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Monopiles are currently the most common foundation for offshore wind turbines.
Recent research, such as in the PISA project, have produced new design methods
for calculating the ultimate monotonic capacity of monopiles under lateral loading,
leading to more efficient designs. However, monopiles are also subject to cyclic lateral
loading from wind and waves. This aspect is not yet properly understood or accounted
for in design. Better understanding of the cyclic response is important for both
serviceability and fatigue design considerations, as cyclic loading can cause permanent
foundation rotation, as well as changes to the stiffness and energy dissipation response.

A new approach to modelling of cyclic loading, ‘Hyperplastic Accelerated Ratch-
eting Model’ (HARM), can capture pile response to cyclic lateral loading on a cycle-
by-cycle basis for many cycles. Previous research demonstrates that this approach to
modelling compares well to experimental data at a macro-scale, such as the full pile
moment-rotation response. However, for design, it would be more appropriate for
calibration parameters to be developed for site-specific conditions from laboratory
element tests. To facilitate this approach, a database of cyclic laboratory tests in
fine-grained soils has been acquired from the literature and private communication.
Results of the tests are summarised to establish important features of behaviour and
inform the formulation of a 0D, multi-surface, kinematic-hardening, rate-dependent,
hyperplasticity model in total stress space which is calibrated to each data set.

The model is then applied to more complex cases. Firstly it is used to generate
synthetic contour diagrams, well used by the industry, to demonstrate prediction of
the development of strain across the full constant-amplitude cyclic stress space. Sec-
ondly it is used to predict more realistic, multi-amplitude, element tests undertaken
at the Norwegian Geotechnical Institute. Both these exercises serve as tests of the

underlying mechanisms of the model.



il

At monopile scale, the PISA project resulted in an extended Winkler model with
monotonic reaction curves along the length and at the base of the pile; this approach
is subsequently extended to incorporate a total stress, 0D hyperplasticity model in
place of each reaction curve. The resulting 1D model is capable of predicting the
cyclic response along the pile length, including ratcheting. Cyclic tests at Cowden
are modelled, with parameters compared to those at element level to investigate the
potential mapping of response at different levels of detail. By exploring mobilisation
of lateral pressure down the pile for typical operational loading, an element-testing
regime is proposed to better reflect the realistic conditions around the pile.

The 0D total-stress model predicts the shear behaviour for fine-grained soils well.
However, the possible effects of effective stress changes are modelled by softening of
the yield surfaces in the total stress model. A better approach would be to capture
realistically effective stress changes due to cyclic loading. A preliminary extension of
the 0D model to capture effective stresses, based on Modified Cam-Clay, is presented

at development stage.
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Nomenclature

Variables - Greek alphabet
Internal variables (hyperplasticity)

“ Empirical rate of strength increase with strain rate (rate-dependency)
Ok, Oy, QR Experimental power-law exponent: stiffness, energy loss factor, ratch-
eting
Hardening parameter (hyperplasticity)
Generalised stress (hyperplasticity)
Energy loss factor (cycle definitions)
Ui Quality of fit metric
Viscous constant (rate-dependency)
710 Logarithmic (base 10) viscous constant (rate-dependency)
nr Integrated Energy loss factor (proposed cycle definitions)
Nsd Small displacement quality of fit
Nl Ultimate quality of fit
0% Shear strain
Ky K" Swelling line (linear-log,log-log) (MCC)
K fac Factor on swelling line (MCC - multi-surface hyperplasticity)
Kref Reference strength reduction (hyperplasticity )
A, A Virgin consolidation line (linear-log,log-log) (MCC)
W Viscosity of surface (hyperplasticity - rate process theory)
v Poisson’s ratio
Q Local weighting factor (MCC - multi-surface hyperplasticity)
X Dissipative generalised stress (hyperplasticity)
General stress-type variable
O, Axial stress in CU conditions
O Radial stress in CU conditions

X



Nomenclature X

Ou.c Normal consolidation stress in DSS conditions
O Normal stress in DSS conditions

T Shear stress

0 Rotation of pile

€ General strain-type variable

€a Axial strain in triaxial conditions

Eq Deviatoric strain in triaxial conditions

€ Radial strain in triaxial conditions

€v Volumetric strain in triaxial conditions

& Damping ratio

Gy Load amplitude characterisation parameter
Ce Load asymmetry characterisation parameter

Variables - Latin alphabet

EN Mean strain at average load (proposed cycle definitions)

A Area under monotonic curve

a Curvature paramter for ‘Jeanjean’ function

Ag, Ay, AR Experimental power-law coefficient: stiffness, energy loss factor, ratch-
eting

Ay, Ag, Ae, A, Correction factors: initial stiffness, ultimate stress, ultimate strain,
curvature (1D FE Model - PISA curves)

Bgyys Experimental logarithmic coefficient: effective stress change

D Diameter
Stiffness Matrix (OxPile)

d Dissipation function (hyperplasticity)

Ey Initial stiffness (pile)

Eg Maximum elastic energy (cycle definitions)

Ey Loop area (cycle definitions)

E, Tangent stiffness with active surfaces (hyperplasticity - kinematic
hardening)

f Helmholtz free energy function (hyperplasticity)

fo First natural frequency

fip:fap Rotor frequency and blade passing frequency

Fg e Global softening development factor (hyperplasticity)



Nomenclature

x1

~.

<

M., M,
m,

M

Ratcheting development factor (hyperplasticity - HARM)
Softening development factor (hyperplasticity)

Rate surface factor (hyperplasticity)

Softening type factor (hyperplasticity)

Vector of external forces (1D FE Model)

Vector of internal forces (1D FE Model)

Tangential stiffness (laboratory tests)

Gibbs free energy function (hyperplasticity)

Shear modulus number (MCC)

Horizontal load applied to pile

Surface stiffness (hyperplasticity - kinematic hardening)

Surface Index (hyperplasticity)

Plasticity index

Surface strength (hyperplasticity - kinematic hardening)
Secant stiffness (general cycle definitions)

Co-efficient of earth pressure at rest

Secant stiffness (proposed cycle definitions)

Embedded length

Moment applied to pile

Slope of critical state line

Softening exponent (hyperplasticity)

Slope of critical state line in compression or extension
Exponent of history dependency (hyperplasticity - HARM)
Exponent of stress dependency (hyperplasticity - HARM)
Specific volume at p = 1kPa (MCC)

Number of cycles

Curvature parameter for PISA function

Number of cycles to failure (or end)

Number of internal variables (hyperplasticity)
Maximum number of cycles applied

Number of surfaces (hyperplasticity)

Number of surfaces currently yielding (hyperplasticity)



Nomenclature xii

OCR Overconsolidation ratio
Mean pressure in triaxial conditions
p . .
Horizontal pressure around pile
De Mean effective stress at maximum of yield surface on isotropic axis
(MCC)
Dz Mean effective stress at centre of yield surface on isotropic axis(MCC)
q Deviatoric Stress
Ry Ratcheting constant (hyperplasticity - HARM)
Ry Reference ratcheting rate reduction (hyperplasticity - HARM)
S, E,T Stress and strain switch matrices and rate array for general control
(hyperplasticity - MCC)
Su Undrained shear strength (general)
Suc)Sue Undrained shear strength C'U compression and CU extension
Su,DSS Undrained shear strength in DSS conditions
T Period of cyclic loading
Thickness
t Time
Time constant (hyperplasticity - rate process theory)
T, Test time to failure (hyperplasticity - rate process theory)
U Lateral displacement of pile
Lateral displacement (PISA)
v
Specific volume
w Flow potential function (hyperplasticity)
Xres Reference value of X which occurs at point of linear-log rate depen-
dency (hyperplasticity - rate process theory)
Lateral displacement of pile (in p-y type methods)
Y Yield function (hyperplasticity)
z Depth below ground level

Other abbreviations

CD Consolidated Drained Triaxial test

CO, Carbon Dioxide

cU Consolidated Undrained Triaxial test

CUsgye Cyclic Consolidated Undrained Triaxial test

DSS Direct Simple Shear test



Nomenclature

xiil

DSSeye
API

CSL
DNV-GL
FEA
FLS
HARM
MCC
NC

NCL
NGI

0C
OWF
OWT
PISA

ST

SLS

ULS
WAS-XL

Cyclic Direct Simple Shear test
American Petroleum Institute

Critical State Line

Det Norske Veritas Germanischer Lloyd
Finite Element Analysis

Fatigue Limit State

Hyperplastic Accelerated Ratcheting Model
Modified Cam Clay

Normally Consolidated

Normal Consolidation Line

Norwegian Geotechnical Institute
Over-Consolidated

Offshore Wind Farm

Offshore Wind Turbine

Pile Soil Analysis

Site Investigation

Serviceability Limit State

Ultimate Limit State

Wave loads and soil support for extra-large monopiles

Subscripts, superscripts and diacritics

X
AX
X
X/
X*

Normalised value of X (1D FE Model)

Accumulated value of X (related to monotonic)

Rate (time derivative) of X

Effective value of X (referring to stress)

Corected value of X (1D FE Model)

Value of X at ground level pile displacement of 0.1D
Initial value of X

X corresponding to rotation (1D FE Model)

Average value of X

Value of X at average force on loading (cycle definitions)
Value of X corresponding to monotonic (backbone) response

Value of X at average force on unloading (cycle definitions)



Nomenclature

Xiv

Keyer Xey
Xe

Xaigs

Xe

Xa

Functions

Cyclic amplitude of X

Value of X after consolidation (element testing)

Absolute difference between measured and predicted X
Value of X at extremum (cycle definitions)

Variable X at ground level

Value of X at corresponding surface index (hyperplasticity)

Value of X at minimum load on loading (cycle strain definitions)
Value of X on loading (cycle definitions)

Maximum value of X
Measured value of X
Minimum value of X
Value of X as an average of loading and unloading (cycle definitions)

Value of X at final surface (hyperplasticity)
Value of X at cycle n

Value of X at most negative (previous cycle definitions)

Value of strain-type X after pre-cycling (NGI cyclic definitions)
X related to parallel kinematic hardening models (hyperplasticity)
Predicted value of X

Value of X at peak (previous cycle definitions)

X corresponding to deviatoric strain (MCC)

Recalibrated value of X (hyperplasticity - backbone recalibration)
Reference value of X (cycle definitions)

Value of X at reversal (cycle definitions)

X related to series kinematic hardening models (hyperplasticity)
Ultimate value of X post cycles

Ultimate value of X

Value of X at minimum load on unloading (cycle definitions)

Value of X on unloading (cycle definitions)

X corresponding to displacement (1D FE Model)

X corresponding to volumetric strain (MCC)

Value as X as x tends to 0

Value of X at yield



Nomenclature

XV

Macauley Brackets <

Modified Heaviside Function

Modified Signum Function

X <0 (X)=0
X>0-(X)=X

X <0—H(X)

X >0—H(X)

X=0—0<H(X)<1
X<0—-85X)=1
X>0—-9X)=-1
X=0—--1<SX)<1

0
1



Chapter 1

Introduction

1.1 Context

Average atmospheric carbon dioxide levels are higher today than at any point in
the past 800,000 years, amplifying the Earth’s natural greenhouse effect and caus-
ing warming (Figure . In 2019, the mean annual temperature was nearly 1°C
above the pre-industrial baseline (1850-1900), with 20 of the hottest years on record
occurring in the preceding 21 years (WMO, .

Long-term temperature increases are causing extreme weather, ocean acidification
and sea level rise with wide-ranging impacts expected to have catastrophic effects
(IPCC, [2014). This has led to global movements to reduce the extent of change,
most notably the ‘Paris Agreement’ in which 196 countries pledged to reduce C'O,
emissions in order limit average temperature rise to below 2°C (United Nations, 2015).
To meet this target, a key element will be a rapid, global transition from fossil fuels

to renewable energy generation (IEA, 2015).

2018 average

400 - (407.4) ?
|
— |
é 350 highest previous |
= concentration (300 ppm) !
% 300 |
5 warm period
T 250 (interglacial)
s
a
§ 200 1
[¥]
150 ice age (glacial)
800,000 700,000 600,000 500,000 400,000 300,000 200,000 100,000 0

years before present
Figure 1.1: Global atmospheric carbon dioxide concentrations (COz) in parts per million
(ppm) for the past 800,000 years, based upon ice core data (Lindsey, 2020)
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Figure 1.2: Annual offshore wind installations by country (left axis) and cumulative
capacity (right axis) (Wind Europe, 2020a))

1.1.1 Offshore wind energy

In 2019 wind energy generated over 15% of the electricity demand in the EU, 10
years earlier this was less than 5%. Offshore production is increasing, accounting for
roughly a quarter of newly installed capacity over the last three years (Wind Europe,
Wind Europe, [2020b). Offshore Wind Turbines (OWTSs) benefit from higher
wind yield, more reliable availability, a greater number of potential sites with fewer
size limitations, and typically spark less opposition.

Concerns with cost and the challenging offshore environment are reducing as the
industry gains experience. The cost of offshore wind is continuing to fall at rates far
exceeding original targets, with recent winning bids for Doggerbank hitting £39.65
per megawatt-hour (Evans, . Meanwhile, costs of conventional energy show
little signs of falling. Combined with an increasing awareness of the need to protect
our environment, the demand for offshore wind farms looks set to continue to rise

(Figure . There are still, however, cost savings to be made.

1.1.2 Offshore wind turbine foundations

Foundations form a high proportion (up to 30% NREL, 2018)) of the capital cost of

an offshore wind farm. Figure [1.3] shows a range of possible support structure and
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Tower

Support
structure

Figure 1.3: Possible support structures for OWTs. Figure edited from Richards (2020
with percentage share of grid-connected turbines in the EU, data from Wind Europe (2020a

foundation choices alongside the percentage share of EU grid-connected turbines.
Monopiles are by far the most prevalent, accounting for 82% of all installed substruc-
tures. Jacket structures remain a cost-effective solution at some sites (accounting for
29% of installed foundations in 2019); with suction caisson foundations offering the
potential for quicker, quieter installation. Floating support structures, currently in
development stage, have the opportunity to exploit sites with deeper water.

The popularity of monopiles is predominantly due to their suitability for mass
fabrication, an established supply chain, applicability to most soil conditions and
proven track record. However the size and cost of steel can be substantial. At
the Gode Wind farm, 7.5m diameter, 100mm thick monopiles, weighing up to 1000
tonnes, were used to support 6MW turbines in up to 35m water depth (Schroeder
et al., . Such large piles result in expense in material and fabrication, but also
in lengthy installation with expensive machinery. Thus, there is great focus within
the industry to improve monopile design, to reduce costs and potentially extend the
range of water depths in which they can be deployed.

In Europe, the majority (77%) of installed capacity is in the North Sea (Wind
Europe, [2020a)), where soil conditions range from stiff clays to dense sands, layered

soils and bedrock (Anusic et al., 2016; Arany et al., 2016; Kallehave et al., |2015al).
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New markets such as Taiwan bring new environmental challenges (extreme winds
and earthquakes), differing soil conditions (silty, highly compressible soils, Leblanc
Thilstead, 2019)), and potentially new design drivers and choices. For now, at least,

monopiles dominate.

1.2 Monopile design
1.2.1 Loading and variables

OWTs are subject to lateral loads from wind and waves as well as operational loads
from the rotor (Figure [L.4h). The self-weight of the structure is relatively small,
meaning that lateral loads can be in the order of 60% of the vertical (Houlsby, 2016)).
This creates a design problem dominated by the combination of moment M and
horizontal loading H (Figure [L.4b).

The applied load components are pseudo-random, increasing and decreasing with
time (e.g. Figure|l.4g). This is often termed ‘cyclic loading’. In reality, however, the

resulting combined load is irregular and complex due to variations in:

e Loading frequency - where load components vary by orders of magnitudes be-
tween 0.001-10Hz (Arany et al., 2017) and interact with the dynamic response

of the structure.

e Magnitude of loading - resulting in millions of low amplitude cycles and hun-

dreds of extreme events over the lifetime of the turbine (Leblanc et al., 2010b)).

e Directionality - spatial variation of wind and waves induce loads in differing
directions which vary temporally and may not always be co-linear (Van Vledder,

2013).

e Resulting lever arm (M/H) - as the relative contribution of load components

vary, so too does the ratio of M to H.

Due to their simple shape, monopiles have only a few design parameters (Figure ),
which may be adjusted to resist the induced loads: embedded length, L, diameter D,
and wall thickness ¢ which may differ along the length. Currently, typical monopiles
have diameters up to 8m, with L/D ratios between 3 and 6 and D/t ratios between 80
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Figure 1.4: (a) Illustration of lateral loading components on a monopile foundation (b)
as idealised combined Moment and Horizontal load (c) soil ‘failure’, excessive rotation 6
and ground level displacement u¢ (d) pile failure and material yield (e) Indicative pseudo-
random loading

and 100 (Sdnchez et al.,[2019; Schroeder et al., [2015)). L/D ratios look set to remain
close to 3, although diameters are continuing to increase as turbines get larger. Future
monopiles may be closer to 10m in diameter as the new generation of 12MW turbines
are employed (Knight, 2019).

Short, stubby monopiles (with low L/D ratios) tend to behave less flexibly than
the laterally loaded piles often seen in oil and gas structures, rotating as a rigid body
as shown in Figure[I.4c. Parameters are chosen to limit horizontal displacement u and
rotation € (soil ‘failure’) and to withstand material yield and failure of the pile (Figure

1.4d). These requirements are discussed in more detail in the following sections.

1.2.2 Design criteria and current methods

Design criteria are taken from the DNVGL-ST-0126 standard ‘Support structures
for wind turbines’ (DNVGL, , with particular focus on 7.6.2 ‘Design criteria
for laterally loaded piles’. This is referred to as ‘DNVGL’ in this section. Where
possible design methods specifically described by DNVGL are considered. Failing

that, best-practice tools are considered.
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Figure 1.5: Illustration of a typical monopile response and ULS Limit

1.2.2.1 Monotonic response

Under maximum combined lateral and moment loading in the Ultimate Limit State
(ULS), DNVGL 7.6.2.5 specifies that sufficient lateral pile resistance (pile capacity)
should be ensured. This includes both pile yield (Figure[L.4d) and soil ‘failure’ (Figure
[L.4c). Only the latter is considered here.

An idealised example of pile response to a monotonic increase in lateral load is
shown in Figure [1.5/in general terms of M-6 or H-ug. This is invariably non-linear
and without an obvious plastic ‘failure’ until exceedingly large deflections. Instead
ULS pile capacity is considered to be achieved at some specified pile displacement
ug or rotation #. DNVGL do not specify these limits, but convention appears to be
uguLs = 0.1D or Oy = 2° (see Byrne et al., [2019Db)).

ULS is typically considered using the p-y method, as recommended in DNVGL.
The monopile is modelled as a beam supported by springs representing lateral soil
reaction. The reaction, p, is described as a function of lateral displacement, y at
varying depths down the pile. The empirical p-y relationships (found in DNVGL
F.2 or in 8.5 of API, 2011) were derived for long slender piles so their use for short-
stubby monopiles involves significant extrapolation. In fact DNVGL 7.6.2.6 states
that “Use of p-y curves for design of piles with diameters of more than 1.0 m (for
example monopiles) is recommended to be validated for such use, e.g. by means of
FE analysis”.

The PISA project (Byrne et al., |2017; Byrne et al., |2019b), presented a model

which includes the distributed lateral load, moments due to vertical shear stresses as-
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Figure 1.6: PISA design model after Byrne et al. (2019b)) (a) soil reaction components (b)
PISA 1D FE model as employed in OxPile (¢) Comparison of load-ground level response
from an example FEA analysis and 1D PISA FE Model at a clay site along with contribution
of various soil reactions. Case P refers the 1D model with distributed lateral soil reactions
only. Case P4+H and M refers to the addition of base soil reactions

sociated with local pile rotation, and a shear force and moment at the base of the pile
(Figure . The model has been validated against large-scale field testing at real-
istic L/D ratios. Byrne et al. (2019b)) present a ‘rule-based” and a ‘numerical-based’
method, in which the curves are derived from empirical parameters or calibrated by a
suite of 3D FEA analyses. The resulting 1D PISA model and design approach reduces
design conservatism by better calculating the ultimate monotonic capacity under lat-
eral loads. Additionally, initial stiffness is better predicted which is important in

dynamic response, covered in Section [1.2.2.3]

1.2.2.2 Response to repeated loading

The combined action of millions of loading cycles (briefly introduced section
can cause the foundation to accumulate rotation progressively and affect the strength
and stiffness of the soil.

Serviceability limit state is considered in DNVGL 7.6.2.7, in which it is stated
that permanent deformations must not exceed design criteria for normal use. This
tolerance is “typically derived from visual requirements and requirements for the
operation of the wind turbine” and corresponds to an allowable permanent rotation

which occurs due to:
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Figure 1.7: Illustration of cyclic response after n cycles of constant amplitude loading.
Indicative ‘ideal’ degraded curve with elastic unloading to find permanent deformation (after

Long and Vanneste (1994) and Carswell et al. (2016]))

e installation misalignment

e accumulation of rotation (due to soil deformations) caused by repeated loading

about a non-zero mean

Limits are defined by the turbine manufacturer, and are considered separately with
with independent limits of 0.25° (Peralta et al., . As well as this, guidance in
DNVGL 7.6.2.5 states that “cyclic degradation effects in the lateral resistance” must
be considered for the ULS conditions outlined in [.2.2.1]

Empirical ‘modifications’ are presented (DNVGL F.2 or in 8.5 of API, 2011)) to
cater for cyclic loading by reducing the p-y curves by a constant factor (Reese et al.,
1974).Long and Vanneste and Rajashree and Sundaravadivelu provide
approaches in which the reduction is dependent upon number of cycles. However
both are based upon a limited number of long, slender pile tests with relatively few
cycles so have inherent uncertainties.

Modified ‘p-y’ curves allow for a calculation of rotation at peak load but there
is no consensus on an accepted methodology to predict permanent rotation for SLS
(Arany et al., . One option is to assume an elastic unload to zero, similar to the
method described by Carswell et al., . Figure shows an idealised response
to constant amplitude loading with a non-zero bias alongside an example modified

prediction with the elastic unload tracking the initial stiffness of the pile. In this
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figure the p-y degradation is assumed to match the peak accumulated rotation due
to the applied n cycles.

Using this method, accumulated rotation is poorly addressed and bears no resem-
blance to the true pile behaviour. It does not trace the loading history and therefore
does not predict the continuous response, which is a more accurate representation
of the evolution of changes to pile strength and stiffness. Adaptation for realistic,

multi-amplitude and multi-directional loads is unclear.

1.2.2.3 Dynamic response

DNVGL 3.6.2.2 specifies that OW'T structures are designed such that the first mode
of natural frequency, f, avoids the f1, (rotor) and f3, (blade passing) excitation
frequencies as defined by the bands of cut-in and rated rotor speeds. The objective
of this is to minimise the dynamic amplification of displacements and to reduce the
associated fatigue damage (Fatigue Limit State, FLS) in the structure. Typically
monopile supported OW'Ts are designed as ‘soft-stift’, such that fj lies between fi,,
and fs,, this is shown schematically in Figure [I.§

An OWT can be simplified one-dimensionally as a mass (nacelle and blades), m,
atop a beam of length, L, and flexural rigidity, EI, founded by a ‘macro’ spring
(representing the soil), k. fo can then be estimated as (Byrne and Houlsby, [2003)):

1 1
m 3 2
m(fﬁ+ 7)

Hence fj is sensitive to soil stiffness k as shown by Kallehave et al. (2015b)).

The dynamic response of the structure is also governed by damping, a measure
of energy dissipation. Damping reduces the natural frequency of the turbine and
limits and decays the rotation from dynamic loads. Damping on a wind turbine
structure consists of: aerodynamic, hydrodynamic, structural and soil damping, of
which soil damping is the greatest and most uncertain (Beuckelaers, 2015). Active
mass dampers (Brodersen et al., [2017)) can also be installed to increase total damping
and further reduce excitation at natural frequencies. This may become necessary as
turbines increase in size and fj, reduces, therefore increasing the intersection of the

the wave frequency distribution and soft-stiff f,.
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Frequency Diagram of OWTs
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Figure 1.8: Typical wind and wave spectra, rotational speed (1P) and blade passing (3P)
frequency bands for six commercial turbines alongside some measured natural frequencies

(Arany et al.,

Arany et al. (2016) state that the total damping ratio, &, of an operational turbine
is typically 2 — 8% from which the damped frequency, fi, calculated by:

fi=hv1-¢ (1.2)

could reduce by 0.32%.

Single element ‘macro’ models can be constructed which include lateral, rotational
and cross-coupling components (Arany et al., or with a series of non-linear soil
reaction curves (‘p-y’ or PISA methods discussed in [1.2.2.1]). Both can be built to in-
clude dissipative behaviour (Page et al., ; Beuckelaers, . Integrated dynamic
analyses may then be undertaken to calculate fy and further natural frequencies.

In contrast to most engineering problems, there is no obvious conservative side
when considering frequency, hence accurate description of soil stiffness is paramount.
Stiffness is likely to change with cyclic loading (discussed in section . Scour of
soil around the monopile is also known to affect stiffness and reduce natural frequency

(Mayall et al., 2018), preventative scour protection is therefore commonplace.

1.2.3 Summary

Monopiles have few design variables owing to their simple shape. Embedded length,
L, is typically governed by overturning capacity (ULS) and maximum allowable tilt

(SLS). Diameter, D, is dependent upon the required natural frequency, fo, of the
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turbine, linked to the stiffness of the soil. Whilst the wall thickness, t, will typically
be dictated by buckling during installation or fatigue loads (FLS) (Kallehave et al.,
2015b; Arany et al., |2017)).

In short, long term cyclic loading affects FLS and SLS and, as strength of the
surrounding soil is reduced, ULS. As monotonic design improves and turbines near the
end of their design life, such that lifetime extension is considered, SLS and FLS design
are becoming increasingly important. Current accepted design methods of cyclic
degradation are ill-defined, possibly over conservative and ill-equipped for dealing
with multi-amplitude or multi-directional loads.

Any improvement to the accuracy of cyclic foundation design for OWTs should

consider:
e Accumulation of rotation (ratcheting)

e Changes to stiffness of surrounding soil, and with it changes to overall capacity

(strength) and dissipative behaviour

Accurate prediction of the above gives confidence in design and can reduce conser-

vatism and cost.

1.3 Cyclic response of fine-grained soils - research
review

Section showed the importance of understanding the effects of long-term cyclic
loading in monopile design. In this section relevant research is reviewed from micro to
macro scale. From mechanical observations of the soil fabric, to standard laboratory
tests on soil elements, and finally experimental findings at model, increased gravity
and full scale. Proposed improved methodologies to quantify the response in monopile
geotechnical design are reviewed.

The primary focus of this thesis is fine-grained (clay) soils. Therefore this section
is centred around research in clays. Coarse-grained materials (sands) are, however,
considered at a high level. Throughout this section particular weight will be given to

strain (rotation), stiffness, capacity and dissipative behaviour.
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1.3.1 Micro scale

The soil matrix is an assemblage of solid particles and voids. Offshore, the voids
are typically fully occupied by water. Behaviour of a soil subject to cyclic stress is
dependent on the boundary conditions, but also on drainage and frequency of loading.
Clays typically drain slowly and behave with apparent cohesion. Conversely, in sands
significant drainage may occur in a few cycles. Both accumulate irreversible strain
with application of many stress cycles (Di Prisco and Wood, 2012).

Cyclic loading will break down the soil structure and cause volumetric compres-
sion. In undrained conditions the contraction of the soil is prevented by the com-
pressibility of the water. Stresses carried by the soil skeleton are transferred to the
water causing the effective stress to decrease (Andersen, 2015|). If the shear stresses
are large, so too is reduction of effective stress which in turn reduces shear strength
strength and stiffness. Alongside this, repeated shearing causes the particle structure
to break down (destructuration, e.g. Okur and Ansal, [2007)). The combined action of
the two and is often termed ‘cyclic softening’ or ‘degradation’. The more softening,
the higher the shear strains. Cyclic shear strains in clays are also rate dependent.
The undrained shear strength of saturated clay increases with strain rate, at approx-
imately 10% per order of magnitude, (Mitchell and Soga, [2005). This increases with

plasticity of clays and is considerably less for sands.

1.3.2 Element tests

Simple laboratory tests can be undertaken on soil samples retrieved offshore to ascer-
tain soil properties for design. This is true of both monotonic and cyclic properties
and the following section briefly covers cyclic tests and relationships in literature (in
undrained conditions for clays and drained for sands). Tests may be controlled with
cycles of stress or strain. The former appears to be more widely used in OWT design.
Hollow Cylinder (HCA) tests are not considered as they are complex, expensive and
rarely used by industry.

In an ‘NGI-type’ cyclic simple shear (DSS,,.) test, Figure , a cylindrical spec-
imen (usually 50-75mm in diameter and 20-30mm high) is constrained horizontally
by a series of stacked metal rings (which are free to move across each other) or a rein-

forced rubber membrane and vertically by two plates (e.g. Bjerrum, [1967). In stress
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Figure 1.9: Stress conditions and notations in (a) ‘NGI-type’ DSS tests (b) CU tests

controlled tests, the shear stress 7 is cycled whilst the shear strain v is measured. If
a device is such that the specimen cannot be saturated it is conventional to perform
a drained test at a constant volume, by varying o,, such that undrained conditions
apply (Dyvik et al., [1987)).

Stress-strain distribution in the specimen is non-uniform and stress concentration
can be experienced at the edges (Reyno and Airey, 2005)). Lateral stresses are rarely
measured and are assumed, whilst measurements of strain are averaged across the
specimen. This creates the problem of an unknown inhomogeneous stress field.

Cyclic simple shear testing is, however, often preferred to tests which require larger
samples for OWT design as numerous, rapid, tests can be undertaken with limited
sample demands. The results of these tests facilitate the construction of cyclic contour
diagrams (discussed in detail in Chapter |4.1)).

In a triaxial test, Figure [1.9b, axial, o,, and radial stresses, o,, can be applied

with mean effective and deviator stresses defined as:

! /
/:aa+207,

(1.3)

q=0q— 0Oy (1.4)

A cylindrical specimen (conventionally with a height/diameter ratio of 2 and diam-
eter of 38mm, although offshore more commonly 76mm (Randolph and Gourvenec,

2011)) is placed within a thin rubber membrane and two end-caps. The initial stress
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Test

Table 1.1: Advantages and limitations of DSS and CU testing

Advantages

Limitations

DSSeye

Simple and quick to carry out. Small
sample (multiple tests possible from
single core).

Lateral stresses (due to the con-
straint of the rubber membrane)
have to be estimated. Stress distri-
bution along this surface is not uni-
form.

CUcyc

Failure can occur on any sur-
face. Applied stresses are princi-
pal stresses which are entirely con-
trolled.

Stress concentrations caused by end
restraint due to friction between the
clay and the end plates. Large sam-
ples required.

state can be defined either isotropically or, more representative of in-situ conditions,
anisotropically with respect to Ky (03./0;). A stress path can be defined, inducing
compression or extension. In the majority of stress controlled undrained cyclic triax-
ial (CUgy.) tests, ¢ is varied sinusoidally by fixing o, and controlling o,. Axial strain

€4 is then recorded. Table summarises key differences between the two tests.

1.3.2.1 Behaviour and relationships

Figure|1.10[shows a typical hysteresis loop of soil subject to constant amplitude cyclic
loading defined by non-zero average (0,,) and cyclic (o.,.) components. Stress vari-
able o refers to deviator stress g in CU,y. tests and 7 in DSS,,. tests. Strain variable
¢ then refers to axial strain ¢, or shear strain 7y respectively. Precise definitions of
cycles, loads and response often differ between publications and between element and
pile testing literature. This issue is reviewed in detail in Chapter[2{and is therefore not
discussed here. Key components, related to section [1.2.3] are: accumulation of strain
€n, here shown at the average load; change in loop secant stiffness k,, and hysteretic
loop area Ey (indicative of energy dissipation); and any changes to the post-cyclic
strength o, (covered in Section [3.4.1.5).

Cyclic element tests have been used for many years to investigate the response
of soils to environmentally induced cyclic loads such as: wave loading on offshore oil
and gas platforms, earthquake induced loads, and traffic-induced loading in pavement

design. These primarily focus on accumulation of strain.
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Figure 1.10: Typical hysteretic response of soil under one-way cycles of general stress o
and strain e response.

In CU,,. literature, Paute et al. (1993) state empirical relationships are often used

of the form:
en = f(n,0) (1.5)

Such that the accumulated strain, e, can be estimated as a function of number of
cycles, n, and some measure of stress magnitude, o. Most relationships are based
upon test results with one-way loading (04, = 0¢y.). In triaxial tests of fine-grained
soils, logarithmic (e.g. Cheung, and exponential functions (e.g. Guo et al.,
; Ushev, have been proposed; both predict a reducing rate of accumulation
with number of cycles. Similar relationships have also been proposed in coarse-grained
soils (e.g. Barksdale,[1971; Sweere, [1990)). Exponential functions tend to be presented
for larger numbers of cycles and stress magnitude is often employed as a multiplier.
More extensive lists can be found in Arnold and Werkmeister and Lekarp et al.
2000).

Alongside accumulation of strain, a reduction on loop stiffness k& with cycles (or
inversely, an increase in cyclic/resilient strain €.y, = 0cyc/k) is typically reported for
undrained tests in clays. This occurs in tests with a considerable bias and in two-way
testing (o4, = 0), in DSS,. and CU,,y. tests. (e.g. Okur and Ansal, Wichtmann
and Triantafyllidis, Guo et al., . Loop area is less often reported, although
Lovholt et al. showed that for selected DSS,,. tests in high plasticity clays,

loop area and with it ‘damping factor’ increased with reduction in loop stiffness (and
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Figure 1.11: Contour diagram with number of cycles to failure as a function of normalised
average T, r and cyclic 7.y y shear stresses. Built from tests in Drammen Clay, after Ander-
sen, [2009. Accumulated shear strain v, and cyclic Yeye = Teye,f/k shown. Failure is defined
as either v, or Yeye > 15%. Zones of dominant behaviour type are highlighted. (a) DSSgy.
(b) CUcye

thereby number of with cycles). This has also been reported in CU,,. tests in soft
clay by Guo et al. (2018). ‘Damping’ with regards to energy dissipation is discussed
in more detail in Section 2.5

The behaviour outlined above is known to depend upon load magnitude and type
of cycles applied (i.e. relative magnitudes of o4, and o). Cyclic contour diagrams,
which compile the measured data from a number of cyclic element tests (Andersen,
2015)), are a common way of visualising behaviour across all possible applied cycles.
Figure mShOWS two such contour diagrams, built from a series of DSS¢,. and CU,y.
tests on Drammen clay. Contours of numbers of cycles to failure Ny are drawn as a
function of normalised average 7, ; and cyclic 7.y, s shear stresses. In this case failure
is defined as either average or cyclic strain exceeding 15% (7, or Yeye > 15%). It is
clear that tests with higher applied stresses (distance from the origin) fail in fewer
cycles, but also that the ‘type’ of failure differs with loading type. These are drawn
indicatively on Figure [1.11] as: ‘stiffness reduction’ or ‘cyclic failure’ where there is
little accumulation of strain but high increase in cyclic strain (reduction of stiffness);
and ‘ratcheting’ or ‘mobility failure’ in which the accumulation of average strain is
larger than cyclic strain (and may occur in extension or in compression for cyclic
triaxial tests). Examples of each can be seen in Figure .

Pre-failure behaviour also varies with stress level. First developed to describe

metals under repeated loading, ‘Shakedown theory’ has also been applied to piles and
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Figure 1.12: Shakedown Behaviour in which strain rates differ with applied stress ampli-
tudes (a) Low stresses to (c) high stresses. Adapted from Qiao et al., 2015,

element tests in sands and clays (Jardine, 2014; Werkmeister, |2003; Wichtmann et al.,
2005). Accumulation of strain with number of cycles has been reported to develop in

three distinct ranges, Figure [1.12

A Shakedown/Stable zone — Low stresses which lead to an initial deformation

followed by complete reduction in accumulated strain rate to zero.

B Abation/Metastable zone — Accumulated strain rate decreases with each cycle

until a relatively low and/or constant strain rate is reached.

C Stepwise failure/Unstable zone — Higher stress levels will initially cause the same
response as (B) at a faster rate before a rapid ‘unstable’ accumulation of strain

leads to failure.

In undrained testing the reduction in stiffness and accumulation of strain arises
from a combination of destruction and effective stress reduction (Section [1.3.1)), such
that pore-pressure accumulation likely increases with cycles. This is shown in Fig-
ure for CU,y. tests in normally isotropically consolidated Kaolin clay. Both
ratcheting-type and stiffness reduction-type failures can be seen and large shear

strains occur as the effective stress reduces to meet the failure envelope.

1.3.3 Pile scale

Numerous tests on piles subject to cyclic lateral loads have been undertaken at cen-

trifuge, model and full scale. There appears to be fewer experimental testing programs
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Figure 1.13: Behaviour of three CU tests in Kaolin with differing ¢,, with cycles shown
(a) ¢ — g4 (b) ¢ — p» with critical state line M¢ from (Wichtmann and Triantafyllidis, [2018])
alongside an estimated extensive line.

in clay than sands within the literature, possibly due to increased difficulties when
handling clay. For a detailed review of pile testing in sands see Richards (2020).

Generally, pile response can be characterised in a similar way to Figure [1.10}]
where now 0 = M, H and € = 0, ug respectively. Full scale studies of piles in Cowden
clay were undertaken as part of the PISA project (Byrne et al., [2017). The piles
showed a hysteretic response during loading and unloading, accumulation of rotation
in the direction of load bias (fitted to a power law by Beuckelaers, 2017) and some
degradation of stiffness. Post-cycles the strength was not considerably degraded and
the response returned to the original monotonic backbone. These tests are analysed
in more detail in Chapter [0]

He et al. (2017) show similar results for a 0.8m diameter pile in soft clay with
increased stiffness degradation under two-way loading. Centrifuge tests in Kaolin by
Lau (2015) accumulated rotation and either softened or stiffened depending on loading
type, Lau postulated ‘work hardening’ as the mechanism behind the stiffening tests.
Zhu et al. (2017) and Garnier (2013) both found power laws to fit the accumulation
of rotation in centrifugal tests. The former in studies of suction caissons (with a
lower L/D) subject to 106 cycles founded in clay, sands and layered materials and the
latter, of laterally loaded piles in Speswhite Kaolin.

Deformation mechanisms of piles subject to monotonic lateral loads are well de-
fined. At ground level a conical passive wedge is pushed up by the moving pile,

with an active wedge on the opposite side. This leads to a lower limiting resistance
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Figure 1.14: (a) Soil deformation mechanism of laterally loaded pile in fine-grained soil,
(a) gapping (b) no gapping (Jeanjean et al., 2017) (b) Macro-response of a pile to two-way
cyclic lateral load where gapping has been observed (He et al., [2017)

compared to that at depth. Below the wedge, clays flow horizontally around the
pile in a ‘flow around mechanism’. This mechanism can be found in numerous pa-
pers, (Jeanjean et al., Klar and Randolph, 2008, Murff and Hamilton, [1993}
Yu et al., , and is shown in Figure . Shorter, stubby, piles (more similar
to monopiles) rotate and ‘kick out’ near the pile toe, resulting in a rotational flow
around mechanism with movement of soil depth-wise as well as laterally.

A gap between the pile and the surrounding soil (gapping) often develops in clays,
in which the active wedge no longer fills the gap behind the translating pile head.
This is observed in physical tests in clays (Byrne et al., ; He et al., ; Su et al.,
and recently chalk (Buckley et al., , and can be seen in load-deflection
curves as a soft response on unload, corresponding to a very low gradient, Figure
This indicates gapping in which little resistance is offered in front of the
moving pile, hence a large deflection for a small change in load.

The frequency of typical monopile loading is typically considered to result in
undrained response in clays, and therefore accumulation of pore-pressures. However

in the long term, as loading varies, pore pressure is likely to be dissipate.
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1.3.4 Summary

Literature reviewed in this section shows, that for clays subject to cyclic shearing in

element tests or to cyclic lateral loading at pile scale, generally:

e Strain accumulates with cycle number and magnitude for non-zero mean stress

cycles
e Stiffness degrades in clays due to destruction and pore-pressure accumulation
e Energy dissipation largely increases as stiffness decreases

Empirical relationships for both element tests and laterally loaded model piles are
exponential or logarithmic for accumulated strain or rotation, boding well for a link
between the two. The response of soils subject to cyclic loading is dependent upon:
loading (magnitude and shape), number of cycles, current stress state, drainage and

stress history. In clays plasticity and loading rate affect the response.

1.3.5 Proposed design methods

Multiple methods for better predicting the response of monopile foundations under
cyclic lateral loading have been proposed. A selection of these are discussed in this
section and summarised in Table [[.2] Many focus on a single aspect of monopile
response (typically ratcheting) and represent the monopile-soil interaction as a single-
element (macro), 1D model (as in p-y or PISA method) or in a complete Finite
Element Analysis (FEA). For application in the design office, speed of calculation
and practical calibration is paramount.

The methods selected vary in complexity but can broadly be split into: ‘Extrinsic
methods’, in which empirical relationships are used to predict displacement or degrade
p-y type models (similar to Long and Vanneste (1994) and Rajashree and Sundar-
avadivelu (1996); or ‘Intrinsic methods’, in which the continuous loading history is
predicted and behaviour is computed incrementally, such that hysteretic properties
(stiffness and dissipation) are intrinsically computed.

Figure depicts, generally, how each would compute single amplitude and

more realistic pseudo-random loads. Only intrinsic methods can predict the latter.
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Figure 1.15: Illustration of cyclic modelling strategies for (a) Single Amplitude (b) Pseudo-
Random and (c) Multi-amplitude batched loads.
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For extrinsic and modified p-y type methods, pseudo-random loading must be dis-
cretised into a series of ‘packets’ of single-amplitude loads (e.g. following methods
such as Noren-Cosgriff et al., . Each packet may then be computed separately,
adjusting for the change in amplitude between batches in some way. Leblanc et al.
(2010a)) showed that macro relationships of pile ratcheting in sand could predict multi-
amplitude tests well with a strain-superposition method. It is unclear, however, if
this discretisation is accurate representation of the effects of the true pseudo-random
loading history on the soil.

As part of the the SOLCYP project, (Puech and Garnier, two cyclic design
approaches were proposed; empirical ‘macro’ equations to predict pile displacement
at a macro-scale and ‘local’ p-y modification multipliers. Both depend upon the
number of cycles, load amplitude and specified coefficients for overconsolidated (OC)
or normally consolidated (NC) clay. Whilst based upon experimental studies, the
project focused primarily on the response of flexible piles (high L /D) and the methods

are only capable of predicting ratcheting or final displacement at peak load.



Chapter 1. Introduction 22

Cyclic contour diagrams, based upon the measured responses from element tests
Andersen (2015), have been used for cyclic design of offshore structures (predom-
inantly large, gravity base, oil platforms in soft clays) since the 1970s (Andersen,
1976). Zhang et al. (2016) present a method in which post-cyclic p-y curves can
be scaled from diagrams constructed from DSS,,. tests. The UnDrained Cyclic Ac-
cumulation Model (UDCAM, see Jostad et al., |2014)) performs a similar method in
relation to FEA, in which the response is ‘degraded’ by tracking contour diagrams at
each integration point. Initial stress-strain behaviour is calculated using total stress
model such as NGI-ADP (Grimstad et al.,|2012). Prediction of ratcheting is achieved
by both the p-y and UDCAM methods but neither predicts changes to hysteresis loop
shape and there appears to be no verification against medium or full-scale tests. Many
element tests are needed to accurately construct the underlying contour diagrams (see
Chapter , which can prove costly.

The Stiffness Degradation Model (SDM), was developed at the University of Han-
nover for cyclic loading of monopiles in sands (Achmus et al., [2007). In a 3-D FEA
model (ABAQUS) an elasto-plastic constitutive model is used to apply realistic mono-
tonic (lateral + axial) loads. The authors postulate that an increase in strain due
to cyclic loading can also be interpreted as a decrease of stiffness in each element.
The model is calibrated from CU,,. tests (Kuo, |2008) and has been shown to predict
the accumulated rotation of the model tests by Leblanc et al. (2010b)) well (Achmus
et al., 2011). Despite using a developing ‘stiffness’, this is really only a measure of
permanent deformation and the model holds no information on development of the
hysteresis loop with regards to stiffness or area. It is also unclear how this method
might be extended for multi-amplitude loads.

