] €9=0.63 CSR=0.15 O =0.63 CSR=0.3
. 0 ¢=0.63 CSR=0.175
10_1 LA | LR | LR | LR | LU
10° 10! 10° 10° 10*
N

Figure 12 Calibrated model compared against undrained pore pressure per cycle.
As strain-controlled undrained cyclic triaxial tests were not conducted on Dunkirk sand
samples, vyc4 = 0.32 was taken as found for Karlsruhe fine sand by Wichtmann et al.

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

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

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

! lim 4
Pair Campl [ Cn1 Cn2 Ce €min Cmax CZ? Cy ¢)mag Kref HCA  VHcA

) (%e) () (MPa)

268 1.52 0.1 2.29-107* 0.167 0.168 0.540 0910 0.222 1.49 33.9 91.2 0.320

5 Field test details

Cyclic (Byrne et al., 2020) and monotonic lateral pile load tests (McAdam et al., 2020)
were carried out on 0.76m and 2m diameter open-steel piles driven at Dunkirk under the
PISA project. The main long-term quasi-static cyclic load testing was carried out on the
0.76m pile DM2, with sequentially increasing one-way lateral load cycles to 10, 20, 40,
and 80 kN applied at 0.1 Hz frequency. These maximum load levels correspond to
approximately 5, 10, 20 and 40% of the ultimate limit load, defined by the monotonic
capacity at a pile head displacement of 10% pile diameter. The loading extended to 5100,
3300,8100 and 11110 cycles respectively at each level.

5.1 Problem geometry

The present high-cycle study focused on pile DM2, whose general arrangement is shown
in Figure 13. The 14mm thick (L/D = 5.2) steel pile was modelled using 6-noded shell
elements with an isotropic linear elastic material model with Young’s modulus E = 200
MPa and Poisson’s ratio v = 0.3. Staubach et al. (2024) recently discussed the need to
model installation effects for laboratory scale model tests in dry soils with very low
confining stresses. Considering the current boundary value problem is mainly governed
by the behaviour of a large volume of surrounding soil, although localised installation
effects are present, various studies show piles modelled as wished-in-place or driven
using a variety of methods in medium dense to dense sands show broadly comparable
lateral load-displacement behaviour and ultimate capacities. The current modelling thus
follows Taborda et al. (2020) and the pile was ‘wished-in-place’. The pile shaft to soil
interface was modelled using 12-noded zero-thickness interface elements with a
Coulomb failure criterion. The interface strength was adopted as the same ¢/, from the
surrounding soil following interface shearing tests by Liu (2018). Parameters for the
normal stress (oy) dependent elastic interface were selected based on the stiffness

properties of the surrounding soil to prevent numerical difficulties due to an over-stiff
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interface but stiff enough to have negligible effect on the result. The corresponding shear
stiffness kg = 1.59 - 10° - (a,,/101.3)%423 kN /m3 and normal stiffness k,, = kg - (2(1 —
Vine)/ (1 — 2vi)) where v, = 0.45 (Bentley Systems, 2024).

Full drainage was assumed. The soil layers were discretised to capture the field
distributions of void ratio, bulk unit weight and static pore water pressures (Taborda et
al, 2020). A total of 30,243 10-noded quadratic tetrahedral elements each with 4
integration points were used to discretise the soil domain. Element edge immediately
adjacent to the pile shaft were kept at, or less than, no larger than 0.05m on each edge to
ensure calculation accuracy in zones of high stress gradients. This element size was
selected by evaluating the equivalent displacement (p-y) and rotational (m-0) springs as
derived from interface nodal forces (Burd et al., 2020b) computed in lateral monotonic
analyses that extended to a pile head displacement of 10% pile diameter. Checks
confirmed that the results obtained were insensitive to any further refinement of the
mesh. Extensive mesh sensitivity studies were performed to ensure the discretisation
was adequate, with further refinement showing no measurable impact on the obtained
response. Similarly, the chosen domain dimensions (Figure 13) were found sufficiently
large to avoid boundary effects. A single set of parameters calibrated using only site
investigation and laboratory test data is used for all analyses for both low- and high-cycle

behaviour without any recalibration to match field-scale test pile measurements.
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Figure 13 Details of the medium sized 0.76m diameter pile FE model.

6 Predictions and field measurements

Ysat = 19.9 kN/m?

[=4m

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

12-noded
zero-thickness
interface shell

elements

along full
length of shaft

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

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

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

metric Ngeeyracy t0 D/10 (Burd et al, 2020b) confirms that the low-cycle model

predictions shown in Figure 14 replicate the piles’ field monotonicload-unload behaviour

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

Taborda et al. (2020)).
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Figure 14 Load-unload pile response to ultimate capacity - calibrated low-cycle model

compared against field data.

The single-cycle pile head moment-rotation response is also well captured by the low-
cycle model, as shown in Figure 15, where different scales are used for the various loading
amplitudes for clarity. The predicted response at the lowest (10kN) load cycle appears to
deviate farthest from the measured response. However, field rotations (in the order of
0.01°), derived from relative displacements measured at different heights (Burd et al,,
2020a), should be treated with caution given the difficulty of measuring such small values
accurately. The 20, 40 and 80kN cyclic moment-rotation predictions match the field

measurements well.

