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BACKGROUND

For any given structure, the exterior loads must be transferred to the ground. The environmental loads,
which are irregular and random in nature, cause degradation in the soil. This result in an increase in pore
pressure and may also lead to permanent deformations, lower capacity and higher long-term settlements.

In recent years, the interest for cyclic soil degradation has increased, especially with regards to offshore
structures. Although several methods are available for designing foundation exposed to cyclic loading, an
easy and reliable method is yet to be determined.

TASK

A framework for calculating degradation on soil is to be developed. The framework needs to be able to
calculate boundary problems using non-linear finite element method and soil materials based on continuum
mechanics. The framework should be intuitive to use and the end user should not be required to know
programming to utilize the program. Soil materials used for calculation of cyclic degradation needs also to
be determined and developed. The proposed framework should be verified based on observed cyclic
behavior in tests.

Task description

A framework based on Python should be created to be used with PLAXIS 2D. With a graphical interface
for user inputs. Material models with state variable(s) used to model softening/degradation will be used.
The soil models for average and cyclic part of the behavior should be coupled together via transformation
of relevant state variables.

Objective and purpose

The overall goal is to create a framework for simulating cyclic degradation of soils. For this a script that
automates the process. Material models capable of simulating degradation must also be developed.

Subtasks and research questions

For the modeling cyclic degradation, a theoretical background is required. The focus should be on
what causes cyclic degradation and how to model it.
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Abstract

For many years fatigue in soils has been a major design challenge. Due to cyclic
loading the material behavior changes and permanent deformations are ob-
served. Although explicit cyclic calculation methods exists, none are ideal for
cyclic design computation. The available methods are currently either to sim-
plified, labor-intensive or inaccurate.

A framework based on Python, Matlab and Fortran has been developed for
creating soil models and doing cyclic simulations. The script Destructor is an in-
terface for PLAXIS 2D and automates the whole calculation process. An average
and a cyclic material model based on elasto-plasticity and non-linear elasticity
has been created and coupled together. A state variable used to model material
softening is used to couple the materials. The material equations were defined
in Matlab and generated as object-oriented Fortran code ready to be compiled
together with a Fortran wrapper.

Plane strain simulations has been done for monopiles, represented by a wall,
and gravity based structures. The results are encouraging. The material mod-
els and Python framework is able to simulate loss of ultimate strength capacity,
higher long-term settlements, permanent deformations and a change in pore

pressure after cyclic loading. The verification was done qualitative.
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Abstrakt

[ mange ar har utmatting av jord vert en stor utfordring. Pa grunn av syklisk
belastning vil materialets oppfersel forandre seg og permanente deformasjoner
er observert. Selv om eksplisitte sykliske beregningsmetoeder eksisterer, finnes
det ingen idelle sykliske prosjekteringsmetoder. De tilgjengelige metodene er
for ayeblikket enten for forenklet, arbeidskrevende eller ungyaktige.

Et rammeverk basert pa Python, Matlab og Fortran har blitt utviklet for a lage
jordmodeller og gjore sykliske simuleringer. Skriptet Destructor er et grensesnitt
for PLAXIS 2D og automatiserer hele beregningsprosessen. Et giennomsnittlig
og en syklisk materialmodell basert pa elasto-plastisk og ikke-linezer elastisitet
har blitt laget og koblet sammen. En tilstands variabel brukt til & modellere
mykning har blitt brukt til & koble sammen materialene. Materialligningene er
definert i Matlab og er generert som objekt-orientert Fortran-kode som er klar
til & kompileres sammen med et Fortran rammeverk.

Plan-tgyningssimuleringer har blitt utfert for monopeler, representert som
en vegg, og en gravitasjonsbasert konstruksjon. Resultatene er lovende. Mate-
rial modellene og Python rammeverket klarer & simulere tap av maksimal styrkeka-
pasitet, hayere langtidssetninger, permanent deformasjon og en forandring i

poretrykket etter syklisk belastning. Verifisering er gjort kvalitativt.
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Chapter1 Introduction

1.1 Background

Since the discovery of oil in the early 70’s, the study of cyclic degradation on
soil has been given a special attention. Although the environmental loads like
wind, ocean waves and earthquake are irregular in nature, they may for certain
situations be regarded as constant static load. In the case of offshore structures
the ever changing load situation is of great importance. The constant pounding
from the ocean waves causes the soil material to wear and tear. Even worse it
may be in the case of a storm.

Today there is big interest in renewable energy sources. While there are many
options, not all are economically feasible. There’s high hopes that the Offshore
Wind Turbine (OWT) can be used extensively. In contrast to the oil industry,
wind turbines has a low earning and therefor a greater focus on expenses (cyl).
One of the more costly areas in designing an OWT is the foundation.

When designing an offshore structure there are many uncertainties. The
wind and waves are both random irregular loads. The natural frequency of the
structure may also be a source of added load. And as always there is a high un-
certainty in the mechanical behavior of the soil.

Even though methods exists for designing foundation exposed to cyclic load-
ing, none of them are ideal. Certain methods are to unreliable while other meth-

ods requires extensive laboratory testing. And even then the data must be orga-

3



4 CHAPTER 1. INTRODUCTION

nized and interpreted, which may be fallible.

It’s the hope that a simpler calculation method can reduce expenses and in-
crease the accuracy of soil behavior. For this a framework and new soil models
are needed. Ideally the soil models will also enlighten the designing geotechni-

cal engineer to understand the phenomena of cyclic degradation in soil.