In the High Cycle Accumulation (HCA) model, (Niemunis et al., 2005; Wichtmann
and Triantafyllidis, |2016) the first couple of cycles are calculated implicitly (using,
for instance, a hypoplastic model) before permanent strains are predicted using a
constitutive formulation calibrated from CU,y. tests. Intrinsic ‘control cycles’ allow
for updated hysteretic response and extension to multi-amplitude loading. The model
has been used in FEA predictions of a monopile in sand (Staubach and Wichtmann,

2020)) but has not been validated against measured responses.
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Table 1.2: A selection of proposed design methods for cyclic lateral loading of piles

Modelling Method Type Summary
_ (Reference)
Strategy
SOLCYP \—i—a ;’gi(iicts macro pile-level response from experimental obser-
(Pue(;h and : Macro, | _ Focus on long, slender piles under relatively few cycles. Can-
.. Garnier, [2017) 1D . . .
Extrinsic : not predict hysteretic changes
NGI + Informed by soil-specific contour diagrams from measured
(Zhang et al, D element testing.
2016 Jostad FE7A - Cannot predict dissipative behaviour. Requires numerous
et al., 2014) element tests for accurate calibration
+ Distributes stress in soil. Parameters derived from ele-
SDM ment tests. Reasonable agreement with experimental results
(Achmus et al., | FEA in sands.
2007) - Only one-way loading considered. Cannot predict hysteretic
changes
HCA + Parameters derived from element tests. Intrinsic ‘Control
(Wichtmann and FEA cycles’ allow for updated hysteretic response and extension to
Triantafyllidis, multi-amplitude loading
2016) - Not validated against experimental results.
+ Rapid. Captures hysteretic behaviour. Validated against
REDWIN Macro PISA tests.
Intrinsic (Page et al.,|2018) - Does not capture cyclic behaviour. Calibration only appli-
cable to geometry of SDFEA
+ Captures full response. Can predict pseudo-random loading.
PIMMS Calibrated from element tests. Validated against monotonic
(Whyte et al., | FEA PISA tests.
2020) - Computationally expensive. Not validated against cyclic
tests.
HARM + Captures full response. Can predict pseudo-random loading.
(Houlsby et al., | Macro, | Validated against experimental results at macro and 1-D level.
2017) 1D - Calibration of parameters from element tests not yet defined

Intrinsic models developed for cyclic loading and implemented in FEA can suf-
fer from instability and time-constraints when computing the response of a pile to
many cycles. However Whyte et al. (2020)) present a ‘Parallel Iwan Multi-Surface’
(PIMS) model, in which multiple elastic-perfectly-plastic micro models are overlayed
with different weightings. A cyclic extension degrades the stiffness of each surface
with respect to accumulation of strain. The model has been proven to robustly com-
pute laterally loaded monopile tests to almost 100 cycles, predicting ratcheting and
hysteretic stiffness changes. It is calibrated from element test data and has been val-
idated against monotonic PISA pile data (Byrne et al., [2017)) but not against cyclic
tests.

Page et al. (2018) present a multi-surface kinematic hardening macro model which

is able to rapidly compute the hysteretic response of monopiles, validated against the



Chapter 1. Introduction 24

PISA field tests at Cowden (Byrne et al., [2017). It does not, however, capture any
changes to stiffness or ratcheting and is calibrated from FEA analyses. The macro
model is only valid for the same geometry as the original FEA, which may be an issue
for application to design.

Models derived in the hyperplasticity framework (Houlsby and Puzrin, [2006)),
offer a rigorous approach to modelling plastic behaviour which makes use of inter-
nal variables to describe the history of loading. Multi-surface kinematic-hardening
models capture hysteretic response well. Extensions to capture the ratcheting and
changes to hysteresis loop shape are well defined through empirical functions devel-
oping with incremental behaviour and the addition of a ratcheting element ( plastic
Accelerated Ratcheting Model, HARM see Houlsby et al., 2017). HARM models
have been implemented as: macro models predicting model-scale tests in sand un-
der unidirectional cyclic loading (Abadie, [2015) and complex, multi-directional and
pseudo-random loading (Richards, 2020)); and in 1D models predicting field-scale
PISA in sand and clay (Beuckelaers, [2017)). However, calibration of parameters for

the models from element tests is not yet defined.

1.4 Research objectives

Section described the important features of monopile design and outlined the
increasing need for methods which are capable of more accurately predicting the re-
sponse due to repeated loading, with particular focus on the accumulation of rotation
(ratcheting), changes to strength and stiffness, and dissipative behaviour. Most cur-
rent design methods are only able to capture ratcheting and are unable to accurately
capture the response of more realistic loading (see. Section .

A new, intrinsic, approach to modelling of cyclic loading; ‘Hyperplastic Acceler-
ated Ratcheting Model’ (HARM), can capture the key features of pile response to
cyclic lateral loading on a cycle-by-cycle basis for many cycles. Previous research
demonstrates that this approach to modelling compares well to experimental data.
However, for design, it would be more appropriate for calibration parameters to be

developed for site-specific conditions from laboratory element tests.
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To facilitate this approach a database of cyclic laboratory tests in fine-grained
soils has been acquired from the literature and private communication. This thesis
explores calibration of each mechanism of the HARM model. The primary focus is
an accurate reproduction of key behaviour observed at element level when
subject to a range of loading types. Whilst section [1.3|showed that similar behaviour
is observed at pile and element level, in this thesis the same models are used at
1D scale to predict for pile tests at Cowden with potential mapping of parameters
discussed.

The thesis forms a part of a wider effort by Oxford University to predict the
response of monopiles to cyclic loading better, building upon previous experimental
and numerical work (Richards, 2020 Beuckelaers, [2017| Abadie, 2015) and preceding
a large-scale project PICASO (Pile Cyclic Analysis: Oxford and Orsted, see Byrne
et al., 2020) which aims to facilitate the use of new design methods with extensive
laboratory testing, field testing and numerical work.

The structure of the thesis is outlined below.

1.4.1 Thesis structure

Chapter [1] describes current design practice and motivation for better understand-
ing and methods for predicting the response of monopiles to cyclic lateral loading.
Previous experimental work and proposed methods are summarised.

Chapter [2| presents a consistent framework for the interpretation of cyclic load-
ing and response. The framework originated from a desire to compare cyclic element
tests and cyclic pile tests using consistent and rigorous definitions. Possible defini-
tions of cycles, strain, stiffness and damping are presented, concluding with reasoned
suggested definitions for each.

Chapter (3| describes a database of cyclic element tests of fine-grained soils ob-
tained from literature and private communication. Monotonic, rate-dependent and
cyclic behaviour are summarised and presented to inform the formulation of multi-
surface Kinematic Hardening hyperplasticity models. A best-fit model is then cali-
brated to each data set. The modelling framework is presented as a unified model

with a discussion of required data, model parameters and default choices.
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In Chapter , the 0D modelling framework is applied to two projects (both in con-
junction with Norwegian Geotechnical Institute (NGI)) which aim to test the under-
lying mechanisms outside the calibrated range. Firstly, producing industry-standard
‘contour diagrams’ from synthetic tests. These provide an inter/extrapolated picture
of development of strain with cycles across the full range of constant amplitude stress
testing. By using mechanistic models, the diagrams can be described in terms of
physical processes as well as validation tool for model formulation. The second appli-
cation involves ‘Class C’ (Lambe, [1973)) predictions of seven multi-amplitude, Direct
Simple Shear (DSS) tests undertaken at NGI as part of the WAS-XL (Wave loads
and soil support for extra-large monopiles) project. The model is calibrated from
monotonic and constant-amplitude cyclic (DSS and DSS,,.) tests in the same soil
unit.

There are several possible ways of structuring such models. In Chapter [5] the
implications of configuring units in series or in parallel is investigated. Comparisons
of model behaviour are made by introducing the mechanisms presented in Chapter
in increasing complexity. Equivalence is met for some applications; where this is not
the case evidence for a preferred choice is presented. This is particularly true when
considering rate-dependency.

Chapter [6] extends total stress 0D models to 1D ‘Winkler’ type models for appli-
cations at pile scale. ‘OxPile’ soil models are extended to include kinematic hardening,
rate dependent, ratcheting models which must be strain controlled. Model predictions
are compared with PISA tests. Potential mapping of parameters from element to pile
is discussed. Typical storm loading is applied and cyclic response is identified down
the pile as mobilisation of lateral pressure. Comparisons between this and typical
element tests leads to better assessment of required element testing, particularly for
calibrating specific constitutive models.

The total stress models presented in Chapter [3| offer accurate predictions of the
strains developed under repeated loading. However effective stress changes are not
explicitly modelled, rather the effects on strain development are included via soften-
ing. Explicit prediction of effective stress has some benefits particularly with regards
to triaxial tests. In Chapter (7] rate-dependent, hyperplasticity models in triaxial

effective stress space (g-p') are described. Although only at a development stage,
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the approach is a step in the development of modified Cam-clay models to include
changes due to repeated loading.

Appendix[A]presents derivation of incremental response in stress or strain control
for any model configured in the hyperplasticity framework. Whilst not novel work,
it is presented in full for reference and to facilitate the implementation of models

described in this thesis.
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A consistent framework for cyclic
loading

Definitions presented in this chapter were developed in collaboration with I.A.
Richards. A summary can also be found in Richards (2020); here more information is

given on the development and implications of choices made.

There is currently no consistency in definition of cyclic loading or the cyclic re-
sponse between publications focused on pile testing and those focused on element
testing. Definitions also vary within each field, from publication to publication.

A common framework for interpreting cyclic loading is necessary to facilitate com-
parison of test results from different institutions and, as this thesis aims to do, to
compare behaviour observed at the pile system level with that observed at the soil
element level. The latter is crucial for the practical calibration of design methods.

This chapter presents the development of a rigorous framework for characterisation
of cyclic loading and definition of the cyclic response. In defining cyclic loading,
consideration is given to the definition of a cycle and the characterisation of cyclic
loading. In terms of the cyclic response; definitions of strain, stiffness and energy
loss factor (a measure of energy dissipation) for a given cycle are described. The
focus is on developing a consistent framework for unidirectional, constant amplitude
cyclic loading, but some consideration is also given to unidirectional multi-amplitude
loading.

The cyclic response is expressed generally in terms of stress o and strain €, how-
ever, o and € can represent a number of stress and strain parameters. In pile tests, o

may correspond to applied moment M or horizontal load H, while in element tests o

28
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Figure 2.1: Typical cycle definitions in (a) pile testing literature (e.g. Abadie, |2015) (b)

element testing literature (e.g. Andersen, |2015). (c¢) Consistent cycle definitions proposed

may correspond to deviator stress ¢ or shear stress 7. In pile tests, € may correspond
to pile rotation € or pile displacement u, while in element tests € may correspond to

shear strain v or axial strain ¢,.

2.1 Cycle definitions

Figureshows the cycle definitions typically found in (a) pile testing literature (e.g.
Abadie, and (b) element testing literature (e.g. Andersen, [2015)). For pile tests,
a cycle is typically defined as a load-unload loop from the most negative stress, o,
to the most positive stress o, and back to o,,. Whilst cycle 0 is the first load-unload
loop from zero load to o, and back to o,.

In element tests, a cycle is typically defined as starting and finishing at o,,, where
Oaw = (0p + 0,)/2. The cycle starts at o, loads to g,, unloads to o, and loads back

to 04y. Cycle 0 is not defined, although the initial consolidation to o, is typically
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not considered as part of cycle 1. In element tests, the cyclic stress is defined as
Oeye = (0p — 00) /2.

To allow both pile response and element tests to be presented in a consistent
framework, the cycle definition presented in Figure (c) is recommended. This cycle
definition follows the pile test approach and is considered to be more intuitive than the
element test definition, and allows straightforward consideration of half-cycles, which
is necessary for multi-amplitude loading. Rather than defining the cycle in terms of o,
and o, the cycle is defined in terms of the extreme load, 0., and reversal load, o,. The
introduction of these terms allows the framework to consistently capture behaviour
during extensive (element) tests, where |o,| > |o,|. In pile tests, the definition of a
positive load direction is arbitrary.

For constant amplitude loading, o. is defined as the maximum absolute load at

load reversals and o, as the minimum absolute load at load reversals. In terms of o,,:

O¢ = Ogqp + O
if Op>0—° “ e 2.1
f “w= Or = Ogv — Ucyc ( )
Oe Oav Ocye
1f  Oqw <0 — 2.2
f “ r = Oav T Ocyc ( )
When |o.| = |o,], 0. is generally defined in compression or (for tests where direc-

tion is arbitrary) the direction of initial loading.

Cycle 1 begins and ends at reversal load o, and is defined as the second load-unload
cycle to pass through o.. Cycle 0 is defined as all loading which occurs before cycle 1.
Figure [2.2| shows examples for various types of loading; point eq will always be defined
but ry only exists if initial loading occurs in the unloading direction, e.g. Figure[2.2h.
This definition is necessary to account for pre-loading which typically occurs during
cyclic triaxial extension tests. Cycle 0 begins at oy which may be non-zero (e.g.
Figure , as is the case for anisotropically consolidated tests where gy # 0), and
at ¢ = 0. Under multi-amplitude loading, cycle 0 is typically insignificant. This

nomenclature is now used throughout this thesis.
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Figure 2.2: Definition of cycle 1 (and cycle 0) for (a) cycles with a positive bias 04, > 0
(b) cycles with a positive bias o4, > 0 but negative initial loading (c) cycles with a no bias
04y = 0 (d) cycles with a negative bias 4, < 0

2.2 Loading characterisation

Characterisation of cyclic loading is essential for interpretation of the cyclic response.

For pile tests, cyclic load is typically characterised by (Leblanc et al., 2010b):

O oy

gb - Cc = (23)

OR Oe¢

The measure (. describes the degree of load reversal or loading symmetry, and
allows definition of loading categories: two-way, partial two-way, one-way and partial
one-way. Examples are shown later in Figure and Table The parameter (,
describes the maximum load magnitude relative to an arbitrary reference stress og.
With o, and o, defined in previous section, (. is well-defined (—1 < (. < 1), and is

independent of load direction, i.e. extension or compression.
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Figure 2.3: Relation between o4y, 0¢ye and ¢, Cc

In element testing, loading tends to be characterised by (Andersen, 2015):

O¢ — O O¢ + 0, (2.4)

Ocyc = 9 Oaw 9

where o,y defines the cyclic amplitude, while o,, defines the degree of load bias.

It not clear which pair of parameters ((y,(.) or (Ocye, 0an) best characterise cyclic

loading, but it is worth deriving the relationships between the two sets of parameters:

1 20
= —Oav cyc c = 11— — 2.5
G o (Oav + Ocye) ¢ (Caw + Oeye) (2.5)
<b Cb Oav 1 + Cc
Ucyc 9 ( Cc)UR Oav 9 ( + CC)O—R Ucyc 1 — Cc ( 6)

Figure [2.3| presents these relationships graphically. Charts similar to this are often
used in element testing to define the loading regimes of a suite of cyclic tests, with
individual tests represented by single points in normalised o,, and o, coordinates.
These form the framework for the NGI style contour diagrams, as detailed in Section

. Loading type (defined by (. and labelled in Figure can be extracted by

considering areas between limiting (. values of -1 and 1. Contours of increasing ¢, fan
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Figure 2.4: Typical strain per cycle definitions in: (a) pile testing literature (e.g. Abadie,
2015) (b) element testing literature (e.g. Andersen, 2015)

outwards from the origin. Considering cyclic triaxial CU,,. tests, the right hand side
of the plot (o4, > 0) represents compression tests whilst the left hand side (o,, < 0)
represents extension tests. In pile tests and cyclic simple shear DSS,,. tests, where
the response is assumed isotropic with load direction, the plot may be reduced to
Oav > 0 only.

It should be noted there is no consistent method for defining og. For pile tests
this is often defined at some limiting rotation or pile head displacement (e.g. ULS
conditions O = 2° or ug = 0.1D), whilst in element testing the initial consolidation
pressure (o,. or p') or some measure of ultimate strength (e.g sy or ¢s) are typically
used. Importantly, this means that ¢;, and normalised values of o,, and o, may not

be directly comparable across sources.

2.3 Definition of strain per cycle

Ratcheting is defined as the permanent strain developed under cyclic loading, and re-
quires the definition of a strain per cycle. However, this has been defined in numerous
different ways by different authors. For pile tests, the accumulated rotation at peak
load, Ae,, (often presented as Af) is commonly used to measure strain per cycle, as
shown in Figure 2.4h. Although commonly used, this definition couples permanent
strain with stiffening or softening behaviour. Additionally, strain is defined at the
point of maximum load, which is inconsistent with the idea of ratcheting being related

to a permanent strain.
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In element testing, cyclic strain €.y, (or sometimes resilient strain €,.s = 2e.y.)
refers to the temporary strain generated within each load cycle. This is not pursued
here as the same behaviour can be quantified by stiffness (see section . Aver-
age strain &,, defines the strain mid-way between the cycle extrema e and reversal
r and is commonly used to describe ratcheting. Permanent strain ey, is also occa-
sionally used and is defined at o,, on reloading, as shown in Figure 2.4b. Both &,
and eperm are taken either from consolidated zero load or from the beginning of the
first cycle. Although &,, minimises coupling of ratcheting with stiffness change, ac-
cumulated strain is not well-defined. Accumulated rotation is commonly used in pile
testing to consider the strain caused solely by cyclic loading (neglecting the monotonic
response). However, this is not in common use in element testing literature.

Neither of the definitions used in pile and element tests avoids the coupling of
ratcheting and stiffness change while also having a well-defined accumulated value.
To help explore alternative definitions for ratcheting, Figure presents various
points which may be used to define strain at a given cycle number: at the extreme
load o, (e), at the load reversal o, (1), at 0,, on reloading (a), at 0,4, on unloading (b),
at the minimum absolute value of stress on reloading (I), and at minimum absolute
value of stress on unloading (u).

Nine potential definitions for strain at a given cycle number are then presented in
Table 2.1} Of the nine potential definitions, €,/ is deemed to be the best definition.
ey is the average of the strain developed at o,, on unloading and reloading, and
defined in terms of points a, and b,, . This definition minimises conflation of stiffness
change or change in hysteresis loop shape with ratcheting and also has a well-defined

accumulated strain value Ae,y.

2.4 Definition of stiffness per cycle

A number of authors have reported the evolution of secant stiffness across each cycle
with cycle number. The loading stiffness k;, and unloading stiffness k,, are com-
monly used (e.g. Leblanc et al., [2010b; Abadie, 2015; Guo et al., [2018; Wichtmann
and Triantafyllidis, |2018). However, these definitions couple stiffness change with

ratcheting for open loops. Table presents two alternative stiffness definitions: ky,
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Figure 2.5: Key points for alternative definitions.

Table 2.1: Alternative definitions for ratcheting strain ¢,, and accumulated strain Ae,, .
Definitions corresponds to cycle n

Definitions ‘ Well-defined Ae ‘ Notes
Ee, = E(en) v Couples stiffness change with ratcheting.
Ae,, = e(e,) —€(eo) Equivalent to ¢, as used in pile testing publications.
€, = €(1y) « Couples stiffness change with ratcheting.
Ae,, =e(r,) —e(r) Accumulated strain not well defined.
e, = e(ln) « Couples hysteresis loop shape change with ratcheting.
Agy, = ¢e(l,) —e(ly) Accumulated strain not well defined.
Ae Eun E:uﬁ()un)g (o) v Couples hysteresis loop shape change with ratcheting.
Up — n) — 0
€a, = €(ay) v Couples hysteresis loop shape change with ratcheting.
Ae,, = e(a,) — e(ag) Equivalent to €pe,m, for element tests.
Ae Ebn :(bggbn)g (bo) v Couples hysteresis loop shape change with ratcheting.
b, — n) — 0
eq, = 3(e(ln) + £(un)) o Defined at most unloaded point.
Aeg, =¢e(Qn) — %:(11(J) May couple stiffness change with ratcheting.
T :
Cavn 2(6 en) + 61 T")) X Commonly used in element testing literature.
Agq,, = e(av,) — 5e(eo)
T
Em, = 3(e(an) +€(bn Y D o
eemed to be the best definition.
A&‘M —E(Mn)—E( 0)

the inverse of the average of loading and unloading flexibilities and k,,, the mean of

the unloading and reloading stiffness. Choosing either &y, or k,,, minimises coupling

of ratcheting and stiffness change. The definition k;, is preferred as, given that the

displacement response is of concern, it seems sensible to average flexibilities. ky, is

presented schematically in Figure [2.6] alongside the previous definitions.
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Figure 2.6: Alternative definitions for loop stiffness

Table 2.2: Options for stiffness definitions

Definition ‘ Notes
f — olen=o(ra) Loading stiffness as used by (e.g. Abadie, [2015).
In ™ len)—e(rn) Couples stiffness with ratcheting behaviour.
b olen=o(ratn) Unloading stiffness as used by (e.g. Leblanc et al., 2010Db).

e(en)—¢(rn+1) | Couples stiffness with ratcheting behaviour.

Central cycle stiffness.

Gy — 9 btk Calculated as inverse of average of reloading and unloading flexibilities.
i ki, +kun, Decouples stiffness from ratcheting behaviour.

Proposed definition

Average of reloading and unloading stiffness.

Decouples stiffness from ratcheting behaviour

2.5 Definition of energy loss factor per cycle

Cyclic energy dissipation is generally quantified for a closed hysteresis loop by a
metric proportional to the ratio of hysteretic energy loss Ey to maximum ‘stored
elastic energy’ Fg. FEp is represented by the area enclosed by the loop and Efg is
defined at the maximum load, as indicated in Figure and defined in terms of the

extreme load o, , extreme strain ¢, and secant stiffness k :

1 o2
N DY (2.7)

Ey = ]f ode (2.8)

In soil mechanics the ‘damping ratio’ ¢ has been commonly used to characterise
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soil dissipation (e.g. Kramer, 1996; Taborda et al., 2016} Abadie, 2015:

-£(2)

However, this definition is inconsistent with definitions in structural dynamics
where the ratio of hysteretic energy loss to maximum stored elastic energy (or a
proportional ratio) is instead called an ‘energy loss factor’ . Whereas the ‘damping
ratio’ specifically describes the ratio of viscous damping to critical damping for a
SDOF (single degree of freedom) viscously damped system. The energy loss factor
7 is then typically defined as the energy lost per radian of the cycle divided by the
maximum stored elastic energy (Inman, 2014). This is the reciprocal of the ‘quality

factor’, @) , often used for describing resonant systems Green, (1955, such that:

_1_1/(En

To avoid confusion with structural dynamics and be consistent with literature on
dissipative systems, energy loss is characterised here using the energy loss factor n
defined by Inman (2014])). 7 is therefore equal to twice the ‘damping ratio’ proposed by
Kramer (1996) and commonly used in soil mechanics, and is bound as 0 < n < 4/.

This energy loss factor is system-dependent and energy loss in the soil body is
just one contributor to a system’s overall energy loss. For pile tests, the boundary
conditions (in the case of model tests) and pile roughness may impact the system’s
energy loss, while for element tests energy may be lost to friction at the end platens.

FEr and Ey are easily defined for closed loops, but adaptation is needed for non-
closing loops which occur with ratcheting or when multi-amplitude loading is applied.
Taborda et al. (2016) define Er and Ey for multi-amplitude loading, where the energy
loss is calculated incrementally from the previous loading increment to the current
strain. Their method may be applied to either the reloading (7;) or unloading (77, )
half cycles, or the average of nr; and nr, can be calculated ( 77) to estimate energy loss
over the whole cycle. However, energy dissipation due to ratcheting is not considered.
Abadie (2015) defines Er and Ey to account for dissipation due to ratcheting (defined
na here). However the definitions are only valid for constant amplitude, one-way
loading. These definitions of Fr and Ey are presented schematically in Figure
and 2.7c, and the resulting energy loss factors are summarised in in Table [2.3]
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Figure 2.7: Definitions of Ey and Ey (a) for a closed hysteresis loop (b) following Taborda
et al. (2016) on unloading (c) following Abadie (2015))

The hysteretic energy loss Ey may be more generally defined by integration of

the response from r; to r; 41 for cycle ¢ as:

€ Tit1
EH:/ ads—i—/ ode (2.11)

Figure [2.§ visualises the calculation of Ey for three different non-closing hysteretic
responses: with open loops (e.g. positive ratcheting ¢,,,, —¢,, > 0 ) and crossing loops
(e.g. negative ratcheting e, 1 —e&,. < 0); and with positive and negative values of o, .
The sign of (. and the direction of ratcheting relative to the direction of average load
impact Ey . This definition of Fy remains robust for negative ratcheting (such as is
seen in C'U,,, with a small compressive bias but much weaker extensive strength) or
convex hysteresis loops (such as seen during gapping in a pile test).

A new energy loss factor, n; is defined using the rigorous definition for hysteretic

energy loss, where the central cycle stiffness & is used to define the maximum elastic

En 4k, rita
= = d d 2.12
" 27TEE 7T<O'€ - JT>2 (/T; oheT \/ei 7 6) ( )

For a closed loop n; is equivalent to the definition of Inman (2014), and equivalent
to the definition of Abadie (2015) for constant amplitude one-way loading. The
definition is also equivalent to Method 0 presented by Lgvholt et al. (2020).

energy Eg:

2.6 Impact of definitions on observed behaviour

Figure [2.9) presents the cyclic response of model piles and element tests in sand and

clays, details of which can be found in Table 2.2 The cyclic response is presented
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Figure 2.8: Visualisation of calculation of hysteretic energy loss Ep by integration: a)
Positive ratcheting, (. > 0; b) (. > 0; c¢) Negative ratcheting, (. > 0

in terms of the stress-strain response (moment - rotation (M — 0) for the pile tests,
deviator stress - axial strain (¢ — ¢,) for the CU,,. tests and shear stress — shear
strain (7 — ) for the DSS,,. tests. Only the first 5 cycles are shown for clarity and
are presented alongside: the strain per cycle € , the secant stiffness per cycle k , and
the energy loss factor per cycle n . Various definitions for ¢ , £ and n (presented in
Tables , and are used to highlight the impact of the choice of definitions. In
general, ratcheting (increase in € ) is observed under 1-way and partial 1-way loading
for both systems, secant stiffness k increases under cyclic loading for the monopile
in sand while softening is generally observed in the clay element tests, and there is a
general trend for reduction in 7 under cycling, at least for less than 100 cycles.

The apparent strain response differs significantly with the strain per cycle defini-
tion. Case (a) exemplifies the impact of stiffness change on the strain at load reversals

and load extrema (g, , €.): despite symmetrical movement of the pile, the stiffening

Table 2.3: Options for energy loss factor definitions

Definition Notes
Follows the method of Taborda et al. (2016) to determine

1 [ By Er and Ey on either reloading (nr;) or unloading (77,), or

= ow\ Be takes the mean across a load-unload cycle (nr).
Does not account for energy dissipation due to ratcheting.
Follows methods proposed by Abadie (2015) to determine
Er and Ey .

1 <EH > Accounts for energy dissipation due to ratcheting.

Not well-defined for multi-amplitude loading or non

1-way loading.

Applicable to general non-closing loops

= ot (ot 7 )
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Figure 2.9: Impact of strain, stiffness and energy loss factor definitions for example pile,
CUcyc and DSSey. tests. See Table for details.
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behaviour causes changes in ¢, and ¢, which may be misinterpreted as ratcheting. In
general, the average strain definition € 41, as used in element testing and the proposed
strain definition €, lead to similar results. The loading and unloading stiffness defi-
nitions k; and k, also differ significantly under some loading cases (particularly case
(d)), due to asymmetry in the hysteretic response which may be related to ratchet-
ing. The mean stiffness definitions lead to intermediate stiffness values, which better
represent the stiffness across a cycle. There is no clear difference between the mean
secant stiffness k,, and the proposed central secant stiffness k.

As expected, there is no clear variation in 7 for case (a) where the cycles are
approximately closed and symmetric. However, the choice of definition for energy
loss factor has a significant impact in other cases. The proposed definition for energy
loss factor n; generally leads to values between those obtained using the definitions of
Taborda et al. (2016]) on loading and unloading (97, 7rv), except in case (d) where
partial 1-way loading is applied and only definition 7; accounts for the additional

work due to the greater load magnitude.

2.7 Multi-amplitude

The consistent framework for defining cyclic loading and interpreting the cyclic re-
sponse may be extended to multi-amplitude loading. This is focused on consistent
presentation of the cyclic response and with the constant amplitude framework.The
cyclic response is defined in terms of load and unload half-cycles, both starting and
ending at load reversals. For each cycle (comprising a load and unload half-cycle) an
extreme load o, , load-reversal load o,;, unload-reversal load o, ,, , load-average load

o4y, and unload-average load 04y, may be defined, as shown in Figure

Table 2.4: Test cases considered in Figure

‘ Description ‘ Reference ‘ e ‘ Loading-type
a Model monopile in . -1 2-way
b dense, dry sand Richards, [2020 0 1-way
c Cyclic triaxial (CUeyc) -1 2-way
d

test in NC Kaolin clay Wichtmann and Triantafyllidis, [2018

Cyclic Direct Simple Shear Private Communication

e (DS Seye) test in OC -0.35 | Partial 2-way
North Sea clay See Table

0.41 | Partial 1-way
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u,n cye,l
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Figure 2.10: Multi-amplitude definitions

The extreme loads o, and reversal loads o, are defined at alternating load reversals.
Across the data-set, [0.| > |7,| , and therefore ratcheting is generally expected in the
direction of o, . It is also necessary to define a sensible cyclic threshold (labelled ‘tol’
in Figure for multi-amplitude loading, to avoid counting noise as cycles.

The loading strain (g,) and unloading strain (e;) are defined (following Table
at the half-cycle average load o4y as shown in Figure 2.10] It is not appropriate
to take the mean of these values for multi-amplitude loading, and plotting both ¢,
and g, is recommended. The concept of accumulated strain becomes redundant for
multi-amplitude loading, given that Cycle 0 is likely to be of arbitrary magnitude.

For stiffness, loading and unloading half-cycles are again considered, and the load-
ing and unloading stiffness (k; and k, in Table are calculated for each half-cycle.
Again, it is not appropriate to take the mean value for multi-amplitude loading. The
definitions for Fr and Ey presented by Taborda et al. (2016) are well-adapted for
multi-amplitude loading. However, the resulting energy loss factors do not account

for energy dissipation due to ratcheting.

2.7.1 Characterising realistic loading

In this section a realistic multi-amplitude load history is characterised and presented

in a manner consistent with single-amplitude testing.
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Figure 2.11: Normalised 100-year return storm (a) Continuous load history (b) Heat map
of discretised half cycles ng 5 indicates number of half cycles, colour intensity in logarithmic
scale

The load history used is taken from Richards and originates from experi-
mental readings of a prototype scale cylinder (representing a 7 m diameter monopile)
subject to a 100-year return period storm in the North Sea (Bredmose et al., .
Further to the measured wave loading, Richards (2020) processed the data by: i)
addition of constant wind loading, ii) application of a transfer function to model
the structure’s dynamic response, iii) projection of loads to constant eccentricity, iv)
scaling to model-scale (for application to 1g model tests).

The resulting continuous load history, Figure [2.114], is therefore representative of
the combined horizontal load induced by a 9 hour storm. The maximum applied load,
Hyjy, is assumed to be equal to the maximum ULS design load. One may reasonably
take the reference load, Hr as the maximum resistance of the structure. This has
been back-calculated by following DNVGL-ST-0126 guidelines and using suggested
safety factors specified as 1.35 for ULS (DNV-GL-ST-0437).

From the continuous load history in Figure 2.11al individual half cycles may be
derived as in Figure [2.10] Each load and unload represents a single half-cycle which
can be characterised by a corresponding H,, and H,.,. and normalised by Hz. The
full multi-amplitude loading may then be represented by counting the number of
half-cycles corresponding to discrete packets of cyclic and average load. Figure
shows a heat map of a discretisation across the full range of the storm. The cyclic

threshold is set to Hy,; = Hg/100 such that extrema or minima which would result
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in 2 Heye < Hyy are not considered. This results in a total of 10500 half cycles
which are counted in packets of width H = Hr/100 in H,, and H,.,. The colours
are representative of logarithmic values (base 10) such that 0 is indicative of 10° = 1
half cycle.

The majority of half-cycles occur at (j, less than 0.25 or 0.35, and are either partial
one-way, one-way or partial two-way. The higher magnitude half cycles tend to be
partial two-way, (. < 0 (Hee > Hg). The most extreme load does not exceed
(p» =~ 0.75. This is sensible given the assumption of a total partial safety factor of
1.35, i.e. ¢, = 1/1.35 = 0.74, and shows how the choice of Hp is the main factor in
mapping the magnitude of the loads. Importantly, presentation in this way this allows
the appraisal and comparison of multi-amplitude loads against constant amplitude
tests. This is valuable since fundamental understanding of the cyclic response is
often derived from constant amplitude tests but would probably be validated against

multi-amplitude tests.



Chapter 3

Modelling of element tests at 0D

3.1 Introduction

Unlike most engineering materials, soils are extremely variable. At any site, geotech-
nical properties vary laterally and with depth. This is especially true for an offshore
wind farm where turbines are located hundreds of metres apart. Any practicable con-
stitutive model must therefore be calibrated to site-specific conditions from practical
tests.

Simple laboratory tests can be undertaken on soil samples retrieved offshore to
ascertain monotonic and cyclic soil properties for design. Well established direct
simple shear (DSS) and triaxial (CU and C'D) tests impose shear stresses to a sample
whilst controlling normal stresses (to varying degrees). Each has advantages and
disadvantages (as discussed in Section but both offer an example of soil response
under controlled conditions. They are therefore useful guides for establishing key
properties of geotechnical models.

Cyclic element tests are, however, time-consuming (often days per test, e.g. Ushev,
2017)) and little value is added by repeating conventional testing in this work. There-
fore, the focus has been on exploring literature and industry contacts for test data
already compiled. This has been a successful exercise with hundreds of tests obtained
across six clay units, which can be used to inform a constitutive model.

Constitutive models provide a relationship between stress ¢ and strain € , and can
be implemented at various scales. Continuum models (3D) typically used for FEA
(Finite Element Analysis) are the most complex, such that for each force a correspond-

ing strain may be found. Macro (0D) models are much less costly computationally,

45
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Figure 3.1: (a) Monotonic loading and the effects of rate (b) Cyclic, stress controlled
testing described by average o4, and cyclic 0.y load with initial virgin loading shown in

grey

isolating a single stress and conjugate strain component of the system, (e.g. shear
stress 7 and shear strain ) and are useful for model development. In the hyperplas-
ticity framework, extension to the continuum is straight-forward (e.g. Houlsby et al.,
, allowing for much of the formulation to be studied at the simpler, faster, 0D
scale.

In this chapter, the database of acquired tests are presented with the results sum-
marised to establish important features of behaviour to be modelled. This is presented
with a view to formulating kinematic-hardening, rate-dependent, 0D, hyperplasticity
models in total stress space. Ultimately, this chapter aims to model clay behaviour

at element test level by (in a similar manner to Whittle and Kavvadas, [1994):
(i) Establishing behaviour
(ii) Formulating the model
(iii) Establishing a procedure for determining input parameters
(iv) Evaluating predictions

These are presented progressively in terms of constitutive mechanisms: monotonic
non-linearity, rate-dependency and cyclic behaviour.
Figure[3.T]shows examples of idealised response in general stress-strain space which

broadly depicts each mechanism. A monotonic increase in stress at a fixed strain rate
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Table 3.1: Available cyclic element tests data sets in clays. Properties and tests type
of each unit is described alongside respective stress ¢ and strain e like variable, reference
stress o, period of sinusoidal loading 7', maximum number of cycles applied Npqz, and if
post-cyclic strength s, pc was tested

Key ‘ Soil Properties and Reference Test Type o e OR T Niaz  Su.pc
Cowden Till

COW | I, =17%, Ky = 1.5, s, = 125kPa CAUcyc q €, 25y, 5min 3500 v
(Ushev, [2017)
Drammen Clay DSSeye

DRAM | I, = 27%, OCR = 1,4,40 CAUye T 1 "5Dss 105 1000 v
(Andersen, 2015) ClUqy. 7 ¢a Sue
Kaolin CAUL,

KAO I, =12.2%, Ky =0.55—-1, M, = 0.88
(Wichtmann and Triantafyllidis, |2018)

/ P _ .
CIU.,. q € ) £ =0.02 - 1%/min 10000 X

KAO NC Kaolin

Cowa | I = 34%, 0. = TORPA, M, = 0.92 DSS.e T 4 Supss 10s 1500 x
(Zografou et al., |2019)

NSCA Anonymised units of North Sea Clay DSS,e T v ou.

Nsop | b =20% OCR=1-9 o . e 4s 5000 v
Private Communication e “ 0
NC Wenzhou soft clay

WEN | I, = 32%, Ky = 0.55, s, = 26kPa CAUye g €0 25uc 1s 10000 x

(Guo et al., |2018)

is shown in grey in Figure with a corresponding non-linear response; if the
strain rate is changed (shown dashed) the response will vary. Figure shows a
typical constant stress amplitude cyclic test described by bias o,, and amplitude o..
Initial loading is the same as a monotonic increase in Figure and is hence shown
dashed. Subsequent unloading and reloading produce a response which is dependent

upon history and loading but which builds upon monotonic and rate behaviour.

3.1.1 Database of element tests in clay

Table summarises data sets acquired through private communication or from open
source. If not otherwise stated each set consists of sinusoidal stress-controlled cyclic

tests alongside monotonic tests to failure at a constant strain rate. These consist of:

e COW - A laboratory investigation as part of the PISA project which explored
the properties of a stiff over-consolidated glacial till sampled at the Cowden
test site near Hull, UK (Zdravkovi¢ et al.,2019). Data is acquired directly from
plots in the thesis by Ushev (2017)).

e DRM - A comprehensive testing program undertaken by NGI (Norwegian
Geotechnical Institute) in the 1970s and 1980s, from which the acquired
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measurements form the basis for the first ‘contour diagrams’ (Andersen, |1976;
Andersen et al., [1980). Some data is freely available in publications by NGI
(Andersen, 2015) with additional information acquired during a visit to NGI.

e KAO - Tests on Kaolin clay at Karlsruhe University. Continuous data is avail-
able for download from Wichtmann’s personal website (Wichtmann, [2019).
Cyclic tests are applied ‘sawtooth’ at constant displacement rate € rather than
period. All tests are cycled to some amplitude about the initial deviatoric stress

(qo) which is applied drained (g, = qo)-

e KAO-UWA - Tests at the University of Western Australia (UWA) which aimed
to inform the construction of cyclic contour diagrams. Data acquired directly
from figures in the paper by Zografou et al. (2019). Staged DSS,,. tests with

varied orders of constant amplitude packets are also presented.

e NSC - A site investigation of two units of stiff glacial tills from an offshore
wind farm site in the North Sea. Full stress strain data was obtained from
Orsted and is subject to a ‘Non-funded personnel protocol’ signed in January
2018, which requires anonymization before publication. Samples were taken
from five boreholes 2-5km apart and at depths of 4-9m (NSCA) and 26-33m
(NSCB). Information on initial stiffness has been found in the literature but
references are omitted to preserve confidentiality of the data. Where required

this is assumed to be similar to COW.

e WEN - CU tests undertaken by researchers at Wenzhou and Zhejiang Universi-
ties (Cai et al.,2017; Guo et al.,|2018)). Data has been obtained from the above
papers with additional information, such as monotonic tests at varied rates and

individual loop response, kindly shared by the authors.

Figure shows a Casagrande diagram populated (where possible) with the clay
units, indicating low to high plasticity clays. The North Sea Clay units (NSCA and
NSCB) are assumed similar to Cowden till (COW) in this respect.

Figure [3.3| shows the locations of individual cyclic tests on an interaction diagram
of average o0,, and cyclic stress 0., where the stress quantity o corresponds to either

7 or ¢ (as defined in eq. , see Table . Blue markers represent cyclic undrained
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triaxial tests (CUgy.), and the red markers either truly undrained or constant volume
direct simple shear tests (DS Sy.). It should be noted that the co-ordinates are highly
dependent on the choice of reference stress or defined in Table 3.1l This controls the
distance from the origin of the plot (magnitude (;), but does not change its polar
coordinate angle (loading type ().

For CU,,y. tests, stress quantity ¢ is normalised either by initial mean effective
stress pz) or by twice the undrained shear strength in compression, s, .. For DSS..
tests 7 is normalised either by vertical stress o, . or by undrained shear strength
Su,pss- An ultimate strength (s,) would intuitively best represent a reference stress
causing failure at (04,+0¢yc)/0r = 1 for a monotonic test. However, s, is not always
readily available for the consolidation conditions and is rate-dependent in magni-
tude. Those not normalised by the undrained shear strength are shown as filled solid
markers.

The majority of the DSS,,. tests are subject to two-way loading (04,/0r = 0), a
product of current cyclic loading design methodology. CU,,. tests are predominantly
in compression (04, /0g > 0) with a few extension tests in each set. Generally, in cyclic
laboratory testing, stress is applied at a faster rate than in monotonic tests; increased
capacity due to rate-dependency means that in some tests (04+0cyc)/or > 1 but

N > 1 cycles are achieved before failure.

3.1.2 A note on modelling choices

Multi-surface kinematic hardening models formulated in the hyperplasticity frame-

work can be constructed in series or parallel configurations, can be rate-dependent or

50 . , :
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Figure 3.2: Casagrande diagram showing location of clays in database
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Figure 3.3: Location in cyclic stress space of available cyclic element tests in clays. Blue
markers represent cyclic undrained triaxial tests (CUcyc), and the red markers either truly
undrained or constant volume direct simple shear tests (D.SS¢y.). Fill indicates normalisa-
tion parameter, where markers 4+, %, — are also considered ‘no fill’.

rate-independent and may be applied at various scales.

Macro (0D) models are used in the following two chapters and here represent the
integrated response of the soil element in terms of a stress ¢ and conjugate strain e.
Consequently, these are total stress models in which changes to effective stress are
not explicitly included. Here, the 0 and ¢ variables represent some shear stress and
conjugate strain. The actual variables depend on the test conditions (and available
data) and are shown for each data-set in Table

Previous authors (e.g. Abadie, 2015|) have rightly suggested that it is most in-
tuitive to construct models in series when computing strains from a stress input
(because strains are additive), and in parallel for strain input (where stresses are
additive). Since the vast majority of cyclic element tests are stress-controlled, series
models are used here.

Finite-element computations of pile response typically require strain-controlled
constitutive models (and therefore parallel models are more easily implemented,
Chapter @ Consistency between element and pile scale is paramount for calibration.
However, in series and parallel configuration, the internal variables have slightly dif-

ferent meanings and therefore equivalence is not guaranteed. A summary of work
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investigating the implications of these differences is presented and discussed in Chap-
ter Bl and therefore not discussed further here.

The 0-D, series models used are fully defined in the hyperplasticity framework
by an energy and dissipation function. Incremental behaviour is derived. In this
thesis, the Helmholtz free energy f is presented alongside the dissipation function
d and yield function y or flow potential w. Stress and strain control is achieved
by deriving the incremental forms as per standardised methods (e.g. Houlsby and
Puzrin, [2006)) outlined in Appendix [A] Stress-time histories are used as model input
such that constant period stress cycles, or constant strain rate tests such as those
presented by Wichtmann and Triantafyllidis (2018) are easily computed (in practice
these could also be computed using strain-time histories).

A single example of a model calibrated and applied to measured data is typi-
cally presented for each additional mechanism. Where inclusion of model complexity
affects the previous mechanism, suitable re-calibration methods are explained. Cali-
brated parameters for each data-set are presented alongside a suitable goodness-of-fit
measurement.

All tests included in this chapter are undrained (or constant volume). Whilst
drained stress history (consolidation) before undrained testing is considered, total
stress models are not capable of predicting consolidation. Each set of parameters is
therefore applicable only for samples with the same initial stress conditions. Suitable
normalisation can, however, make the monotonic response consistent at various initial

consolidation pressures (Jeanjean et al., 2017; Whyte et al., [2020)).

3.2 Monotonic non-linearity

In laboratory tests, application of an increasing shear stress produces a non-linear
strain response typically characterised by an initial elastic stiffness Gg, an ultimate
strength s,, and an ultimate strain ¢,. Pre-failure, a curve of decreasing tangential
stiffness G is observed. It is well reported that increasing confining stress, p; (CU) or

o, (DSS), increases initial stiffness Gy and strength s, (e.g. Andersen et al., [1988]).
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Figure 3.4: 13 DSS tests on NSCA and NSCB (a) Original data (b) Normalised by
ultimate stress s, and strain -y,

3.2.1 Isotropic response - DSS

Figure shows examples of 13 DSS tests at various OCR and o), illustrative of
a typical monotonic response in terms of shear stress 7 and shear strain ~. ~, is the
ultimate strain corresponding to a peak in shear stress s, pgs or a maximum of 15%.
The same tests are shown normalised in Figure [3.4b| in which non-linear pre-peak
curves of decreasing stiffness are a common feature. In DS'S conditions isotropy can
be assumed such that the response is independent of loading direction. This no longer
holds in triaxial conditions (CUc and CUe) adding complexities further discussed in
section

The non-linear response on loading can be captured by multiple linear surfaces of
varying stiffness and yield strength. A multi-surface plasticity model with kinematic
hardening in series configuration is depicted in Figure and consists of an elastic
element (Hp) in series with a number of units (i) each consisting of a spring (H;) and
slider (K;). This is described globally by stress (o) and strain (¢), alongside internal
kinematic variables («a;) identified with the plastic strain and conjugate stress (x;).