10 kN (~5% ULS) 20 kN (~10% ULS) 40 kN (~20% ULS) 80 kN (~40% ULS)
_ 100 200 400 %
= - ]
= ]
= 1 1 1 500 H
2 504 100 200 1
g ] ] | ]
g 1 ]
0 ‘l’ T T L T T O LI T T 0 L T LA I O T T T LR |
-0.01 0.00 0.01 -0.02 0.00 0.02 -0.05 0.00 0.05 -0.1 00 01
Pile head rotation (°) Pile head rotation (°) Pile head rotation (°) Pile head rotation (°)

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

data.
6.2 High-cycle comparison

As detailed in Appendix table B-1, the field lateral loading sequence applied to pile DM2
was followed faithfully in the high-cycle FE analyses. The 5100 (10kN), 3300 (20kN),
8100 (40kN) and 11110 (80kN) cyclic packages were applied sequentially in a single

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

pile head level displacements and rotations are presented in Figure 16. Several HCA
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update cycles (shown as vertical dashed lines) were applied per package, with sensitivity
checks confirming that more frequent updating had no influence. Although the modelling
over-predicted the displacements and rotations observed for 20 kN cycling, the three

other predictions plot closer to the field trends.

10kN (~5% ULS) 20kN (~10% ULS) 40kN (~20% ULS) 80kN (~40% ULS)
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Figure 16 Pile response compared with measured field data at pile head at four different

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

The simulated rotation-depth trends also showed a good match with the field data;
measurements made at the front and back of the pile are shown as dual readings for the
80 kN cyclic load package depicted in Figure 17, while the FE model rotations were

calculated using front and back nodal vertical displacements.
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Figure 17 Comparison of computed pile rotation with field inclinometer readings.

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

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

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

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

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

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

package.
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Figure 18 Increases in pile initial stiffness due to cyclic load packages.
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While full drainage applied at Dunkirk (matching the field pile dimensions, loading rate
and water table depth), excess pore pressures could build up in other cases. Piezometer
measurements made offshore over three years in sand at two depths around a 5m
diameter (L/D = 5.9) monopile in the Belgian North Sea identified excess pore pressure
accumulation during storms and immediately after rotor-stop events. However, excess
pressures dissipated rapidly and were negligible under most operational conditions
(Stuyts et al., 2023). The present approach can capture, when appropriate, such pore
pressure trends at the single element (Figure 12) and field level by re-engaging the low-

cycle model regularly (Staubach & Wichtmann, 2020).

7 Conclusions

A rigorous means of undertaking cyclic lateral loading design analyses for piles driven in
sands using finite element software is presented by coupling the well-established high-
cycle accumulation (HCA) framework with a practice-oriented low-cycle constitutive
model and making modifications to ensure numerical robustness and a good fit with
laboratory data. The proposed approach, by making consistent each step in the
calibration procedure from single element to boundary value problem, allows low-cycle
and high-cycle analyses of a wide range of geotechnical boundary value problems taking

due account of the cyclic history.

The numerical model, calibrated to high-quality element laboratory tests with a single set
of parameters, matched well with the measured accumulated deformation and tilt from
instrumented field-scale pile tests carried out at Dunkirk for the PISA joint industry
project. The model allowed an examination of how the ground state evolves during cyclic
loading, capturing quantitatively the overall stiffening of the pile observed to be a
consequence of re-distributed stresses locked-in after cyclic loading. This approach
works well to model the cyclic response of field-scale geotechnical structures, validated
for cyclic loads in the order of 10* cycles with magnitudes of up to 40% of the ultimate

monotonic capacity.
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758 A. Low-cycle model

759 Appendix Table A-1 Summary of low-cycle model.
Model equations Parameters  State variables
Elastic stiffness at very small strains
_ (2.17-e)? p’ mG. _ 2Gmax(14+v) !
(Al) Gmax = Gref 1+e (101.3 [kPa]) yihmax T 31 _gy) Gre M,V ep
Critical state line and definition of the Been & Jefferies (1985) sand state-parameter
’ §
(AZ) €cs = Eesrer — 4 (m) s, = e, — e refs 1§ ey’
Yield surface
' in(¢ger)
J-p" (Smismw» =0
cos(0)+sin(@le )’ , ,
(A.3) " bl k p'.J.0
r s 3Mser ), __ 6sin(ecs) L
d)str = arcsm( +Mstr)’ str — 3—sin(¢ls) + kl ( lpﬂ>
Derivatives of the non-associative plastic potential
oo o’ {_ sin(vgo) 1, —pf Sk sin@sinan
Yy = - in@’ L — (o) .
(A.4) ap’'" 9] a6 cos(6)+sm(vd“)sT cos(G)+sm(¢S")-sT cos(8)+sin(vg;) I e,p’,e
. 3Mg; .
Vg = arcsin (6+I|;dl“); Mgy = min(l - ,,0)
Tangent shear stiffness degradation
Ry Ezn
(A.S) Gtan = Gmux Rmin + : Rt”n b a, b, Rmin ¢
(H(f_g)) ne {12}

State variable

Hardening law

p'.],0 Constitutive relationships in equation (1) and (2)
e Ae = —(1+ ey) - Ay (A6)
e De, = —(1+¢e,) - Ael, (A7)

e, is the specified initial void ratio.
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B.

Modelled construction and loading sequence for pile DM2

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

lateral load test.

Phase i, in Constitutive Applied load Begins
calculation Phase type boundary AN from end of
order response condition [kKN]** phase i

1 Irregular 0-10-0-5 1

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

Low-cycle
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 Irregular 10-0-40-0-20 1 20

Low-cycle
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
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31 HCA Accumulation 20 4600 29
32 Irregular 20-0-80-0-40 1 31
Low-cycle
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

* geyc 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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