The model is defined in the hyperplasticity framework by the Helmholtz free
energy f and dissipation d or yield functions y; (See Appendix [A| for derivation of

incremental behaviour):

Ns 2 Ns
H H;
f==" (5 - Zai) +y ol (3.1)
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Figure 3.5: Rate-independent series kinematic hardening model with corresponding mono-
tonic response

Ns

d=> K| (3.2)
1=1

yi = [xil — K; (3.3)

For a stress input, the incremental strains can be written (See Appendix [A| for full

derivation):
do Ns
de = — + doy; 3.4
T, ; (3:4)
and if the surface is yielding :
do
doa; = — 3.5
=7 (3.5)

The strengths of each slider range from first yield (K; = o,,) to the ultimate
strength of the system (Kys = o0, ns), wWith the corresponding spring stiffness H;
ensuring that the tangent stiffness £;; matches that of the material stress-strain
response, Figure[3.5bl The larger the number of surfaces Ny, the smoother the curve.

Upon unloading, Masing rules are observed as a natural consequence of the model.
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Figure 3.6: Example monotonic fit to data Figure 3.7: Correction of initial yield point

with Jeanjean curve parameters to correct for true initial stiffness

H; and K; can be found by either directly deriving from the monotonic data

(a ‘data-driven’ approach) or by fitting to an expression and then finding values at
discrete points. With the latter: noise is eliminated; positive, reducing stiffness is
guaranteed (such that do/de > 0); and normalised parameters between tests and
sample types can be compared. This process is independent of the adopted function
with much work already establishing suitable relationships of non-linear soil response.
Previous work at Oxford University investigating model pile tests in sands adopted

a ‘power law’ (Abadie, |2015) for the stress-strain curve, though poor fit to small strain
stiffness changes is found when applied to clay element tests. The PISA conical soil
reaction curve (Byrne et al., 2019b)), and the ‘Jeanjean’ hyperbolic tangent curve
(Jeanjean et al., 2017) have little to differentiate them. Both require similar parame-
ters G, Sy, €4, along with a curvature/fitting parameter named n or a for PISA and

(Jeanjean et al., |[2017) respectively.

In this chapter the Jeanjean equation is used, owing to a better-conditioned cur-
vature parameter, a. To fit to the element tests included in this study, the PISA n
parameter (0 < n < 1) is close to its upper limit of 1 and therefore sensitive to small

changes, whilst the Jeanjean fitting parameter a ~ 2. The equation is described in

e—< 0.5
- tanh (a (8 e ) )
U R
= . (3.6)

Ou tanh(a)

To fit the relationship to element test data, Ey, o, and €, are fixed and a optimised.

general o as:

€y = Yo and o, = s, are defined as a pair at peak stress or 15% strain. Ey = Gy and
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Figure 3.8: Parallel Kinematic Hardening Figure 3.9: Area under monotonic test to
Model prediction of DSS test in Drammen failure with number of surfaces, normalised
Clay with OCR=4 by analytical area (Model as in Figure

can be found by bender element tests, or estimated via a known relationship with s,
(Andersen et al., |[1988)). The curvature parameter a is then derived by a proportional
least-squares optimisation as shown schematically in Figure [3.6]

The small strain fit of the curve is important as this describes the initial loading
and unloading stiffness. Typically, assuming constant sampling frequency and strain
rate, there will be fewer data points in this zone and many data-points as the test
reaches failure. Optimisation can be biased by only considering a percentage of the
total data, for instance 80% would only consider data points in which o < 0.8a,.
Here the decision is made manually (but could be optimised) and is trade-off between
accuracy at relatively small strains and as a whole. Typically 90% is found to be
suitable.

K; and H; are then derived for an appropriate number of surfaces N, following
methods described by Houlsby et al. (2017). Firstly, surface yield strengths are defined
at equally spaced stresses such that o,; = K; = auNis. Corresponding yield strains,
gy, can then be found by rearranging Equation and noting o = o, ;:

0'u> (atanh((?j)tanh(a)) ) ? L Tui

Eyi — <€ - =
v “ EQ a EQ

(3.7)

from which tangent stiffnesses F,;, = Z»+1=%:1 and surface stiffnesses H, are calcu-
, ERp—
Y, Y,

lated knowing:

1A:i+ZHi (3.8)
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Figure 3.10: CAUc and C'AUe tests on Wenzhou clay

In order to ensure the correct initial stiffness Hy = Ej, the first yield point may be
adjusted by changing the initial yield strain €,; by altering K, as depicted in Figure
3.7 such that:

oy1 — Erigya

v1 T Ey— E;q
5 (3.9)
o 1=K =—
y,l 1 5;371

Figure [3.8] shows a model prediction of a DSS test in Drammen Clay. Upon
unloading Masing rules are observed (shown dashed), such that fixed amplitude stress
cycling traverses the same loop for NV cycles. Comparison of calibrated parameters
are discussed in section [3.2.3

By fixing yield locations to points on the curve and assigning linear surfaces, the
curved area (and therefore dissipative behaviour) is not conserved. However, the
severity is reduced with increasing number of surfaces as the linear surfaces approach
the curve. Figure quantifies the sensitivity by calculating the area beneath a
‘Jeanjean’ curve with the same parameters as Figure |3.8) and that reproduced by
a kinematic hardening model with N, surfaces. Once 40 surfaces are employed (as
is typically used in this thesis) the error is less than 0.1% and therefore considered

negligible.

3.2.2 Anisotropic response - CUc and CUe

The previous section showed it is possible to capture non-linear isotropic behaviour

using a multi-surface kinematic hardening model calibrated to backbone response
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Figure 3.11: (a) Rate-independent series kinematic hardening model with asymmetrical
yield strengths (b) corresponding monotonic response and (c¢) conceptual equivalent con-
tinuum yield surface diagram, based upon an anisotropic yield surface model proposed by

Sheng et al.,

with examples given in DSS conditions. Two further complexities are introduced

when considering CU tests such as that shown in Figure [3.10}

e Stress Anisotropy: The response of a sample will vary with loading direction.

If this is limited to triaxial extension and compression it can be seen that shear

strength s, and pre-failure strain response differs. Typically s, > Sy.e.

e Consolidation: The response will also differ depending upon sample consolida-

tion and therefore stress history. In triaxial testing the sample may have been

subject to anisotropic consolidation (C'AUc) in which ¢g # 0, requiring careful

consideration for total stress models.

Asymmetry can be introduced in the 0D model by changing the strengths (K)

of each unit to incorporate compressive and extensive behaviour so that the plastic
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Figure 3.12: Isotropically consolidated triaxial behaviour (a) Asymmetrical model cal-
ibrated to Drammen Clay OCR=4 CIUc and CIUe tests (b) Equivalent continuum yield
surface diagram

dissipative and yield behaviour [3.2] changes to:

Ns
d=> K.i{on) + Kei{—dj) (3.10)

i=1
Yi = |Xi| — H(xi) Kei — H(—xi) Ke (3.11)

where H(X) corresponds to the Heaviside step function. The model is shown schemat-
ically in Figure [3.11] The stiffnesses are equal H.; = H.; = H;, such that the differ-
ential form of the energy function (Equation remains constant. Initially constant

scaling across all ¢ surfaces is applied such that:
K.;i=A;;. K., (3.12)

where Ay; is an asymmetry factor that can be estimated as Ay; = Afns = Swe Tt

Su,c

should be noted that the Ay y, may not be equivalent to the ratio of the critical state

line gradients (M, /M,), simply because the undrained strength may occur at different
mean effective stress. This is the case in Figure |3.10| in which:

41.7 M. 1.15
Apj=—= =0.82 e 0
M 507 7 M, 124

0.9 (3.13)

A truly anisotropic continuum model is shown schematically in Figure [3.11k, in
which the asymmetrical yield strengths may be seen mapped in extensive and com-
pressive directions.

An example of a model prediction of isotropically consolidated C'IUc¢ and C'IUe
tests on Drammen clay is shown in Figure A good prediction is achieved
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Figure 3.13: Anisotropically consolidated triaxial behaviour (a) calibrated to Drammen
Clay OCR=1 CAUc and CAUe tests (b) Equivalent Continuum yield surface diagram

with a final asymmetry factor Ay, = 0.55. Ay, is allowed to differ with each
surface provided the yield strengths continue to increase with surface number and
ensuring that the final yield stress is equal to the ultimate extensive stress, giving the

constraints to optimisation:
Oy,ei+1 — Oyei — Ke,i+1 - Ke,i > dem (314)

Ke,Ns = Oepn (315)

where dK i, = 0,/(3Ns) is used here. Figure also shows a model in which Ay,
is fixed, allowing less control of curvature. In Figure each test tracks the yield
surfaces along the oy axis in triaxial compression (+ve) and extension (-ve) as shown
by blue and orange arrows respectively.

Anisotropically consolidated triaxial tests are often undertaken to better recreate
the assumed in-situ conditions (such as that shown in Figure . The sample is
consolidated to a non-zero mean effective stress p, and deviator stress g, often termed
K consolidation (not to be confused with surface strength notation) where K, = %
It Ko <1, om0 <0y0=>qo>0and vice versa if Ky > 1, gy < 0.

The behaviour in both extension and compression now differs from an isotropically
consolidated sample at the same pz). Calibrating a total stress 0D model backbone-
curve, which is capable of predicting both, is not trivial. The initial shearing to qq is

drained such that p’ changes will occur, not predicted by a total stress model. Prévost

(1977) overcame this by applying ¢o undrained to a calibrated set of yield surfaces at



Chapter 3. Modelling of element tests at 0D 60

Table 3.2: Summary of evidence and modelling for monotonic shearing

Behaviour ‘ Evidence ‘ Modelling Technique ‘ Calibration

Fit ‘Jeanjean’ relation-
N?n—linear re@j.ponse with Widely' ob- Multiosurface kinematic ship to data. From
stifness reducing from an | served in all hardenin which strengths and
initial value Gg data-sets. & stiffnesses of Ny surfaces

may be calibrated.

Behaviour is  stress- Calibrated back-bone

history dependent KAO .
(OCR and consolidation DRM onl.y a.pphcable. t o con- | N/A
conditions). NSCA solidation conditions.

Make yield strength

Anisotropy observed in Initially estimate con-

CU tests. Weaker in DRM direction  —dependent || (oY = e
. K., = Afi-Kci but . ! Su,c
extension than compres- COW keé stiffnésses’ the required vary Ag; may

sion. WEN P vary with surface.

same.

Calibrate to either ex-
tension or compressive
test post initial qg. Ac-
curacy decreases with
magnitude of |qg/2s,,]|.

Apply o undrained to
DRM shift yield loci prior
0 COW to true undrained shear
% 7 0. WEN tests.

Consolidation may be
anisotropic such that

a known p;). This is shown schematically in Figure , where the anisotropic yield
surfaces have been dragged to qg, as before the blue and orange arrows show CAUc
and CAUe tests respectively.

Figure shows K consolidated CAUc and C' AUe tests in Drammen clay. The
asymmetrical model has been calibrated to fit the extension test on unloading. The
prediction shows initial undrained loading as a dotted line, representing consolidation
to (pf,qo0), followed by undrained shearing. Unsurprisingly the extension test (to which
the yield strengths are calibrated) is predicted well. However, the compression test
is too soft at initial shearing. This response is incorrect and importantly suggests
that a total stress approximation of anisotropic consolidation works well only when

K values are close to 1.

3.2.3 Modelling summary and application to datasets

It is possible to predict the non-linear monotonic response of undrained laboratory
shear tests for a sample at a known consolidation conditions using multi-surface kine-
matic hardening hyperplasticity models. Table summarises the key observations,

modelling techniques and calibration methods presented.
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Figure 3.14: Quality of fit metric, edited from (Byrne et al., 2019b) (a) Ultimate fit, 7,
(b) small strain fit, 7 4

In this section a model is calibrated, as previously presented, to each data set.
This is evaluated in a similar way to Byrne et al. by employing a quality of
fit metric . Ultimate 7,;; and small strain 7,4 (here as limited to € < 0.1¢,) quality
of fit metrics are defined in o-¢ space in Figure [3.14] and are calculated by:

_ Aves — Aaigy

n= e (3.16)

where 0 < n < 1. The closer to 1 the better the fit, here 7, > 0.9 is assumed to
represent a ‘good’ fit.

Table and Table summarise the test conditions and calibrated parameters
of the datasets used. Where more than one test is available an average is used for
the function fitting. o, is taken as s, pss or 2s, . throughout but could be varied to
allow focus on a specific area of the backbone (e.g. small strain applications), &, is
then paired with o,. The curve fitting parameter a varies between 1 and 4 with a
mean value of 2.35, closely following the results presented by Jeanjean et al. .

For DSS and CIU tests the model matches measurements well. 7y is typically
lower than 7,;; suggesting a worse fit at small strains, exaggerated by sparsity of data.
In CAU conditions the Cowden (qo/2s,. = —0.1) case is acceptable for all except
the initial extension. However for Drammen OCR=1 the fit is poor (; the sample
is highly anisotropically consolidated (go/2s,,. = 0.76) and total stress anisotropic
consolidation loses accuracy with magnitude of |go/2s,,|. Prediction of effective stress

changes are, of course, not possible with a total stress model which limits the accuracy
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Table 3.3: Summary of DSS data-sets, parameters fit to monotonic response, and good-

ness of fit values

Ove Su,DSS ou

KEY [kPal [k:Pa} suﬁss 5u,DSS Eu “ it | Tsd
NSCA OCR1 70 61 750 1 0.15 1.36  0.98 | 0.95
NSCA OCR1 300 156 750 1 0.1 1.76  0.98 | 0.92
NSCB OCR3 325 176 750 1 0.11 147 097 | 0.84
DRM OCRI1 392 84 1000 1 0.05 2.06 0.97 | 0.89
DRM OCR4 98 64 1000 1 0.09 2.74 0.97 | 0.95
KAO UWA 70 13 500 1 0.15 0.99 0.77 | 0.73

Mean: 1.73 0.94 | 0.88

of predictions. Chapter [7] addresses development of models which might tackle this

important issue.

Table 3.4: Summary of CU data-sets, parameters fit to monotonic response, and goodness

of fit values

Su,c

KEY [k];;)a} [kqua] [(Ij}g;)] Qi{C % (Z:) ¢ Afws (Zi;ti) (Zij:)
DRM OCR1 264 193 (16237) 1000 1 (06916) 42 | 05 (8132) (8:2&
DRM OCR4 100 0 (53?5) 10001 (06917) 3-19 1 0.3 (8:32) (8:23
COW 67 -25 (ﬁi) 10001 (gié?) 211 054 (gigﬁ) (8:2%
KAO 200 0 f’(; 1000 1 0<'_1)5 2.05 | (-) O('?; o(._9)1

Mean: ~ 2.88 (3133) (g::i)
3.3 Rate dependent response

3.3.1 Evidence

Fine-grained soils are viscous materials which exhibit creep when load is held and
stress relaxation when strain is held (Vucetic, [2016]). In DSS or CU conditions, a
sample will typically behave as a stronger material if the rate of strain is higher,
such that a higher undrained shear strength may be observed (See Figure . It is

widely accepted that strength increases with the logarithm of strain rate (Yong and



Chapter 3. Modelling of element tests at 0D 63

- M3
su,Mi M2 25 mm/min—__

" = mnifmin

0 5 10 15 20
¥ %

Figure 3.15: Varied rate monotonic DSS tests with initial cycles of cyclic tests (Edited
from Zografou et al., 2019)

Japp, 1967; Vaid and Campanella, [1977; Lunne and Andersen, [2007) such that:
€
oc=op+aln <—) (3.17)
€R
where o is the stress at rate €, along with a corresponding reference strain rate £p
and stress oz measured at the same strain magnitude. « is a stress quantity which
describes the rate of strength increase due to rate effects. Whilst 0 may be measured

at any strain value, typically undrained shear strengths are compared such that o = s,

(¢ < 15%). This can be rearranged to normalize o:

" 14l (i> (3.18)

Su,R €R

Such that n = «/og is a dimensionless viscous parameter which follows similar
notation to that used by Beuckelaers (2017). A typical value for clays is in the region
of o = In(10)n = 0.1 representing a 10% increase in strength per order of magnitude
increase in rate. Inversely, strength decreases logarithmically with reducing strain
rate. However, reported tests (e.g. Vaid and Campanella, [1977; Lunne and Andersen,
2007)) show that this trend is no longer true at very low rates, asymptotically slowing
to some strength s, :,o as the strain rate tends to zero (infinitely slow).

A more sophisticated approach to describe this type of behaviour is rate-process

theory, in which the process is assumed to be thermally activated. Mitchell and Soga
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Figure 3.16: Strength increase due to strain-rate (Edited from Liedtke et al. (2019)

describe the basis of the theory and present its potential use in soil mechanics
employing an inverse hyperbolic sine relationship (see also Houlsby and Puzrin, .
At low strain rates strength increases linearly, whilst at high strain rate the increase
remains logarithmic. The point at which behaviour changes is indicated by a reference
strain rate, (¢,.r) such that the Equation becomes:
SU‘Z =1+ 1131100) sinh ! (;f) (3.19)
Figure shows normalised undrained shear strength (s,/s,2v/ny) against
strain rate € for two data sets (Liedtke et al., ; Equation is shown in
orange with values of &, = 0.04%/hr S“;% = 0.8 and 79 = 0.1. The relationship

! Su,2%/hr

captures behaviour at high and low strain rates well.

As previously mentioned 7o typically takes a value of 0.05-0.1 for fine grained
soils. s, ¢ 0 is a strength value and is material and consolidation dependent. &,.¢ is a
slow rate and appears to be somewhere between 0.01-0.06% /hr (Vaid and Campanella
suggest a value of €,.; = 0.06%/hr). This can also be reported as test time

to failure, T, ref = .E“f which for e, = 10% => 1month < T, .y < lweek. For most

€

typical laboratory tests, the strain rate will be larger than é,.; and therefore on the
logarithmic portion of the curve. Provided one takes &,.; as some suitably small value
and changes s, ;o accordingly, the predicted s, should be accurate.

Although typically reported as an increase in s, (at failure strain), some authors

have observed that rate-dependent strength changes appear to be strain dependent
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Figure 3.17: (a) Four CUc tests in Kaolin at differing rates (b) Deviatoric stress for each
strain rate as a function of magnitude of strain (c) Strength increase per log,q increase in
strain rate(nyg) as a function of strain magnitude

such that n9 = f(e) (e.g. Yong and Japp, 1967; Matesi¢ and Vucetic, [2003). This
is investigated by fitting Equation to stress comparisons at various strain mag-
nitudes. In Figure four CUc tests in Kaolin at differing rates are shown with

markers at 0.5,3 and 15%, Figure [3.17b| shows the increase in stress with strain rate

for each. From this 70 may be calculated knowing 7 = In(10)a/o, . Figure
shows this method applied to differing tests in the database and at various strain

magnitudes, where:
e KAO — 4 ClUc tests in Kaolin at 0.01,0.05,0.1, and 0.5%/min
e COW -3 ClUc tests in Cowden clay at 5,50, and 500%/day
e YJ - 4 CIUc tests in Kaolin at 1.67,8.33,15, and 33.3% /min

e KAOUWA -3 DSS tests in Kaolin at 0.1, 1, and 2.5mm/min
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Figure 3.18: Monotonic and Cyclic DSS tests on North Sea Clay A (a) Hysteretic Re-
sponse (b) Strain and strain rate for the first 8 seconds

Data from Yong and Japp (1967) and UWA show a considerable increase in 1,9
at low strains, with the Cowden tests showing a similar, albeit less intense, trend.
The dependency in Kaolin appears to be strain independent. This suggests that
relative to the stress level, the viscous effects are larger at low strains and that rate
dependency occurs even at very small strains. This is also presented by Vucetic
(2016); in normalised secant stiffness plots, ‘strongly increased’ strain rate causes an
increase of GGy suggesting that initial stiffness is also rate-dependent.

Cyclic element tests are often defined in terms of sinusoidal load histories with a
constant time period T" which, combined with the non-linearity of the soil response,
imparts varying strain rates on the soil throughout a cycle. Rate-effects are often
described in terms of varying frequencies; Wichtmann and Triantafyllidis (2018) re-
port deceleration of strain with increased loading frequency. In fact this problem may
be re-framed in terms of strain-rates, such that higher frequency tests cause higher
strain rates as the loading rate increases; higher magnitude tests will also cause higher
strain rates as the tangential stiffness reduces.

Figure shows the first load and unload of a DSS,,. tests of NSCA clay with
a period of 4s, plotted alongside a slow (2.8%/hr) monotonic test of the same clay
with the same consolidation conditions. Figure shows the strain rate for the
first 8 seconds (2 cycles). The rate changes considerably throughout each cycle and,
as loading direction changes, passes through zero. Consequently, to accurately model

cyclic tests one must be able to model constantly changing strain rates.
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Figure 3.19: Rate-dependent, series, kinematic hardening model

3.3.2 Model

As described above, experimental results show significant viscous effects, which must
be modelled continuously to accurately predict behaviour. Rate effects can be intro-
duced into multi-surface hyperplasticity models by adding a viscous dissipation term,

depicted as a dashpot in Figure |3.19, Following rate process theory this gives:

plastic viscous
rNs rNs N
d=Y"Kilal+ > Fdsinh ! alt (3.20)
= - 21821 - tref i i|bref .

or expressed in terms of the flow potential w, knowing d = x&, dz/a = x and

w = i i <cosh (t*€f<|x"| - Ki)) - 1) (3.21)

i—1 ref Hi

w=d— z:

from which incremental behaviour can be derived for implementation following Ap-

pendix [A| (which also contains extension for asymmetrical strength):

doy; = ow dt = —S<Xi) sinh (tmﬂb@, — KZ>) (3.22)
5XZ tref 12

where ¢; is the plastic strain rate and p; is a surface dependent viscous term (Houlsby

and Puzrin, 2006). t,.s is a reference ‘time’, the inverse of the local reference strain

rate Qes (tref = 1/Gyes), similar to the global reference strain rate described in
Equation where:
1 T,
tref,G = = wref (323)
Eref Eu

For a model configured in series, the magnitude of ¢; is dependent upon unit
stiffness H;, and the total number of surfaces Ny (see Equations and . There-

fore the local strain rates do not match the global strain rates, hence ducf 7# Eres
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and t,ef # trer,- To ensure model behaviour does not alter with number of surfaces
tref = Ns.trerc (€. Qpep = Eref/Ns) is specified in calibration. Further implications
and comparison between series and parallel models are discussed in Chapter [5

Beuckelaers (2017) rewrites Equation with p; = Kit,epn in which n = 1—11’7(1%0) is
the viscous constant. By including K, the viscosity scales directly with the strength
of the surface, such that the viscous dissipation scales with plastic dissipation. Ev-
idence presented in the previous section showed that one may wish to increase the
contribution at lower strains.

Alternatively viscous contribution could be fixed such that p; = p = outren
(where typically o, = Kns). In this case the viscous dissipation is consistent across
surfaces meaning that the relative contribution is larger at smaller strains (‘constant
viscosity’). This would have computational benefits reducing the model in Figure
to a single dashpot acting across the whole model rather than at each surface,

thus only a function of the total of the plastic strains.

In fact, each of these is a limit for which a single dissipation function may be writ-

Fntrefn-

This reduces to that presented by Beuckelaers (2017) at F,, = 1 and to constant

ten by adding an additional parameter £, where 0 < F,, <1 and y; = au(f—:’)

viscosity at F;, = 0:

F;7 = 2% :Mzo-utrefn
K\
0< F;7 <1 Wi = Oy (—Z) trefn (324)
Oy

Fn =1 Hi = Kitrefn

This formulation allows for control of viscous contribution with strain level, if re-
quired, by a single well defined parameter.

Figure and Figure show the effects of F), for a typical monotonic
backbone at two rates. Firstly, the development of pre-failure strain is subtly changed,
which becomes more important as rates increase and for calibration to multiple rates.
When focusing on small strain behaviour it is clear that for F,, = 0 the response
‘sticks’ to the elastic stiffness. Figure shows a measure of the ratio of viscous
to plastic dissipation (Equation , when F;, = 0 the viscous dissipation is much

greater than plastic contribution at low stresses/strains. With greater F), the effect is
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Figure 3.20: (a) and (b) Monotonic constant strain rate response at: (- -) Very slow
Ereftref,c = 0.005 and (-) Fast é,eftrer,¢ = 50 (c) Ratio of viscous to plastic dissipation
with stress level (d) Effect of F), on normalised strength increase due to rate, with strain
level, compared to data presented in Section m

reduced and increases with strain rate. The ‘sticking’” may be overcome by allowing
the initial stiffness to vary with rate, although this is not pursued.

Figure shows the normalised increase of strength due to rate 1o with respect
to strain level, compared to the data presented in Section . At F,=0.5 there is
better agreement to the response in KAO and as F;, — 0 a better agreement with
YJ is seen. Generally the introduction of the parameter F; allows for control of the

viscous contribution with surface, independent of the rate.

3.3.3 Calibration

With the model developed a further three parameters must be calibrated; €,¢¢, 1710 and
F,,. Additionally, the backbone parameters presented in Section must be revisited

so that the surface strengths and stiffnesses correspond to égg — 0. This is achieved
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Figure 3.21: Recalibration of the monotonic response to that of a strain rate tending to
Zero

at the function-fit level (Figure and Equation by changing o, to o, since
strength is reduced at lower rates; and a to ag since the rate-dependent formulation
chosen will affect each surface differently (and therefore the stiffness development).

For calibration, tests at differing strain rates are required, typically this could be:
i Further monotonic tests at various ¢

ii The initial loading (and unloading) of a cyclic test at known frequency. Strain
rates vary during the cycle and are typically higher than monotonic tests. If

Oaw # 0, this may include an initial load and hold (with creep)

Considerable difficulty arises when attempting to calibrate rate dependency with
a limited number of tests. Strength will vary between samples; this is particularly
true for samples extracted from offshore Site Investigation (SI) and for DSS tests in
which variability is high. It is therefore difficult to ascertain how much of the strength
increase is due to rate and how much to sample variability.

Figure shows 24 DSS and DSS,.,. tests in NSCA with OCR= 1, 4 =
0.03hr~! or T=4s. 0, varies between 50 and 300kPa with the shear stress normalised
by a corresponding s, pgs. For the DSS tests this corresponds to the value at v =
0.15, whilst for DSS,,. a relationship of s, pss = mo,. + C is derived and used.
The range and mean are plotted where only DSS.,. tests in which the first peak

Yeo

Yeo > 0.015 are included (corresponding to an average strain rate Y., = ghir =
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Figure 3.22: (a)DSS (Grey) and DSS¢y. (Blue) in NSCA with OCR=1. Stress is nor-
malised by s, at respective oy, range and mean shown. (b) for OCR=1 and o,.=70kPa
only

50 — 100hr~!. Tt is clear that the mean DS Seye curve is stiffer and stronger than the
DSS equivalent, although the range is large: an indicator of variability.

Figure shows only the tests at 0,,=70kPa. The two DSS.,. tests differ
considerably, and suggest a rate dependent decrease or increase of strength when
compared to the DSS test. If repeatability of tests is low the best estimate for
calibration can only be to take mean values (as is now shown); however, this affects
the accuracy of further predictions.

In this thesis calibration of rate parameters is undertaken by least squares opti-
misation. Initial values are well defined given empirical experience. 19 ~ 10% in
clays, t..;q corresponds to a very slow test and is taken at 10*hrs (equivalent to
Erer = 0.01%/hr and T, s = 1000hrs). o, ¢ is material dependent and will vary with

choice of ¢,.¢ but it is known that for practical calibration tests ”UL:’ < 1 and ag will
be a value close to a. F, may be material and data dependent but should start at 1.

An optimisation algorithm has been created which can either: minimise the pro-

portional strain difference WW"?;;(ITZj:;r”dl or maximise the mean goodness of fit pa-
rameter 7, (as defined in (Section[3.2.3). Data in Figure is used as an example
with a single mean DSS,,. and mean DSS test. Optimisation of 7, is chosen using
the ‘patternsearch’ algorithm and applied over: DSS (0 < — < 1) and DSSecyc

(0 <t < 0.25T) such that:

e Maximise ... Muit,pss + Nuit,DSSeye
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Figure 3.23: Rate process theory model calibrated to (a) mean DSS and DSSgy. curves
in NSCA (b) with a fixed F;, (c) Multi-rate test in Cowden after Ushev (2017)

e By varying ... [0, Ouc0, Gzm0, L]

e Starting at ... [0.1,0.90,0, ao, 1]

Figure shows initial and optimised model predictions when all parameters

are allowed to vary. If data is sparse or less clear, subtle changes to development of

rate dependency with strain may not be required. In this case F;, = 1. The optimised

1o therefore increases to cater for the higher strength at low strains, as shown in

Figure 3.23Db]

The parameters used are not decoupled (as shown in Figure and Figure

3.23b)). F, increases viscous dissipation at low strain as does 7,9; however, the high

strain behaviour may differ greatly. Typically the data-sets obtained have a single

rate monotonic test and a few cyclic tests to calibrate to; one slow test to high strains

and some much faster tests at lower strains. In this case, by definition, an optimised



Chapter 3. Modelling of element tests at 0D

73

Table 3.5: Summary of evidence

and modelling of rate-dependent response

Behaviour ‘ Evidence ‘ Modelling Technique ‘ Calibration
Increased —strain  rate Viscous dissipative term
causes an increase in added. Hvperbolic sinh Find €,.y and mp and
apparent strength. This . P from varied rate mono-
is logarithmic until very | COW relationship _from  rate tonic tests or more com-
low strain rates at which | DRM processl.theor.y used to monly optimise to the
point it slows tending | KAO fnsure fnear m(ireas? ;t initial cycle of some fast
towards an asymptote OW ratgs and logarith- cyclic tests.
at & 0. mic at high rates.
Viscous dissipation Calibrate F;, to fine tune

Rate effects may be CoOwW can be scaled between fit. Note default value of
strain level dependent. KAO .surface—dependen't and 1 (surface dependent vis-

(Yong  and independent using F, cosity).

Japp, [1967) parameter.
In cyclic element tests Inherently captured
where frequency is spec- | COW by incremental model N/A
ified, strain rate changes | DRM where stress and time
throughout the cycle. NSC are inputs.
G| is rate-dependent. ;X?g()etlc, i:ﬁge.mOdGHGd at this N/A

fit takes no account of high rates at high strains, e.g. monotonic tests at high rates.
This extends to a general point throughout the chapter that is important to know
the limitations of calibration data with regards to the extrapolation of variables (rate
and strain level in this case).

Since the introduction of rate effects is implemented during the incremental phase
of the model, additional phenomena are intrinsically captured: creep, with load hold;
curved, viscous peaks during sinusoidal loading; and interestingly, a high stiffness
response immediately after the initial ‘pseudo’ go consolidation shown in Figure[3.13a]
this improves the prediction particularly for Ky values close to 1. Figure shows
an example prediction of a varied rate C'U test of Cowden Clay where computation

of the response is accurately captured.

3.3.4 Modelling summary and application to datasets

This section has shown that rate-dependency of fine-grained soil response is well
captured using a hyperplasticty model which follows rate-process theory. Table [3.5

summarises the key observations, modelling techniques and calibration methods.
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Table 3.6: Summary of data-sets, parameters fitted to rate dependent response, and
goodness of fit values where s, refers to DSS or triaxial compression. Note that for NSCA
OCR1 0,.=T70kPa, parameters are calibrated to the mean of all tests Figure but
goodness of fit appraised against the three tests in Figure bref,g = 10%hrs

KEY Tests used ov[zgra]p 0 F]:]f(i [ ;fi] 710 F, [ 15;7?1] ap | Mult,av
NSCA OCR1 3 70 61 0.028 0.19 0.73 439 186 | 0.51
NSCA OCR1 9 300 156 0.027 0.1 1 129  1.75| 0.78

DSS | NSCB OCR3 4 325 176 0.030 0.1 0.88 155  1.47 | 0.76
DRM OCR1 3 392 84 0.045 02 091 604 251 0.72

DRM OCR4 3 98 64 0.045 0.2 092 491 289 | 0.54

DRM OCRA4 5 100 99 0.02 0.26 091 658 4.19| 0.6

CU | COW 5 67 125 0.002 0.1 0.7 101.2 2.76 | 0.82
KAO 7 200 57.5 0.032 | 0.08 0.72 43.8 2.66| 0.66
Mean: | 0.15 0.85 0.67

Table[3.6{summarises the test conditions and calibrated parameters of the datasets
used. Two or three parameters are calibrated depending on quality and range of the
calibration data, the focus is to best predict the initial quarter cycle of cyclic tests
(important prior to the development of further mechanisms) whilst retaining a good
monotonic prediction. An ultimate quality of fit metric (n,;) is found in a similar
manner to section [3.2.3] calculated for monotonic test to failure and cyclic tests to
the first quarter cycle from which the average is taken 7, q,. The values are lower
than in the monotonic section due to the extra tests and variability in response. The
viscous parameter 1 takes a value between 0.08 and 0.28, F}, between 0.7 and 1,

with s, ¢ and ag recalibrated from the rate independent backbone.

3.4 Cyclic behaviour

Thus far only the response of single increase in load or of a few cycles has been
introduced. The following section presents mechanisms which occur during repeated
loading and unloading over numerous cycles. The mechanisms are described within
the context of constant stress-amplitude cyclic tests in which the development of
behaviour as a function of cycle number often proves a good starting point. Cycles are
defined (where possible) following Chapter [2, In reality, loading conditions offshore
are multi-amplitude. Application of a model based upon constant amplitude evidence

to multi-amplitude problems is covered in Section [4.2]
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(a) (b)
Figure 3.24: Idealised response of an element test in clay with the same maximum stress
0. and therefore ( subject to (a) Two way loading (. = —1(b) One way loading (. = 0

Figure shows 3 cycles of idealised constant stress amplitude tests under one
and two way loading. Load is initially increased to the same o, before unloading to
different o,. Such that (, = 0./0,ef is equal but (., = 0, /0. = —1 and 0 respectively.

The response with cycles now differs. In this example when o,, = 0 (a), strain
increases with cycles about zero such that €4, = 0 and €¢ycit1 > Ecye,n, this can also
be described as a reduction in secant stiffness (softening); kfn41 < kfn. It is also
possible that stiffness increases with cycles (stiffening) k41 > Ky

When o,, # 0 (b) strains no longer develop about zero, accumulating strain
(ratcheting) with cycles, such that epr,11 > epy (Where M refers to recommended
strain definition in Table typically occurring alongside stiffness changes. For
reasons described in Section [1.2.3] it is these two changes, along with that of the loop

shape, which are predominately discussed in the following section.

3.4.1 Evidence

Firstly six DSScyc tests in NSCB are used as examples, Figure (filled markers)
shows the location of the tests in terms of normalised stress regime where s, pgg is
estimated from similarly consolidated monotonic tests. Tests in blue have an OCR=4,
whilst for those in red, OCR=1 with a final ¢,.=325kPa and 308kPa respectively.
Consistent colours are used in the following plots. The number of cycles to failure Ny

(or test end) is shown and defined as the first cycle in which v,, or v > 0.15. Ny
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Figure 3.25: (a) Interaction diagram with location of NSC DSScyc tests. 6 tests in
NSCB highlighted in large colour markers with number of cycles to failure or end of test.
Normalised by common s, pgs or test specific s,; edited to account for initial 1/4 cycle
response. Small black markers indicate locations of all other NSC tests in the database
(normalised by respective s, pgs). (b) Initial 1/4 cycle loading to first peak.

broadly decreases with increasing 7.,. as would be expected although this does not
follow for the tests in which N;=74 and 355. The location is largely dependent upon
the normalisation parameter s,, assumed equal for each of the three samples. This
assumption can be checked by interrogating the initial monotonic loading of each test.

Figure shows the stress-strain response to first peak, 7.o. If 7, = 0 this
corresponds to a quarter cycle whilst if 7,, # 0 there is an additional constant rate
load and hold. The 7,, = 0 tests track the same backbone; however, there is consid-
erable variability in the 7,, # 0 cases, this is to be expected in real-world materials,
particularly in DSS conditions in which a small sample is used. With this in mind
it may reasonably be assumed that s, would also differ. This can be estimated by
finding the percentage difference at a fixed strain (in this case v = 0.015 shown as
markers) and taking the mean value (in this case 2) as the previously assumed s,,
such that:

Ta—, .
_ 14=0.015,3

Su,i = ——— Su,DSS (325)
T4=0.015,2

The interaction diagram can then be replotted (Figure non-filled markers)
changing the location of the N;=74 greatly due to a reduced s,,.This demonstrates the
importance of normalisation values, and once recalibrated follows trends observed by
Andersen (2015)), Liedtke et al. (2019)) and many others of reducing number of cycles

to failure with increasing stress magnitude.
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Figure 3.26: Stress - strain response of four NSCB tests, cycle numbers highlighted

Stress-strain responses at various cycle numbers are plotted in Figure for four
example cases, in which the Oth cycle (dashed) indicates the initial load and unload.
Figure shows a two-way test which does not fail; cycles develop around zero
strain with a reducing secant stiffness, the loop shape remains largely consistent but
rotated. Figure shows a two-way test which fails after 55 cycles; the initial loop
shape is a similar to (a) before large strains develop. The final loop shape differs
greatly from cycle 1, with significantly lower secant stiffness and a more open and
almost bi-linear hysteresis loop, with failure occurring at 7., = 0.015. Figure
and are partial two-way test responses; strain now ratchets in the direction of
the average load, and both tests show decreasing secant stiffness and a similar loop
shape throughout. This is true even at failure for (d) which occurs at v,, = 0.15.

Similar behaviour is observed in undrained triaxial tests. Figure [3.27] shows the
location (and number of cycles to failure Ny or end Np,,) of 22 CUcyc tests in

Kaolin. Failure here is defined at ¢,,=0.01. s, is estimated based upon the initial
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Figure 3.27: Interaction diagram of CUcyc tests in KAO showing location and number of
cycles to failure Ny or end Ny,qz, repeated tests show two values
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Figure 3.28: CUcyc tests in KAO (a) Initial 1/4 cycle loading to first peak -100kPa
< qo <125kPa (b) go=0 and ¢p=75kPa

consolidation conditions pz) and ¢q. It is important to note that in this dataset qq, is
applied drained prior to testing (qo = gav) and therefore the tests will not all follow the
same backbone, Figure [3.28al However, those at similar gy do show a fairly consistent
initial loading response, Figure

Deviatoric stress ¢ versus axial strain ¢, responses at various cycle numbers are
plotted in Figure [3.29a] to [3.29d], where compression is positive. Figure shows

a two-way loaded test which does not fail; secant stiffness reduces and axial strain

accumulates in a negative direction due to anisotropy. The loop shape remains convex
but rotated until high cycle numbers when loops become concave. Figure shows
a two-way loaded test which fails after 239 cycles; the response is similar to
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Figure 3.29: CUcyc tests in KAO - Deviatoric stress against axial strain of four tests

until cycle 100 but by failure the loop shape is concave and strains are predominantly

compressive. Figure[3.29d and[3.29d] are partial two-way test responses in compression

and extension respectively; strain now ratchets in the direction of the average load.
Both show decreasing secant stiffness with a similar loop shape throughout, even
when close to failure. These tests are undertaken with constant strain rate applied
between ¢. and ¢, rather than a fixed period T', removing effects of changing rate and
causing less ‘rounded’ or viscous peaks than those shown in Figure [3.26]

As discussed in Section [1.3.1] in both DSS and CU conditions the increase in
strain observed in softening and ratcheting may be attributed to combined destruc-

turation and reduction of effective stress. The latter will be investigated further in

Section 3.4.1.4]
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Figure 3.30: Normalised Secant stiffness against cycle number with power function (Equa-
tion [3.26)) fit (a) for DSS tests in NSCA (b) CU tests in KAO (c) Exponent oy, with nor-
malised cyclic stress for all NSC DS tests in which Ny > 20 filled markers indicates tests
in which 74,/s, > 0.1 (d,e) ag with normalised cyclic and average stress for all KAO CU
tests in which Ny > 20 and for the COW dataset (shown as black crosses)



Chapter 3. Modelling of element tests at 0D 81

3.4.1.1 Softening

Figure shows normalised secant stiffness (as defined in Table development
which reduces with cycles for all six DSS tests. The initial value is higher for tests
with lower 7., reflecting the non-linearity of the monotonic response. The reduction
is linear in log-log space suggesting that the rate slows with increasing cycles. The
rate of reduction is lower for the one-way tests, which is in agreement with Zografou
et al., 2019, although in this case OCR also varies. Towards the end of most tests
which finish before 1000 cycles, there is a sudden decrease as the sample nears failure.

Figure shows normalised secant stiffness development for the triaxial tests,
for most the stiffness is initially stable or increasing (to somewhere between 10 < n <
100) before reducing until the test is stopped. This is true unless high cyclic strains
are developed, in which case a sudden decrease towards failure is observed as in the
DSS.,. cases. This type of behaviour occurs predominately in 7,, = 0 cases.

Leblanc et al. (2010b)) suggested a logarithmic fit for stiffness development of piles
in dry sand, although Richards (2020)) showed that this was unsatisfactory for two-
way loaded tests in a similar set-up. Achmus et al. (2007) suggest an exponential
relationship in the ‘Stiffness Degradation Method’ (SDM), which was also followed
by Richards (2020)), and is applied to element tests in this thesis, such that:

kg n
Ly

= Aj.n* (3.26)
where Ej is initial elastic stiffness (as defined in Tables and , Ay gives the
normalised stiffness of the initial cycle and «ay, is an exponent which can be fitted to
each data set. This is plotted in Figure alongside all other NSC tests in the
data-set in black. It can be seen that all tests show a negative exponent (softening) for
which the absolute magnitude increases with 7.,.. This exponent is generally smaller

(closer to zero) for biased tests shown filled (7,,/s, > 0.1), although OCR also varies.
Figure 3.30d| and [3.30¢| show «y, in the KAO and COW (black crosses) triaxial

tests against both 7., and 7,,. Again the exponent is negative for most tests, apart
from one case in KAO and a few very low 7., cases in COW which show stiffening.
oy, decreases with 7., as in the DSS tests and increases with magnitude of 7,
in extension or compression. This is especially true for the KAO set where the

exponents are generally smaller (closer to zero) for biased compressive and extensive
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Figure 3.31: Energy loss factor against cycle number with power function (Equation [3.27))
fit (a) for DSS tests in NSCA (b) CU tests in KAO (c) Softening exponent ay, against energy
loss factor exponent «;, showing negative proportionality

tests (although consolidation is also changed), suggesting less softening occurs. At
very high |q..|, ax is greatly increased; however, these tests have fewer cycles to a
ratcheting type ‘failure’, therefore the secant stiffness no longer develops as a long
term exponent.

In summary it seems that softening is more intense with increased cyclic stress
and with proximity to two-way loading. Effective stress changes may explain some of

these phenomena and are looked at more closely in Section

3.4.1.2 Energy dissipation

Figure shows development of the energy loss factor, n;, an indication of the

dissipation within each cycle found by a ratio of plastic and elastic work and defined

in Equation [2.12]
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The loops of the lower intensity tests are initially stiffer with correspondingly lower
nr1. Tests with 7,, # 0 show steadily decreasing n; with cycles at a similar rate for
all three tests, some of which is due to a reducing increment of ratcheting strain and
therefore dissipation. When 7, = 0 the energy loss factor reduces at a slower rate. In
the tests which fail a sudden increase in n; occurs in the cycles leading up to failure,
this is accompanied by a sudden reduction in secant stiffness. Figure shows
that the energy loss factor consistently reduces across all KAO CU tests regardless
of cyclic stress, suggesting similar dissipative behaviour across all load types.

An exponential relationship has been fitted to energy loss factor development:
Nin = Ay.n" (3.27)

Such that a negative exponent indicates a reducing energy loss factor with cycles
and therefore less hysteretic energy dissipation. For the data-sets presented in this
section it is found that «,, reduces with cyclic stress and increases with bias, such that
it is largely inversely proportional to softening exponent «y. This is shown in Figure
and means that if considerable softening occurs (large negative ay) hysteretic
energy dissipation will increase relative to the elastic energy (higher o, and a more
open loop). For the majority of the tests shown the energy loss factor decreases

(negative «y,) and is more negative for triaxial tests (shown as triangle markers).

3.4.1.3 Ratcheting

Figure shows development of cycle strain at average load in DSS tests (defined
as )y in Table [2.1)) normalised by failure strain 7, = 0.15. Tests in which 7,, = 0
show a small change which is probably due to inhomogeneity. Figure shows
accumulation of strain for only 7,, # 0 which show considerable ratcheting. Similar
plots of C'U tests are shown in Figure in terms of accumulated axial strain e,
where ¢,,, = 0.1 This is plotted in log-linear space to allow for negative strain to be
plotted. Strain develops negatively (extensively) in 7,, <= 0 cases.

An exponential function is often used when reporting ratcheting in pile and ele-

ment tests, such that:

A/')/M,n Aga,M,n
or

. S = Apn (3.28)
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Figure 3.32: (a) Ratcheting response in DSS tests in NSCA normalised by 7, = 0.15.
(b) (c) Accumulation of ratcheting with with power-law fit (Equation in DSS NSCA
tests and CU KAOQO tests respectively. Grey band indicates general trend across all tests.
(d) Ratcheting exponent o against softening exponent ay. (e) Ratcheting exponent apr
against (. Blue and red bands show indicative trend of compressive and extensive tests
respectively. (d) Ratcheting exponent ap against (.
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Leblanc et al. (2010b) assumed a constant exponent ap and made Arp =
Ty(¢)T.(¢.) while Truong et al. (2019) let ag vary and fixed Ap = Aey/e,.

Initially ag is allowed to vary (following Truong et al. (2019) and Agr = Ae;/ey)
which fits well to the data in Figures [3.32h] and [3.32c, indicating a slowing rate of

accumulation; however, for highly stressed tests at cycles close to failure the rate
increases abruptly until the failure strain of ~,=0.15 which is not captured by the
exponential relationship.

The resulting exponent is plotted against ¢, and ¢, in Figures [3.32¢| and [3.321 for
all bias tests in KAO, NSC and COW. Note that in the Cowden data-set continuous
data was not obtained such that in Equation Ay n becomes Aeg g, (as defined
in Table and hence the magnitude of ar and Ag will differ. In DSS conditions

the exponent appears to increase with (;, and, since (. is similar for all tests, cyclic
amplitude 7., indicating a faster rate of ratcheting with larger amplitude cycles,
albeit this is in competition with a typically reduced number of cycles to failure.

In the KAO triaxial tests ap is largely constant for tests which accumulate strains
compressively (blue markers) 0.5 < ag. < 0.7, and extensively (Red and Orange)
0.2 < ag, < 0.4. The reduced exponent in extension suggests a lower rate of strain
accumulation in extension than in compression, despite a typically weaker response.

Fitting Ag = T5(¢p)Te(¢.) for a constant exponent following Leblanc et al. (2010b))
is not pursued as the testing programs were not undertaken with constant (. or (; in
mind, and hence it is difficult to calibrate T} or T,.. However, in triaxial conditions, Ag
is initially negative for two-way or extensive tests and positive for compressive tests.
Ap increases in magnitude with (,, hence accumulation of strain is initially larger with
larger bias and amplitude as would be expected. Leblanc et al. (2010b) and others
have previously reported, with respect to pile tests, a relationship of T, = f((.) which
produces a maximum at (., ~ —0.6. Since T, = f((.) cannot be accurately found with
this data-set, no comparison is made.

In summary it is true that, as in pile testing, the rate of ratcheting decreases with
cycles so that an exponential relationship of accumulated strain to cycles fits well,
albeit this no longer applies when close to failure. Ratcheting occurs negatively in
extension and for two-way tests in triaixal conditions and appears to occur at a slower

rate (lower exponent) than equivalent compression tests.
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Figure 3.33: Response near failure of selected D.SSc,. tests in NSCA (a) Two-way test in
stress-strain space (b) showing change in applied effective normal stress - reduction indicates
contractive behaviour (c¢) and (d) for an equivalent one-way test

3.4.1.4 Near-failure behaviour and effective stress changes

Figure [3.33a) and |3.33c| show example tests with three cycles at equal spacing around

the point where a sudden change in secant stiffness and strain accumulation is ob-

served, corresponding to the points marked in Figure |3.30al and [3.32al In both cases

the loop shape is preserved for the first two cycles shown, but changes considerably
between the second two; a greater decrease of secant stiffness alongside a more open
and therefore dissipative loop. When 7,, = 0 the response becomes almost bi-linear
whilst in the 7,, # 0 case there is a higher rate of ratcheting. When such large strains
occur this may be indicative of the test no longer behaving as a single element but
developing inhomogeneity with a significantly degraded shear-band.

More generally, the behaviour presented in this chapter, and described in total

shear stress only, is in fact accompanied by a reduction in the applied normal stress.
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Figure 3.34: Behaviour of three C'U tests in KAO with differing ¢,, with cycles shown
(a) ¢ — g4 (b) ¢ — p» with critical state line Mc from (Wichtmann and Triantafyllidis, [2018])
alongside an estimated extensive line

This ensures constant volume, indicating contractive behaviour and a decrease in

effective stress in undrained conditions, Figures [3.33b] and [3.33dl As effective stress

reduces, the applied stresses become close to critical state and the strains will be large.
In the 7,, = 0 case the loop begins to show a butterfly like response at n=1900, often
associated with liquefaction.

Figure[3.34a]and [3.34b|show three KAO triaxial tests with similar 7., but differing

Taw I ¢ — €, and g — p space. Again strain development and ultimately failure is
dependent on 7,,. Various authors highlight that zones of differing behaviour may
be illustrated using interaction diagrams (Wichtmann et al., 2013; Andersen, 2015}
Ushev, 2017)). These broadly fit into no-failure, extension, compressive and cyclic
failures as shown in Figure [1.11]

In Figureloading in ¢ causes a reduction in p’ (contraction) whilst unloading
causes an increase in p’ (dilation) which does not return to the previous point, reducing
mean effective stress p’ as excess pore-pressure develops. Failure occurs as the test
gets close to the critical state line shown indicatively. As the effective stress nears
critical state the rate of axial strain accumulation increases greatly, in two-way tests
this produces a butterfly shaped curve of contraction and dilation.

In Figures [3.35al and [3.35b] the change in effective stress with cycle number is
plotted in DSS,,. (o;

v

) and CU,y. (p’) tests respectively. For each cycle the value is

taken at the mean of values of average shear stress on unload and load (in a similar
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manner to €)7). Rather than fitting an exponent, a logarithmic law is found to

produce a better fit, such that:

Ao’ Ao’
wR — —2 4 By In(n)
gv,O Uv,O (3 29)
Ap; Ap; ’
pv,M,n _ pv,M,l + BEff ln(n)

]

Po Do
Figures [3.35¢ and [3.35d] plot the logarithmic co-efficient Bgss against against

load intensity and type (, and (.. A more negative By is indicative of a more
rapid decrease in effective stress, which seems to be independent of (;, but heavily
dependent on (.. Two-way tests (at (. = —1) show the most negative and therefore
intense exponent in both CU and DSS conditions, this reduces with increasing (.
and is lower in the extensive tests.

The intensity of effective stress reduction is closely related to the softening of
secant stiffness observed. This can be seen by plotting the effective stress co-efficient
derived in [3.29 against the softening exponent derived in [3.26] This is plotted in
Figure where there is a clear linear dependency; tests in which the most intense
softening occurs in strain space (typically two way tests for this data-set) also show
the most intense reduction in effective stress. It should be noted that in the KAO tests
used here, the initial ¢, is applied drained and therefore consolidation and strength
properties vary.

Attempts to model explicitly the effective stress behaviour will be discussed in
greater detail in Chapter |7, but here only the effects of this change (strength reduc-

tion) are considered.

3.4.1.5 Post-cyclic response

Until now, the mechanisms which occur during numerous stress cycles were consid-
ered. The cycling has a marked effect on the state, and therefore response, of the soil
samples and by extension may affect their ability to withstand large stresses. Con-
ventional element testing can be used to investigate this by assessing the sample’s
post-cyclic strength: applying a monotonically increasing strain to failure after cy-

cling. Correctly modelling this strength is important, particularly when considering



Chapter 3. Modelling of element tests at 0D 90

«20
100
2! o 2010
80 7——\“ ‘é P‘ruoo gsu‘ e
Ty 1 = ol
lkNlmZ)BO /—\— ol _ ger,
40 - :-3’
=== NOT CYCLICALLY LOADED : OCR =1

20 — CYCLICALLY LOADED | =40

0 L OCR=1 3 +20

80 § 52000 392

E 0 -XL—.I
60 - ngs’ﬁ:'om o .133? .."9
T w 26 100e .‘;:
hZ g -20 a
(kN/m?) = 547
< 8 OCR:=4
0 OCR:=4 -4l
0 N +2 43 t4 5
0 5 10 Y(’/o) 15 Ye (%)
(a) Legend: e two-way loading , x one-woy loading
(b)

Figure 3.36: DSScyc tests on Drammen clay (Andersen et al., 1980) (a) Post-cyclic
loading (b) Change in static shear strength against final cyclic shear strain (with Number
of cycles to failure)

multi-amplitude (realistic) loading where loads which exceed the previous maximum
are common after initial virgin loading (Oth cycle).

Andersen et al. present further detail on Drammen clay element testing,
Figure shows post-cyclic shearing after DSS.,. tests alongside a static test
shown in bold. Andersen observed that if the cyclic shear strains are small, the
post-cyclic test largely returns to the original static test curve whilst tests which
undergo large cyclic strains show considerable reduction in shear strength. Figure
shows this plotted in terms of shear strength change, As,, Yeye, and Nyyqq.
Tests below 2% cyclic strain show scatter about largely unchanged shear stress, while
higher strained tests show a reduction in strength which appears to increase with
cycles and is accompanied by large increases in pore-pressure (reduction in normal
stress).

Tests are also presented in triaxial conditions with similar conclusions. Again pore
pressure is increased during cycling, reducing the mean effective stress. Upon post-
cyclic shearing the effective stress paths pass the failure line for similarly consolidated
samples and approach an overconsolidated failure line. Andersen et al. (1980)) propose

that although drainage is prohibited, the reduction in effective stress during cycling
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Figure 3.37: Normalised post-cyclic strength in Cowden (CU) and NSCA (DSS) OCR=1,
ove = 300k Pa plotted against (a) cyclic strain (b)change in secant stiffness

has the same effect as real unloading of the soil (over-consolidation).

Post-cyclic tests were undertaken on all NSCA and NSCB tests, inclusive of those
which had already ‘failed’, Yeye Or Yo > 15%. In Ushev (2017), C AU, tests of
Cowden till were sheared to failure, providing they had not failed during cycling.
Figure shows change in strength against cyclic strain (either shear or axial),
two distinct zones can be seen: a large reduction in shear strength, corresponding to
failed specimens; and a small decrease or increase for those with low strains. Figure
shows the same results plotted against normalised reduction in secant stiffness.
This highlights that ‘softening’ is still occurring within cycles for many of the the
tests in which no post-cyclic softening is observed.

Generally, post-cyclic capacity is heavily reduced if the preceding cyclic test has
undergone excessive strains (close to failure). In the tests which do not fail, post-
cyclic strength remains close to the static strength even if secant stiffness reduces.
High stress cycling which induces high strains may not be of great interest when
considering serviceability limit state for offshore wind-turbines founded on monopiles.
It is relevant for the shallow soil and for soil elements close to the pile which may be
relatively highly mobilised, but soil at increasing depth and distance from the pile
will undergo cyclic shearing at a much lower level. For this, much greater volume of
soil, the effects of numerous, relatively low stress cycles is of interest. Therefore a

model which is capable of reducing secant stiffness whilst preserving, or separately
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controlling, ultimate strength is useful. Post-cyclic monopile behaviour is discussed

in greater detail in Section [6.3]

3.4.2 Model

The cyclic effects presented in the previous section can be modelled by a soften-
ing /stiffening relationship and an additional ratcheting element. In fast cyclic tests
with a non-zero load bias, some ratcheting develops in the viscous model presented in
[3.3.2 This occurs in the same way creep would for an average load held over a period
of time. Secant stiffness and loop shape are, however, unaffected, assuming a constant
period. In this section, softening is discussed first as, similar to rate dependency, it
can have an effect on the accumulation of strains. Focus is given to correct modelling
of stiffness and strength changes before ‘topping up’ the ratcheting for o,, # 0 loads

as required.

3.4.2.1 Softening

Abadie (2015) and Beuckelaers (2017) suggest a model for stiffening or softening
in which the strength of each yield surface changes as a function of a hardening
parameter [ such that:

Ki = Kiof(B) (3.30)

where K indicates both compressive and extensive strength in the asymmetrical
model. For stiffening (as modelled by Richards (2020]) and Abadie (2015)) for piles in
sand); f(B) > 1, which causes yield strengths to increase, loops to tighten and secant
stiffness to increase. Whilst for softening; f(5) < 1, causing largely the opposite
effects. Abadie notes that by changing the strengths rather than the stiffnesses, H;
remains independent of state variables, which preserves the form of the differentiation
of energy functions. The softened yield strengths are implemented in the yield (Equa-
tion or dissipation (Equation functions and corresponding derivatives, as
outlined in Appendix[A] The definitions of 5 and f(f), alongside some further model
choices are now discussed.

Hardening parameter

The hardening parameter develops incrementally with model steps such that

B = B+ BAt. Abadie (2015) and Beuckelaers (2017) both suggest 3 = |d,|, where o,



Chapter 3. Modelling of element tests at 0D 93

Sa Oa
Gu 0 — G0
G| Oux
',"l H H a
Ko} 1 K,
. .o k=0.5 —
; RS RS
SLLN 8u,O g 8UAK- E‘:u,() g
(a) (b)

Figure 3.38: (a) Diagram of changes to backbone yield surfaces subject to softening of
k=0.5, indicative constant amplitude cyclic response for one way load with to o, shown.
(b) Changes to idealised Jeanjean fit parameters

is a strain variable associated with an additional ratcheting unit (discussed in Section
3.4.2.2). Hence ( is also a strain type variable. Using this definition couples soft-
ening and ratcheting, which causes some problems for calibration, particularly when
modelling two-way tests.

B could instead take the form of other strain or work-type quantities, for instance:
Ba = Y|y or Be = 3 Ki|ds|. These formulations are synonymous with plastic-
strain or plastic-work hardening and are independent of ratcheting strain «,. It is
unclear at this stage whether a work or strain-type quantity is most suitable, and
this may be material dependent. Both are well used in plasticity theory. Plastic work
hardening can ensure that some models are consistent in series and parallel as noted
by Abadie (2015) and is therefore preferred, however strain hardening is also used
(e.g. in section . Where choice of hardening parameter would change formulation
this is highlighted.

By choosing to sum strains, the development follows the ‘global’ strain or work of
the whole system. It is also possible to develop ‘local’ hardening parameters such that
Be = > B; where 3; = |é;| or B, = K;|é]; this proves to have useful consequences.
Function choice

As shown in Figures [3.30a] and [3.30b] the secant stiffness k,, reduces with cycle

number and may be fitted with an exponential relationship. For high cycle tests

the negative power tends to decrease with intensity of 7.,.. The function choice in
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Equation is in terms of strength change k = K;/K,, such that the surface
stiffnesses remain the same whilst the yield strengths are reduced.

Figure shows a model with four surfaces subject to softening of k=0.5, the
yield loci are halved in both the stress and strain direction. If a fixed stress amplitude
is applied, the change in strain (or resulting secant stiffness of a cycle, ky,/ky1) is not
directly proportional to x, as shown indicatively for a one-way cycle to .. In multi-

surface kinematic hardening models ky , varies depending on amplitude oy, but not

kf
kg1

bias 0,4, as Masing rules are observed. Therefore a relationship of k = f(7££) is
required for all possible o, before experimental derivation of £ development can be
found.

Figure shows softening of k=0.5 for a smooth curve fit to the Jeanjean
function from which the backbone parameters are derived. The four constants
are varied by a change in k by: €,, = K&y, Our = KO0, For = Ep, and a, = ay.
The decrease in secant stiffness (for a fixed o.,.) for a given k can therefore be

approximated using the analytical Jeanjean expression as:

2
o atanh % tanh(a) Ceve
Q(Eu—E—())( . )> -

B - (3.31)
kﬁl Ecye,k seve 2
Y 2/{((6“ B %—E) (atanh((k%:)tanh(a))) n UE—?;C

Using this equation and derived backbone parameters from Table and [3.4]
experimental development of x with respect to number of cycles is found (such that
k¢, = ksn). Although this analytical approximation does not account for anisotropy
or rate, k will affect both compressive and extensive strengths equally and rate effects
can be assumed to be largely unchanged between cycles.

Figure [3.39| shows experimentally derived  for the two datasets in the previous
section. Instead of plotting against cycle numbers, absolute total strain at the peak
stress of the cycle (ZB(UE’N) |de|dt) is used which is indicative of cumulative plastic
strain. Both are plotted in log-log space. A linear relationship is observed at high
cycle numbers suggesting the suitability of a power-law fit. Richards (2020) showed
this to be suitable for stiffening (k > 1) of response of piles in dry sand. In Figure

a larger negative power is fitted to the two-way tests than the one-way tests
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Figure 3.39: Experimentally derived k against absolute strain (a) DSS tests in NSCA
(b) CUcyc test in KAO

although these also have have a different OCR ratio. In initial stiffening over
the first 1-50 cycles occurs before a consistent softening.

Assuming similarity of the development of total strain and plastic strain (and
therefore hardening parameter [3), a suitable function to describe x = f(/3) is sought.
Abadie (2015)) previously suggested:

K, > 8™
Kio Do

where my, > 0 controls the rate of softening and »_ 3; indicates a global hardening

Ka (3.32)

parameter. [y is an initial value which must be defined as some small value. Cali-
bration of g is somewhat difficult and it does not have an obvious physical meaning.

Instead a ‘modified power law’ as suggested by Richards (2020) may be used:

—m
K; > Bi ( — iy )

o= —— = (1422 (g 1 3.33

“ Ki,O ( Bref,G f ( )

my, remains the same, but now the hardening parameter is allowed to start at 0. B,.r ¢

and k,.r correspond to a co-ordinate which acts as a pin, translating the relationship
in 2 or k, aiding calibration.

With a global hardening function, all surfaces soften (or stiffen) equally with
the development of a single hardening parameter »_ ;. When cycling at any load
amplitude, all surfaces will soften by a constant kg. Post-cycling, the whole back-
bone has degraded K,,. < K,q, such that subsequent monotonic shearing would

fail at sy, = KSuo. However, as shown in Figure there is evidence that in
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Figure 3.40: Development of surface specific softening (k) for a three surface rate-
independent model subject to monotonic loading to 0 = Kn,. mp=-0.5, kcr=0.7, F3,=0.1
(a) with hardening parameter (3;) (b) normalised against fcr.n

some cases the post-cyclic strength either remains the same or increases s, ,c >= s,
despite a reducing secant stiffness (k < 1).

Modelling both features is possible by only softening surfaces once they are active.
A straightforward way of doing this would be to define a local hardening parameter
for each surface, ;. In this case the softening behaviour is dependent only on the

plastic work in that unit. Equation [5.16| now becomes a local k;:

K; B ( L ) o
K] = =1+ — K" —1 3.34
l Ki,O ( 5ref,i f ( )

where again (Syef,i, kres) defines a pin. Local and global softening models are limits

for which a single function may be written and controlled by an additional parameter,

F,.. Where 0 < F,, <1 and:

K;
— = gl (3.35)

K = = K"K
Ki,O li "G

F,=0..5 = kg
0<F.<l.k=nrrrg"™ (3.36)
F,=1.K = Ki;
At the limits F} acts as a switch, reducing to constant softening at 0 and surface

specific softening at 1. Values between the limits allow for ‘combined’ softening,

offering further control of behaviour. k; is described by Equations [3.34] and
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To ensure consistency of x development, the choice of ,.s; must reflect the mag-
nitude of work (or strain) expected on that surface (a; and/or K;). In the series
model the units are arranged with slider and spring in parallel, this results in infinite
stiffness until yield (K;) after which the spring is activated with a stiffness (H;). For
consistency B,.f.c may be formulated as a factor of expected 3 in a similar manner.

Here the following expressions are used:

Work Strain
K K
_ Ns 7~ o AN
Brefi = Fpy 7 K, or Fg, i (3.37)
2A
5Tef7G = FB,G2A or Fga—
]\A\'.«

Fs ¢ and Fjs; are unitless factors. Kyg/H; is the plastic strain «; expected on a

surface upon local stress application Ky, K; ensures a work quantity. A is the area

KNS

beneath the backbone to Ky, such that A = |

ode. Hence 2A/ K s corresponds
to a ‘yield strain’.

The reference value is scaled by the expected plastic strain or work. Figure |3.40&a
shows the relationship for three arbitrary surfaces subject to a load to Kys. When
normalised by Bef:, Figure , these track the same curve. Importantly this
ensures that x; > k;_; for all 4, since for a given surface to be active (and therefore
developing ;) the preceding surface must also be active. The lower surfaces therefore
experience a higher normalised § and by extension k.

In this thesis k,¢s is fixed at 0.7 from which f,.; may be calibrated. This corre-
sponds to the cumulative, absolute plastic work done before the surface strengths are
degraded by 30%.

Implications of local or global softening

Figure [3.41] shows how the choice of F alters the model response. All other
model parameters are consistent: the monotonic backbone uses the same (normalised
stress) parameters as DSS tests DRM OCR=1; viscosity is removed by using a
rate independent formulation; and work-softening parameters ..y = 0.7, my = 0.1,
Fretaqg = Freta,c = 20 are used alongside a reference case with no softening. 100 cycles

of a one way load (0. = 04, = 0.25) are applied followed by a monotonic application
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of stress to failure. Cycles 1 and 100 are shown alongside the model backbone re-
sponse without cycles. The development of yield strength K; is shown against surface
number ¢ at approximately cycle n =0,25,50,75 and 100.

All model choices show a decreasing k,, resulting in a decreasing secant stiffness
k¢ the rate of which slows with cycle number following the power-law formulation.
In the constant case the reduction happens over all surfaces equally. During cycling
this manifests in ratcheting as well as softening; as the yield strengths of the softer
surfaces are reduced they progressively become active, causing higher strains upon
virgin loading in the same manner as a monotonic stress application (see the degraded
backbone shown dotted). This is a secondary mechanism and cannot be controlled
independently. Post-cyclic strength is much lower than the original backbone. With
continued cycling, failure occurs once Ky, < 0.

In the surface-specific case only the surfaces which are activated (where K, setive <
Ocyc) degrade. Secant stiffness continues to reduce but the loop shape develops dif-
ferently. This means that no ratcheting or changes to post-cyclic strength occurs.
Eventually, with further cycles, the loop will become linear as K, getive — 0 and
therefore limits secant stiffness development.

The combined case sits somewhere between the two. The linear change in yield
strength K; and sudden change at approximately surface 12 is a function of constant
amplitude testing, for varied loading one could expect x,, to vary much more smoothly
with surface.

More subtly, the choice of F,, changes the shape of loops. This is clearer for
a two-way case as the accumulation of strains is removed. Figure [3.42] shows the
same model (with consistent parameters) subject to 100 cycles of a two-way load in
which 0,, = 0 and o, = 0.45. All three models show reducing secant stiffness. For
the constant softening case the loop shape is preserved and rotated whilst for the
surface specific case the shape becomes almost bi-linear. This is emphasized when
considering energy loss factor 7;: increasing when F,=0, decreasing when F,=1 and
remaining almost constant (for this case) when F,=0.5. The differing magnitude of
kfn/ks1 with similar parameters means that Fj; and Fj ¢ may take different values

depending on F,; and formulation of Equation (3.3
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Figure 3.42: Softening model choice as in Figure with two-way load applied.

Given the evidence in the previous section in which the energy loss factor tended
to reduce with cycles and post-cyclic strength did not reduce unless the sample was
failed, it would provisionally seem that a value close F;=1 is the better option. This
also allows for control of the development of ratcheting. The rapid degradation to
failure sometimes seen when effective stresses become low may not be captured as
well, and for constant amplitude tests secant stiffness reduction may be limited. It is
noted that if higher softening is required, F} < 1.

Table [3.7] summarises the differences in behaviour between surface specific and

Table 3.7: Summary of model behaviour changes when employing constant or surface-
specific softening for constant stress-amplitude loading. Mixed softening sits somewhere
between the two

Constant Softening F,; =0 ‘ Surface-specific Softening F,, = 1
General All surfaces are ‘degraded’ | Only activated surfaces degrade as a
equally as a function of > 5; function of local parameter (;
Secant Stiff- | Reduces in a similar manner to | Reduces in a similar manner to sur-
ness surface degradation face degradation
Hysteresis Shape preserved, loop area and | Loop shape may become bi-linear as
Loop energy loss factor increase only lower surfaces degrade, energy
loss factor decreases
Post-cyclic Post cyclic ultimate strength is | Post cyclic ultimate strength is al-
Response reduced by the same amount | most unchanged s, pc = Su,0

as surface degradation s, . <<
Su,0

Ratcheting If 74, # 0 considerable ratch- | If 74, # 0 no ratcheting occurs
eting occurs as a by-product of
global softening
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Figure 3.43: Rate-dependent series HARM model

constant softening. Large differences in behaviour are observed for a very subtle
model change, in this case reduced to a single switch parameter, F,. Similar total-
stress models exist which make use of softening or ‘degradation’ rules either degrading
strength or stiffness subject to some quantity (Whyte et al., 2020; Vucetic and Dobry,
1988; Huang and Liu, [2015)). Employing multi-surface, surface-specific degradation

could give similar benefits to any similar constitutive model.

3.4.2.2 Ratcheting

Whilst some ratcheting already occurs in the model due to creep (rate-dependency)
and softening, additional strain may be required. The HARM (Hyperplastic Acceler-
ated Ratcheting Model) extension (Abadie, 2015; Beuckelaers, [2017; Houlsby et al.,
2017) employs an additional ratcheting unit (shown in red) with associated internal
strain parameter, a, (shown schematically in Figure . The model is defined by

energy and dissipation functions:

Ns
H; o Hnsp1 2
S S — )t g, 3.38
f i:12(5 a; — o)+ 5 (e —ay) ( )

Ns Ns .
d = {Z K;|a;| + Z K;néy; sinh ™ ( ,ai )] + od, (3.39)
i=1 i=1

Qpef
Incremental behaviour is derived as in Appendix |A| (which also includes extension
to asymmetrical strength). «, is controlled by a constraint function which can be

written as:

N
d, = S(0) Y Rilé| (3.40)
=1
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such that ratcheting develops with the sum of the increments of plastic strain.
S(o) ensures that the increment of «,. is the same as the direction of current load,
therefore developing in the direction of load bias (our cancelling out for symmetrical

loading). R; controls the rate of ratcheting which Houlsby et al. (2017) define as:

Rﬁﬂ%&(ﬁ)m(ﬁgm (3.41)
. \ Bo 0o

where m,. decreases R; with hardening parameter, m, increases R; with current stress
level and Ry controls the magnitude of the function. K;/o, (in combination with «;
in Equation makes «, dependent on work, particularly important for parallel
models. In a similar manner to the softening relationship the simple power law means

that at low 5, R > Ry and hence Richards (2020) proposed a modified power law:

> Bi Ry mr o
R=R, (1 + 5R,ref <<RT€f(|U)ms) - 1)) (3.42)

Ou

Parameters are similar to the previous relationship with the addition of Bg .y
and R,.; which again act as a pin on the power relationship of R versus o and ;.
K;/op is no longer included since 5 becomes a work quantity. Implications of this
are discussed in detail in Chapter [5)). For consistency g ,.; may be formulated as a

factor of expected [ in a similar way to global softening (Equation (3.37)) such that:

Strain

Work e e
Bref,R = FB,R~2A or Fb’./?- e (343)
AN

where A is the area beneath the backbone to Ky, such that A = fOKN *ode and F3 R
is a unitless parameter. Work softening is advised such that 61 = |a;| K;. The stress
dependency may be turned off if my, = 0. If strain dependency is required (rate of
ratcheting only related to stress level) Equation is rewritten as:
K; e
R:&_(EQ (3.44)

oy \ Oy

Some of the evidence presented previously shows that ratcheting increases with
cycles despite cycling around the same stress magnitude. It should be noted that
ratcheting is also dependent on plastic strain or work X3;. As secant stiffness re-
duces with cycles so too plastic strain per cycle increases. In this case the reducing
ratcheting rate would compete with the increasing plastic strain. Hence the two are

intrinsically coupled.
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Figure 3.44: Original (0) and recalibrated (recal) ‘Jeanjean’ function for softening

3.4.3 Calibration

The extended model may now be calibrated to cater for cyclic effects. As previously
mentioned it is sensible first to ensure accurate softening before then extending the
model for ratcheting. Optimisation or manual fit against the development of kf (or
Ecye) 1s therefore appropriate. If possible this can include n; (which is only available
with continuous data) and s, ,. to aid the choice between local and global softening.

There are now 5 parameters to calibrate which are well defined and limited by:
0< Rref <= 1,0 <= F,. <= 1,0 < mg,0 < F/g’l,o < FB,G

Further limitation of variables is ensured by fixing one of the paired values
(Kres, ), fixing global hardening parameter factor to be equal to the local
(Fsc = Fj), beginning with surface-specific softening only, and setting sensible
constraints for my and Fj. F} is only allowed to vary if a specific data-set requires

it, e.g. higher levels of softening are required. Such that:
kref = 0.7, F;, =1, F3q = F3,0<m; <0.5,0 < Fz <50,

Whether optimising by eye or by routine, the aim is to minimise the difference in
measured and modelled & (and 7; ). Initial model values of kf; and 7 ; are dependent
upon the accuracy of the rate and monotonic calibration, therefore Aky = ky,, — k1
is used to ensure the algorithm does not compensate for previous inaccuracy. Careful
consideration of data is required to ensure each test is given an equal weighting

(regardless of number of cycles and data points).



Chapter 3. Modelling of element tests at 0D 104

Accumulation of strain may be captured by decreasing F}; (allowing further global
softening), or including a ratcheting element. It is not clear which is most appropriate
and may well be material or test dependent. Data regarding loop shape or post-cyclic
strength may aid this choice by fixing F};, but this is not always available. Instead
the choice is left open. If the former is chosen optimisation of softening parameters
can simply include some measure of accumulated strain, ideally Ag,,.

Instead the same metric may be used to calibrate ratcheting parameters; Fixing
the value of R,.r/Ry and optimising Ry, ms, m, and Fj p. Richards (2020) suggests
that mg may be provisionally derived from experimental exponents, and proposes
fixing Ry = 1, whilst Abadie et al. (2019) describe an analytical method for parameter
derivation, albeit for a different formulation. In this case Ry is also allowed to vary
but in future work it would seem sensible to fix Ry = 1.

Softening and ratcheting will begin as soon as plastic strains develop which changes
the calibrated, monotonic, ‘backbone’ response. A ‘backbone recalibration’ is there-
fore required as described in Section [3.3.3], achieved at the function fit level.

Figure |3.44] shows an idealisation of the original Jeanjean fit and the recalibrated
(‘recal’) fit in which the ultimate stress,strain and curvature are optimised whilst the

initial stiffness and strength is kept the same, such that typically for softening only:
Erccal = Eo, Ourecal > 0u0, Eurecal = €u,0, 0 < Qrecal

ratcheting only:
Erecal - EO: Ou,recal = Ou,05 Eu,recal < Eu,0, 0< Arecal

and combined ratcheting and softening:
E’recal - EO; Ou,recal > Ou,05 Eu,recal < €u,0) 0< Qrecal

If the PISA conical function is used the curvature parameter n is limited by
0 < Nypecr < 1. Importantly this correction is undertaken using a rate-independent

algorithm.
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Table 3.8: Summary of evidence

and modelling of rate-dependent response

Behaviour ‘ Evidence ‘ Modelling Technique ‘ Calibration
Stiffness reduces with .
. Introduce  strain  or
cycles in clay element work  softenin and
tests. The rate of which . & Isolate softening by fo-
. o . All reduce yield strengths .
increases with intensity cusing on two-way tests.
. of surfaces. Employ a
of loading and reduces .
. modified power law.
with number of cycles.
(1) Introduce ratchet-
ing element. Stress de-
Strain accumulation oc- All pendency, and history | Calibrate to 74, # 0 to
curs when 7, # 0. dependency can be in- | tests.
cluded. (2) Introduce
mixed softening.
Post-cyclic shear
strength  differs  de- Allow for control of this . .
. . . . If post-cyclic shearing
pending on  history: using a combination of . .
. . . data is available (pre-
Highly strained samples | DRM surface-specific and con- . . .
. failure only) this can aid
tend to become weaker | COW stant softening. Imple- . .
. . . calibration of F,;. De-
whilst samples with low | NSCA mented using parameter
. . fault Fj. close to 1.
strains remain the same F..
or potentially increase.
Not explicitly modelled.
Behaviour remains con- May be possible to
sistent until close to fail- model with change to
ure. Change occurs due | KAQ F,. But to genuinely N/A
to large changes in effec- | NgCA model this a critical
tive stress and proximity state model is required
to critical state line with  effective  stress
capability.

3.4.4 Modelling summary and application to datasets

This section has shown that when subject to many constant amplitude cycles, strain
response in clay element tests progressively changes. Table summarises the key
observations, modelling techniques and calibration methods. There is now the poten-
tial for two model choices which produce a similar response in the most commonly
used metrics (Yap,Yeye) for constant stress amplitude tests. These are discussed further
in and applied in Chapter

Table [3.9| shows the selected cyclic parameters. Drammen clay models are not
calibrated for reproduction of the contour diagrams, which are discussed in section
and therefore not introduced here. NSCA OCR=1 cases have no ratcheting pa-

rameters as only two-way testing was undertaken, whilst in NSCB the ratcheting
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Table 3.9: Parameters fit to cyclic tests in selected datasets. All employ work-hardening
and ko = 0.7

KEY Tests used UT;C;Z]p ol F. Fs my Ry ms m, Ré%f)f Fsr
NSCA OCRI1 2 70 0.9 0.5 0.3
DSS NSCA OCR1 4 300 0.8 0.5 0.25
NSCB OCRS3 5 325 0.9 1 0.1
U KAO 8 200 0.7 0.3 0.25
COW 6 67 1 1 0.2 |0.015 5 2 0.7 65
Mean: | 0.86 0.66 0.22

was catered for by F,. In the KAO dataset ¢,, was applied drained, changing the
backbone response ,therefore only symmetrical tests were used.

Figure to show an example fit to 6 tests within the Cowden data-set.
Surface-specific softening is employed with ratcheting which reproduces measured
strains well. The model fit is poorer at high cycle numbers of high intensity tests,
which corresponds to an intensification of strain close to failure. Introducing a slightly
reduced F,, e.g. F,=0.9, improves the prediction of ‘progressive’ failure but is not
pursued for the Cowden set. This has been employed for some DSS,,. tests, partic-
ularly those where the majority of the tests fail.

NSCA (040 = 300kPa) is a good example of this. Figure shows the change
in cyclic strain, whilst Figure shows modelled and measured hysteresis loops.
Three of the four tests suddenly fail, with a steep increase in cyclic strain. By using
a reduced F}; value the computation of the sharp increase (and change in loop shape)

is better predicted near failure although still not fully captured.

3.5 Model discussion

As mentioned throughout Chapter [3| hyperplasticity models are fully defined by two
functions; energy and dissipation. The final model formulation including rate, asym-
metry, softening and ratcheting is summarised in Appendix[A]l Each preceding model
presented in this chapter can then be seen as a special case, easily switched off with

the careful specification of parameters.
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Figure 3.45: Calibrated series model compared to measured CU,,. data from Cowden
dataset (a) Change in secant stiffness with cycle number for tests in which g4, =-25kPa (b)
Change in average strain with cycle number for tests in which g4, =-25kPa (c) Measured
hysteresis loops, plot after Ushev, in which N refers to cycle number (d) Modelled
hysteresis loops corresponding to test in (c)

3.5.1 Parameter choices

A total of 18 parameters could be used when calibrating the full hyperplasticity model
presented, these are shown in Table[3.10} Some parameters are arbitrary, paired with
other parameters to give a reference point (such as x,.f), and are shown in blue.
Those in grey take known values or control model precision. Within each mechanism
complexity can be added at the cost of including another parameter (or more) which
must then be calibrated, shown in green. The minimum number of parameters which
must be calibrated (left in white), allowing for decoupled and fully defined behaviour,
now reduces to 10 (3-Monotonic, 1-Rate, 2 Softening, 4-Ratcheting).

When modelling cyclic loading there appears to be a choice to be made between

allowing ratcheting to be captured fully by softening behaviour (and therefore tuning
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Figure 3.46: Calibrated series model compared to measured DSS.,. data from NSCA
dataset (a) Change in secant stiffness with cycle number (b) Comparison of hysteresis loops

F,) or removing ratcheting from the softening behaviour and allowing this to be
captured by a separate unit. So far this thesis has opted to use both, allowing more
control and capturing the loop shape. With the experience of modelling constant

amplitude stress tests it is not yet obvious which is the best choice.

3.5.2 Repeatability of tests

Hyperplasticity models are mechanistic and additive with each mechanism building
upon the previous. The backbone calibration is therefore most important; small
changes effect development of all metrics of monotonic and cyclic behaviour. Concur-
rently, variability is typically high in soil element testing. The response of a sample
from the same unit subject to the same initial conditions and applied stress can vary
considerably. This can be seen in Figure for monotonic and initial 1/4 cycle of
cyclic tests

It is therefore advantageous to have a number monotonic tests to base an average
backbone upon, as well as repeated cyclic tests. This is particularly true for straight
forward shear conditions where variability is higher owing to sample size and lack of

lateral stress control.

3.5.3 Test location for calibration

In this chapter model accuracy is only measured against the calibration tests. In some

cases only two-way tests were available, limiting the predictive ability to similar tests.
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For those sets in which 7., # 0 tests are available, limitations of loading type and
magnitude still hold. Interaction diagrams such as that shown in Figure [3.3| provide
a useful pictorial view of these locations and therefore an idea of where the model
will most likely be most accurate.

It would be useful to be able to test models outside of their calibrated range
without further testing, as well as define what type and magnitude of cycles best
represent that which the soil around a monopile may experience. The first point is

addressed in the following chapter whilst the latter is addressed in Section [6.5]
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Table 3.10: Summary of Parameters and nominal values

Parameter Description Typ. Value Range Notes
. . 250- Estimated or found from bender element
E, Initial Stiffness 750s,, 1000s,, tests
Ultimate yield (50- Taken as s,, unless required focus at low
Tu strength Su 200kPa) stress levels
(&]
= Ultimate yield . .
% &y _— 0.1 0.05-0.15 Paired with k,,
S Curvature
a parameter 2.2 1-3 Optimised fitting parameter
(Jeanjean)
With more surfaces comes greater non-
LS NI @1 B B . Ll linearity at the cost of computational time
. lweek —2 | Controls point at which rate dependency
trefc Reference time 1000hrs months changes from linear to log
8 Mo Viscous constant 02 0.05:03 Can be estimated as increase in strength
& per log strain rate
F, Rate surface factor 1 05-1 Controls viscous development with
surface
F Softening type 1 0-1 Controls how softening occurs. 1 =
" factor surface specific, 0 = constant.
Reference strength ] "
Kref reduction 9 0.7 0-1 Paired with Fp
(@]
g - -
c ; Softening . oL antrolst h(l)cw qmckfly Itocalfsof'ten|tng(]j
S Bl develo t fact 1- reduces to k.., (as factor of expecte
5 pment factor .
A strain)
my Softening exponent 0.2 0-0.4 Controls rate of reduction of k
F Global softening F F Can independently control when global
BG development factor £ B softening occurs
R, Ratcheting constant 01 0.01-10 Initial rate of ratghetmg (Magnitude
changes depending on m,. and m)
m Stress dependency 2 15 Ensures ratcheting increases with stress
s exponent magnitude
g History dependency 5 2-10 Ensures ratcheting decreases with stress
2 M exponent magnitude
O
§ R Reference
i ratcheting rate 0.7 0-1 Paired with Fg g
Ro reduction
F Ratcheting 30 560 Controls how quickly local softening
BR development factor reduces to k¢ (as factor of yield)




Chapter 4

Application of 0D models

In Chapter [3, a stress controlled model was developed with a view to capturing
behaviour observed in constant stress amplitude tests. This was then applied to a
variety of data-sets, each with a small number of cyclic tests subject to a variety of
loading regimes. In this chapter the same model is applied to more extensive tests of
the underlying mechanisms.

Calibrating to typical cyclic element tests is a useful exercise, but is limited as
a true test of model formulation. Each calibration is based solely upon the types of
loading of the tests in the given set. One may reasonably assume that for similar
stress conditions the model will perform equally well. This conclusion is less clear,
however, when interpolating between tests which are relatively far apart, or indeed
extrapolating behaviour. This is shown indicatively in the interaction diagram and
example tests of Figure [4.1

To truly test the model, calibration and comparison could be undertaken on all
possible locations of the interaction diagram (or discrete points at a certain distance
apart), thereby testing all loading conditions and magnitudes for a sample at known
consolidation conditions. Data-sets of this kind would be unjustifiably time consum-
ing to obtain, but work by the Norwegian Geotechnical Institute (NGI) has aimed to
summarise behaviour across all loading conditions by interpolation (Andersen et al.,
1980; Andersen, 2015). The results take the form of ‘contour diagrams’ which are
well established in offshore geotechnics. Section aims to reproduce these plots
synthetically using hyperplasticity models.

However, perfect prediction of response across a full range of constant amplitude

cyclic testing is not necessarily indicative of a model capable of accurately predicting

111
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Figure 4.1: Example stress-controlled DSS,,. testing regime of a clay showing locations on
an interaction diagram (a) and measured response (b). Indicative positions of interpolated
or extrapolated tests shown.

the response of more realistic offshore loads. These will probably be pseudo-random
(i.e. loads changing magnitude with time). As discussed in the previous chapter, the
behaviour of soil is often dictated by the previous stresses which have been applied
(history), constant amplitude tests hide the fact that the history will develop in a
less orderly manner. Given that the models developed can apply any increment of
load (intrinsic, as introduced in Section it seems sensible to test against truly
multi-amplitude loading. Fortunately these have also been undertaken at NGI as part
of the WAS-XL (WAve Loads and Soil support for eXtra-Large monopiles) project.
Section compares the predictions of a model calibrated to constant amplitude

tests against measured irregular loading response in DSS,,. conditions.

4.1 Synthesising contour diagrams

Strain contour diagrams, developed at NGI, are representations of cyclic element
test results across a coordinate system of applied stress and cycle number. These
are commonplace in the design of offshore foundations to cyclic loads. The method
was initially developed for Drammen clay (Andersen et al., and has since been
applied to many other soil units (e.g. Wichtmann et al., . It offers a quantitative,
albeit heavily smoothed, view of strain development in a material subject to various

cyclic stress regimes.
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Figure 4.2: 3D Contour Diagram of cyclic (red) and average (blue) shear strains as a
function of cyclic and average shear stress and number of cycles for normally consolidated

Drammen clay in DSS conditions (Andersen, 2015)).

Andersen (2015) writes with regards to contour diagrams: ‘Since the contour
diagrams represent a compilation of directly measured data without modification they
can also be used to develop other soil models and to provide data to such models.’;
this chapter aims to do just that by recreating the NGI plots synthetically using the
hyperplasticity models presented in Chapter[3] Using a mechanistic model sheds light
on the physical processes at play across the stress and cycle space and is a crucial

step in validation of model choices.

4.1.1 Introduction

Cyclic element tests with similar initial conditions and frequency of loading are re-
quired to build a contour diagram. Each test can be identified by 7,, and 7y, the
response is then measured at each cycle until failure and presented as 74, and eyc.
Figure shows a 3D representation of the resulting diagram for DSS,,. conditions
(7 and ~y represent shear stress and strain), from which planes of fixed N or 7, are
often extracted. Similar plots are also constructed for tests in CU,,. conditions where
T =¢q/2 and 7y = 1.5¢,.

Here, contour plots are reproduced by simulating, using a hyperplasticity model,
multiple synthetic tests in a grid of possible stress conditions (74,7cyc). The model

input is a sinusoidal stress-time history which, to be a genuine comparison, must be
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Figure 4.3: Load and strain history of typical DSS.,. or CUlIcyc test. Left-hand side
shows slow increase to average stress, Right-hand side shows T' = 10s cycles. First and fifth
cycle shown in blue. Note difference in time scales.

equivalent to that of a real test at the corresponding coordinate. It is therefore crucial
that cycle and response definitions are met closely.

Figure [4.3|shows idealised time histories of stress and strain for a typical simulated
DSSey. or CUIy. test, Figure @ shows the resulting hysteresis loop. The loading
conditions are described by 7,, and 7., which are normalised by the respective s,,
in this case 7,,/5y = 0.4,7¢yc/ Sy = 0.45. The loading shown is post-consolidation and
undrained, it may be split into pre-cycling and cycling.

Pre-cycling behaviour is shown on the left-hand side of Figure (t < 7200s)
and includes ramping of the shear stress from 7y to 7., at a slow rate (say 1 hour)
before holding the stress at 7,, for a further hour to allow for creep. 70=0 for DSS,,.
and CIU,,. tests and corresponds to go/2 for CAU,,.. The strain response observed
is typically a non-linear increase with stress followed by further increase due to creep
during the load hold. All further quantities of « are measured inclusive of pre-cycling

such that =0 at 7=7, directly after the consolidation and before pre-cycling (¢ = 0s).
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Figure 4.4: Stress strain diagram of a typical DSScyc or CUlIcyc test. Corresponds to

Figure

Cyclic loading is shown on the right hand side of Figure (t > 7200s). Cycle
1 begins immediately after pre-cycling, loading to the extremum 7. = 7,, + Teye,
unloading to the reversal stress 7, = 74, + T¢ye, before reloading to 7,,. Further cycles
are defined in the same way, beginning and ending at 7,,. The loading is applied
sinusoidally with a loading period T" = 10s.

Extremum (7., 7.) and reversal (7,.,7,) points may be found for each cycle (n) as the
peak and trough in the time domain and may occur at different times due to viscous
behaviour, #(7.) # t(7.). This can be seen for v.; in Figure 4.4] where the strain
increases after the peak shear stress is applied, an effect which is more pronounced
with higher strain rates (highly stressed tests). Average strain, Yopn = (Ve +Vrn)/2,
cyclic strain, Yeyen = (Yen—Yrn)/2 and secant stiffness k, = (Yen—=Yrn)/ (Ten—Trn) =
Yeyen/ Teye May then be computed.

For consistency with NGI practice, the cycle definitions above are used throughout
this Chapter in both the ‘original’ and ‘synthetic’ contours. They differ from those
advised in Chapter [2 most notably in that virgin loading still occurs during cycle
one. The hysteresis loop of the initial cycle therefore differs somewhat from further
cycles (Figure . Similarly, strain is presented in units of % and number of cycles

referred to as N (or n when used for subscripts).
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Figure 4.5: Location of DSS.y. tests at OCR=1 with numbers of cycles to failure, Ny
(defined as Ygu OF Yeye >15%)

4.1.2 Cyclic simple shear OCR=1
4.1.2.1 Calibration

In this exercise the original direct simple shear tests used to create the contour
plots are employed for calibration. 10 DSS,,. tests were normally consolidated to
0,.=392kPa before being subject to stress controlled cycles. Applied stress condi-
tions are shown in Figure alongside numbers of cycles to failure, Ny (defined as
Yav OF Yeye > 15%). At each location 7y, and e, are known at cycles N=1,10,
100 and 1000 (Andersen, 1976; Andersen et al., |1980), unless Ny < N in which case
one can only infer that v, n O Yeyen > 15%. Additionally, two monotonic Direct
Simple Shear (DSS) were undertaken at a strain rate 4 = 4.5%/hr with the same
initial stress conditions.

A multi-surface, rate-dependent model configured in series is used. The model
formulation and calibration follows that presented in Chapter [3] In Figure a
normalised rate-independent backbone curve is calibrated to the two DSS tests by
fitting a hyperbolic tangent curve (Equation Jeanjean et al., [2017). Surface
strength and stiffnesses, K, and H,, are then derived (see Section [3.2.1]) for 40 surfaces.

Viscosity is calibrated against tests of differing strain rate; the ‘slow’ DSS tests
and the initial cycles of the much faster DSS.,. tests for which continuous data is
available (Figure [1.7). Calibration follows Section [3.3.3] in which the same reference

‘time’ t,ef = 10*hrs (Turef ~ 1 month) is used. Viscous constant, 79 and surface
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Table 4.1: Monotonic and Rate-dependent parameters for Drammen Clay in DSS Con-

ditions (OCR=1)
Eo o Eu a tref o F17 Tw.0 ag

o s €8
ve v,DSS BB Su,DSS  Su,DSS Su,DSS

[kPa] [kPa] [kPa] | [] [ O S o 7 O O R |

392 84 0.045\ 1000 1 0.07 2.06\104 0.2 091 077 251

factor F;, are then optimised alongside a recalibration of backbone parameters o, and
a such that surface properties correspond to a test of time ¢, >> ¢,.; (as in Figure
. Figure shows that by adding viscosity, a good prediction of the increased
strength with rate is achieved. A summary of monotonic and rate parameters is
shown in Table (4.1l

Cyclic parameters are chosen to fit best the average and cyclic strain (7,
and 7.,.) values for each of the ten original tests at the known numbers of cycles
N=1,10,100,1000 resulting in a total of 80 (=2*4*10) strain values. If Ny < N then
Yav = Veye=FAIL, and careful consideration is therefore required ensure the model
predicts ‘failure’ after a similar number of cycles to the observations.

Figure shows the model predictions (parameters shown in Table of the
biased (7, # 0) tests with measured values shown as crosses. As in Section [3.4.3]
work-hardening is employed, K,.; is fixed at 0.7 whilst F,, , my and Fs; = Fsq
were varied (along with a further backbone recalibration following Figure . No
additional ratcheting element was employed because sufficient prediction of average

strains was achieved with suitably calibrated softening behaviour. F,=0.8 implies
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Figure 4.8: Model fit (-) to measured data (4) for all biased tests, 74, # 0 (a) Cyclic
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Table 4.2: Unitless cyclic Parameters for Drammen Clay in DSS Conditions (OCR=1)
F, P Rref F g Mg
08 0.7 02 03

predominantly surface specific softening with some global softening. This allows for

large changes to 7., which whilst controlling the corresponding ~,, in 7,, # 0 cases.

4.1.2.2 Contour diagrams

The left-hand column of Figure shows cyclic and average shear strain contour dia-
grams derived by NGI (74, and 7..) as a function of 7,, and 7., after a fixed number
of cycles N. Each row represents a different N from 1 to 1000. The original tests
(shown as triangles) correspond to single points with associated strain values from
which contours are drawn by inter/extrapolation. The contours use the measured
data as markers but also involve some ‘common sense’ interpretation, drawn from the
many years of experience of Knut Andersen and others at NGI. The x-axis (7. = 0)
does not correspond to a monotonic test but rather the strain after pre-cyclic stress
application of a test at the same 7,,, labelled 7, o in Figures and

The right-hand column shows the same plots produced by running synthetic tests
at a grid of locations with spacings indicatively shown by black markers. The un-
derlying model uses parameters in Tables [4.1] and [4.2] As discussed in Section [3.4.4]
near failure behaviour (such as that shown in Section is not well-modelled.
This level of strain is not particularly important for OWT design. Here too, the



Chapter 4. Application of 0D models

119

1.5 -
N=100
’yﬂ
(72} 1 ’yCy
8 A A Orig.
R L e
< .
S 05
-~
0 02N\0.5 N1 15
0 0.2 0.4 0.6 0.8 1
'ra/SuDSS

1.2

N=1

<,
Vey

@  Synthetic Tests

N=10

S0,
ey

@  Synthetic Tests

% %5 LD
o o \\ .\oo)o"
& 11|
0.2 0.4 0.6
7'a/SuDSs

N=100

=,
Ty

@  Synthetic Tests

0.4 0.6 0.8 1 1.2

T / SuPss

N=1000
<=,

N =",
@  Synthetic Tests

(b)

Figure 4.9: Drammen contour plots of DSS conditions OCR = 1 (a) Original Data, (b)
Synthetic hyperplasticity predictions. Spacing of the test locations is only shown for 9 tests,

although the grid extends across the full stress space.
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development from 3% strain to 15% strain occurs rapidly (as seen by proximity of
contours). For this reason final synthetic contours are chosen at 5% rather than at
15% in the original.

Qualitatively the synthetic contours are an excellent reproduction of the original
plots and reproduce much of the original well. At N = 1 the ~,, contours meet the
x-axis at similar intersections (pre-cyclic creep strain 7, ) suggesting a well calibrated
v — 0 backbone. The 7., contours meet the y-axis at similar intersections too, albeit
less accurately, this could be fine-tuned by slightly recalibrating rate-dependency but
is considered adequate.

As cycles develop, both sets of contours close in towards the origin. This broadly
occurs at a similar rate for both cyclic and average strains. In the original plots
the higher magnitude strains progressively converge, suggesting an increasing rate of
strain to failure which is not captured to the same extent by the model.

The 7,y cyclic contours have a negative gradient which is captured by the synthetic
model as a product of: Masing rules, which would predict similar strain response for
a given 7., regardless of 7,, (producing horizontal contours); and work-softening, in
which more softening and therefore higher 7., is expected at higher stresses (higher
Tav)-

The ~,, contours tilt inwards with stress amplitude and bias, consistently repro-
duced by the model. At low 7., and N the 7,, contours are almost vertical, indicating
reduced development of ratcheting for a given 7,,. This is not observed in the original
diagrams, but this area is considerably extrapolated from the original measured data.

It is possible to isolate the softening behaviour by focusing on the plane of the
contour diagram in which 7,, = 0 (two-way tests), such that v,,, = 0 and ey is
a function of number of cycles (Figure . In this case, element tests at fixed
Teye form horizontal lines from which contours of ~.,. are plotted. The same diagram
is synthetically reproduced and shown in Figure running multiple tests at
increments of 7.,. (as shown by black markers) to 10000 cycles.

With increasing cycles the secant stiffness reduces causing contours to progres-
sively drop with N. This occurs at a faster rate with increasing strain magnitude.
The synthetic plot reproduces much of the behaviour of the original with some excep-

tions: the predicted distance between the contours at high (> 1%) strains is too large,
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Figure 4.10: Drammen contour plots of DSS conditions OCR=1 and 7,, = 0. (a) Original
(Andersen, 2015), (b) Synthetic hyperplasticity predictions

further indication that for a given test the rapid increase to failure is not captured;
the contours meet the y-axis (which is the same as N=1 in Figure at slightly
different points; the synthetic reduction in secant stiffness is lower at high strains and
steeper at low strains than in the original.

The model could, instead, have been optimised to fit the contour diagrams rather
than the measured data. This has not been pursued. Modelling conclusions and

quantitative comparison are discussed in the following sections.

4.1.2.3 Quantification of prediction

Further comparison can now be made between three data-sets of tests: ‘Measured’,
which corresponds to the values measured in original DSS tests; ‘Contours’, where
values are taken by interpolation between drawn ‘Original’ contours from NGI at the
known test locations; and ‘Synthetic’, in which the model has been used to run the
original tests. Table summarises the 240 data-points, where the values in each cell
correspond t0 Vg, Veye- Those indicated ‘Fail” are such that either v,, or 7., exceeds
15% such that the point lies outside of the corresponding contour diagram.

The same data are shown in Figure by plotting the predictive ‘contour’ and
‘synthetic’ against the ‘measured’ strain values. All cycle numbers are included and
split into 74, (a and b) and .. (c and d). If a data-point is indicated by ‘Fail’, 15%
is used. The figure is plotted at two scales for clarity, with the second focusing on
the smaller strain values. In both, the dashed line indicates a perfect prediction of

the measured data.
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Table 4.3: Strain comparison for all original tests, values in each cell correspond to Yau,Veye
and are presented in %

1.D 1 2 3 4 5 6 7 8 9 10
E Tav/SESS 0 0.29 05 0 0.38 0.56 0 0.38 0.56 0
Tey/sPSS 0.3 0.3 0.3 0.6 0.6 0.6 0.75 0.78 0.77 0.85

s N=1 | 002005 | 031,009 | 057,007 | 006021 | 052,022 | 1.93027 | 0035 | 081,037 | 1.82045 | 0,045

% 10 0.03,0.05 | 0.350.1 | 0.64,0.08 | 0.06,0.25 | 1.05,0.32 | 5.76,0.58 Fail 2.87,0.78 Fail Fail

§ 100 | 0.04,0.06 | 0.43,0.11 | 0.86,0.08 | -0.15,0.65 | 10.5,1.6 Fail Fail Fail Fail Fail
1000 | 0.04,0.06 | 0.61,0.11 | 1.39,0.1 Fail Fail Fail Fail Fail Fail Fail

» N=1 0,0.08 | 0.350.09 | 0.94,009 | 0024 | 091025 | 2026 0036 | 1.21,042 | 277,044 | 0,046

E 10 0009 | 034009 | 09601 | 0029 | 101,039 | 433047 | 0061 | 28814 Fail 0,158

§ 100 0,009 | 041,009 | 1.02009 | 0054 | 3.850.84 Fail Fail Fail Fail Fail
1000 0,0.09 | 0.45,0.09 | 1.46,0.1 Fail Fail Fail Fail Fail Fail Fail

o N=1 0,009 | 023011 | 059,012 |-0.02,0.38 | 0.72,048 | 1.69,053 | -0.05,0.59 | 1.19,0.99 | 3.29,1.18 | -0.08,0.85

2 10 0,0.12 | 0.28,0.14 | 0.740.15 | 0,061 1208 | 32,089 |-001,1.07 | 291,216 Fail | -0.01,1.77

:% 100 0017 | 039,02 | 112021 | 01.04 | 3.02,1.59 Fail [-0.01,2.29 | Falil Fail | -0.01,5.07
1000 0,023 | 0.650.29 | 2.38,032 | 0,2.38 Fail Fail 08.23 Fail Fail Fail

Yar Predictions are broadly similar for both the ‘contours’ and ‘synthetic’ model.
At smaller strains (< 1%) there is little to choose between the two, whilst the ‘contour’
plot reproduces strain values slightly better in the medium range (1-10%). Failures
due to high average strain are suitably predicted by both. Data points at (15,0)
indicate failed two-way tests which were not predicted to do so, and thus predict a
0% average strain in line with symmetrical loading.

It is clear from Figure that measured cyclic strains 7.y, are bi-modal (either
< 2% or at failure 15%), evidence of the rapid increase to failure often observed in tests
and reproduced by the proximity of 3% and 15% contours (Figure . Predictions
are similar, with the ‘contour’ tests reproducing the measured tests better than the
synthetic model which slightly over-predicts values. At failure, both under predict
strains for some tests, with more occurrences for the synthetic model. This can be

seen more clearly in Table for example Test 10.

4.1.2.4 Loop comparison

For some tests, the mechanically recorded stress and strain history of the first few
cycles has been digitised, these offer continuous data which gives more information on
the loop shape and development between log increments of cycles. Figure 4.12| shows
comparison of the model with continuous data available; approximately 20, 3 and 8

cycles of tests 5, 6 and 9 respectively. Test 6 [0.56,0.6] is reproduced most closely
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Figure 4.11: Comparison of predicted strains (contours/synthetic) against measured

strains for the original 10 DSS tests. Shown at two scales for clarity. a) and b) 7eye.
c¢) and ¢) Yau

with a similar wide loop showing highly dissipative behaviour. In test 5 [0.38,0.6],
the loop secant stiffness (7.yc/7ey) is under predicted, with a tighter more elastic loop
measured. In test 9 [0.56,0.77], load and unload tangent stiffnesses are almost linear
whereas the model observes Masing rules and thus largely overpredicts the loop area,
average strain accumulation rate increases with cycles which is not predicted as well

by the model.

4.1.2.5 Mechanisms

‘Switching on’ the model mechanisms piecewise allows for further understanding of the
importance of each with regards to the full contour diagram. Figure shows the
original contour diagram at N=100 with the v = 15% contours also shown for N =1
and N = 10, giving an indication of the development with cycles. Figure (b—

d) shows synthetically produced equivalents using models of increasing complexity
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Figure 4.12: Comparison of measured (top) and synthetically produced (bottom) hystere-
sis loops. Legend indicates 74, and 7ey.

(711 = 5%)'
In Figure the underlying tests are produced using a Kinematic Hardening

model. There are no changes with cycle number as the same loop is traversed repeat-

DS

DS54, contours are linear as Masing

edly. The failure strain occurs at 7,, +Teye = 5
rules are observed.

In Figure rate is introduced. The intersection with the x-axis is largely
unchanged as this corresponds to the ‘low-rate’ pre-cyclic load and hold. The in-
tersections with the y-axis, however, occur at higher magnitudes as rate dependent
strength changes cause lower strains within cycle, these remain horizontal and do
not develop with cycles. Each test has a fixed cyclic period, such that more highly
stressed tests impart a higher strain rate and therefore rate dependent strength. vy,
contours are more ‘open’ than in the kinematic hardening case owing to a stiffer ini-
tial response, this closes over time with creep. Failure only occurs at average strain
(Yaw = 5%).

The addition of softening in Figure causes the cyclic contours to draw down-

wards with cycles as secant stiffness reduces. Work softening causes a negative gra-
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Figure 4.13: Development of contour diagram with cycles , v = 5% shown for N=1 and
N=10 above N=100 diagram. (a) Original Data, (b) Kinematic hardening only (¢) KH +
Rate Process Theory (d) KH + RPT + Softening.

dient of 7yeye. The secondary effect of additional ratcheting (as F,, # 1) causes the
average contours to draw in further too, with some changes to the intersection of v,
assumed to be due to an imperfect backbone recalibration. Interestingly this also
aids in deciding upon softening model choices, as discussed in the following section .
Cyclic failure 7., = 5% is now part of the envelope even from cycle 1; as softening

occurs the cyclic strains increase greatly, particularly at high stresses.

4.1.2.6 Model choice

As discussed in Chapter [3] modelling of cyclic behaviour when limited to just the
cyclic strains (with no consideration of post-cyclic behaviour or loop shape) can be
achieved with multiple model choices (via F)). Contour diagrams (which give no

‘in-loop’ information) are good examples of this issue.
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In the above model, combined softening was employed which catered for both
softening and ratcheting behaviour by specifying F,, = 0.8. At the limits this param-
eter allows surface-specific or constant softening. Applying each to the synthesis of
contour diagrams gives further ideas on suitability. Figure m (top) shows two way
contour diagrams for a surface specific and constant softening model. The preceding
monotonic and rate parameters follow those shown in Table [4.1| and the softening
parameters in Table @ The values of Fg and m, were chosen in an attempt to
predict the original two-way contour diagram shown in Figure This is difficult
to achieve in the surface-specific case as the intensity of secant-stiffness reduction is
limited during constant-amplitude stress.

Figure [£.14] (middle) shows a synthetic two-way test produced by each model;
the effect of model choice on loop shape is clear. Figure (bottom) shows the
development of v,, and 7., with cycle. Surface specific softening creates a similar
diagram to Figure with less development of v,, and 7.,.. The former could
be ‘topped up’ with a ratcheting element. In the constant softening case (which
more accurately reproduced the 7,,=0 plot), the cyclic contours at higher strains are
removed from the plot. This is caused by high levels of uncontrolled and coupled
ratcheting which push the average strains across and allows for only ‘ratcheting type’
failure unless 7,, < 0.1.

In summary, surface specific softening does not model constant amplitude testing
well and cannot predict the intensity of change to cyclic strains observed at high
magnitudes or cycle numbers. Constant softening, on the other hand, is able to
predict cyclic strains (at higher magnitudes), but greatly over predicts the average
strains, completely removing the ‘cyclic failure’ from the diagram. In this case it is
clear that a mixed softening model is required to allow for cyclic strain development

but not over-predict average strains.

Table 4.4: Cyclic Parameters of softening limits
H FH Rref Fg my

1 07 01 04

0 07 02 0.15

Surface-specific
Constant
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CIUe data 3/4 cycles of selected CU,y. tests

Table 4.5: Monotonic and Rate-dependent parameters for Drammen Clay in CU Condi-
tions (OCR = 4)
Do Suc Sue €BB SHETOSS Eue  Euwe Afns | trer o Iy %0 ag
[kPa] [kPa] [kPa] [hr—']| [] S N N e e
100 99 52.5  0.03 \ 750 0.11 0.15 0.53 \ 1000 0.26 0.91 0.66 4.19

4.1.3 Cyclic triaxial OCR=4

Similar plots are created for cyclic triaxial tests. In this section the model is used
to synthetically reproduce the diagrams created for isotropically consolidated triaxial
(CUly.) tests on overconsolidated (OCR=4) Drammen clay. Here, 7 = ¢/2, shear
strain is calculated from the axial strain such that v = 1.5¢, and loading conditions
following Section [4.1.1]

In DSS tests the strain response is similar regardless of the loading direction. This
no longer holds in triaxial tests where anisotropy of the sample becomes important.
Asymmetry can be introduced in the 0D model following Section [3.2.2]

Firstly, the compressive backbone is calibrated to an undrained triaxial test
(CIUc), before local anisotropy factor Ay; is optimised to fit an extensive test
(ClUe), Figure . Rate parameters are recalibrated to ensure a good fit to initial
quarter cycles of available cyclic tests Figure [1.16] but remain similar to those used
in Table (see summary in Table . Cyclic parameters used in Section are
retained and used here instead of recalibrating, following Table [4.2]

Figure shows the original contour diagrams on the left and model predictions
on the right. The synthetic contours are limited to approximately 2/3¢, and 2/3¢,.
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Figure 4.17: Hyperplasticity predictions of CU,y. contour plots. Left — Original Contour
Plots, Right — Synthetic predictions. Spacing of the synthetic test locations is only shown
for 9 tests, although the grid extends across the full stress space.

The v,, contours develop in a similar manner to the DSS contour diagrams; however,
anisotropy causes asymmetry about 7., = 0. 74, = 0 moves towards the positive 7.,
with increasing 7.,. as ratcheting occurs in the extensive direction. This, along with
the x-axis intersections points are well predicted, suggesting a good monotonic and
asymmetrical parameter choice. From cycle one, higher average (and cyclic) strains
are seen in extension due to anisotropy. There is a trough in the cyclic strains at zero
stress which disappears by the 10th cycle.

With increasing cycles, predicted average strains accurately close in towards 7., =
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0. In the original plots cyclic strains do the same, remaining higher with extensive
bias. This is not shown in the synthetic diagrams where a peak occurs at approx-
imately zero average strain. Without softening, Masing rules would be observed
producing horizontal contours, although with softening a peak is to be expected at
zero average strain as historically there will have been less strain.

Overall, given that only monotonic and cyclic parameters have been calibrated
the synthetic plot matches well. These results may also suggest that the softening

parameters are transferable across test type.

4.1.4 Conclusions

This section presented the synthesizing of contour diagrams, by running multiple
model tests across a grid of stress co-ordinates. The synthetic diagrams match well
in simple shear and triaxial space. As a method, this technique could be used to
test any constitutive model across the full range of cyclic type and magnitude. The
precision of the contours depends upon the coarseness of the grid, with a finer grid
comes more synthetic tests and therefore computational effort. The DSS,,. contour
plots shown typically required 165 analyses of 1000 cycles, each taking approximately
2 minutes to run on a laptop computer. Computation time can be reduced by only
running 100 cycles (15 seconds per analysis) or using a coarser mesh. This results
in full contour plots in less than half an hour, and can therefore be a useful test of

formulation or parameters.
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Figure 4.18: NGI rainflow counting method (a) Determination of local maxima/minima
using a low-pass filtered signal (b) Example load case. (Noren-Cosgriff et al., 2015)

4.2 Irregular test predictions - WAS-XL

The models presented in this thesis appear to be able to reproduce the response of
clays to constant amplitude laboratory testing to a reasonable degree of accuracy.
This section moves to more realistic, pseudo-random loading. It does so by report-
ing model predictions of strain development in multi-amplitude DSS,,. tests under-
taken at NGI as part of the WAS-XL (WAve loads and Soil support for eXtra-Large
monopiles) project (Skau et al., [2020)).

A multi-surface, kinematic hardening, rate-dependent, hyperplasticity model con-
figured in series was calibrated using monotonic and constant-amplitude DS'S,,. tests
in the same soil unit. Predictions are compared to measured strains and improvements
suggested. The original predictions are ‘Class C’ (Lambe, [1973), such that whilst the
testing had already been undertaken, the results were not known to Oxford University

prior to predictions being made in May 2019.

4.2.1 Introduction

Idealisations of truly irregular loads are often required for ‘extrinsic’ models (see Sec-
tion which predict strain to many, constant amplitude cycles without consider-
ation of ‘in-loop’ behaviour (Achmus et al., 2007; Wichtmann et al., 2009; Grimstad
et al., 2012)). As part of the WAS-XL project, work undertaken at NGI examined
the differences of soil response to irregular and idealised loads, thereby appraising the

idealisation process.
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Two irregular load histories were created, based upon time domain integrated
analyses of a 10MW wind turbine. Equivalent ‘idealised’ load histories were then
derived, before both were scaled and applied in DSS conditions to samples of an
over-consolidated North Sea clay.

The idealisation process is described by Noren-Cosgriff et al. (2015)). It differs from
the more conventional rain-flow counting (e.g. Downing and Socie, |1982)), in that the
amplitude of each half-cycle is determined only from adjacent extrema and reversals.
In order to avoid counting small amplitude cycles the extrema and reversals are first
found from a low-pass filtered signal, the unfiltered signal is then searched again to
ensure true magnitudes, Figure [1.18a] Figure depicts the method applied over
many peaks.

Table describes the nine applied stress histories provided by NGI, seven of
which are shown in Figure . Test 3A and 3G directly apply load history 1 (Irreg-
ular) but at two different magnitudes to investigate stress level effects. Test 4C and
4E both apply load history 2 (with a high bias). The load magnitude is scaled by
s, at the corresponding sample depth, z, based upon an assumed profile, hence the
same history will have a slightly different applied stress. Tests 3E, 3F, 4D and 4B
are idealised tests where packets are applied in increasing order, Test 3H applies the
packets in a ‘pyramid’ to investigate order of application. Each idealised cycle has a
frequency f = 0.25H z which, along with an initial average load hold of about 1 hour,
causes the total time T, to differ between the tests.

After each test, three reference cycles matching the corresponding final load packet

were applied such that average strain, 74, and cyclic strain, ¥y, could be compared

Table 4.6: Load-cases applied in simple shear apparatus as part of WAS-XL Project
Test || Load History ~Load Type Depth z [m] | Amplitude 7e.[kPa] Bias 7,,[kPa]

3A 1 Irr. 15.85 92.9 8.5
3E 1 Pac. 15.85 92.9 4.7
3F 1 Pac. 15.85 97.6 5.1
3G 1 Irr. 15.6 96.5 8.9
3H 1 Irr. Pyramid 15.72 97.1 4.9
4C [4E] 2 Irr. 16.9 [16.94] 66.1 [66.6] 46.7 [46.9]
4D [4B] 2 Pac. 16.9 [16.86] 65.3 [65.2] 50 [50]
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for the same final cycle. 7., indicates the maximum cyclic amplitude, which cor-
responds to the final applied control cycles. 7, is the average applied load over the
whole time history, found by integrating the stress and dividing by the total time,
Taw = ( f:OT Tdt)/T.

This section aims to complement the experiments and demonstrate the predictive
ability of hyperplasticity models under irregular loading when calibrated to simpler
tests. A 0-D model applicable to DSS conditions only is used. Hyperplasticity models
are ‘intrinsic’, so that both irregular and idealised tests can be run with the model
without the need for cycle counting, offering a test of the formulation outside the

constant amplitude tests of Chapter [3| and 4.1}

4.2.2 Calibration

In order to generate class C predictions of the above loads, a model was calibrated
to single amplitude tests. The multi-amplitude loads were applied to an over con-
solidated North-Sea clay in 2018. This unit was characterised in late 2015 by DS'S
and constant amplitude DSS,,. testing. Samples from two boreholes between 15 —
19m depth with a plasticity index [, = 18% and OCR=2-3 were tested. The same
boreholes were used in the later tests with further characterisation tests undertaken
to investigate any effect of ageing from lab storage over the 2+ years. The two sets
of testing are referred to as: ‘WXL’, tests circa November 2015; ‘WXLAGED’, tests
circa August 2018.

Table [4.7] summarises the monotonic DSS' tests each shown in Figure ol
indicates the final vertical consolidation stress before undrained, ‘constant volume’,
shearing. A much higher (= 30%) undrained shear strength s, was observed in

WXL.103 than in the other tests. This perhaps indicates that age effects are less

Table 4.7: Monotonic DSS tests on WXL clay. Three tests performed in late 2015, one in
2018.

Test ID | Borehole Depth z [m] o,.[kPa] OCR 4 [%/hr] s, [kPa] . [%]
DSS.WXL.101 4001A 17.17 176 2.9 4.4 114 12.0
DSS.WXL.102 4003A 18.88 193 2.9 4.4 117 10.4
DSS.WXL.103 4003A 18.92 190 2.9 4.1 153 9.3

DSS.WXLAGED.101 4001A 15.85 164 2.1 4.6 114 10.0
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important than sample variability. Normalisation with s, gives a consistent pre-
failure response as shown in Figure [1.22h. Bender element measurements on a sample
close to WXLAGED.101 showed an initial shear modulus Gy = 101.6 M Pa such that
Go/ s, = 900.

Table summarises the seven cyclic DSS,,. tests, plotted in an interaction
diagram in Figure alongside number of cycles to failure Ny (defined as +,, or
Yeye > 15%). Ny decreases with increasing 7,, and 7., indicating consistent results.
A consistent s,=115kPa is assumed for normalisation of all DSS,,. tests, found by
taking the average of the consistent DSS tests WXL-101,WXL-102 and WXLAGED-
101 (i.e. ignoring the outlier WXL-103).

Figure shows the calibration process which follows a similar route to that pre-
sented in Chapter 4.1} Figure shows rate-independent backbone calibration to
the four DSS tests calibrated to normalised response (7/s,) before rate-dependency

is introduced based upon initial cycles of DSS.,. tests in Figure 4.22b). Cyclic effects

Table 4.8: DSS.,. tests on WXL clay. Eight Tests performed in late 2015, one in 2018.

’Z O—'UC f Ta'U TC C
Test ID Borehole im]  [kPa] OCR (2] [kPd] [k ]ga,] Ny
CSS.WXL.102 4001A 17.21 174 2.9 0.1 44.4 80.5 112
CSS.WXL.103 4001A 17.25 174 2.9 0.1 -0.7 62.4 682
CSS.WXL.104 4001A 17.29 175 2.88 0.1 448 1014 5
CSS.WXL.106 4003A 18.96 192 2.9 0.1 0.5 1209 24
CSS.WXL.107 4003A 19.00 193 2.9 0.1 -1.2 167.8 2
CSS.WXL.108 4003A 19.04 193 2.9 0.1 -0.9 104.8 27
CSS.WXLAGED.101 4001A 15.68 163 Unknown 0.25 -0.8 88.5 53
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Figure 4.23: Heatmap of (a) 3G (b) 4C, showing cyclic properties of half cycles in the
irregular tests. Tests 3F and 4B and corresponding CSS calibration also shown.

are calibrated to the development of secant stiffness (Figure [1.22) and average strain
(Figure ) Figures [4.22e and f show two examples of stress-strain hysteresis
loops.

In this case strain-dependent viscosity change was not required (F,, = 1). Surface-
specific strain softening was chosen, such that F, = 1 and B; = a;, with an addi-
tional ratcheting component catering for accumulation of average strains. Note that
Brefi = Fpy.K;/H; here rather than S,.r; = Fp;.K,/H; as used previously in this
thesis. In practice this has little effect on the response but means that, combined
with strain hardening parameter, Fjp; is not directly comparable with previous work
presented thus far. The reduction of secant stiffness is not particularly well fitted in
this calibration (Figure under-predicting the incremental softening with cycles.

The limited evidence in Figure shows no slowing of strain accumulation with
cycles, therefore a simple ratcheting formulation function was used (Equation
with ratcheting constant Ry and stress dependency exponent mg. Eight key parame-
ters are required (Table with a further five ‘arbitrary’ parameters highlighted in

grey.

Table 4.9: Hyperplasticity parameters used for model predictions shown in Figure M
Monotonic Rate Softening Ratcheting

Eu Su,EDOSS S:;ZS ’V‘(:‘f o F/{ Kref Fﬁ,l my RO ms
=[] [hrl e O O O OO
0.1 900 0 65 2 68 0* 029 1 06 100 018[ 01 3.0
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Figure m show heat maps of the two irregular tests (3G and 4C) alongside the
corresponding idealised tests (3F and 4B) and constant amplitude calibration tests
(as in Figure . The heatmap scale is logarithmic such that the darkest blues
correspond to 102 cycles. This figure shows that the DSS,,. tests are typically of
higher stress magnitude and more focused on ‘two-way’ loading than the cycles which

will be predicted. The implications of this are considered during class C.1 predictions

in Section [4.2.5]

4.2.3 Class C predictions and comparisons

In order to generate class C predictions, the load histories described in the introduc-
tion were applied incrementally to the model, each taking approximately 20 minutes
on a laptop computer. Example measured time histories are shown in Figures [4.24]
to [4.28| alongside model predictions in grey. Importantly, it is clear that as well as
the final secant stiffness, instantaneous tangential stiffness is predicted throughout,
as well as changes to the loop shape (hysteretic damping).

Table summarises final average 74, and cyclic strains 7.y, for the nine tests
along with predicted values. Initially considering only the measured strains; cyclic
strains were higher for ‘Load History 1’ and measured average strains higher for ‘Load
History 2’, reflecting the stress amplitudes and bias respectively. Higher strains were
consistently observed in irregularly loaded tests compared to the respective idealised
packet tests, although the difference varies between tests. In the idealised tests, higher
Yeye Was observed when the largest loads were applied later in the stress history (during

test 3F in comparison to test 3H).

Table 4.10: Comparison of predicted ultimate average and cyclic strains against measured
data. Irr.=Irregular loads, Pac. = Idealised Packets, Alt. Pac. = Idealised packets applied
in different order

Amplitude Bias v 70 eye,ul 0

Test Load Type Tcylzu/su Tav/ Su Measuer7 [Pjedicted H Measul:yegf [Pr]edicted

3A Irr. 0.84 0.07 0.7 0.6 3.0 2.0

3E Pac. ' 0.04 0.1 0.3 2.9 1.9

3F Pac. 0.04 1.0 0.5 5.0 2.3

3G Irr. 0.88 0.08 2.0 0.8 6.1 2.5

3H Alt. Pac. 0.04 0.0 0.5 4.0 2.3
AC [4E] Ior. 056 041 || 10.7[11.9] 7.4 1.1 [L.0] 1.1
4D 4B]  Pac. ' 043 | 6.7 [7.6] 5.8 0.9 [1.1] 1.0
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Tests 4B and 4E are repeat tests of 4C and 4D with results compared in Figure
Considering potential sample variability, the measured strains match well. Loop
shape and virgin loading curves are broadly similar along with final predicted, Veyc.-
Final average strain g, , differs more, diverging gradually during the idealised tests
and at peak loads during the irregular tests.

Considering Figures to there is good agreement between predicted and
measured strains. The predicted trends of strain development and resulting loop
shapes indicate that key mechanisms are captured. In the two-way tests (3F and 3G)
secant stiffness reduces with time and the largest, most open, loops occur at the end
of the history, albeit strain magnitude is somewhat under-predicted by the model.

The reduction of stiffness is predicted less well with increasing stress magnitude
(e.g. in test 3H, Figure . Figure depicts the difference for irregular tests
3F, 4C and 4E. The heatmap shows the mean difference in cyclic strain vgff.cyc =
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Figure 4.31: Measured and model response for test 4C with gradient of strain accumu-
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chosen peaks and therefore time of the start and end of the computed gradients.
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but is independent of bias 7.

Accumulated strain v,, can be seen most clearly in strain-time histories. In both
measured and predicted response large ‘jumps’ of strain accumulation occur when the
previous maximum stress is exceeded (virgin loading), as can be seen after ~ 200s
in test 3G. In test 4C three ‘jumps’ of strain are seen in measured and modelled
response, accumulation between jumps occurs gradually with loading and unloading.
The accumulation is over-predicted whilst the jumps under-predicted by the model.
This is highlighted in Figure where the gradient of accumulation (found by a
linear least squares fit) is much higher across all three defined sections. The time-
average load is the same in each section although the cyclic stresses may be of different
intensities in each.

Generally the development of strain is predicted less well with increasing magni-
tude. This can be seen more clearly in Figure where the measured and predicted
ultimate average and cyclic strains, veyc. and 7,4, are plotted against each other.
The majority of the points are to the right of the v,,eq = Ymeas line (indicating under
prediction similar to Figure and deviate more with strain magnitude.

At high load magnitudes, small changes to stress level cause large changes in strain

due to the non-linearity of the backbone response (see Figure [4.22a)). This makes



Chapter 4. Application of 0D models 147

0.6 0.8
0.4F 0.6
© 027 © 047
ja) ja)
= =
2 2
= 0r & 02r
4C
-0.2 or Model | ]
[ ] t=27s
-0.4 * - * * -0.2 * - :
-0.4 -0.2 0 0.2 0.4 0.6 0 0.5 1 1.5
%] %]
(a) (b)

Figure 4.33: Initial hysteresis loop to some large peak (a) 55s of Test 3G (b) Initial 27s
of test 4C

predictions sensitive and, given the results in Figure [£.22d may suggest that the
calibrated backbone is stiffer than required at high stresses. Moreover, predictions of
tests with high stress magnitudes are more sensitive to any disparity between assumed
and real s, pgs used in normalisation.

Figure 4.33| shows the early stages of response for two irregular tests for the first
t seconds, alongside a model prediction in grey. The prediction fits the measured
response well ,broadly following a similar ‘backbone’. However the response begins
to diverge at high stress magnitude in test 4C.

Given that the class C predictions are based upon a model which has only been
calibrated to single amplitude tests, the results are promising. Development of strain
with time is broadly captured, with much the same accuracy as with constant-
amplitude cycles. This suggests the underlying model mechanisms still capture key

behaviour under more complex loads.

4.2.4 Model improvement and sensitivity

Improvements to the model predictions can be achieved by slight variation of the
model based upon the evidence of the multi-amplitude tests. This can inform new
model choices and identify areas where the model is sensitive to calibration data. The
revised model is termed Class C.1 in alignment with Lambe . Areas of improve-
ment are identified in Table[4.11], described by mechanism, potential improvement and

proposed data for calibration.
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Table 4.11: Proposed model improvements

Mechanism H Evidence ‘ Improvement Method of Calibration
1.Mono Too stiff at high stresses - | Softer backbone curve | Optimise irregular
Figures and at high stress. tests to first large

peak.
2.Rate As above. Prediction of | Compare creep predic- | Tests 4B and 4D initial

curvature at load reversal
points is good indicating
accurate viscous parame-
ters.

tion at load holds for
possible improvement

ramp and hold.

3.Softening

(1) Global/surface specific
softening modelling choice
not well defined.

(2) Slight over-prediction
of softening at low magni-
tudes, under-prediction at
high magnitudes - Figures

[4.26]and [4.30].

(1) Introducing global
softening may improve
prediction

(2) Recalibration of
softening parameters

(1) Interrogate tests
3F, 3G and 3H for sig-
nificant signs of post-
cyclic softening.

(2) Additional calibra-
tion tests using low
magnitude packets of
load in 3F.

4.Ratcheting

(1) Not enough accumula-
tion at virgin loading. Test
3A, 3G, 4C.

(2) Too much accumula-

(1)  Slightly  softer
backbone curve.
(2) Reduced ratcheting

rate may be required.

(1) See monotonic cal-
ibration

(2) Use initial packet
of test 4B and 4D as

tion at high stress between extra test.

peaks - Test 4C

4.2.4.1 Monotonic

The backbone is a crucial part of hyperplasticity models with all further mechanisms
depending upon the strengths and stiffness; small changes can alter the predictions
greatly. It was observed that the predicted strains at high stress magnitude were
consistently less than the measured strains.

The measured data allows a recalibration. Figure shows the initial 174s of
test 3G and Figure the initial 54s of test 4C. Both are plotted alongside the
‘Class C” model prediction in which a reducing accuracy with stress level can be seen.

The model prediction has been optimised by allowing a change to backbone param-
eters ,,k, and a, using a proportional least-squares optimisation in a similar manner
to the backbone recalibration presented in Chapter|3] The changes are termed ‘Class
C.1’, in which an increased yield strain and curvature parameter and reduced k, com-
pute a more accurate response (for a summary of all parameters changed see Table
. This change reduces the accuracy of the DSS prediction, but as shown later
in Figure not considerably.
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Figure 4.34: Model prediction of initial hysteresis loop to some large peak (a) 174s of Test
3G (b) Initial 54s of test 4C

4.2.4.2 Rate dependency

Figure shows the initial load and hold for the two idealised load cases with a high
bias alongside the original ‘Class C” and new ‘Class C.1’ model predictions. In the two
tests, ramp time differs but load hold time is similar. It is clear from Figure[4.35b| that
both models capture the initial loading and creep to an acceptable level. On initial
loading (hysteresis at 7/s, ~ 0.32) the model is stiffer than the measured response.
This could be changed by reducing the initial stiffness, reducing rate dependency
and/or adding more surfaces to facilitate plastic strain at lower magnitudes. This is

not considered critical and thus not pursued.

4.2.4.3 Softening

When modelling softening behaviour as in Section [3.4.2.1] a key choice is the formu-
lation (surface-specific, constant or mixed) controlled by parameter F, .Evidence for

this choice may be found in the ‘post-cyclic’ response; by determining if degradation

Table 4.12: Hyperplasticity parameters used for model predictions

Monotonic Rate Softening Ratcheting

Model || &,  kupo E, a F, e 1o || Fu  Kreg Fup my Ry ms

(%] [kPa] [kPa/%) [-] | [=] [%/kr] [=] | -] =] =] =1 =] [+

¢ 85 090 9% oue 1 001 020 1 06 100 018] 01 3
Su,DSS Su,DSS

c1 |1s 98X 9% gas 1 001 02009 06 100 018]o0.03 2
Su,DSS Su,DSS
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Figure 4.35: Initial ramp and hold from tests 4B and 4D alongside class C and C.1 model
prediction (a) Stress-time history (b) Stress-strain response

in virgin response due to lower magnitude load reversals occurs. Given that the cali-
bration tests were constant amplitude (without post-cyclic shearing) a surface-specific
(F,,=1) model was chosen, this choice can now be appraised. Figure shows the
three two-way loaded tests 3F, 3G and 3H. The corresponding markers track points
of the ‘virgin load peaks’ (points where stress level exceeds the previous maximum).

The 2-way tests are chosen so that additional strain due to ratcheting is removed.
The three tests consist of: 3G - irregular, in which a large peak (at 7/s,=0.85)
occurs after 200 seconds; 3F - idealised, with the largest loads occurring at the end
(1/5,=0.85 at t ~ 17800s); 3H, idealised with the largest loads in the centre of
loading history (7/s, at t ~ 10500s).Figure shows the virgin load peaks plotted
without the history for clarity. Cumulative absolute strain values (X|de|) are shown
at approximately 7/s, &~ 0.85 as a measure of strain history.

At the large virgin load jumps, 3G and 3H track broadly the same curve despite
large differences in history. However, the equivalent curve for test 3F is clearly softer.
The latter may suggest post-cyclic softening is occurring, but is not conclusive, partic-
ularly given likely sample variability. The shaded area shows the difference in results
for tests 4B and 4D (same loading) as an indication.

Given that generally the Class C ultimate strain predictions were lower than the
measured data a small amount of constant softening (F,=0.9) is allowed in the Class
C.1 predictions. Figure shows virgin load peaks as predicted by the models C

and C.1, which also includes changes to ratcheting as discussed in the next section.
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Figure 4.36: (a) High magnitude two-way tests 3F, 3G and 3H with virgin-load peaks
tracked (b) ‘Virgin load peaks’ of two-way tests alongside model monotonic backbone pre-
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Figure 4.37: (a) Strain development for first packets of idealised loads.(b) Ratcheting rate
parameter with stress level
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Figure 4.38: Calibration tests and Class C.1 model prediction. (a) Initial cycles — Rate
Dependency (b) Example hysteresis loops - 74, = 0 (¢) Secant Stiffness Development (d)
Average strain development (e)

4.2.4.4 Ratcheting

The heat-map in Figure demonstrates that the DS'S,,. tests to which the model
is calibrated are of a much lower stress magnitude than that applied in test 4C. A lower
magnitude test may have better informed the calibration of ratcheting parameters
across the stress space. Figure shows development of strain for the first packets
of the idealised loads alongside the Class C prediction. In fact it seems that ratcheting
is predicted well at low level.

When viewed together, Figure [.31] and [.37a] suggest that the ratcheting is less

accurately predicted when the average stress is large but correct when small; evi-
dence that the stress magnitude effect (my) is too high. Therefore, for the Class C.1
predictions my is reduced. Reasons for this possible error are discussed in section

4.2.0l
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Figure 4.39: Comparison of ultimate strain class C and C.1 predictions against measure-

ments. Marker type indicates strain type: vap — 0, Yeye - U

Table 4.13: Comparison of predicted ultimate average and cyclic strains against measured
data. Class C (Original) and Class C.1 (optimised) predictions. Irr.=Irregular loads, Pac.
= Idealised Packets, Alt. Pac. = Idealised packets applied in different order

av,u % cyc,u %
Test Load Type Measured ’élz;si C] Class C.1 H Measured ’ézl;ass[ C] Class C.1
3A Irr. 0.7 0.6 0.7 3.0 2.0 3.0
3E Pac. 0.1 0.3 0.5 2.9 1.9 2.9
3F Pac. 1.0 0.5 0.5 5.0 2.3 3.2
3G Irr. 2.0 0.8 0.8 6.1 2.5 3.3
3H Alt. Pac. 0.0 0.5 0.7 4.0 2.3 3.5
AC [4E] ot 107 [11.9] 74 9.0 L1[1.0] 1.1 1.3
4D [4B] Pac. 6.7 [7.6] 5.8 7.7 0.9 [1.1] 1.0 14
Figure [4.37b| shows the ratcheting rate R, with stress level, R, = RO(%)mS, for

the Class C and C.1 predictions with a reduced ms=2. At low stresses (c/0p < 0.4)

R,, is maintained, but it is greatly reduced at high stresses. This is combined with a

softer backbone at high magnitudes (and therefore higher plastic strains) so the effect

will be less pronounced.

4.2.5 Class C.1 predictions

In this section the suggested ‘Class C.1’ changes are used to re-predict the WAS-XL
tests. Table shows the changes in bold to Monotonic, Softening and Ratcheting

parameters.

The original calibration tests were computed throughout each of the Class C.1
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Figure 4.40: Measured and Class C.1 model response for test 4C with gradient of strain
accumulation (m) shown for three section between ‘virgin loading’ peaks

changes to ensure any change did not greatly affect the comparison with the original
results. Figure [4.38shows examples in which the resulting predictions are very similar
to Class C (Figure [1.22).

Table 4.13] and Figure [4.39| show the new predictions of the WAS-XL tests, com-
pared to the previous. Cyclic strains are increased with the allowance of some global
softening (F,=0.9) and the softer backbone. This improves the fit, particularly the fi-
nal, much larger amplitude cycles. The order of ultimate cyclic strain for tests 3F,3G
and 3H is not preserved, predicting highest cyclic strains in the pyramid case. This
is presumably due to more plastic strains, and therefore changes in hardening pa-
rameter, occurring earlier in the history, thus degrading (globally) the yield strengths
earlier and in turn causing a softer response with more strain. This is limited if only
local softening is permitted.

Average strain predictions for the low bias tests remain fairly similar but increase

somewhat for tests 4C and 4D. This is despite a reduction of ratcheting parameter
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with high stress value. The reduction is offset by a reduced stiffness of the backbone
at high stress and an allowance for some global softening which will in turn yield
higher plastic strains per cycle. More importantly the development of average strain
is now much more accurate. Figurel4.40[shows the irregular test 4C with the gradients
of accumulation again shown (as per Figure , the virgin load accumulations are
larger and the gradients between jumps much smaller following that of the data more

closely. Figures and shows two examples predictions of tests 3A and 4B.

4.2.6 Conclusions

Given that the class C predictions are based upon a model which has only been cali-
brated to single amplitude tests, the results are promising. Development of strain with
time is broadly captured, with much the same accuracy as with constant-amplitude
cycles. This suggests the underlying model mechanisms still capture key behaviour
under more complex loads.

Hyperplasticity models are able to predict long, multi-amplitude tests quickly and
accurately. The initial Class C predictions, using a typical suite of constant-amplitude
tests, were a true test of model calibration. The resulting predictions were promising,
capturing broadly the development of strain with time with much the same accuracy
as with constant-amplitude cycles.

This suggests a robust model which works well with default (or straight forward
to calibrate) parameters. The predictions were improved by using additional data
from the WAS-XL tests (Class C.1), highlighting sensitive areas of modelling and
calibration. Table describes the changes made and a comment on the reasons
for each.

Generally, the calibration tests were of high quality and with low variability. Ini-
tial quarter cycles matched and numbers of cycles to failure increased with magnitude.
However, as can be seen in Figure the stress conditions were at much higher mag-
nitudes than the following WAS-XL tests. This should be considered when specifying
laboratory testing and will be discussed further in Chapter [6]

The idealised cycle tests (particularly 7,, # 0) proved a useful source for second

calibration. By having two of the same test, variability could be estimated. Perhaps
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Table 4.14: Changes made between Class C and C.1 predictions and comments

Parameter Change

‘ Comments

Softer Backbone at
high stress (yu,ku,a)

The backbone calibration is crucial to an accurate prediction.
At high stress magnitudes, strains are very sensitive to small
changes in stiffness which appeared too high.
This is easily re-calibrated by optimisation of irregular test
which have a large peak early in the history.

Introduction of some
global softening (F},)

Post-cyclic tests may have informed this choice, but not clear.
Mainly allows for greater increase in strain amplitude after nu-
merous cycles.

Reduction in ratch-
eting rate and stress

Only two 74, # 0 calibration tests, both with high 7., low Ny
and an increasing average strain to failure. Therefore difficult

magnitude exponent | to ‘pin’ stress dependency.
(RO; ms)
General Calibration tests were at much higher stress magnitude than

those predicted. It is perhaps fortunate that model parameters
worked well at a lower magnitude stresses too.

stepped tests could be an efficient solution for model calibration, since each load

packet provides a higher level of strain development to calibrate to.

4.3 Summary of 0D modelling

Chapters [3| and {4 of this thesis are concerned with the application of 0D total-stress

hyperplasticity models to laboratory tests in clays. Chapter [3| presented experimental

data, model choices and applied these to individual datasets. Chapter || attempted

to probe the model further by: testing it across all cyclic stress regimes with the

synthesising of contour diagrams; testing the predictive ability by computing multi-

amplitude tests. Both exercises have proven useful.

It is concluded that it is possible for extended hyperplasticity models to:

e reproduce key behaviour of clays subject to DSS,. and CU,,, testing

e reproduce this behaviour across varied cyclic magnitudes and degree of reversals

e predict multi-amplitude tests (both truly irregular and idealised)

The model predictions are satisfactory, but of course could be improved. Importantly

they have shed light on model performance, presented as before, by mechanism.
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Predicting the backbone response well is crucial. The equation presented by Jean-
jean et al. (2017)) seems adequate for this application but the model is not dependent
on the choice of this form; any equation or stress-strain curve is acceptable. A funda-
mental difficulty is sample variability, which can be high. All proceeding mechanisms
build upon the assumed backbone and therefore it would be good practice to use an
average of multiple tests.

Rate-dependent behaviour is accurately reproduced by a model based upon rate
process theory. The magnitude of strain rate changes considerably throughout con-
stant period cycles. Therefore incremental implementation of viscous models is key
to accurate prediction of cyclic loads. In doing so, effects such as creep, relaxation
and the rounded peaks of sinusoidal tests are inherently reproduced.

To accurately capture the effects of load applications and reversals a model must
be in place which captures softening and ratcheting. Subtle changes to the softening
of yield strengths produces differing secondary effects. It is clear from the data in this
thesis that ‘global” softening, in which all yield strengths are degraded, over-predicts
the accumulation of strain for biased tests and causes unrealistic levels of ‘post-cyclic
softening’ for most cyclic stress applications. Instead a model with some combination
of surface specific and global softening alongside a ratcheting element was presented.
There are now two options which produce similar results for some tests, and it is not

clear which is correct:

A) Mixed softening only. This causes post-cyclic softening and couples secant stiff-
ness reduction with ratcheting, thereby removing control of strain accumulation
from the user. This is successfully applied to the contour plot reproduction

exercise (Section and to NSCA datasets in Chapter [3]

B) Surface specific softening with additional ratcheting element. This removes post-
cyclic softening and allows full control of ratcheting behaviour. This approach
was successfully employed in the WAS-XL work (Section and applied to the
COW data-set in Chapter [3| In this case, secant stiffness reduction is limited
and can therefore be inaccurate near failure. A small amount of mixed softening
removes some of issues with highly strained tests (as introduced in WAS-XL

Class C.1). With further reduction this may reduce to (A).
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The above choice may be material and test dependent and is therefore left open
here. It is important to consider ‘zones’ of calibration when finding model parameters
and be aware of possible limitations. This is true for rate parameters where accuracy
may well be limited at extrapolated strain rates and strain magnitudes. It is also the

case for cyclic parameters in terms of stress level and numbers of cycles.



Chapter 5

Equivalence of series and parallel
models

5.1 Introduction

In Chapter [3] models were developed in the hyperplasticity framework to describe the
key behaviour observed when clays were subject to shear stresses in undrained labo-
ratory tests. Multiple surfaces with differing strengths and stiffnesses were employed
to capture the non-linearity of typical soil response when subject to stress. There
are, however, several ways in which the individual surfaces can be arranged, with
implications on the meaning of internal parameters and subtle differences in model
behaviour.

The surfaces were configured in series, such that each surface is subject to the
same individual stress and the strains are additive (Figure[5.1b). The same individual
surfaces could be arranged in parallel form, such that multiple individual surfaces are
subject to the same strain and the stresses become additive (Figure . A third
possibility is a ‘nested’ configuration (Houlsby, |2020b)) (connecting surfaces in a chain)
but this is not pursued here.

Previous authors have rightly suggested that it is most obvious, and possibly
computationally beneficial, to construct models in series when computing strains
from a stress input since strains are additive (Richards, 2020; Abadie, 2015), and in
parallel (where stresses are additive) for strain input such as in FEA implementation
(Beuckelaers, 2017)). In deriving incremental behaviour using a compliance matrix
as described in Appendix [A] either configuration may be implemented for stress or

strain control.

160
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Figure 5.1: Conceptual diagrams of multi-surface kinematic hardening models in (a)
parallel configuration and (b) series configuration

In this section the equivalence between series and parallel models is investigated for
each of the mechanisms presented in Chapter [3] alongside a summary of similar work
done by previous authors. Ultimately, this aims to summarise the differences between
the model structures, appraise the implications, advise parameter choices which can
produce equivalence or near-equivalence, and present reasons for preference of one or
the other.

Consistency is paramount if the possibility of calibrating pile-scale models from
element testing is to be achieved. Either one must decide upon a configuration to use

or prove that parameters map between the two.

5.2 Kinematic hardening

Figures and show multi-surface kinematic hardening models configured in
parallel and series. Both models can be calibrated to ensure similar yield locations
gy, 0y following methods presented by Houlsby et al. (2017). In this case the role and
magnitude of surface strengths K; and stiffnesses H; differ. In a series configuration,
surface behaviour is governed by a yield stress criterion o, ; = K; after which the local
spring is activated. By contrast in parallel, the yield strain criterion ¢,; = K;/H;

causes the local slider to activate, deactivating the spring.
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The models can be described by energy functions and a common dissipation (and
therefore yield) function from which incremental behaviour can be derived (following
methods described in Appendix :

Ns

Hi 2 HNs+1 2
ar — N - g a8 1
for = 3 g — e (5.1)
Ns 2 Ns
H, H; ,
_ v _ . i} )
foer = 5 (e ;:1 az) +i§:1 5 (5.2)

Ns
d=> K (5.3)
i=1

Note, however interpretation of «;, K; and H; differs between the models. Figure
shows computations of strain ¢ from 1000 equal increments of stress o for a
series and parallel model. Both models were calibrated to a backbone described by
the ‘Jeanjean’ function (equation with parameters following those fit to normally
consolidated DSS tests in Drammen Clay in Table[3.3] A total of 40 surfaces are used
for which the derivation of strengths K; and stiffnesses H; differ (following Houlsby
et al., 2019).

The final computed global responses are identical despite local differences,
and match the calibration function well. Beuckelaers (2017) also showed that
uni-directional rate-independent kinematic hardening models produce identical
responses. However, this is no longer true for bi-directional (o, 0,) models. Richards
(2020) compared multi-directional calculations with experimental results of a model
pile in sand, concluding that once experimental variability is considered the model
responses overlap. She was unable to detect which of the two was best suited on the
basis of data alone.

Figure and show the development of local internal variables «; at surfaces
1 =1,10,20 and 30. In series, Figure [5.2b, o; = 0 until the corresponding yield stress
is exceeded, after which it increases linearly with applied stress. The gradient differs
between surfaces and is a function of the surface stiffness H;. In parallel, Figure [5.2d,
a; = 0 until the corresponding yield strain is exceeded, after which it consistently
increases at the same rate as global strain e across all surfaces, do; = de. This

behaviour is derived from the constitutive energy and dissipation function as shown

in Appendix [A]
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Figure 5.2: Comparison of series and parallel rate-independent kinematic hardening mod-
els. 40 surfaces calibrated to a backbone described by the ‘Jeanjean’ function (equation
with parameters equivalent to those of DSS tests of normally consolidated Drammen
Clay (Table [3.3); (a) model computations of strain & from 1000 equal increments of stress o
and comparison with original ‘Jeanjean’ curve; (b) series - development of local «; with o;
(c) parallel - development of local o; with €; (d) and (e) cumulative work with strain level,
where plastic work f3; = K;|a
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Figure [5.2d] and [5.2¢] show a measure of work against strain level. The total

cumulative work is found by integration (from 0 to &) of the ‘Jeanjean’ function

shown in Figure [5.2al (; is a measure of plastic work at surface ¢ where:
Bi = Kild (5.4)

Such that ¥ 3; is the cumulative plastic work from the 1%¢ to the N surface. It is
clear that the global (N; = Nj) plastic work is the same for both models. However,
locally work develops at differing rates throughout the computation. In series, the
higher surfaces (with a higher K; and «;) contribute much more than in the parallel
models where the distribution of K; and «; is more uniform.

These local differences play an important role as further mechanisms are consid-

ered.

5.2.1 Asymmetry

Section described a kinematic hardening model with strength asymmetry, useful
in describing the behaviour due to soil anisotropy in extension and compression as
observed in triaxial testing. Figure[5.3a)and[5.3b|shows the model in series and parallel
which can be described by energy functions [5.1] and and a common dissipation

function:
Ns

d=> K,ldi) + K, (—a;) (5.5)
i=1
Surface stiffnesses H; are kept constant whilst local strengths differ depending on

direction of loading, such that:
Kie= A K. (5.6)

where Ay, is a local asymmetry factor. Requirements for increasing strengths must
still be met as outlined in [3.2.2] Effectively, the locations of yield points are altered
(typically reduced) in extension by fitting to respective data. This is shown schemat-
ically in Figure [5.3c, where for clarity absolute stresses and strains are plotted. Since

in parallel, yield strains ¢,; = K;/H; and in series, yield stresses o,; = K;:

€ X

Afipar = (5.7)
yc,i

Af,i,ser = Tyed (58)

Oyc,i
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Figure 5.3: Conceptual diagrams of multi-surface kinematic hardening models with
strength asymmetry in (a) parallel configuration and (b) series configuration; (¢) exam-
ple yield points in |o|,|¢| space for a weaker extensive backbone

Afipar 7 Afiser if the ratio of local yield stresses and strains differ. In the case
where a single ‘global’ anisotropy factor is used for each surface, Af;por = Afiser =
Ay for all i. As in the previous section exact equivalence can be achieved, but the

parameters may differ at a local level.

5.3 Rate process theory

Figure and show rate-dependent multi-surface kinematic hardening models
configured in parallel and series. Viscous dissipation is included conceptually with

a dashpot at each surface, such that each internal variable has an associated local
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Figure 5.4: Conceptual diagrams of rate-dependent, multi-surface, kinematic hardening
models in (a) parallel configuration and (b) series configuration.

viscosity p,. In Section [3.3.2] more realistic modelling of rate-effects was achieved
by using an inverse hyperbolic sinusoid relationship which fits the underlying physics
of rate-process theory. The model can be defined in series or parallel with energy
functions [5.1] or [5.2] and a common dissipation function:

Ns Ns
d=> Kida|+ ) Hi Gy sinh™ (\ai\tmﬁ> (5.9)
i=1

i—1 tref,z'

where y; is the surface viscosity and ¢, is a reference time to failure (the inverse
of the reference strain rate ¢; y.r). The sinh~* function results in approximately linear
viscosity at low strain rates |&;|t,er; << 1 and approximately logarithmic viscosity
at high rates |&;|ter; >> 1.

In Section [3.3.2] u; and therefore relative viscous contribution was allowed to
vary with rate surface factor F; (Equation . This allowed viscosity to be scaled
between surface strength (as above) and ultimate system strength, thus facilitating
strain-level dependent rate effects. This is not investigated here, rather local viscosity

is assigned proportional to the strength parameter K;, (F,, = 1) such that:

i = Kintref,i (510)

Incremental behaviour can be derived from standardised form in Appendix [A] Tt

is clear from the second term in Equation that the dissipative behaviour now
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Figure 5.5: Development of local strain da; with respect to global strain de for the Rate-
independent model presented in Figure Increment is associated with equal stress
application from o = 0to o =1

depends on a normalised local strain rate |¢;|t,er;. As shown in the previous section
(Figure and c), &; takes on different values in the series and parallel models,
therefore ¢,.¢; may be expected to differ to ensure consistent normalised local strain
rates and therefore response.
To equate local strain rates to experiments in which global strain values are mea-
sured, define ¢,.f; by:
de

|Eltrer,c = |Qiltresi — tresi = tref,Gd— (5.11)
Q;
Figures and show ‘% with each increment of stress application for the

rate-independent model presented in Figure Figure shows that in parallel,
once a surface yields, da; = de (observable in Figure t0o). Importantly, this
means that strain rates are consistent locally and globally and therefore ¢,.f; = t,cq-

Conversely, in series (Figure it is clear that local strain rates differ between
surfaces and are dependent upon the number of active surfaces. This seems sensible
given that strains are additive in series. However, it means that estimating the
magnitude of strain is more involved and t,¢r; # tref,c. In fact:

do do de H;
doy = —,de = — = 5.12
“TH TR, dy  Ey (5-12)

where F; is the tangent stiffness and subscript y indicated the highest yielding surface.
Therefore for consistency with the parallel model:
H;

t:e i — tre 7G_ 5.13
f, f Et,y ( )
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Figure 5.6: Series and parallel model (with rate process theory) computations of ap-
plication of strain with constant strain rate. Rate independent backbone as per Fig-

ure 5.2almo = 0.1, trer,a = 1hr. (—) € = 0.1/trega, (--) € = 10 % 0.1/trepa, (--)
€ = 100 * 0.1/t,erq. (a) and (b) computed response shown at two scales for clarity; (c)
proportional difference between series and parallel predictions of stress with strain level

In Chaptersanda more crude t,.¢; = tref.cINs was used to cater for the dependency
of number of surfaces only.

Figure [5.6| shows RPT model computations of a monotonic application of strain
at constant rate. The backbone parameters are calibrated as in Figure with
additional rate parameters 7,9 = 0.1, t,.f,¢ = 1hr. In the parallel model t,c¢; = t,cs.c,
in the series both formulations discussed above are compared. As expected a 10%
increase in strength is achieved per order of magnitude increase in strain rate. It is

clear however that the three models do not agree.

veri Offers the better approximation and performs very well at low stresses. How-

ever, issues occur as the final yield surface is exceeded (where E;, ~ 0 and Hy, ~ 0).

*

refi = tTef,Gé{Ti is then exceedingly large for all ¢ # Ns. This causes unrealistically
’ Y
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high normalised strain rates, and therefore a ‘kick’ in the response which occurs at
the yield of the final surface. The effect is greater with greater strain rates. Using
trefi = tres.cINs provides a more stable computation across all stress levels but does
not agree with the parallel model.

In conclusion, it is not a trivial exercise to ensure that models based upon rate-
process theory, in which dissipation is a function of local strain rate, are equivalent in
series and parallel. Parallel models are better suited for rate-dependency because the
strain rate of each active surface corresponds to the global plastic strain rate of the
system, whereas in the series formulation plastic strain rates differ between surfaces
and with magnitude of strain. If series models are to be used, the best option is to
assign trer; = tref.oNs as was done in previous chapters, this is stable with a similar

response observed.

5.4 Softening

In Section [3.4.2.1], a model was proposed to reproduce the changes in secant stiffness
due to repeated loading in element tests. Surface strengths are increased or decreased
with a hardening parameter j3;, taken as the local plastic work as per Equation [5.4]
By employing a switch parameter F, strength changes can be applied locally F,, =1,

globally F,, = 0, or as some ratio of the two 0 < F,; < 1:

K; -
=" =k kg " (5.14)

B )
o (1 + 5 : (mm’;’“ — 1>) (5.15)
ref,i

Bi [~ o
KGg = (1 + ,82? (/{Tef — 1)> (5.16)

Since the exponents are negative, if my > 0,k < 1 and softening occurs whilst if

my < 0,5 > 1 and stiffening occurs. The former is typically the case in clays (e.g.
element tests in Chapter |3) whilst the later is often observed in sand (e.g. in model
pile tests by Richards, [2020)).

With this formulation &;; develops as a function of local work 3; whilst k¢ develops

with the global work ¥3;. Figure tracks (3; for two rate-independent models with
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Figure 5.7: Cumulative plastic work §; rate-independent models with no strength changes
(my) subject to 100 cycles of constant amplitude one-way loading o4, = 0¢ye = 0.25. Models
follow formulation and parameters as in Section (a) series, (b) parallel

the same formulation and parameters as in Section [5.2] subject to 100 cycles of
constant amplitude one-way loading o4, = 0 = 0.25. No strength changes are
applied (my = 0), therefore work develops linearly with cycles. It is clear that whilst
global work is equivalent in series and parallel configuration, local development differs.
Bres,i should therefore be expected to differ.

Here, definitions are followed as per section [3.4.2.1}

Oy

/Bref,i,ser = Fﬁ,l,serKiﬁ (517)

ﬁref,i,par = FB,l,parKigu (518)

where in the parallel model ¢, is an approximation of plastic strain expected with an
application of o, this is similar to o, /H; in series. Bref.Gpar = Bref.cser = FB.GOuEw
is used, noting that o, = X K; in parallel and o, = Ky, in series. Broadly each aims
to describe some measure of expected work on the surface or globally.

Figure shows 100 cycles of constant amplitude o,, = 0ge = 0.25 loading
applied to similar rate-independent models, this time with softening activated. In all
three models, my, = 0.1, K.y = 0.7, Fg ¢ = 1. To ensure similar softening with cycles
Fai par = 2 and Fjy 4, = 14. F); varies and controls the type of softening observed.

As expected the models are equivalent for global softening F}, = 0, developing at
the same rate and causing the same change to loop shape, additional ratcheting and

post-cyclic softening.
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Figure 5.8: Softening model choice for a rate independent model with monotonic param-
eters similar to DRM OCR=1 and subject to 100 cycles of one-way loading. Left hand
column — parallel model. Right hand column — series Model. mj = 0.1, K.y = 0.7,
Fgq =1, Fgpar = 2,Fp ser = 14 and F}; varies

However, the computed response differs when local softening is specified, F}, = 1.
As discussed in Section [3.4.2.1] when subject to constant stress amplitude cycles,
series models in which yield is stress-dependent show no ratcheting or post-cyclic
softening as the higher yield surfaces remain unaffected.

In parallel models, however, some limited ratcheting and post-cyclic softening
develops as the higher yield stresses are gradually reduced (despite yield strains re-

maining fixed.
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Qualitatively mixed softening in series appears similar to local softening in the
parallel model. It may be possible to equate both by optimising F,; (such that F s, <
F, par) but it is not obvious how this could be calculated analytically.

Ratcheting and post-cyclic strength reduction resulting from local softening are
second order effects and are a product of fixed stress-amplitude testing. Whilst this
is certainly the most common type of load applied for model calibration, fixed-strain
amplitude tests or truly pseudo-random loading may also be prescribed.

With a fixed strain-amplitude these second order effects will differ. The higher
surfaces will not be activated since in parallel, inactive yield strains remain the same;
whilst in series, inactive yield strains increase. When subject to pseudo-random loads
subtle changes are reduced as surfaces are activated and deactivated more regularly.

Finally, as described by Richards (2020), if local stiffening is required it is sensible
to include some global stiffening F,, < 1, not least to ensure that for fixed stress
amplitude loads K; < K;,;. The risk of this occurring is reduced in the parallel
model where for inactive surfaces the yield strain remains the same but yield stress
is slightly increased. Simply, some post-cyclic stiffening occurs in parallel without
applying a reduced Fj.

In summary, local strength changes are not equivalent in the two models because
of the variation of global work and subtle changes due to yield stress or yield strain
control. In stress controlled tests, parallel models with local changes behave like series
models with a small amount of global change. Perhaps this type of development is
more logical; small amplitude loads largely affect the material which is being stressed
most highly but has a small effect on the whole system.

These observations, however, do not provide evidence for the choice of one model

or the other since the same behaviour can be achieved with an alteration of Fj.

5.5 Ratcheting

Figures and show rate-independent HARM models, in which an additional
ratcheting component is added in series with the underlying kinematic hardening

models. These are described by energy and dissipation functions:

Ns

Hi 2 HNs+1 2
fpar = 27(5—% — )"+ T(e—ar) (5.19)

i=1
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(a)
Figure 5.9: Conceptual diagrams of rate-independent, multi-surface, kinematic hardening
HARM models in (a) parallel configuration and (b) series configuration
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Figure 5.10: Choice of ratcheting multiplier R,,,;; in series and parallel models. Rate
independent model with monotonic parameters similar to Section and Rg = 0.1, subject
to 100 cycles of one-way loading

Ns

HO 2 Ns HZ )
fser = 7 (5 - ;Q’i - ar) + ; 7051' (520)

d= <§Ki\di\) + o, (5.21)

i=1

alongside a ratcheting constraint which can be re-written as:
Ns
b, = S(0) Y Rilé| (5.22)
i=1

R; controls the rate of ratcheting and as in Section [3.4.2.2 a modified power law

3 B ( Ry ) o
R, = R.x-R — .
: 0 (1 * ﬂR,ref ( Rref(|a|)ms 1)) (5 23)

Oy

is used:
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such that the rate of ratcheting increases with stress level and reduces with global
plastic work > ; which develops consistently in the series and parallel configura-
tions (Figure . At a given stress level ¢ and assuming consistent parameters
Bryref, Rrep, ms, m,, the term in outer brackets of Equation will be the same in
series and parallel (Termed Cg). For the purposes of this study Equatio can
then be reduced to:

R; = Ryt Ro.Cr (5.24)

where, for simplicity Cr = 1. R, describes a multiplier which can be assigned to
Ry. Section and previously Richards (2020), use R, = 1 in conjunction with
series models such that R; = R for all surfaces. This would result in considerably
more ratcheting in the parallel equivalent since (with attention to Equation the
change in ratcheting strain is a product of the sum of the plastic strains 3. |dy].
In parallel configurations this will increase with the number of active surfaces.

R, should, if possible, ensure parity between series and parallel models and for
the latter ensure that behaviour does not vary with the choice of the number of sur-
faces. Abadie (2015) used R, = U%, making &, a function of the total incremental
work. Secondarily, this causes less ratcheting on the lower surfaces, coupling with the
stress-magnitude reduction (controlled by my).

Alternatively R, ser = 1 could be used in conjunction with R,y per = 1/Ns or
1/N,. Where N, is the number of yielding surfaces, which can for instance be found
by N, = S(I(S ().

Figures [5.10a] and [5.10b] show 100 cycles of constant amplitude o4, = 0¢ye = 0.25

loading applied to similar rate-independent models, based upon those presented in
section [5.2l A constant ratcheting rate Ry = 0.1 is used. It is clear that when
R = f—: the models agree exactly. If R, sr = 1, the best equivalent is to use
Rt par = 1/N, although this is not exact, Ryt per = 1/Ns computes much less
ratcheting. The magnitude of strain differs between the two figures, such that choice
of R, will impact the choice of other ratcheting parameters.

Figure [5.11] investigates the effect of number of surfaces for N, = 10,40, 100.
When N, = 10 the approximation of non-linearity becomes less accurate. Less work

is predicted as the approximation linearises the curve (see Figure and therefore
less ratcheting is produced. The difference between Ny = 40 and Ny = 100 is removed
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Figure 5.11: Effect of number of surfaces on ratcheting behaviour, with regards to choice
of ratcheting multiplier R,,,;;- Rate independent model with monotonic parameters similar
to Section and Ry = 0.1, subject to 100 cycles of one-way loading.

when Ryt ser = 1 and Ryt par = ?, and a slight disparity is observed for Ryt par =
1/N,.
In summary exact replication is observed if the factor R,,.;; = f—u is used, although

Ryt par = 1/N, serves as a good approximation of the the equation used in Richards

(2020), where Ryt ser = 1.

5.6 Summary

This chapter has appraised the equivalence and suitability of parallel and series mod-
els. Table [5.1] summarises the findings, highlighting where the models are identi-
cal (such as unidirectional rate independent models). Conclusions regarding models
which develop with a hardening parameter 5 (e.g. stiffening or softening and ratchet-

ing) have been limited to a work-based parameter. If a strain-based parameter were
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Table 5.1: Equivalence of Series and Parallel Models for differing dimensionality and
complexity

Mechanism ‘ Model ‘ Equivalence‘ Reference ‘ Comments
Figure [5.2a)
1Dir v and Model computes identical response with suitably
Rate (Beuckelaers, | calibrated (and differing) local K; and H;.
Independent 2017)
1Dir . Identical response. Local asymmetry factor Ay,
Assym. v Figure may differ unless a constant global factor is used.
(R;c(?;)rds, Bi-directional (o,,0,) models do not agree. As
2Dir X : yet unable to select between the models on the
Beuckelaers basis of experimental data
et al., 2018) *p :
Local strain rate ¢; differs in series and parallel,
Rate therefore response is not equivalent. Parallel
RPT X Figure models are better suited since &; = €. A
Dependent . . . .
close, stable, estimate is achieved using t,ef,ser;; =
t'rcfﬁG-Ns and trcf,pa?",i = tref,G~
Stiffening / Global v Figure Developmept of globgl plastic work is equlv‘alent7
. as are implication of global strength changes.
Softening
Development of local plastic work differs. Paral-
Figure lel model§ w1th local changes behave' like series
Local X and E5T models with a small amount of combined global
change, such that model similarity is found with
Frappa,ser < Frappapar- NO clear preference.
Development of ratcheting with global work is
comparable, although caution is needed with ini-
. Figure tial parameter choice. Here a multiplier is speci-
Ratcheting Global v % .
and fied such that R, = o ensures equivalence or
Ryt par = 1/N, serves as an a good approxima-
tion of Ryupser = 1.

chosen, equivalence would not be met for global or local models.

Where rate-dependency is implemented following rate process theory (as in Section
3.3.2), parallel models are better defined due to a consistent strain rate on each
surface. The two models are, however, close if t,cf seri = tref,c-Ns is used. Global
softening and ratcheting are equivalent, although care must be given in parameter
specification for the latter. Surface specific softening is not identical but the behaviour
is similar provided differing choice of the switch parameter Fj.

Rarely do the differences between the models present enough variability to estab-
lish a preferred option (Richards, 2020)), and instead a choice must be made. Parallel
models are better suited to rate-dependency because the strain rate of each active
surface corresponds to the global plastic strain rate of the system, whereas in the

series formulation plastic strain rates differ between surfaces and with magnitude of

strain.
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The two produce identical responses for a single direction kinematic-hardening
model (Beuckelaers, 2017) and for cyclic effects which develop with global work
(Abadie, 2015). However, under multi-directional loading the models produce slightly
different responses (Beuckelaers et al., 2018; Richards et al., 2020)). The introduc-
tion of rate-dependency and a variation on a softening-type model were also found to

develop a difference in response.



Chapter 6

Development of 1D models for pile
tests

6.1 Introduction

In Chapters[3|to[4] hyperplasticity models were employed to compute the response of
clay samples due to repeated loading at an element scale. In this chapter, behaviour
of laterally loaded monopiles is considered.

In doing so, the interaction between the pile and the ground must be modelled.
Similar constitutive models may be used but implemented at various scales: 0D
macro elements (Abadie, [2015; Richards, 2020), 1D Winkler-type models (Beucke-
laers, 2017)) or as continuum, tensorial models, in 3D FEA (Houlsby et al., [2017).
The three are indicatively drawn in Figure [6.1] and represent increasing complexity
and computational effort from left to right. In this Chapter macro and 1D models
are used.

In pile-scale macro models the conjugate stress ¢ and strain ¢ variables represent
either applied load H or moment M and a corresponding displacement w or rotation
6. In 1D models the pile is represented as a series of nodes and Gauss points, which
supplements computation of pile head movement with useful information of the re-
sponse down the pile. Importantly, changes to the pile dimensions do not necessitate
change of calibrated soil parameters and this approach is therefore considered a more
useful design tool.

The ultimate aim of this chapter is to investigate if parameters calibrated at
element scale may be used at pile scale. Clearly the mechanisms of soil behaviour

differ at the two scales and direct scaling of the response (such as that presented by

178
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Figure 6.1: Idealised monopile (left) with possible scales of monopile foundation modelling
in increasing complexity and computational cost from 0D to 3D (right). Example non-linear
monotonic behaviour also shown in terms of respective stress and strain-type quantities.
Figure edited from Houlsby (2020a))

Zhang and Andersen, 2017) may be over simplified. Instead this work makes use of
the fact that hyperplasticity models necessarily build upon a calibrated monotonic
backbone (such as those in Section [3.2). These are augmented with mechanisms
which capture rate and cyclic effects and depend upon the internal variables of the
backbone in terms of units, magnitude and therefore local mechanisms.

Importantly calibration of the monotonic response at continuum, p-y (or other
PISA-style soil reactions) or macro level can be undertaken separately from cyclic
calibration. For example, at the 1-D level, the PISA rule-based, numerical or data-
based methods (Suryasentana et al., 2020) in which FEA analyses are used to derive
the non-linear curves can be used. For a given pile the same can be done at macro
level, deriving H-v or M-6 from 3D or 1D computations.

It is the working assumption that the rate-dependent and cyclic mechanisms and
parameters presented in Sections and may then be used at any of the scales
above, such that soil response to cycles in element tests are representative of cycles
at system level. These parameters are suitably normalised such that each represents

a proportional change to the monotonic response. There is some reason to believe
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this may work: Beuckelaers (2017) showed that similar cyclic parameters used at
macro (in Abadie, 2015)) and PISA-type 1D level produced a similar response; whilst
Chapter {4 showed that similar parameters could be used for both CU and DSS tests.
Mapping of hyperplasticity models between element and pile has not, however, been
done before.

This equivalence is tested for the Cowden data-set by using a PISA-type 1D model
(OxPile) extended to include parallel hyperplasticity models (described in Section
. The monotonic backbone is calibrated as per the PISA method, but the
cyclic parameters are initially those calibrated to Cowden element tests in Section

[6.2] Differences are discussed and reasons explained.

6.2 Calibration of model to Cowden laboratory
tests

Non-dimensional rate and cyclic parameters are calibrated to undrained triaxial tests
from the Cowden data-set presented in Chapter[2] Techniques follow those in Chapter
but applied to a parallel model as described in Chapter

Multiple linearly hardening yield surfaces of varying stiffness H; and yield
strengths K; are selected to reproduce a hyperbolic tangent ‘Jeanjean’ curve (as in
Equation fit to an anisotropically consolidated compression C'AUc test with
initial conditions py = 67kPa and gy = —25kPa. Local asymmetry factors Ay, are
optimised to best fit a similarly consolidated extension C'AUe test as shown in Figure
[6.2al

Rate dependency is captured following rate process theory such that a viscous
constant 7,9 and reference time ¢,.r must be calibrated. This is achieved with tests
of differing strain rate; the ‘slow’ C'U tests and the initial quarter cycles of the faster
CU.yc tests (Figure as well as an isotropically consolidated compression test with
stress applied at multiple rates (Figure[6.2b)). ¢,.;¢ = 10*hr~! is taken following data
presented in Section which corresponds to a test time to failure above which
rate effects would be negligible. 7, is optimised and the backbone strength s, .o and
curvature parameters ag recalibrated such that surface properties correspond to a test

of time t,, >> t,.5.
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Figure 6.2: Calibration of model (dashed lines) to Cowden element test data (solid lines)
(a) Monotonic and rate-dependent calibration to CAUc, C AUe and initial cycles of C AUy,
tests (plotted at two scales for clarity) and (b) Varied rate CIU, test

Cyclic parameters are calibrated against 7 tests within the Cowden data-set, with
stress conditions shown in figure (filled markers). Figures and show
the development of average and cyclic strain with number of cycles. This is captured
by reducing the strength of each surface as a function of an incremental, surface
dependent, hardening parameter [3;, here taken as local plastic work. The option to
locally soften the active surfaces or soften all surfaces equally is left open with the
switch parameter F,, (Equation and strength changes develop with power laws
as described by Equations and [5.16]

No additional ratcheting element is prescribed here; instead it is found that average
and cyclic strain can be adequately captured using surface specific softening only
(F., = 1). As noted in Section [5.4] local softening still results in some reduction
in ultimate strength and therefore ratcheting. This model choice also reproduces
the hysteresis loop shape (Figures and ) well. Required parameters follow
Section , such that x,.; = 0.7 is fixed and m;, and Fj; chosen as a best fit. Table

[6.1 summarises all calibrated parameters.

Table 6.1: Summary of calibrated Cowden C'U conditions and model parameters

. Su,c
Po q0 €BB ’ FEy Eu,c Su,c,0
[kPa] [kPa] [hr~1] [(]j}g;)} D50 (Eu,e) Afns | mo tref,G [kPa ag Kref My Fyo Fpy
67 -25 0.002 &?Z) 1000 (8(1)?) 094 | 0.1 104 116 236 | 0.7 0.1 1 20
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Figure 6.3: Cyclic calibration of model to Cowden element test data (a) interaction di-
agram showing location of CUy. tests, filled markers indicate those used for calibration
(b) Change in cyclic strain against cycle number (c) Change in average strain against cycle
number (d) Example measured hysteresis loops, plot taken from Ushev (e) Modelled
hysteresis loops corresponding to (d)
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6.3 Database of pile tests at Cowden

Whilst many authors and institutions have undertaken laterally loaded pile tests in
clays in the lab, centrifuge or in the field (as outlined in Section [1.3.3)), the most
complete data set at scale is that of the PISA test program undertaken at Cowden
(Byrne et al., 2017; PISA Academic Work Group, 2016b; PISA Academic Work
Group, [2016a). Importantly, the element test program presented in Section used
material taken from the same site and therefore offers a direct comparison.

The main focus of the PISA work was to study the monotonic response of later-
ally loaded monopiles at low L/D ratios typically found for offshore wind turbines.
Preliminary varied-rate and cyclic tests were also undertaken with a further testing
program planned as part of the ongoing PICASO project (Byrne et al., 2020). In
this chapter, five of the PISA tests are chosen, all with a common L/D = 5.2 ratio,
as presented in Table [6.2l More information on the tests undertaken and investiga-
tion of the effects of various other aspects can be found in Byrne et al. (2019a) and
companion papers.

Figure [6.4a) shows the monotonic tests CM9 and CM1. In test CM9 loads were
incrementally applied and then held until the displacement exceeded uy1p = 76.2mm,
before unloading completely. The test ran for T, = 354minutes prior to unloading
at which point the pile had displaced v = 99mm such that the curve which passes
through all load hold points can be estimated to be at a rate of 4 ~ 0.28mm/min.
Hy1p = 115kN is taken as a reference failure load going forward and the initial
stiffness of the pile £y = 20kN/mm.

In test CM1 loads were applied in a similar manner until 50kN after which the
pile was initially displaced until failure at either fast @ ~ 430mm/min or slow 4 ~

1.65mm/min rates. Indicative continuous curves at each rate are shown increasing

Table 6.2: Properties of medium-scale laterally loaded piles at Cowden with common
diameter and L/D ratio of 5.2
Pile Name | L [m] D [m] h[m] ¢t [mm] | Loading

CM9 4 0.762 10 11 Monotonic push to failure with load-holds

CM1 4 0.762 10 11 Monotonic push to failure at multiple rates

CM5 4 0.762 10 11 Packets of one-way (and over one-way) loads n > 10000
CM6 4 0.762 10 11 Packets of one-way loads n = 55

CM7 4 0.762 10 11 Packets of two-way loads n > 1000
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Figure 6.4: (a) Monotonic tests CM9 and CM1 (b) Undrained triaxial compression tests
after Ushev, [2017| (c¢) Ultimate horizontal load and undrained shear strength against test
time to failure alongside inverse hyperbolic sine fit (RPT)

in strength with a faster rate. The test is similar to that undertaken in triaxial

conditions by Ushev and plotted in Figure |6.2h]
Figure shows three isotropically consolidated triaxial tests CIUc tests at

differing strain rates from the COW data set (Ushev, 2017) with approximate s, .,

taken at maximum deviatoric stress, indicated. These are plotted alongside lateral
loads at wug.1p at respective test times to failure 7;, in Figure|6.4c[ Both are normalised
by either H,.; = 92kN or s, ,.; = 135kPa. A hyperbolic sine relationship similar to
Equation [3.19]is also plotted in which a consistent logarithmic increase with reducing
test time is seen, boding well for a link between the two.

The cyclic loading characteristics of tests CM5, CM6 and CM7 are plotted in an
interaction diagram in Figure [6.5) normalised by Hyip = 115kN and alongside the

numbers of cycles applied. The Cowden CUcyc cyclic triaxial testing program as
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Figure 6.5: Location of PISA cyclic pile tests at Cowden

reported by Ushev (2017)) is also plotted. The focus of the pile testing program was
on one-way ((. = 0) and two-way (¢, = —1) loading, whilst the element tests follow
fixed average and cyclic stresses.

Figures to show each test in more detail. From time-histories of H and
ground level displacement u, packets are identified and analysed in the same manner
as Section [3.4.1] Accumulation of displacement, secant stiffness and energy loss factor
are identified and plotted against respective cycle number in each packet. Power-laws
are fitted following Equations [3.28[3.26] and [3.27]

In test CM5, three packets of one-way loading are applied in increasing magnitude

before returning to smaller loads and ramping up again. The packets in grey between
3.5 — 4 x 10°s were not of constant amplitude and cyclic response is therefore not
analysed. In test CM7 only the first 6 packets of consistent cycles are analysed.
Figure shows cyclic secant stiffness k; against load amplitude H,,. for each
packet. Only the first and final cycles are plotted with an arrow indicating increasing
cycles. A continuous estimate of secant stiffness with load magnitude is also plotted
for the idealised constant-rate approximations of monotonic tests CM9 and CM1 as

shown in [6.4a] This assumes Masing rules such that at:

Hye=H — ky=Hfv (6.1)
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The majority of packets follow the CM9 curve, although some CM5 packets at H,. =
10, 15 and 20kN are much softer (shown filled). These packets are applied after a much
greater maximum load, hence some considerable changes to soil behaviour (e.g. local
degradation, gapping) have already occurred due to load history. These particular
packets remain outliers in Figure where softening exponent is plotted against
(p- The positive exponent indicates stiffening, whilst the majority of the sets show
softening.

Figure [6.9¢| shows energy loss factor exponent plotted against softening exponent.
An inverse correlation is observed as in the element tests in Figure In Figure
[6.9d ratcheting exponent is shown. In test CM5 this mostly increases with ¢, although
in CM6 consistent value is observed for all packets. Again the load packets in CMb
which happened after a previous maximum show greatly reduced rate.

Figure |6.9¢| shows the the monotonic tests CM9 and CM1 alongside a similar
monotonic load applied to approximately Hy1p after cyclic test CM6, hence the dis-
placement begins at approximately 1.5ug1p. During load increase the post-cyclic
response is initially much softer with a shape indicative of gapping. As the load
increases this returns to behaviour similar to CM1 and CM9 but offset by the accu-
mulated cyclic displacement. The displacement rate is, however, higher than the slow

CM1 curve, possibly evidence of some limited post-cyclic softening.
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6.4 Calibration and prediction of PISA Cowden
tests

In this section the extended version of the 1D Finite Element (FE) model ‘OxPile’
outlined in Section [6.4.1] is used to predict the pile tests at Cowden presented in
Section [6.3] This includes five medium scale pile tests with consistent pile dimensions
L =4m, h=10m, D = 0.762m, t = 11mm as outlined in Table|6.2l The 1D FE model
of the pile uses 10 elements below ground level, Figure[6.10al Throughout this section

the idealised soil profiles of Gy and s, shown in Figures |6.10b|and [6.10c| are used and

horizontal load H is applied to the node at h. Unless otherwise specified ground level
displacement w is used as comparison. Calibration is discussed progressively in terms

of extended mechanisms.

6.4.1 Extension of OxPile

OxPile is a suite of MATLAB functions which describe the PISA design model for
computing the response of a monopile subject to lateral loading. This is formulated
in a 1D FE framework in which the pile is represented as a line of Timoshenko beam

elements. The soil is also modelled as a set of finite elements, such that each embedded
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Figure 6.11: PISA design model after Byrne et al. (2019b) (a) Soil reaction components
(b) PISA 1D FE model as employed in OxPile (c) Generic PISA soil reaction curve

pile element has an associated soil element at each of its nodes. This shares the same
displacement and rotation along the length of each element.

In the PISA method four soil reaction components are assumed to act on the pile as
shown in Figure . These are: distributed lateral loads (similar to the p-y method);
distributed moment (arising from shear tractions due to vertical displacement of the
pile and of soil wedges near the mudline); base shear and base moment. In the
model, each is related to the local lateral displacement or rotation by calibrated
four-parameter non-linear functions termed ‘soil reaction curves’ (Figure[6.11c|). The
method therefore follows a ‘Winkler’ assumption, such that reactions depend solely
on local behaviour and does not represent any spacial coupling in the soil.

Soil reactions are integrated using four Gauss points per element. Internal Fj,;
and external force vectors F,,; are computed at each Gauss point and solved for
equilibrium using a Newton-Raphson procedure. Figure (left hand side) shows
an indicative flow chart of operation. Loads (Fes) are applied incrementally and
displacements estimated using stiffness matrix D. This is conventionally taken as
the tangent stiffness at the current displacement (shown indicatively for single Gauss
point in , calculated at each interation. The soil stiffness terms are easily
evaluated for each reaction by deriving the gradient of the local soil reaction curve.

The convergence criterion uses a normalised residual of the unbalanced forces divided
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F.,t for conventional PISA method and extended to include hyperplasticity models (b)
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iterations at a single Gauss point

by the maximum of current external forces or a predefined F,,;, (ensuring that the
denominator does not go to zero). F,;, = 1000N and tol = 0.001 are used here.
More information on the PISA project and the 1D design model can be found in
Byrne et al. (2019b).

The fundamental development in this chapter is that the conventional soil reaction
curves are re-framed as multi-surface kinematic hardening models in a parallel con-
figuration (as described in Chapter |5). The non-linear reaction curves are discretised

into a series of linear surfaces with strength K; and stiffness H;, from which further
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extensions to cater for rate-dependency and cyclic effects may be added as before.
This follows the work of Beuckelaers (2017) but applied to ‘OxPile’ and with updated
evolution functions to match those presented in previous chapters.

The 1D FE model is largely unchanged except for calculation of the soil terms in
the stiffness matrix and computation of Fj,;. Fj,; is now computed for an applied
displacement increment using the hyperplasticity framework outlined in Appendix
[Al The computation at each Gauss point may now depend on internal variables
a, hardening variables 3, time increment At and associated parameters. This is
shown indicatively in Figure (right). Hardening variables (used in softening
and ratcheting) are only updated at the end of each load step when the solution
has converged. This ensures that they are not affected by the strain paths during
iterations.

Soil stiffness terms can no longer be directly derived from the soil reaction curves.
Rather for each Gauss point and reaction curve, the stiffness is found by summing
the stiffnesses of the surfaces which are not yet yielding (such that y; = 0 if elastic

and y; = 1 if plastic):
Ns

Etan - HN5+1 + Z Hz(l - yz) (62)

i=1
A further option is also explored in which an initial stiffness Newton-Raphson method

is used (Figure [6.12¢)) such that:

Ns+1

Ey= ) H, (6.3)

This results in more iterations before equilibrium but only requires a single calculation
of the stiffness matrix.

For rate-independent calculations the tangent stiffness matrix is constructed for
each iteration (using Equation except for loading increments in which the direc-
tion of loading is changed, in which case the initial stiffness matrix is used (Equation
6.3). However, for rate-dependent computations the initial stiffness matrix is used
throughout, removing the complexity of calculating rate-dependent stiffness. This
decision is discussed in greater detail in Section [6.4.3]

Although this extension has been applied to the 1D PISA model, it is not de-

pendent on any particular curve function, and could also therefore be applied to the
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Figure 6.13: Cowden Test CM9 with OxPile model predictions (a) Comparison of various
fitting parameters, markers indicate H,,,, (b) With multi-surface kinematic hardening
extension and prediction of unload, markers indicate peak and unload prediction

p-y method in the same manner. The following sections describe each additional

mechanism in more detail with comparison to the field tests.

6.4.2 Monotonic and kinematic hardening

The monotonic response is calibrated using the ‘rule based” method (Byrne et al.,
2019b)). The four parameters of the non-dimensional PISA soil reaction curves reac-
tions (Yu, Tu, ko, 1), as shown in Figure are found for each of the soil reaction
components using relationships with a total of 28 previously defined ‘fitting parame-
ters’ (see page 86 PLAXIS, 2018). The relationships are a function of depth z, pile
diameter D and pile length L and are based upon 3D FE simulations for monopiles
in idealised profiles of Cowden Till. At a particular location the dimensional soil
reaction curve can then be found using the dimensionless groups defined by Byrne
et al. (2019b)).

Byrne et al. (2019b) present parameters derived to reproduce FEA analyses of
full-scale piles at a representative Cowden site. First-stage fitting parameters are
derived directly from FEA reactions down the pile and are similar to those used by
Beuckelaers (2017)). The PISA piles were much smaller than those in the full scale
FEA analyses; direct application of the fitting parameters to the prediction of the
PISA tests involves using the parameters outside of the design calibration space and

may not be expected to produce close comparisons.
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Byrne et al. (2019b) overcame this by a second-stage calibration of the 1D model
fit, whilst Beuckelaers (2017)) used local correction factors on the original PISA pa-

rameters to better predict the medium sized piles such that:
o = Ao, ks = Aok e = —¢, n*=n (6.4)

A, and Aj values are optimised for each pile and apply to all four reaction components
(values shown in Table[6.3). Finally, Minga and Burd (2019) updated the calibration
process using the MoDeTo design tool and found a further parameter set derived
especially for the reproduction of the medium diameter pile tests.

Figure shows monotonic computations with the original OxPile model using
both parameter sets, plotted against the response of test CM9. Table details
correction factors used and shows predicted force at displacement of u = 0.1D, and
initial stiffness Fy fit to H < 1kN. An additional set of correction factors was derived
for the Minga and Burd (2019)) parameter set, fitted to the points of CM9 after load
holds (at a slow rate). Both reproduce the measured response well.

In design, correction factors which effectively guarantee a perfect fit of measured
data, could not be derived a priori. In that case, original soil reaction curves would
be used as are also shown in Figure where the predicted response is slightly
stiffer than that observed at a slow rate; depending on the application this is likely
well within expected tolerance and conservatisms in design.

In this chapter, however, correction factors are used to guarantee a perfect fit of
the slow monotonic response in each individual pile. This enables the focus to lie solely
on the subsequent mechanisms, largely removing any error due to the calibration of
the monotonic response which is not of interest going forward. The Minga and Burd
(2019) parameters and local correction factors for each pile (Table are used in
the rest of this chapter.

To capture hysteretic behaviour, the soil reaction curves are formulated as strain-
controlled multi-surface kinematic hardening models in parallel configuration, as de-
scribed in Section . Non-dimensional surface strengths K; and H; are derived
from the non-dimensional PISA curves following methods described in Houlsby et al.

(2017), in which Y3 K; = o7 and 25" H; = k. Dimensional equivalents (K, H;)
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Table 6.3: Details and results of monotonic analyses of medium scale pile tests, corresponds
to computations shown in Figure with correction factors shown for CM9

Depth variation functions Correction factors Hy1p Ey

for soil reaction curves A, Ay [kN]  [kN/mm|]
Beuckelaers (2018) corrected 0.715 0.416 109 11.2
Minga and Burd (2019) 1 1 111 17.1
Minga and Burd (2019) corrected | 1.17 0.49 108 11.6

can then be found by considering the dimensionless groups for each soil-reaction such

that:

p—v — K;=K;s,D H;=H;G
m—1y — K;=K;s,D?* H;=HG,D* (6.5)
H—-v — K,=K;s,D* H;=H;GyD
M-y — K;=K;s,D* H;=H,Gy\D?

This is applied to the corrected soil reaction curves in Figure[6.13b]in which 40 surfaces
are used with equispaced K; and an initial stiffness correction varying the location
of the first yield point (See Equation . The m-1 reactions are modelled with
a single surface as the curve is linear-elastic perfectly plastic (Curvature parameter
n = 0). Loading and unloading are applied in 1kN increments. The kinematic
hardening model also allows for computation of unloading which, when compared
to the CM9 response, is reproduced well. Figure also shows the same unload
and reload computed using a macro model with 40 surfaces calibrated to the global
(H,u) prediction on loading. This agrees with the 1D model although the gain in
computational time is insignificant at this stage (both run in less than a second).
The 1D model allows for computation of the response down the pile as well as

at ground level. Figure [6.14] shows displacement and bending moment along the pile

Table 6.4: Correction factors for Cowden pile tests using Minga (2019) soil reaction curves

Test A, A

CM1 1.16 0.75
CMb5 1.46 0.75
CM6 1.09 0.31
CM7 146 0.75
CM9 1.17 0.49
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Figure 6.14: Computed behaviour with pile length associated with ‘KH’ in Figure
(a) Lateral displacement u and (b) bending moment m with depth below mudline z at peak
load and unload (c¢) Normalised distributed lateral reaction response ‘degree of mobilisation’
at three depths (d) Depth varying degree of mobilisation at peak load and unload

length at peak load and at unload (as shown by markers in Figure . Permanent
displacement on unload is predicted as well as residual bending moment in the pile
below ground level. Measured bending moment profiles were not available for CM9,
but for other piles are compared to predictions in the following sections. Distributed
lateral reaction response is shown at three depths, and shown normalised by the depth
varying ultimate value p,, and termed ‘degree of mobilisation’. This is also shown
depth-wise at peak load and unload. In this case the point of rotation can be seen at

approximately z/L = 0.68.

6.4.3 Rate dependency

Pile response in clays is rate-dependent (see Figure [6.4a)). Models presented in Sec-

tion [5.3 based upon rate process theory, capture similar behaviour. However, the
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incremental solutions in Appendix [A]require small timesteps to ensure numerical sta-
bility. At a macro-scale this is acceptable but at 1D where computations are required
at each Gauss point for many load steps, computational expense may be too high.
Beuckelaers (2017) overcame this by approximating rate process theory using a
modified rule. Rather than capturing the elastic, elastic-viscoplastic and viscoplastic
ranges (as in Equation only the elastic and viscoplastic areas are modelled. This

is achieved by varying the strengths of each surface during each iteration, such that:

Kd,i = Kl <1 + nsinh_l (|é|tref)> (66)

where 1 = 710/1n(10) is the viscous parameter, t,.; is a reference time and ¢ is
the strain rate for the corresponding reaction at a certain Gauss point. This was
shown to approximate the response due to varied loading rate well, and allows for
rate-independent implementation (f — y) to be achieved for a rate-dependent model.
Hence the number of increments can be greatly reduced. For each soil reaction the
the same viscous parameter 7,9 and reference test time to failure, 7T}, ,¢s is assumed.

From this a local reference time is computed for rotation or displacement reaction

curves:
1 Tu re
tref,v = - = el (67)
Uref Uy
1 Tu ref
bregop = —— =~ (6.5)
77Z}7‘8f ¢u

where v, and 1, are global displacement and rotation variables corresponding to the
monotonic response at approximately 7T, res.

Figure shows computations of tests CM9 and CM1 using the modified rate
process theory model (RPT) with input parameters described in Table[6.5] The load-
time input is down-sampled from the original data such that there are 10 steps per
load ramp and load hold. Rate-independent (RI) computations are also shown with a
further set of correction factors calibrated for test CM1 to ensure a suitable prediction

for the response at the end of each load hold.

Table 6.5: Rate-dependency parameters used for tests CM1 and CM9

Tu,ref 110 Uy wu
mins - m rads

272 0.1 0.1D 2x/180
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Figure 6.15: Rate-independent (RI) and rate-dependent (RPT) computations of (a) Test
CM9 (b) Test CM1, model parameters shown in Tabl

Tyrer = 272mins is taken as the approximate time to v, = 0.1D after the slow
isotach curve to which the RI case is calibrated. At this displacement the pile is
rotated to approximately 2° such that v, = 27/180. 190 = 0.1 is calibrated to the
element tests in Section In using a smaller T}, ,.; and therefore ¢,.;, minimal rate
effects are computed for strain rates below this value. Alternatively a much larger
Turef, similar to the assumed value in element tests (say 1 month), could be used.
The PISA soil reaction curve parameters would then require recalibration to ensure
the predicted RI response matched that expected close to zero displacement-rate (as
per Section .

The predictions match the measured response well, suggesting that the non-
dimensional viscous parameter 7;y can be calibrated at element scale and applied
to field tests. This is perhaps expected given the results in Figure but is an
important conclusion for potential use in design.

Figure m(a) shows the same computations for CM1 alongside a macro H-v
model prediction with the same rate parameters and load input as the 1D model.
Agreement is not as good as in the rate-independent case, particularly at high load
magnitudes and slow rates. This may be due to a difference in relative rate-dependent
strength in rotation and displacement reactions or perhaps disparity at the iteration
level in the 1D model. This is further discussed at the end of this section.

Figure m(b) shows the predicted moment distribution with embedded length
at two peak loads and on unload as indicated in Figure [6.16|(a). Measured bending
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Figure 6.16: (a)RPT computations of Cowden Test CM1 with equivalent macro model
(b) bending moment m with depth below mudline z at peak loads and unload as shown in
(a), (c) Normalised distributed lateral reaction response ‘degree of mobilisation’ at three
depths (d) Depth varying degree of mobilisation at peak loads and unload

moments calculated from fibre-optic strain-gauges on either side of the instrumented
pile are also shown. A good prediction of the distribution is achieved at all three
points. Figure [6.16(c) and (d) show distributed lateral reaction response at three
depths and along the embedded pile length. Additional strength due to increased
rate means that degree of mobilisation exceeds 1 at high rates both near the surface
and at the pile tip.

In summary, rate-dependency at pile level is well reproduced with models based
upon rate process theory and for this data-set normalised viscous parameters scale
well between element and pile.

As described in Section the initial stiffness matrix is used for Newton-
Raphson iterations. In fact this is a poor estimate of the behaviour at each Gauss

point, particularly at load reversals where viscosity causes an increase in displacement
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whilst load decreases (negative stiffness). This is still computed but can require
many iterations and poor initial guesses. As displacement rate reduces to almost
zero, oscillations can occur, in this case the soil elements of the stiffness matrix are
increased to 10 times initial stiffness (10Ep). With this addition the model converges
for the cases used in this chapter.

While using the Newton-Raphson procedure in this way, displacement over a given
time is estimated. Since the internal force is then a function of strain rate, there may
be more than a single possible solution. A more robust method may be to solve the
expected displacement using both a stiffness matrix (rate of change of displacement)
and dissipation matrix (rate of change of displacement rate) which could be calculated

numerically.

6.4.4 Cyclic effects

This section aims to capture the effects of many cycles. The primary focus is capturing
ratcheting behaviour (as per SLS design in Section , although stiffness and
loop shape changes (energy loss factor) are also considered. A local softening model,
calibrated to element tests in Section [6.2] is initially employed and compared to
global softening and ratcheting (HARM) models. The latter has previously been
successfully applied to the same data-set (Beuckelaers, [2017) and to model piles in
sands (Richards, 2020; Abadie, 2015). Both softening and HARM-type models are
described in Chapter 5, and are implemented as extensions to the parallel multi-
surface kinematic hardening model in Section [6.4.2]

In the softening model incremental changes to the yield strengths at each Gauss
point are calculated following Equation . Local (surface-specific) or global
changes are controlled by the switch parameter F,.. The magnitude of softening is
controlled by hardening variable ; taken as the local plastic work as per Equation
b.4 In the 1D model f; is only updated after convergence is achieved such that
softening does not depend upon the strain paths prior to convergence.

The HARM (ratcheting) model is implemented with an additional ratcheting unit
as per Section [5.5, in which the evolution of ratcheting strain is controlled by Equa-
tions and @ with R,ue = f—u Again the plastic work related hardening

parameters at each Gauss point and soil reaction are updated after convergence. The
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derivation of incremental behaviour is updated following Appendix [A] with a subtle
change. In previous models an acceleration factor a between 0 and 1 ensured numer-
ical stability if yield is exceeded, although here a sub-stepping procedure is employed
which ensures that yield is met exactly and ratcheting updated correctly during each
step and iteration (see pg. 127 of Beuckelaers, [2017| for more detail).

The models can be used jointly and with or without rate-dependency (as per

Section [6.4.3)). Initially a rate-independent model is used.

6.4.4.1 Rate independent and cyclic effects

Three sets of analyses are undertaken with varying underlying models and parameters

as shown in Table [6.6}

e CU - Local softening only in which the parameters follow those calibrated to

element tests.

e GS - Global softening calibrated to best fit the accumulation of strain in test

CM6.

e HARM - Ratcheting model (without any softening) calibrated to best fit the
accumulation of strain in CM6, starting with similar values to those used by

(Richards, 2020).

Reference hardening values, Breri = FpiKicy, Brefc = Fpaoucuw and Brepr =
Fg qoye, follow those used in Chapter |5 where for each Gauss point o, = XKy ; and
eu = Kons/Hys. Ko indicates initial yield strengths prior to any softening or rate
changes.

For each parameter-set the backbone must be recalibrated since the cyclic effects

begin as soon as plastic strains develop. Here the same method described in Section

Table 6.6: Cyclic model parameters used in analyses
mg Rref FB,Z Fn F,B,G’ ‘ Au,rec An,rec

CU 0.1 0.7 20 1 — 1.101 1

Soft 0.4 0.7 - 0 0.3 1 1
RO Rref F,B,R my mg Ae,rec An,rec
HARM 1 01 25 15 4 |0445 097
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Figure 6.17: Computation of test CM6 with 1D (left hand column) and macro models
(right hand column); (a),(b) CU local softening parameters calibrated to element tests;
(c),(d) HARM ratcheting model calibrated at pile level; (e),(f) GS global softening model
calibrated at pile level

is used. Optimising global recalibration factors which are applied in a similar
way to the ‘correction factors’, such that Equation [6.4]is updated to:

Ay
UZ = AuAu,Tecau ks = AOkO 5; = A_Ae,recgu n = An,recn (69)
0
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For independent ratcheting models A, ,.. = 1 and in softening models A, ,.. = 1.
Recalibration factors are not applied to the linear elastic perfectly plastic (curvature
parameter n = 0) M-y curves. For the GS calibration set no recalibration factors
are used, the softening required to produce the correct amount of ratcheting causes
rapid reduction of strength at high magnitudes (similar to post-peak softening) but
relatively little at low strains.

This method allows recalibration using just two or three parameters across all
Gauss points, alternatively each stiffness or strength value can be recalibrated inde-
pendently. The two methods can result in a subtly different response (Balaam and
Kragelund, 2020)).

Figures[6.17(a,c and e) show 1-D and macro level computations of test CM6. The
original time histories from the PISA tests are re-sampled with 50 steps per load ramp
or cycle and 20 per load hold. The CU model does not reproduce the ratcheting be-
haviour, grossly under-predicting the accumulation of strain. In contrast, the HARM
model is, unsurprisingly, well calibrated. Global softening reproduces the ratcheting
behaviour; however, the post-cyclic response is far too soft, failing before unloading.
In this case, as discussed in detail in [5.4] ratcheting can only occur if the ultimate
strength is reduced.

Macro element model computations are also shown (Figures b,d and f) cali-
brated to the rate-independent 1D model response. These are far less computationally
expensive and produce largely similar responses. Subtle differences are predominantly
due to the recalibrated backbone (shown dashed) response which differs slightly, par-
ticularly in the softening models. This reinforces the importance of the backbone
response on subsequent effects due to repeated loads. Importantly, the similarity
between the two modelling scales suggests that normalised cyclic parameters can be
calibrated at a macro level and applied to the 1D model. This is useful, particularly
if calibrating from field tests. Alternatively, macro models could be used as a much
faster predictive tool for the response of single piles in which down pile behaviour
may not be required.

Figure [6.18| shows displacement time history alongside accumulation of displace-
ment, secant stiffness and energy loss factor with cycles. Where possible exponents

are fit to both measured and computed data following Section [6.3] It is clear that the
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Figure 6.18: Test CM6 and model computations. Displacement, accumulation of displace-
ment, stiffness and energy loss factor

HARM model reproduces the development of ratcheting well whilst CU shows little
to no change. GS broadly reproduces the ratcheting development during the final,
most intense, packets but under-predicts the lower intensity packets.

Stiffness predictions of the initial cycles (at n=1) are underestimated in all models,
suggesting a softer backbone than required. This would probably be improved with
the addition of rate-dependency and associated stiffer response at higher rates. The
effect is more pronounced in GS in which the backbone is intensely reduced with stress
magnitude. Stiffness reduction with cycles increases with the intensity of calibrated
softening: no change in the HARM model; very little in the CU model; and much
greater changes in the GS, leading to an over-prediction in high magnitude cycles.

Energy loss factor decreases in all batches of the measured tests. Global softening
predicts an increase with cycles in the final packet as the loop shape becomes more

open. This is largely unchanged in the CU model but reduces in the HARM model



Chapter 6. Development of 1D models for pile tests 207

(b) -
O L
A
0.2t A A
A
_ 04t N
N
0.6 1
0.8 1
‘1 A Strain gauge |
1 L 1 1 1
0 500 1000 -500 0 500 1000
u [mm] Moment, m [KNm]
1 © . (@

Degree of mobilisation, p/pu
[«
(e W
/L

z/1=0.23
03 2/1=0.57 | |
z/1=0.93
-1
-100 0 100 200 -1 -0.5 0 0.5 1
u [mm] Degree of mobilisation, p/pu

Figure 6.19: Computed behaviour of test CM6 with pile length associated with ‘HARM’
in Figure (a) Lateral displacement v and (b) bending moment m with depth below
mudline z at peak loads and unload (c) Normalised distributed lateral reaction response
‘degree of mobilisation’ at three depths (d) Depth varying degree of mobilisation at peak
load and unload

as energy dissipation due to ratcheting follows the reducing rate of displacement
accumulation.

Figure shows down pile prediction using the HARM model only. Pile dis-
placement, moment distribution and soil mobilisation are shown at the first and last
peaks of the final packet and at final unload as indicated in continuous p-y curves
in Figure [6.19(c). Figure [6.19(b) shows the predicted moment distribution with em-
bedded length. Measured bending moments (from fibre-optic strain-gauges) are also
shown. A good prediction of moment distribution at peak loads is achieved with little
change before and after cycling. On unload the residual bending moment is under-
predicted, although the distribution shows a peak close to z/L = 0.6 in both. Figure
6.19(d) show distributed lateral reaction response along the embedded pile length.
Peak and unload behaviour are similar to those shown in Figure [6.16, With cycles,
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Figure 6.20: Computation of test CM5 (a) CU (b) HARM (c¢) Accumulated displacement,
secant stiffness and energy loss factor with cycles

the distribution becomes more balanced above and below the pivot point. As dis-
placement (ratcheting) occurs more in the most highly mobilised depths, so pressures

are redistributed to less mobilised locations (closer to the pivot).
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Figure 6.21: Computation of test CM7 (a) CU (b) GS (c) Stiffness change with cycles (d)
Energy loss factor with cycles

Macro models with similar cyclic parameters are used to compute tests CM5 and
CMT7. The original load history is down-sampled with 20 steps per cycle owing to the
high number of cycles. Figure shows predictions of test CM5 with low-magnitude
one-way cycles to cycles of n > 1000. The initial backbone is again slightly too stiff
in all models but the difference in strain development is clear. With higher numbers
of cycles GS fails as yield strengths are reduced too rapidly, little ratcheting occurs
in CU although stiffness reduction is well modelled. The HARM model reproduces
the development of ratcheting well despite underpredicting the magnitude.

Figure shows similar models applied to the first 5 batches of low-amplitude
two-way loading in test CM7. Both softening models develop with plastic work and
therefore at such low stress magnitudes little change occurs. This does show that the
models do not spuriously develop softening at very low strains. The same is true of

ratcheting in Figure [6.20
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Figure 6.22: Computations of Cowden element tests with parameters calibrated to pile
scale response (a) Example measured hysteresis loops, plot taken from Ushev (2017) (b),(c)

and (d) GS Global softening model, change in cyclic strain,modelled hysteresis loops cor-
responding to (a), and average strain (e),(f) HARM model, modelled hysteresis loops and

change in average strain
It is clear from this section that the dimensionless softening parameters calibrated

at an element scale do not reproduce the behaviour at pile scale well when applied at
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Figure 6.23: Computation of test CM6 using a rate dependent model (a) HARM (b) CU

a 1-D or macro level. Instead, to capture the accumulation of displacement, softening
models with a high degree of global yield strength reduction or HARM models were
used. Figure [6.22 shows this applied in reverse, calibrated pile level parameters
applied to the element scale, to ensure the issue is not with the calibration process.
Figure [6.22 (b) to (d) show GS model predictions, these greatly overpredict the
increase in cyclic and average strain and in (c) fail rapidly. Figure[6.22] (e) and (f)
show HARM model predictions which offer a more accurate prediction of average
strain, although with no changes to secant stiffness. The development of cycles for
the test shown is approximately double the measured strains but more importantly

loop shapes develop in a different manner.

6.4.4.2 Rate dependent and cyclic effects

In this section, both rate-dependency and cyclic effects are combined. Figure [6.23
shows computations of CM6 with parameters as per Tables and Periods of
load hold and resulting displacement prior to each set cycle of cycles are well predicted
by the model. In the HARM model, ratcheting rate is reduced slightly due to the
reduction in plastic strains and therefore ratcheting strain. In the softening model no

additional ratcheting is computed due to rate-dependency, due to the the load holds.

Table 6.7: Cyclic model parameters used in rate dependent analyses
My Rref Fﬂ,l Fn FB,G ‘ RO RTef F,B,R my Mg ‘ Au,rec Ae,Tec An,rec
0.1 0.7 5) 1 — ‘ 1 0.1 50 1.5 4 ‘ 1.101 0445 0.97
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Figure 6.24: Computation of test CM6 using a RPT model with ratcheting and softening
(HARM and CU) (a) Hysteretic behaviour (b) Accumulated displacement, secant stiffness
and energy loss factor with cycles
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Figure shows a final best-fit model with parameters defined in Table [6.7] this
is similar to that presented by Beuckelaers, 2017 but using the updated ratcheting
relationship and with local softening catering for stiffness development. Intensity of
softening is increased slightly by reducing Fj; from 15 to 5 thereby softening earlier.
Ratcheting intensity is increased to allow for the reduction in rate-dependent strains,

by increasing Fipr from 25 to 55.

6.5 Storm load behaviour

The models presented in this section can be used to predict pile displacement and
rotation for any input loading. Macro models could be used for computational ef-
ficiency on similar piles, whilst the 1D models could be applied to piles of varying
properties in similar conditions and allow for down-pile behaviour to be computed.

Here, the response of pile CM6 is computed for an example 9-hour storm load
using the 1D model. A rate-independent HARM model is used with parameters as
in Table [6.6] The load history is the same as that introduced in Section and
is shown in Figure (top). It has been suitably scaled with a safety factor of
1.35 on the maximum ULS design load such that H,,,; = H,er/1.35, where H,.; =
Hy1p = 90.5kN.

Figure also shows computed displacement and rotation with time. As in
Section [4.2] considerable increases occur at high amplitude loads with a small amount
of ratcheting between peaks. Over double the SLS limit fg;g is predicted by the end
of the storm. In fact, this is particularly severe loading: unidirectional with a high
bias and with a peak load at the ULS design limit.

The embedded response of the model is shown in Figure [6.26| at load maximum,
minimum and at the end of loading. Down-pile behaviour is further interrogated
to characterise the degree of mobilisation (in terms of lateral pressure) across the
embedded length. This is achieved in a similar manner to Section [2.7.1] deriving
average and cyclic pressure for each half cycle at each Gauss point. Each individual
half cycle is plotted in an interaction diagram (Figure with the Gauss points
plotted in Figure m(a) highlighted. The further from the pivot point the more

intense the mobilisation, particularly in terms of amplitude.



Chapter 6. Development of 1D models for pile tests 214

time [hrs]
(a)
100
50
£
an)
0 -
*  Hyp
-50 — : : :
0 20 40 60 80
u [mm]
(b)

Figure 6.25: Computation of response to 9 hour storm load applied to pile CM6 (a) Load,
displacement, and rotation with time CU (b) hysteretic response
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Figure 6.28: (a) Heat map of Gauss point degree of mobilisation (b) Location of element
tests regimes, CU COW as per Section [6.2] and DSS tests of Drammen clay which form the
initial contour diagrams as in Section

Figure shows the same data plotted as a heatmap in which the absolute
value of average lateral pressure is used, removing directionality. The vast majority
of cycles occur with a maximum mobilisation of pya./p. < 0.25. Figure shows
locations of element tests normalised by respective undrained shear strength in CU
(Cowden) and DSS (Drammen) conditions. Direct comparison of loading intensity
between lateral pressure and shear stress can be made if one assumes 7/s, = p/p,
as postulated by (Zhang and Andersen, [2017)). This relationship only considers the
integrated behaviour and not .

Although the 7/s, ~ p/p, relationship does not capture local lateral changes in
shear stress, which would be much higher close to the pile, it is clear that element
tests in these example sets are specified at far higher magnitudes than would be expe-
rienced by much of the soil volume during this fairly severe storm load. Regardless of
modelling method used, this suggests behaviour observed in the element tests would
need to be extrapolated (to the lower stress magnitudes) when modelling the pile
response. It is also true, however, that the majority of the cycles at low amplitude
contribute very little to the overall response and that element tests undertaken at
such magnitudes would probably show very little strain development. It may, of
course, be possible to discount loading below a certain threshold. It should be noted
that rate-dependency of the reference quantity (s, or p,) is not considered in this

comparison.
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Element testing should be defined to be at stress levels expected in soil. This is
true for cyclic loading too. In applying an example storm load to the 1D model and
deriving the magnitude of lateral pressure down the pile a comparison can be made

between the scales, aiding the specification of constant amplitude tests.

6.6 Summary

In this chapter, 1D Winkler-type models were extended to include parallel multi-
surface kinematic hardening models with additional mechanisms to capture rate-
dependency and the effects of many cycles. Computation of a selection of PISA pile
tests were used to compare normalised parameters calibrated at element scale for use
at field scale. Suitably calibrated macro models reproduced the ground level of the
1D model well, offering a useful and rapid alternative for calibration or prediction of
similar dimensioned pile tests.

The monotonic response of the 1D model was computed using the PISA method
with parameters reported by Minga and Burd (2019), locally altered to reproduce
each pile response. This method is widely accepted and can be applied with varying
accuracy at various stages of the design cycle by employing ‘rule-based’ or ‘numerical-
based’ calibration. Multiple surfaces with kinematic hardening allow for computation
of unload and hysteresis, retaining the accuracy of the loading response prediction.

Rate and cyclic effects were implemented as per Chapter [5 building upon the
calibrated monotonic response. For monotonic pile tests at varied rates the normalised
viscous parameter 7, calibrated to C'U tests, works well. This suggests a promising
route to calibration for design .

A ‘local softening’ model captured the cyclic response at element level well. Ap-
plying similar parameters at field scale did not capture the observed response, par-
ticularly with regards to ratcheting. In softening models, any ratcheting which de-
velops is due to global strength reduction. As such a ‘global softening’ model was
calibrated to reproduce the displacement accumulation, although this resulted in ex-
cessive post-cyclic softening. Instead a separate, HARM, ratcheting element was used

and calibrated to the pile response. To truly model behaviour correctly, a ratcheting
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element is necessary at pile scale, which is not the case for laboratory tests in the
same material.

In summary, if calibrating a PISA-type 1D monopile model from laboratory tests
only, rate and stiffness change parameters may be used directly from a macro model
calibrated to cyclic laboratory tests. This may be CU tests (as in this chapter) or
DS'S tests, since the results of Section showed that similar parameters were used
for both test types in the same soil. Ratcheting would likely be underestimated in
this case, therefore HARM parameters may be derived from previous pile tests at
laboratory or field scale. Further ideas for calibration of the additional ratcheting are
suggested below.

Looking forward, with regards to cycling, the evidence presented in this section
suggests there is a further mechanism which is not being captured when behaviour at
element scale is mapped to the soil reactions of a 1D model. The problem is, of course,
a boundary value problem and the difference may be due to gapping, local softening
in the gap or dissipation of pore-pressures. It may also be true that integration of
cyclic effects from an element of soil to the soil reaction curves may not be simply
be achieved with normalised parameters. Further work is required to ascertain and
quantify the difference.

Additional work is likely to involve further experimental evidence, such as in
the PICASO project, in which a considerable number of cyclic element tests and
pile tests will be undertaken providing a larger data-set to draw upon. Mapping of
cyclic mechanisms and parameters could also be the subject of a numerical study of
the effects of integration from continuum to the 1D soil reactions. A similar rate-
independent continuum model could by implemented in FEA and used to model
the full pile behaviour to cyclic lateral loads. Resulting cyclic parameters for the
soil reactions could be derived, in a similar exercise to the PISA numerical method
for the monotonic curves. The evidence in this section suggests that the additional
mechanism may well be an accumulation of displacement only, such that it may be

sufficient to calibrate a HARM model at for each soil reaction from the FEA analyses.
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Development of effective stress
models

7.1 Introduction

Effective stress changes are not explicitly considered in the total stress models pre-
sented in Chapters [3] to [d], which results in some inherent limitations. Firstly, consol-
idation (volumetric change) is not computed, instead the backbone is derived from
post-consolidation behaviour. Whilst this may be suitably normalised for isotropically
consolidated samples, it was found that anisotropically consolidated tests were not
represented in a satisfactory way (Figure . Secondly, it is clear from evidence
such as that presented in Figure [3.34] that cyclic loading in undrained conditions
causes progressive changes in effective stress. This is not considered, but rather the
effects on strain development were modelled by softening yield strengths and/or in-
clusion of a ratcheting element.

Explicit prediction of effective stress may therefore have some benefits and provide
further insight into behaviour of clays due to cyclic loading. This chapter does so by
developing a multi-surface Modified Cam Clay (MCC) model in the hyperplasticity
framework. This is a model at early stages of development, therefore only provisional

ideas of the direction of this work are presented.

7.2 Methodology - Modified Cam Clay

The Modified Cam Clay (Roscoe and Burland, [1968) model makes use of the critical
state framework (Schofield and Wroth, 1968)) to describe the behaviour of soft clays.

219
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The most basic MCC model requires only a few, easily calibrated, parameters to
describe fully much of the key behaviour observed in deforming soft clays: elastic
behaviour at low stresses, plastic behaviour at yield, and the coupling between volume
and strength changes. It is widely used as a constitutive model in many Finite
Element programs and computations of soil behaviour.

Basic MCC models have their limitations ¢.e.: not capturing non-linearity at small
strains and less accurate representation of the behaviour of heavily over-consolidated
clays. However, as noted by Muir Wood (1990)), relatively straightforward changes
can be made to incorporate more realistic features of soil response. It therefore serves
as an obvious first choice as the basis for developing a model to cater for effective
stress modelling of clays.

Houlsby (2000) present a formulation of a conventional MCC model in the hy-
perplasticity framework, which is extended to multiple surfaces and then continuous
hyperplasticity. Likitlersuang and Houlsby (2007) then included linear viscosity and
successfully reproduced triaxial tests on Bangkok clay. Cassiani et al. (2017)) extend
a conventional MCC model with a rate-dependent yield surface with an empirical
power law on volumetric strain rates.

In this chapter a simple MCC model is developed which :

e is formulated in p’ — ¢ space
e is rate-dependent, following the underlying physics of rate process theory
e is extended to employ multiple surfaces

e allows for combined stress and strain control, such that undrained constant

stress amplitude cycles can be applied

The model is able to predict consolidation (isotropic and anisotropic) and sub-
sequent monotonic or cyclic shearing and is validated against selected triaxial tests

from the Wenzhou clay database presented in Chapter [3]
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In(v);

Figure 7.1: Definitions of Modified Cam Clay parameters

7.3 Single surface model
7.3.1 Rate independent

The model is formulated in terms of triaxial stress variables p’, ¢ and conjugate strains
€v,Eq, D 18 used in place of p’ throughout this section. Houlsby and Puzrin (2006))
and earlier Collins and Houlsby (1997) show that the conventional MCC model can
be derived from at least two possible pairs of energy and dissipation functions. Here

the Helmholtz free energy and dissipation function are defined as:

. 1 39 2
f=pk exp(E (5U — ozv) + 5 (5q — aq) ) (7.1)
d=p, (a‘v + 4/ a,? + M202q2> (7.2)
with
W = po = T (7.3)
P = pe = preap| .

k*, \* and M correspond to MCC parameters as defined in Figure[7.1] g is the shear
modulus number and is defined by:

13(1—2v)

k* 2(1+v) (7.4)

g:

where v is the constant Poisson’s ratio on the isotropic axis. p, is a reference pressure
(taken as a default value of 1kPa) and corresponds to p. when a,, = 0. Internal vari-

ables «,,, o, are associated with equivalent plastic strains and conjugate generalised
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stresses X, X, are derived in equations to Stress variables p, ¢ are found by

differentiating the energy function:

of 1 3g 9
b= 5€v = preﬂjp(; (Ev - Olv) + O (Sq — Oéq> ) (75)
q = 5—6q = 39(&1 - Oéq)]%(fl‘p(;(gv - Oév) + e (8(1 — Oéq) > = 3gp(gq _ aq) (76)

further differentiation of [7.5] and [7.6] gives:

p q
= — (e =) + = (5 — ) (7.7)
¢ =3gp(eq — ag) +3gp(eq — )
2
q . . q . .
— L, —a, 3 - 7.8
e —an+ (L) -y (75)

This can be re-written in the more conventional elastic stiffness matrix form, where

ef=c—a

. ﬁ i .
p:| _ K* , K* |:€5:| (7 9)
{q o (;2* + 39p) €

Hence the bulk modulus K = p/k* and shear modulus 3G = 3gp + ¢*/pr* are
pressure dependent and differ slightly from conventional MCC. This is consistent with
Houlsby et al. (2019)) in which normalised bulk stiffness k = K/p = 1/k* and g = G/p
on the isotropic axis.

A" and k* also have slightly different meanings from those of conventional MCC,
with the consolidation and swelling lines considered straight in [n(p),ln(v) space,
as suggested by Butterfield, 1979, rather than in(p),v (Figure right). Isotropic
consolidation can be considered by rearranging Equations and [7.5] noting that on
the Normal Consolidation Line (NCL) p. = p and ¢, = o, = O:

(0 — av)> =, = m*ln(ﬂ) +a, (7.10)

Pr

1

p= prexp<—*
K

pe=p= prexp( = ) = a, = (\" — /i*)ln<£> (7.11)

A*— R DPr
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by combining and assuming logarithmic strains:

e, = #*ln (p%) (N — k) <p%>
()
zn(;’—o) —In (p%) (\) (7.12)

The swelling line (x*) is found in by considering elastic strains only, o, = 0.

The complete constitutive behaviour can be derived from:

X, = _56(3]; = pw:cp(% (60 — ) + 23/5* (e — aq)Q) =p (7.13)
Xq = —(% = 39(eq — qu)prexp<%(5v —ay) + 235* (5g — aq)2> =q  (7.14)
Xp = —gii =P (1 + W) (7.15)

Employing the condition (X,,,X,) = (Xp, Xq) gives:

Qy
Xp = Xp = X —pxsz< , _ )
o . Va,® + M2,

e
Xa=Xa = 2 :px< G ) (7.17)

M Va,® + M2,
The conventional yield function y is obtained by summing the squares of the

volumetric and shear components of Equation At yield, when |d,| + |a,| # 0:

2 -9 M2'2

2 Xq 2 ay 2 g
— D)+ 5| =Pl = TP Y
(Xp = Pa) (M) P (av2+]\/[2aq2) P (Ozvz—i—MZaqz)

2
X
y=(xp—1p)+ (Mq) —p2=0 (7.18)

The incremental behaviour can then be derived following the methods presented

in Appendix Section [A.4] assuming a general control statement:

Sdo + Ede = Tdt (7.19)
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where S and E are switch matrices, 7" is a rate array and dt is the time-step (which
for rate-independent models is arbitrary). This allows for combined stress and strain

control. For example, an undrained (de, = 0) of dq over dt can be written:

{8 ?] Bﬂ - [(1) 8] [Ezl;j = [%} dt (7.20)

The control statement is specified for each increment of stress and/or strain applica-
tion. The model is fully described by input parameters, M, \*, k* (shown in Figure

7.1), v, p.o and pg. Stress is initialised at zero strain €, = ¢,0 = 0 where:

P=Xpo=DP0o 4=Xq0=0 Dz=Dpzpo (7.21)

and py < 2p,o. Plastic strain o, = a, = 0 begins at (p.ef,0), so Equation

becomes:

Qo = m(zmvo) (N — k%) (7.22)
Dr

To capture changes in specific volume, NN is defined corresponding to the initial specific
volume at p,.y = 1kPa. Considering Figure [7.1] at po:
In(vo) = In(N) — (A — k*)in (@) _wln (@) (7.23)
DPr Pr
Figure shows example model computations for an arbitrary material with pa-
rameters as shown in Table A drained and an undrained test are computed in

which both are subject to initial conditions py = p,o = 5kPa and isotropic consoli-

dation of dp = 95k Pa, dq = 0k Pa before:
e Drained application of dp = 50k Pa, dq = 150k Pa, or
e Undrained application of de, = 0,dey, = 0.15.

Computations behave as expected, with an initial elastic change in volume until
P = Peo = 10kPa at which point consolidation follows the specified A*. A weaker re-

sponse is shown in undrained conditions with no further consolidation and a reduction

Table 7.1: MCC parameters for an idealised clay
RI + RPT
M X K* v N H Mo trep [hrs]

12 012 0.02 02 35[01 10
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Figure 7.2: Single Surface MCC Model prediction of an isotropically consolidated sample
with subsequent drained and undrained shearing

in mean effective stress p. These results are conventional and not novel, but allows
for a MCC model codified in the hyperplasticity framework to be further extended in

the following sections.

7.3.2 Rate dependent model

Rate dependency is introduced in a similar way to Section following rate process

theory. Rate-dependent dissipation can now be written as the flow potential:

w= 1 (cosh <M> - 1) (7.24)
t2 1 '

2
= (G =)+ (7.25)

where ¢,.5 is the time constant at which rate-dependent behaviour changes from linear

to logarithmic and g is a viscous parameter which here is described as 1 = pctresn
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using a non-dimensional viscous parameter 7 = 19/Iin(10). Equation is then

w= Ll (cosh <M> - 1) (7.26)
tref DN

Further constitutive behaviour follows Section with a general control state-

written:

ment as in Equation [7.I9] Incremental behaviour is derived in Appendix Section
A4l

Figure shows example model computations for an arbitrary material with
parameters as shown in Table Undrained tests are computed, in which the con-
solidation time and shearing time (and therefore rates) are varied. Initial conditions

Po = Pz = 9kPa as before, followed by:

e [sotropic consolidation of dp = 95kPa,dq = 0kPa over time t = T, with a
constant stress rate dp/dt = 95/T.

e Undrained application of de, = 0,de, = 0.15 over time ¢ = T,,, with a constant

strain rate de,/dt = 0.15/T,.

T, =1 year or 1 week and T, =1 day, 1 week or 1 month. A rate-independent
(RI) analysis is also shown as a baseline. Here it can be seen that the time history
of consolidation and the rate of subsequent shearing become important. At failure,
the undrained shear strength unsurprisingly increases with shearing rate (reduction
of T,); however, it also increases with consolidation time (7). With T, =1 year,
consolidation follows the rate-independent case applied at a suitably low rate. With
T.=1 week, consolidation (i.e. plastic volumetric strain ) is reduced, affecting the
location of the yield surface prior to shearing. This restates the argument that s,
is not a fundamental property of soil behaviour and is dependent upon history of
loading (in this case rate). Pre-failure behaviour also differs; at fast shearing rates
and long consolidation times the initial response is highly elastic.

Importantly this shows that for an accurate prediction of response when using
a rate-dependent model, all aspects of soil history must be modelled diligently and

correctly.
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Figure 7.3: (a) Single Surface MCC Model prediction of a sample subject to constant stress
rate isotropic consolidation over time 7. and subsequent undrained shearing to failure e, =
0.15 over time T;, (b) Twice undrained shear strength with shearing time (corresponding
to points in (a)), also shown rate process theory equation with similar parameters as per

Equation
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7.4 Extension to multiple surfaces

Here the rate-dependent model is extended to multiple surfaces. Multiple versions
of the single surface model are employed in which some property is varied and each
is subject to a weighting factor €2;, where 7 indicates surface number from 1 to the
number of surfaces N;. This is a similar structure to the PIMS model by Whyte et al.
(2020). Here the elastic stiffness is varied by changing x* by a factor & s4:

K] = (7.27)

d =1 (7.28)

Ns
1 3¢;
f= Zszz -  fi= pmfeago(?(ev — O‘w‘) + i(gq — qu,i)Q) (7.29)

Ns
w = Z Quw;,; — w;= Peill <cosh M) — 1) (7.30)

i=1 ref Pe,iN
* 2
* X )
T = (Xpi — Pei)’ + ﬁ (7.31)
where x; = x;{2; and:
Qy g
2ai = Peq = pr,ie:cp< e f-;’f) (7.32)
1 3(1—2v)
I PR 7.33
I 2+ w) (7.33)

If for all 4, Kfqc; = 1, the model reduces to the single surface equivalent. Incremen-
tal behaviour can be derived in the usual way and is shown in full in Appendix [A.4]
The model is defined with the same parameters as before although the initialisation

varies:
P=Dp0, Xpio=S%P0, 4=Xgq0=0, DPrio=LiPro, DPri=pr (7.34)

2 T,i
Qoo = ln<%) (N — KY) (7.35)

Ns

M *
vy = Z (exp((ln(QiN) — (X — /{:)ln<%) - /{flﬂ(%))) (7.36)
i=1 LEL T
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Figure 7.4: (a) and (b) Comparison of a single surface and multi-surface (equal weighting)

pseudo rate independent model (1719 = 0.001) subject to undrained loading, unloading

and reloading, input parameters as in Table with multi-surface weightings defined in
Equation (c-h) Depiction of multi-surface model development at various points during

loading history and in two forms for completeness: (c,e,g) ‘Daisy chain’ of the sum of local
yield surfaces and weighted stresses (x}, ;. Xy ;) where p = 3 (x}),(d,f,h) ‘Weighted average’
of local yield surfaces and local stresses (Xp,i, Xq,i) Where p is the centroid of the local stresses
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Figure and b show a comparison of a single surface and multi-surface model
with input parameters as per Table but with 79 = 0.001 such that the models

are pseudo-rate-independent. Surface factors are specified with equal weightings as:

1 1 1/3
Krae = |05], Q= {1 =[1/3 (7.37)
0.2 1 1/3

where for ease of input Q = Q/3(€2). Both models are subject to slow constant stress
rate isotropic consolidation 7. = 48hrs followed by undrained ‘saw-tooth’ loading,
unloading and reloading to ¢ = £60kPA at a constant stress rate dq/dt = 2.4kPa/s.

In the single surface model the response is elastic on unload and reload, tracing
the same path in stress (¢ — p) and strain (¢ — ¢,) space. With multiple surfaces, a
hysteresis loop and reduction in effective stress is shown. The development of stress
can be displayed in two ways; as a ‘daisy chain’ or a ‘weighted average’, both of which
are shown for completeness. This is a choice of presentation and does not affect the
underlying model. Figure [7.4c,e and g show the ‘daisy chain’ method in which detail
of the local weighted internal stress (X;, XZ) location and yield surface at four points
in the loading history. The corresponding yield surfaces are shown subject to weight
and varied stiffness. Since the global stress (p, ¢) is the sum of the local stresses, each
yield surface is shown offset with its origin at the previous surface’s current stress co-
ordinate. Note that each yield surface remains pinned to it’s local isotropic
axis. Figure [7.4d,f and h show the ‘weighted average’ presentation where internal
stress (xp, X,) location and yield surfaces are shown without weighting at the same
three points in the loading history. The corresponding yield surfaces remain roughly
the same with subtle changes due to varying x*.(p,q) is now the centroid of local
stresses (in this case a triangle). During consolidation (c,d) and initial loading (e,f)
local stresses lie on the yield surface. On unloading each surface behaves elastically
until (g,h) when just one further surface yields altering the global strain behaviour.
Surfaces then progressively yield but at differing locations on the yield surface such
that plastic strains due to associated flow will also differ. This gives rise to the
hysteresis behaviour observed.

Figure shows the same analysis but with varied weights on each model, where:
1 3 1/2

Kfae = |05], Q=12| =|1/3 (7.38)
0.2 1 1/6
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Figure 7.5: (a,b) Comparison of a single surface and multi-surface (varied weight) pseudo

rate independent model (119 = 0.001) subject to undrained loading, unloading and reload-
ing, input parameters as in Table and Equation m (c-h) Depiction of multi-surface
model development at various points during loading history and in two forms for com-
pleteness: (c,e,g) ‘Daisy chain’ of the sum of local yield surfaces and weighted stresses
(Xp.is Xy.4)s Where p = > (x*p) (d,f,h) ‘Weighted average’ of local yield surfaces and local

stresses (Xp,i, Xq,i) Where p is the weighted centroid of the local stresses
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Figure 7.6: Comparison of a single surface and multi-surface (varied weighting) pseudo
rate dependent model (719 = 0.1) subject to undrained loading and three cycles of loading
and reloading, input parameters as in Table with multi-surface weightings defined in

Equation @

Behaviour is similar, although the highly weighted surface dominates the global re-
sponse. This is most easily observed in the ‘daisy chain’ presentation (Figure ,e, g).
In the weighted average depiction, Figure [7.5d,fh, the yield surfaces remain similar
but the weighting shifts the global strength towards the point with higher weight, i.e.
a centroid of the weighted mass. With a suitable selection of k¢, and €2, the response
in strain space could be calibrated to experimental tests.

The effects of the addition of rate dependency (by returning to 79 = 0.1) is
shown in Figure , where the same load (now over 3 cycles) and input parameters
are applied to a model with the same local weightings as in Equation [7.38, The single
surface model shows a reduction of effective stress and some hysteresis on unloading,
although as discussed in Section [7.3.2] this is heavily dependent upon consolidation
history.

7.5 Application of the model

In this section the model is applied to triaxial tests in Wenzhou soft clay, introduced
in Chapter |3| with the notation ‘WEN’. The majority of the data comes from papers
by Cai et al., 2017 and Guo et al., 2018, with some further data kindly shared by the
authors. K consolidated triaxial tests subject to undrained monotonic shearing and
cyclic loading are reproduced. This unit is chosen as time histories of consolidation

are available, facilitating modelling and comparison of the full history of loading.
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Figure 7.7: Oedometer compression date after Guo et al., 2018 with (a) Conventional
linear-log consolidation and swelling lines (b) log-log consolidation and swelling lines

Much of the data is presented in terms of ¢, o, and €., ¢, whilst the model formu-

lation follows ¢, p, thus conversion is required following:

o T 20, 2
p= HTO ¢=04—0, o=t f=ilea—s)  (139)
2 1 1 1 1
O, =p+ gq Op =DP — gq Eaq = ggv + Eq Ep = 581, — 55(1 (740)

MCC parameters A*,x* and N* are calibrated from conventional Oedometer tests
shown in Figure [7.7] Figure shows parameters calibrated as straight lines in
linear v-log p space where A = 0.245 and x = 0.021, similar to those presented by Li
et al. (2011) in the same material. Gradients in log-log space can then be estimated

by:
K A A A

KZ*:— * AN

Vaw 267 Voo 2.2

where v,, is the average specific volume of the test on the swelling and consolidation

(7.41)

lines respectively. This is useful if full data were unavailable. Figure [7.7D] shows
the resulting fit in logv-log p, as used in this chapter. A Poisson’s ratio of v=0.2 is
assumed.

Rate dependent parameters are calibrated to three isotropically consolidated com-
pression tests CIUc at varied rates (0.01%/ min,0.05%/ min and 0.1%/ min). Figure
shows the measured response (dashed) alongside model predictions. Consolida-
tion history is not known and is therefore assumed to be applied at constant stress rate

over 3 days. t,.; = 10*hr is assumed following Section and previous literature
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Figure 7.8: (a) CIUc tests at three strain rates, (- -) Measured (-) Model (b) s, against
shearing rate corresponding to a (*) Measured (o) Model, predicted rate-process theory
curve for high consolidation time 7, shown.

(i.e. Vaid and Campanella, [1977)). 7,9 = 0.1 is calibrated to the change in undrained
shear strength whilst MCC parameter M must be recalibrated to an equivalent value
at zero rate M: .o = 0.81 after an infinite consolidation time. Figure [7.8b| shows
predicted and modelled s, alongside the RPT curve at high consolidation time. As
in Figure the points are likely to fall below this curve since T, is relatively small.

Further monotonic and cyclic tests were undertaken on anisotropically consoli-
dated specimens with an assumed Ky = 0.55. The consolidation history is shown in
Figure [7.9a] alongside the assumed profile for the C'IU. tests. Stresses are increased
following the assumed K, behaviour over ~ 1.5 days before being held for ~ 3 days
to allow for creep (controlled by o, and o,). The sample was then sheared to failure
at a rate of 0.01%/min. Figure shows the measured response in comparison
to a CIU, test sheared at the same rate. Although the final strengths are similar,
the M value differs considerably. This is a surprising anomaly and is assumed to be
fundamental to a given material at consistent rates. To overcome this discrepancy,
when modelling the C'AU. tests (as is the focus of the remainder of this chapter) a
different zero rate M is assigned M4 .o = 0.99.

Table 7.2: MCC parameters for Wenzhou clay
RI + RPT
A" N v | o teer [brs] Maeso (Mpeo)
0.111 0.008 3.85 0201 10 0.99 (0.81)
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Figure 7.9: (a) Consolidation history of CAUc and CIUc (assumed) tests (b) Measured
response of CAUc and CIUc tests at shearing rate of 0.01%/min in which considerable
difference in M values are observed

Final model parameters for a single surface rate-dependent model are summarised
in Table [7.2 The consolidation phase of the C'AUc test is applied as stress control
(following Figure where py = prey = 1kPa). With the subsequent shearing
phase to failure applied at a constant shearing rate to de,=0.15. p. is estimated
subject to the previous in-situ stress conditions and is derived from the Oedometer
data in Figure[7.7 where o,. = 30kPa. Assuming K, = 0.55 and following definitions
in Equation [7.39] p. = 22kPa and ¢. = 13.5kPa, so that for an elliptical yield
surface with M ~ 1, p. =~ 30kPa. Clearly there is some uncertainty about this value
due to potential sample disturbance but this is a best estimate and is important for
prediction of the consolidation strains.

Figure shows a comparison of the predicted and measured axial strain during
consolidation alongside the predicted radial strain. True K consolidation is not pre-
dicted as €, # 0. An increase in axial strain and subsequent creep phase is predicted
well although the magnitude of strain is not well reproduced. During the shearing
phase Figure [7.10c and d, the effective stress changes and axial strain development
are accurately reproduced. Here rate-dependency of the response is key, producing
an in initially elastic response before subsequent increase in strain and reduction of
effective stress.

Next a multi-surface model is employed to predict a similarly consolidated C' AU,

test in which sinusoidal cycles of q,, = 44.7kPa, qcye = 11.2kPa and frequency 1Hz
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Figure 7.10: Single surface rate dependent (RPT) predictions of a CAUc test (a) Con-
solidation stress history (b) Predicted axial and radial strains during consolidation phase
compared to measured axial strains (c) Measured and modelled p — ¢ development during
consolidation and subsequent shearing (d) Axial strain during undrained shearing

are applied. This builds upon the single surface model with 6 surfaces employed and:

1 17 [1/6]

2 1 1/6

R 1l (s
Free = 1os | = 1] = |16 (742)

0.25 1 1/6

0.1 1] [1/6]

At first equal weighting is chosen, since with a greater number of surfaces subtle
changes to weighting become less important. Although 6 additional parameters are
assigned this could also be described as a maximum and minimum k.. with some
distribution of stiffnesses in between; reducing the additional required parameters to

three (K fac,maxsk fac,min,NVs) regardless of surface numbers.
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Figure 7.11: Multi-surface rate dependent (RPT) predictions of a CAUcyc test (a) Con-
solidation stress history (b) Predicted axial and radial strains during consolidation phase
compared to measured axial strains (¢) Modelled p — ¢ development during consolidation
and subsequent shearing (d) Measured and modelled axial strain during undrained shearing
at cycles N=1, N=10

Figure [7.11] shows model predictions in which consolidation behaviour is largely
unaffected. The initial cycle of axial strain (Figure [7.11d) is reproduced well. With
rate-dependency, an accurate representation of curved loops along with some ratch-
eting of axial strain and reduction of effective stress is produced. To achieve further
development of strain and stress with cycles, degradation of the yield surfaces could
be employed. This is briefly described in the following section. On unloading and
reloading the model is largely elastic as the yield surfaces are not met, a function of
the relatively few surfaces. More surfaces with more varied stiffnesses or potentially
a series formulation where the yield strengths greatly differ would give rise to more

open loops.
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Figure 7.12: Multi-surface rate dependent (RPT) predictions of a CAUc test, (Left)
Modelled and measured p — ¢ development during consolidation and subsequent shearing
(Right) Measured and modelled axial strain during undrained shearing

Figure shows the same multi-surface model applied to the monotonic C AU,
test as in Figure Additional surfaces result in a poorer comparison with the
measured strains in this case, predicting a stiffer response. An optimisation routine
(similar to that presented in Section for rate prediction of slow monotonic and
fast cyclic tests) could be employed to ensure both are suitably reproduced, although

this is not pursued here.

7.6 Summary

In this Chapter, preliminary work aiming to capture effective stress stress changes in
triaxial conditions was presented. This builds upon the Modified Cam Clay model,
formulating in the hyperplasticity framework and including rate-dependency and an
extension to include multiple surfaces.

In formulating the model following the underlying physics of rate process theory,
time-dependent changes to undrained shear strength and pre-failure behaviour are
captured. It was shown that as expected, in an undrained test, behaviour depends
not only on the rate of shearing but also on the rate and time of consolidation. It is
therefore crucial that the full time-history of loading is modelled accurately.

Multiple surfaces are employed in parallel and a single property is altered (in
this case k*). By assigning weights to each surface additional control of response is

achieved. With correctly calibrated parameters this produces hysteresis on unloading,
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expanding upon the elastic response of a single surface model. An example model fit
to a database of tests in Wenzhou soft clay shows the early stages of calibration and
some promising results.

Although in the early stages of development, the model could quite simply be

extended to include:

e Extensive and compressive asymmetry of strength. Included in a similar way

to Section by changing all occurrences of:

M?*a,? —  MZ(d,)* + M*(—a,)? (7.43)

C

(%)2 - <<ﬁ>)2+<<_7>‘">>2 (7.44)

with subsequent changes to derivatives.

e Yield surface softening. In the macro model applied to element tests, the yield
strength degraded with plastic shear strain or work (Section . In the
MCC Model, yield strength (controlled by p.) increases as a function of volu-
metric plastic strain, Equation|7.3, This could be supplemented by an additional

term decreasing p. with the increment of plastic shear strain or work:

Pex = ]%f(ﬂ) (745)

where = |ay| or 8= |cg|Mpe.,, and f indicates some appropriate reduction
function, e.g. modified power law as in Equation As before, local and
global softening could be included straightforwardly.

Both would offer more control, and ultimately, a more accurate representation of

the behaviour of clays under repeated loading.
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Conclusions

This thesis has explored the response of clays to repeated loading primarily at ele-
ment scale but also at pile scale, under regular single amplitude loading and more
realistic pseudo-random loads. The database of element tests collated from litera-
ture and private communication have facilitated the development of total stress and
effective stress models formulated in the hyperplasticity framework to capture key
features of behaviour. Models were then applied to more complex cases by reproduc-
ing industry standard contour diagrams and predicting truly irregular tests. Finally,
a comparison of normalised parameters and underlying mechanisms from element to
pile scale was made using similarly configured 1D models. This chapter describes the

key contributions and possible directions of future work following this work.

8.1 Key contributions

A consistent framework for cyclic loading

To facilitate the comparison of cyclic element tests and cyclic pile tests, a consistent
framework for the interpretation of cyclic loading and response was developed. This
focused on describing the pertinent features of behaviour in monopile design (Section
. Definitions of cycles, strain, stiffness and energy loss factor were suggested in
Chapter 2| which rigorously describe response under both simple and complex loading.

Element test response of fine-grained soils

Key behaviour under cyclic loading was established from a database of cyclic element

tests of fine-grained soils using the above framework:

240
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(i) Non-linearity of response with stress magnitude and approximate Masing-type
behaviour on unloading (Section |3.2]). In CU tests this varies in extension and
compression due to anisotropy (Section |3.2.2)).

(ii) Strain-rate dependency (Section |3.3.1)), where an increase in strength and stiff-
ness is observed at higher rates. During fast cycling the continuous change in
strain rate causes subtle effects such as viscous, curved peaks and some accu-

mulation of strain due to creep.

(iii)) With the application of many constant-amplitude cycles the secant stiffness
typically reduces and the loop shape varies, characterised by energy loss factor

(Sections [3.4.1.1) and [3.4.1.2]).

(iv) If the applied load is biased or strength is direction dependent, ratcheting of

strain is observed (Section [3.4.1.3]).

(v) In undrained testing, changes in strain response are typically accompanied by
a reduction effective stress which can induce sample failure. As failure is ap-

proached the strain response varies considerably (Section [3.4.1.4)).

(vi) In those tests which do not fail, post-cyclic strength showed little or no change

relative to the monotonic response. This is often despite considerable changes

to secant stiffness (Section [3.4.1.5)).

The relative importance of the above features was shown to depend heavily on the

load magnitude, cycle asymmetry and frequency.
Development of models at element scale

Total stress, multi-surface, kinematic hardening Hyperplasticity models were shown
to adequately capture hysteresis (i) and rate-dependency (ii), with the addition of a
model based upon rate process theory (Section . The effects of many cycles were
reproduced using a plastic work or strain dependent degradation of yield strength.
In allowing degradation to occur both locally and globally (i.e. Section , post
cyclic strength, accumulation of strain and secant stiffness changes can be suitably
controlled (iii,iv,vi). Where required an additional ratcheting model (HARM) was

used to supplement accumulation of strain (iv). This choice is left open, although for
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many datasets careful specification of the mix of local and global softening reproduced
the results with adequate accuracy. Calibration methods from constant amplitude
tests were suggested for each mechanism.

Explicit prediction of effective stress changes (v) provide a more accurate depiction
of soil behaviour. Therefore, a rate-dependent, hyperplasticity model in triaxial stress
space (g-p’) was described, building upon the conventional MCC model (Chapter
. This highlighted the importance of consolidation history on soil response and

represents a first stage for further development.
Application of the model at element scale

Two projects in conjunction with Norwegian Geotechnical Institute (NGI) aimed
to test the proposed total stress modelling framework outside the calibrated range
(Chapter . Firstly, the model successfully reproduced industry-standard ‘contour
diagrams’ of CU and DS testing from synthetic model tests. This served as a novel
validation tool as well as a powerful demonstration of the suitability of proposed
models to predict the behaviour across a range of test types. In using a mechanistic
model, the original diagrams were described in terms of physical processes. The same
normalised cyclic parameters were used in both C'U and DSS tests suggesting a
possible mapping between the two.

The second application involved genuine ‘Class C’ (Lambe, [1973) predictions of
multi-amplitude, Direct Simple Shear (DSS) tests. Calibration was achieved from
monotonic and constant-amplitude cyclic (DSS and DSS,,.) tests in the same soil
unit, successfully reproducing much of the behaviour observed under more complex
loading. The exercise showed the ability of hyperplasticity models to predict long,
multi-amplitude tests quickly and reasonably accurately with default (or simple to

calibrate) parameters.
Model structure subtleties

There are several possible ways of structuring the multi-surface models used in this
thesis. The implications of configuring units in series or in parallel were therefore

investigated (summarised in Table p.1). In one dimension, behaviour is identical
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(with differing but well defined parameters) for rate-independent models and evolu-
tion mechanisms which depend on global quantities, such as global softening and ad-
ditional ratcheting (HARM) models. If changes occur locally to the surface (i.e. rate
process theory and local-softening) the two models are not equivalent. The response
is similar, however, if suitable parameters are chosen (RPT -t,cf seri = tref,c.Ns and
Softening - Varied F). It is not clear which, if any, is the better formulation. How-
ever, if rate-dependency is implemented following rate process theory, parallel models
are better defined due to a consistent strain rate on each surface. With derivation of
stress or strain control as per Appendix A either may be implemented for a given ap-
plication; however, the thesis has shown that caution is required in correctly deriving

parameters and model formulation if both are to be used or compared.
Application to 1D modelling

Similar models were applied at pile scale using extended 1D ‘Winkler’ type mod-
els. These build upon the successful PISA method which allows monotonic response
to be accurately derived using FEA analyses. Normalised non-dimensional model
parameters calibrated to element tests of Cowden till were applied to predict cyclic
laterally loaded pile tests in the same unit. Rate-dependent parameters were found to
map directly (Section ; however, the cyclic parameters did not (Section .
Whilst in general the behaviour at element and pile scale is similar, more ratcheting
occurs at pile level with respect to the softening. Little to no post-cyclic reduction of
strength was observed, therefore behaviour is best modelled using the HARM frame-
work (rather than a degradation model only). Rate and stiffness change parameters
may be used directly from a macro model calibrated to C'U tests or DS'S tests but
HARM parameters may preliminarily be derived from previous pile tests at labo-
ratory or field scale. With a suitably calibrated model, typical storm loading was
applied and cyclic response identified down the pile as mobilisation of lateral pres-
sure. Comparisons between this and typical element tests leads to better assessment

of suitable element testing for a prescribed load.
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8.2 Future work

Constitutive models

The total stress models primarily used in this thesis were shown to predict behaviour
of cyclic element tests in fine-grained soils well. In order to truly predict the effective
stress behaviour, further extension of the MCC model to include degradation of yield
strength and anisotropy could be implemented as described in Section [7.6] Further
work might further investigate the structure of such models, be it parallel, series
or otherwise to best predict the hysteretic behaviour. Behaviour of coarse-grained,
frictional soils is likely to require a different modelling strategy, although work is
already under way at Oxford with this in mind; see the work of Luc Simonin (Simonin,
2022), who is developing the ‘Hysand’ model which builds upon previous work by
Houlsby and Mortara (2004) .

Formulating as continuum models, rather than at macro scale, would facilitate
application in FEA predictions of monopiles. Although computationally expensive,
3D FE models calibrated to element tests could inform parameters for use in more

efficient 1D Winkler or pile scale macro models.
Specification of element tests

The element test database used in this thesis was taken from a variety of sources, each
with its own purpose. Specification of tests specifically for calibration of models for
cyclic monopile design could be refined. Section predicted that mobilisation of soil
around a monopile subject to cyclic storm load was far less intense than that applied
in typical laboratory testing regimes, in which relatively high magnitude loads tend
to be applied to failure after relatively few cycles. This is at odds with the numerous
cycles of relatively low loads experienced by an OWT structure. Further work might
also investigate the possibility of using more complex testing to calibrate the model
(such as multi-amplitude or truly pseudo-random loads). This could facilitate more
efficient testing of retrieved samples, with greater potential to repeat tests and quan-

tify sample variability.
Application at pile-scale

1D Winkler models using the PISA framework offer a quick and useful design tool
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in which changes to the pile dimensions do not necessitate change of calibrated soil
parameters. Extension to include rate dependency and the effects of many cycles was
implemented in the same way as macro models, applied at each soil reaction. This is a
promising solution for cyclic design and there is much scope for model improvement:
(i) more robust methods for the solution of rate-dependent models, where the ex-
pected displacement could be calculated using both a stiffness matrix (rate of change
of displacement) and dissipation matrix (rate of change of displacement rate); (ii) in-
clusion of multi-directionality to allow for the varied direction of true offshore loads,
building upon bi-directional models implemented at a macro level (e.g. by Richards,
2020); (iii) further investigation to identify the disparity between normalised param-
eters from element to pile scale, mapping using 3D FEA computations in a similar

manner to the PISA numerical method.
Practical cyclic monopile design

Cyclic loading of soils and subsequent response is complex. Simplifications are made
to identify key behaviours, typically single amplitude repeated loads. Section
showed that when more realistic, multi-amplitude, loads where applied in DSS.,.
conditions the largest loads dominate behaviour. This was well reproduced by the
models used and agrees with results from previous model pile tests by Richards,
2020 For design, it is possible that much of a given loading history could be removed
from model predictions, greatly reducing computational effort. Numerical studies,
using models validated by large-scale field tests, could be used to investigate this.
Finally, applying loads unidirectionally is inaccurate. Real loads are likely to be
multi-directional, changing the direction of load bias and mobilising greater volumes
of soil. By correctly modelling multi-directional response, more accurate predictions

of the lifetime accumulation of pile rotation could be made.

8.3 Summary

This thesis has provided insights and tested modelling options for capturing the effects
of repeated loading on clay soils, capturing non-linearity, rate dependency, degrada-

tion, ratcheting and effective stress changes. In successfully applying methods previ-
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ously used to predict monopile behaviour to element testing this thesis provides the
first step in the potential route to calibration.

This forms part of a wider effort by Oxford University to better predict the
response of monopiles to cyclic loading, building upon previous experimental and
numerical work and preceding a large-scale project PICASO (Pile Cyclic Analysis:
Oxford and Orsted) which aims to facilitate the use of new design methods with

extensive laboratory testing, field testing and numerical work.
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Appendix A

Standard incremental derivation

Throughout this thesis models derived in the hyperplasticity framework (Houlsby and
Puzrin, 2006; Houlsby et al., 2017)) are used. This is a rigorous approach to modelling
plastic behaviour which makes use of internal variables to describe the history of
loading. Multi-surface kinematic hardening models can be formulated in parallel,
series or nested configurations. They may be rate-dependent or independent in both
derived form and behaviour (Beuckelaers, 2017). And as discussed in Chapter , can
include additional mechanisms such as: strength asymmetry, softening/stiffening and
ratcheting.

Regardless of model complexity, constitutive behaviour is fully described by a
single energy function and a single dissipation function. Standardised methods can

then be used to derive incremental behaviour. This appendix aims to:
e Describe derivation of incremental behaviour
e Show a fully worked example for a simple model
e Present all required derivatives for the models presented in Chapters [3 to [6]

This is not novel work and is well described in previous publications (e.g. Houlsby
and Puzrin, 2000; Houlsby and Puzrin, [2002)). It is presented in full here to facilitate
the implementation of models. Only macro model (with a single scalar o and conju-
gate strain €) formulation is presented. This is described by Helmholtz free energy
f and dissipation function d from which yield functions y or flow potential w, and
further incremental behaviour is derived. Models may also be described by the Gibbs

free energy g (as in Richards, 2020) and but this is not pursued.

A2
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Figure A.1: Rate-independent parallel kinematic hardening model

A.1 Rate independent framework

Here incremental derivation of a rate-independent multi-surface parallel model with

kinematic hardening and a single unidirectional stress and conjugate strain is shown

(Figure [A.1).

A.1.1 Derivation of yield function

The model is fully defined by:

H; Hys
fZZT(e—ai)er—j;Hg (A1)

Ns
d=>" K (A.2)
i=1

where ¢ is strain-type scalar. H; and K; correspond to surface stiffnesses and strengths
and «; corresponds to the internal variables of each surface which represent plastic

strains. The constitutive behaviour can be derived as:

0= —— = Z HZ(E — Oéi> + HN5+1€ (A3)
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__—oFr _

Xi = 8C¥i - H’L<€ az) (A4)
—ad :

Xi = o, K;S(c) (A.5)

where o is the conjugate stress-type variable of €. x; represents the conjugate gen-
eralised stresses to internal variables «; and is representative of the stress in each of
the unit springs. S(X) refers to the modified signum function. By utilising Ziegler’s
orthogonality assumption (Ziegler, [1977)), energy is dissipated at the maximum rate
and:

The yield function can be derived from Equation [A.6l Such that at yield when
a; #0and S(o;) =1 or —1:
yi = |Hi(e — ai)| — ki = |xil = ki =0 (A7)
A.1.2 Standard derivation of incremental behaviour
A.1.2.1 Strain control

Assuming strain control (prescribed de) and knowledge of f and y, incremental be-
haviour can now be derived. Here Ny, is the number of internal variables («) and

N the number yield surfaces (y) which may differ. In general terms:

h = f(XJ g, a)
Y2 = f(X7 g, a)
f=fea)y= | (A8)
yNy = f(X7€a a)
and: )
X1 = %5{ Qaq
_ —of
of X2 = Bay Qly
o= X 5 = (A.9)
XNint = a;]i{n O Nint
such that incremental response is derived as:
0 f *f
= Al
do 0c0e de Jcda dex (A.10)
>’f *f
dx = — de — d A1l
X 9ade”"  dada™ ( )
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where:
aZf _ 82f azf _ [ 62f 82f
OcOe  0ede’ Dedax Oe0oy "7 Oedanint
62f a2f 82f
82 Oay Oe 62 dap 0ay c da10aN;nt
/ : , S : : (A.12)
OJode 5 Jdada o o
OaNintOe OanintOar  ° 0aNintOANint
The consistency condition and flow rule at yield can be written:
oy oy oy
dy = —ay = =—=d —Zde —d A.13
y=-—ay =5 dx +aodet 5 (A.13)
dy (9y T
doo= | A= A A.14
* ( ax) ox (A-14)

where a is a factor between 0 and 1 which ensures numerical stability if yield is ex-
ceeded (typically taken as 0.5) and A is an array of arbitrary non-negative multipliers.
In Equation the transpose ensures consistency with the shape of the o array in

Equation Derivatives are defined as:

91 _Ooy y1 Oy 91
ay Ox1 77 OXNint ay Oe ay Oar 77 Oanint
ax 8yNy ayNy 66 8yNy aa ayNy 8yNy

Ox1 7" OXNint Oe dar 77 OaNint
A - [Al ANy}

Equations[A.TT]and [A.T4]are then substituted into[A.13]to solve the plastic multipliers

A; as a function of strain increment de:

_ 9y O*f O*f 8y T ay Oy 8y
e ox ( - aaﬁsdg dada Dy A agd e ox
(604 Jx dadac ) Ox Al =—ay - de  Ox Oade de (A.16)

With A found, incremental behaviour (Equations [A.14] and |A.10]) can be com-
puted.

A.1.2.2 Stress control

If stress control is required (prescribed do), incremental behaviour can be derived by
re-arranging Equation to give:

5 f 5 f
5555d5 = do - dedax

da (A.17)
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and obtaining a compliance matrix:

82f\
pum A.-l
¢ (5655) (A.18)
which are combined to give:
62 f
de = C(da = da) (A.19)

Plastic multipliers A; are then solved in a similar manner to Equation [A.16], by com-
bining Equations [A.11} [A.14} [A.13| and [A.19;

2 2 T 2 T
ox Odade deda Ox dada Ox

—ay +

2 T T
a_y(j o — o°f 8_y AT +6_y8_y T
Oe deda Ox Jda dx

gy 0y O\ Of (Oy Oy O \\%y' ;s
Jde  OxO0alde) Oade Ja OJxOada ) | Ox
dy 9y &°f

-t <E ~ Ox dade

)Cda (A.20)

From which incremental behaviour (Equations|A.14[{A.19[and [A.11]) can be computed.

A.1.2.3 Example

For the model shown in Figure and described by Equations and [A.7], incre-
mental behaviour is now derived following Section |A.1.2.1] f(e, ), y(x) and in this

case N;,; = N,. The required derivatives are:

Ns+1

o*f 0% f
_ ) H -H, ... -H
0e0e 121 Hi, Deda [~ 2 i)
—H; H, 0 ... 0
o2 f —Hy | o2f 0 Hy ... 0
dads : "Oada | S :
_Hy. 0 0 ... Hy,s
Sbxi) 0 ... 0 0 00 0
0 S 0 0 00 ... 0
Gy | 0 She) e 0 oy (0 Oy (00 O
8X : : <. : 66 : 6a : : .

0 0 ... S(xwns) 0 00 ...0
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Now Equation combined with reduces to:
Oy f oyt o _ Oy Pf

Ox Oada Ox - Ox Oade T (A.22)

H1S(x1)*Ay H,S(x1)de — ay

st(X2)2A2 _ st(Xz).d6 — ays (A.23)
HNSS(X.NS)QANS HNSS(XNS.)dg — AYNs

from which increments of plastic strain may be found (Equation |[A.14)):

8yT de — @y Sgll)
X d€ —ay Sxws)
Ns Hiys

where the second term caters for the overshoot when the surface first yields. This can
also be achieved by ensuring strain steps meet yield exactly (e.g. as by Beuckelaers,
2017)), thus ensuring y; = 0 and Equation reduces to da; = de.

Alternatively the same expression may be derived by re-arranging Equation
to find the plastic strain when yielding. This will occur in the same direction as total
strain such that S(o;) = S(¢), and:

H;

(A.25)

o; = &£

assuming no changes to K; or H;, da; = de (when yielding). However, this can not

be applied generally to any model as the derivation in Sections [A.1.2.1]

A.2 Rate dependent framework

Here incremental derivation of a rate-dependent multi-surface parallel model with

kinematic hardening and a single unidirectional stress and conjugate strain is shown

(Figure [A.2)).
A.2.1 Derivation of flow potential

The model is fully defined by the same energy function as the rate-independent ex-

ample:

H; Hpy
f= Z Ez(e — )+ %52 (A.26)
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Figure A.2: Conceptual diagram of rate-dependent, multi-surface, kinematic Hardening
models in parallel configuration.

and dissipation function following rate process theory (as in Section [3.4.2)):

Ns Ns
d=> K|+ Hi 4y sinh™ (|ai|tmf,n) (A.27)
i=1

i—1 tref,i

which is related to the force potential z by:
0z .

_a—da

For rate-independent behaviour this reduces to d = z. Finally the flow potential is

d (A.28)

derived via a Legendre transform such that:
w=x'&c—z2=d—z (A.29)

More detail can be found in Houlsby and Puzrin (2002). Equations [A.27] and
combine to give:

w = i == (cosh (t”equ"‘ - Ki)) - 1) (A.30)

i1 ref,i M

A.2.2 Standard derivation of incremental behaviour

Plastic strain increments are derived from Equation [A.29}

_da dw (A.31)
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with incremental behaviour following Equations [A.11{and [A.10| (for stress control) or

A.19| (for strain control) as per the rate-independent case.

For the example shown, Equation is combined with to give:

, 1K
do; = 0w e S0a) G (t’”ef<’X" Z>)dt (A.32)
OXi trefi i
dOél
dao= | : (A.33)
daNs

Clearly the implementation and derivation of rate-dependent models is much more
straightforward than equivalent rate-independent cases. It is therefore often used
even for rate-independent materials with arbitrarily low viscous parameters (Abadie,
2015)). However, for stability, small steps are required and as such rate-independent

models are much faster (Beuckelaers, 2017)). Both are implemented in this thesis.

A.3 Derivatives for all presented models

Table presents required derivatives for incremental implementation of multi-
surface kinematic hardening models. The table includes formulation in series and
in parallel, for which the dissipative functions in both the rate-independent (RI) and
rate-dependent (RPT) are the same. It must, however, be noted that the various
parameters (e.g. K;,H; and «;) take different meanings and therefore quantities, as
discussed in detail in Chapter [5]

Table presents required derivatives for extended models which include an
additional ratcheting unit (HARM models). Further model descriptions can be found
in Sections and 0.5l An additional internal strain parameter, o, is included

which controls an additional accumulated strain and is defined by the constraint:
Ns
¢=d, —S(0) Y Rilds| =0 (A.34)
i=1

where R; controls the rate of accumulation on each surface. «, can simply be imple-
mented as an additional internal parameter such that N;,, = N, + 1. Matrix sizes are
therefore changed in line with Equations and Since o now appears in the
dissipation and yield functions not all RI derivatives are consistent between the two

models. For clarity Ey = Hy = ai]islHHi is used in the parallel cases.
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Changes to yield strengths, either to model stiffness change (as per Section
or modified rate-dependency (as per Section can be implemented within each
increment simply by updating the values of K;. Therefore energy functions and
derivatives remain unchanged.

Asymmetry of strength was introduced in Section and in which the
rate-independent dissipation function changed from Equation to:

Ns

d= Z Ko o(di) + K e(—di) (A.35)

i=1

This can be implemented in the derivatives in Tables and simply by changing:
IXil = K = x| = H(xi) Kei — H(=xi) Ke,s (A.36)

where H(X) corresponds to the Heaviside step function.

A general algorithm structure may now be written which includes all features
presented. An example is shown in Algorithm [I] which computes ., for ng,, in-
crements of € (strain control), this is easily changed to stress control by swapping
o and €, deriving the compliance matrix and changing respective equations as per
Section . Each step (j) is divided into further substeps, defined by n,, which
is particularly useful for rate-independent models (discussed in the following section).
Strength changes, ratcheting variables and the hardening parameter are implemented
incrementally. Each preceding model (with features switched off) can then be seen

as a special case, defined by the careful specification of parameters.

A.3.1 Notes on rate dependent implementation

When using the rate-dependent formulation the algorithm requires small stress-steps
to achieve convergence. The smaller the steps the higher the computational effort
and therefore time. Efficient choice of steps size is therefore important to reduce
computation time whilst retaining accuracy. Load histories tend have a fixed sample
fixed frequency fs, and therefore constant dt. By employing substeps, the model
output remains similar to the input but changes may be made to ensure convergence;

the number of substeps ng,, can be fixed or more efficiently decided by:
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(i)

Set incremental maxima: Such that ‘steep’ increases in stress are allowed

smaller time steps than shallower sections where little is changing. This is

depicted in Figure where :
Nup = ceil (max((aj — Ujfl), (t =) , 3)>

Umam tma:):

for strain control o is replaced by . A minimum number of sub steps of 3 is

defined such that this method may be used in conjunction with the next.

Automated sub-stepping: Assuming 3 subsets per increment, model stability
can be checked. This is done by taking the two rolling products of the gradients

of the previous three substeps (including those of the previous step):

_ desub_2 dajsub_l dajsub_l dajsub

P, and P =

- dej-2 dej, dej, -1 dej,,,

If both are positive the model is stable and stress is increasing or decreasing.
If one is positive and the other negative the model is stable and the stress has
changed direction. However, if both are negative then the model is oscillating
(as shown in Figure . The number of sub steps within that step can be
increased and the section re-computed. Since this may include the previous, it
is more robust to apply this method from the preceding step. This automated
sub-stepping can increase computational efficiency considerably and can be used

in conjunction with the previous method. A limit is required to ensure that tests

which truly ‘fail’ (exceed final yield) do end.
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Figure A.3: Incremental implementation for rate-dependent model with steps and sub-
steps (a) substeps decided by predefined limits (b) substeps computed automatically to

ensure stability

Algorithm 1: Example implementation of a general multi-surface kinematic
hardening hyperplasticity model with stiffness changes and ratcheting

Data: e,t, Ko, H,C ngy
Result: Toug , ,
Define: f’gage’aaaga’aajas’aiga ;
Initialise (zero): o,a,x,03;
Nstep :Jength<€)§

for j =2 : nge, do

de = (g5 — €j-1)/Msub;
dt = (t; — tj—1)/nsu;
for jou =1: ngw do
K=K,f(B,C) ;

R:f(/BaO-aC) ;
if Rate Independent then
Update: y,g—i,g—z,g—g ;
Solve: A ;

do = A2,

ox’

else

ow .
Update.&,

do = 24 dt;
X

end
Solve:dx,do,d3 ;
Update:at,x,0,03

end
Oout,j = O

end

// Update yield strengths (e.g.
// Update ratcheting variable (e.g.

// Table

Equation |5.14
Equation |5.23

// Table |A.2
// Equation [A.16

// Table

// Equations , and

// Save output
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Table A.1: Constitutive equations and required derivatives for rate-independent (RI) and
rate-dependent (with Rate Process Theory RPT) multi-surface kinematic-hardening models
formulated in parallel and series

Parallel Series
2
f Zf\’sl-i-l H; (6 o Oéz‘)2 + HN25+1 82 % (6 o 25\51 Oéz-) + Zi:sl %QZQ
02 Ns
856fs E H HO
os [ H, —H H ] [ Hy —H H}
Jedax —4l1 —4L2 —4INs —4lg — 119 — 410
_Hl _HO
82f _H2 _HO
dade
_HNS _HO
H1 0 O Ho + H1 HO HO
- 0 H, 0 Hy  Hy+ H, H,
dodo
0 0 Hys H H Hy + Hys
RI d SO Kildi]
|X1| - K
|X2| - Ky
Yy
_|XN$| KNs
S(xi1) 0 0 0 0 ... 0
o || 0 Sk 0 oy _ |0 s _ 00 .0
ozx ox . ’ Oe ’
0 0 S(xws)| 0 0 ... 0
RPT d z | ‘ + Zz 1t #2 OZZ Slnh ’di|tref,i
w Zﬁ\isl tré?ﬁ (COSh (tref,iq;(:l_Ki)) _ 1)
[ 500 g, [(treralal=Ky ]
t'refJ 1223
S(x2) sinh treg2(x2|—K2)
Ow tref@ Hi
x
SGovs) gy (tref,Ns<|st—KNs>>
tref,Ns Hi
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Table A.2: Constitutive equations and required derivatives for rate-independent (RI) and
rate-dependent (with Rate Process Theory RPT) multi-surface kinematic-hardening HARM
models formulated in parallel. Here o, = ays41 and in the parallel model Hy = Zf\flﬂ H;

Parallel Series
o ar s e o | B(eoTia-a) 4T
o=9Y Ho(e — a,) — SN Hi() H0<6—Ei]\:1ai—ozr>
2f s
% e SNUH = H, Hy
s [-H, —H, ... —Hy, —H [-Ho —Ho ... —Ho, —Hy|
_[—[1 —H()
—H, —H,
’f : :
dade . .
—Hns —Hy
_HO —H()
H 0 0 H, Hy+ H,y H, Hy H,
0 H 0 H Hy Hy+ Hy Hy Hy
92 f . . . . . . . )
dada : : : : : : : :
0 0 Hys Hpys Hy Hy Hy+ Hys Hy
H, H, Hys  Ho Hy Hy Hy Hy
RI d E Ki|ai| + o,
x| — Kl + Ri(|x+| = |o])
IXo| = K2 + Ra(|x;| — |o])
Yy :
|XNS‘ - KNs + RN5(|XT| - |U|)
Skxi) 0 0 RiS(x»)
oy 0 S(x2) 0 RoS(xy)
x : : : :
0 0 S(xns) RnsS(xr)
—R1HyS(0)
dy 7R2HOS(O-)
Oe
*RNSH()S(O')
RlHlS(a) 0 0 RlH()S(O')
0 0 RNSHNSS(U) RNSHOS(O')
RlH()S(U) 0 0 RlHOS(O')
g% SER 0 RzHgS(U) 0 RQHOS(J)
0 0 RNSH()S(O') RNSHOS(O')
RPT d Z Koy + 21 1 t’” ¢; sinh ™! (|di\tmfﬂ;> + oa,
w Y (Cosh (tref,l<\xi|—Kim<|xp\—|a\>>) _ 1)
S(x1) sinh tresa{x1l—K1+Ri(Ixr|—|ol))
tref,1 i
5(2) ginh tref2(Ix2|— K2+ Ra(Ixr|—lol]))
ow tref,2 Hi
ox
Stuxs) il (tmf,m<|m|—KN5+RNS<\XT\—\G|)>)
tref, i
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A.4 Notes on MCC model

Here incremental derivation of a Modified Cam Clay model, as presented in Chapter
[7, is shown. Firstly as a single surface model with and without rate dependency and
then extension of the rate dependent model to multiple surfaces. A key difference is
that two stress quantities are specified (p, ¢) with conjugate strains (e,, ¢,). Effectively
this follows the previous section with N;,; = 2 and N, = 1. Incremental behaviour
is derived with stress and strain control, such that drained and undrained tests are

easily specified.

A.4.1 Single surface

In general terms, the model is specified by:

f=fle,a), y=f(x,e,0) or w=f(x,e ) (A.37)
and:
_ of _ —0f
Ev Qy D=3, Xv = Ba,
€= , = , o= , = 9%y A.38
LJ [O‘J [q = g_j; X7 = agf] (4.38)
such that incremental response is derived as:
0 f o0 f
do = d d A.39
7= 9e0e ™ T 9e0a"” (4.39)
o0 f 0 f
dx = — de — d A.40
X dade - dada ( )
A general control statement is assumed of the form:
Sdo + Ede = T'dt (A.41)
where
Siqp Sie E\, Eip T,
S = ) ’ , FE = ’ ’ T = A .42
{52,1 52,2} {52,1 EQ,J {TJ ( )

Equation is substituted into and rearranged to give:

o*f o*f
S(@s@sde + 860ada) + Ede =Tdt

de =P(Tdt— S l da (A.43)
B Jeda '
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where

_ *f N\
P= (E + Sasas) (A.44)

If y is known and a rate independent model is specified, the consistency condition

and flow rule at yield can be written:

Jy oy dy
o h4 il A4
dy ay 8XdX+8sd€+8ada (A.45)
oy T oyt
— 7o) =22 A4
o ( ax) ox (4.46)

where a is a factor between 0 and 1 which ensures numerical stability if yield is

exceeded (typically taken as 0.5). A is an arbitrary non-negative multiplier which

is found by substituting equations [A.40] and into and solving as a

function of modified control statement parameters P, S, T"

2 2 T
Oy 0y Of \pgOf _(Oy _Oyoy, \\% ,_
Oe  Ox Odeda Jdeda Ja  OJx O« ox
9y _ oy O°f
Jde  Ox 0deda

)P.Tdt (A.47)

With A found, plastic strain increments are found following Equation [A.46]
If w is known and a rate-dependent model specified, plastic strain increments are

derived from Equation [A.29] such that:

doa  Sw
3 —_ — — A-48
da dt  ox ( )

The remaining incremental behaviour (Equations |[A.40] and |A.39) can then be
computed. All required derivatives are specified in Table [A.3]

A.4.2 Multiple surfaces - rate dependent

In Section multiple versions of the single surface model are employed in which
some property is varied and each is subject to a weighting factor €2;, where 7 indicates
surface number from 1 to the number of surfaces N,. The energy function and flow

potential can then be written:

Ns Ns
F=Y)_Qufi, w=> Qu (A.49)
i=1 =1
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and:
_ o _ (). =0t
Ev Ay g ) Xuv,i 1o
€= , oy = L, o= A i = My A.50
LJ {qu,z} [q - g_j,: x Xqi = ao?jz] ( )
such that local incremental response is derived as:
dai 6wi 82fz 62]01
da; = = ,dxs = —; de — Q;————d A.51
* dt OXi X Oo;0e "o 0 i ( )

and global incremental response:

Ns Ns
P fi 0*fi 0 fi
do ;( 5encle + Gedar; az), de ;(( dt — 8 aaalda)
(A.52)

where

Oelde

Derivatives for each surface ¢ remain as defined in Table with some locally varying

-1
P = (E + SQ; al ) (A.53)

properties. In Section this was x* but it is deliberately left general here.
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Table A.3: Constitutive equations and required derivatives for single surface rate-
independent (RI) and rate-dependent (with Rate Process Theory RPT) Modified Cam Clay
(MCC) model. These may also be applied to the mulit-surface model for each local surface

MCC
X 2
f DPrk €xp <nl* (Ev - O‘U) + 235* (Eq - O‘q) >
3 2
e preen (2 (0= 00) + 32, )
Oe - 9
q 39(511 - aq)prexp<ﬁ1*(5v - av) + 23%(511 - aq) > = 3gp(5q - aq)
1 3 2\ ]
af Xp] . _prexp(n*(gv - a”) + 2;5* (Eq - OéQ) ) =D
da 2
—Xa] | —3g(e, — aq)prew(,i(ev — ) + 5% (g4 — ) ) =—q
P 4 _ P _4q ]
82f 32f o 82f o K* K* 62f o 82f o K* K*
dadb Oede ~ Oada 2 ' 9ebax ~ Oade 2
A+ 3gp -5 = =3
RI | 4 Pa (dv ++/ad,? + M2d,?
2
y (Xp — =)+ (’&) -2
b tean 5
dy By _ Q(Xp _pz) oy _ 0 oy _ _Xp()‘* - K*)sz
0 ox ) - ) o
a X % € O a 0
pen Vr—ps) | _
RPT | w Loy (cosh ( o > 1)
T (Xp - pr)2 + 332

m sinh <<\/ic_7]pz> ) (XZO.gz )
ow
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