Problem Formulation

The overall goal is to create a reliable calculation method for foundation design
exposed to cyclic load. Due to time limitations the focus will be on creating
the framework for cyclic calculations. The new method should be easy to use
and automates a lot of the processes where applicable. The method should also
be of the explicit type, meaning that only the major permanent effects are ac-
counted for. An implicit method that tries to follow each cycle is considered too

unreliable and time-consuming.

It’s here assumed that the cyclic problem can be divided into two soil models.
The first model accounts for the permanent effects, denoted the average model.
This model should be able to be used in standalone calculations. The other soil
model, here called the cyclic model, has the purpose of causing a degradation

for a cyclic load. Together they may be used to calculate fatigue in the soil.

The created framework and soil models should also be tested that they ac-
tually work together and gives reasonable results. The verification here will be
qualitative based on known phenomena that occurs during cyclic loading. For
example when an undrained material is cycled there should be permanent de-

formation, excess pore pressure and lower yield capacity.
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Literature Survey

The framework and the degradation formulation is mostly based on the discov-
eries presented by Knut H. Andersen and NGI. Most of the cyclic results and
figures here is gathered from the McClelland Lecture by Knut H. Andersen (An-
dersen, 2015). A few selected articles has also been covered regarding calcula-
tion methods. The UDCAM (Jostad et al., 2014; Grimstad et al., 2012), PDCAM
(Jostad et al., 2015), Master’s thesis by Aleksander S. Gundersen & Jon-Michael
Josefsen (Gundersen and Josefsen, 2016) and PhD thesis by Fang Cai (Cai, 2015)
has been studied for this purpose.

To account for degradation the soil models with a structure has been stud-
ied. Lectures and papers presented by Burland (Burland, 1990), Yin (Yin and
Karstunen, 2008) and Jon A. Renningen (Renningen et al., 2014) has also been

reviewed for coupling parameters to be used with the cyclic degradation.

What Remains to be Done?

Although cyclic degradation on soil has been given a lot of attention, there’s still
intense undergoing study. There are currently no exceedingly good ways of car-
rying out a cyclic calculation, and the ones available are labor-intensive and re-
quire a lot of test samples (Gundersen and Josefsen, 2016). Also the understand-
ing of what really causes cyclic degradation is still not fully understood. Implicit
and explicit methods are still being developed but they have their different us-
age. There’s also the issue of knowing what happens in a general stress state
when exposed to cyclic loading. Currently mostly cyclic DSS and Triaxial tests

are available, meaning what happens for general stress states is yet unknown.
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1.2 Objectives

The Master thesis has been divided into three major objectives. Each objective
in itself is vital for the overall success of accurately modeling the cyclic degrada-

tion.

e Firstly a solid understanding of fundamental material modeling and cyclic
behavior in soil is needed. Ideally the literature will give some indications
of the governing soil mechanics during cyclic loading. Some existing meth-

ods for design calculation should also be explored.

* Soil models that are designed for cyclic degradation needs to be created.
By themselves the models should be able to work for testing and modeling
the response individually. The average and cyclic model should also be
easily coupled if needed. It would also be a great advantage if the materials
could be generated directly from some mathematical equations, instead of

defining everything explicitly in computer code.

e Lastly a framework which automates the cyclic calculation should be de-
veloped. The input ought to primarily be given in the program or script
developed and should be simple & intuitive to use. Due to time limitations

a framework will only be developed for PLAXIS 2D.
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1.3 Limitations

Regarding soil modeling, small strains and explicit cyclic analysis will only be
considered. There will not be a thorough examination of visco-plastic materials,
although they will indirectly be mentioned. The models presented are isotropic
elastic and it’s assumed that the cyclic material is undrained. This implies that
the model is total stress based and that only shape distortion can cause degra-
dation in the cyclic model. Although partial drainage could be included, these
effects are here ignored. The focus will be on undrained cyclic soil behavior.

The framework will only be created to work for a PLAXIS 2D plane strain
problem, but it should easily be possible to extend the framework to do 3D cal-
culations. Little consideration has been given to the choice of computer algo-
rithms and numerical schemes, although some methods will be mentioned in
conjunction with material modeling.

One major assumption is that the cyclic degradation can be expressed by an
average and a cyclic soil material. This implies that the load somehow must
be divided into an average and a cyclic part. The same is true for stresses and
strains. Whether or not this is realistic might be controversial.

Lastly it's emphasized that the verification shall be done qualitatively. A full-
worthy analysis should be carried out with some good soil models on an actual
problem. The verification will also not thoroughly test the materials for all types

of load combinations and soil parameters.
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1.4 Methods

The response expected in an cyclic boundary problem is to be analyzed by nu-
merical simulations. Two material models are coupled together with a frame-
work to solve a generic cyclic problem. It’s here assumed that the cyclic loading
is the primary cause of degradation in soil and can be modeled by using material
models with a structure variable. The calculation is done in three steps. Firstly
the static response due to a load change is calculated. Secondly a cyclic phase
with a new material model is carried out and causes degradation. Finally equi-
librium and compatibility must be reacquired due to changes in the structure.

Verification will be based on the basis of qualitative reasoning.

1.5 Structure of the Report

The Master thesis is divided into nine chapter as shown in figure 1.1. Some
chapters can be read individually, but it's recommended to read from the start
to get the whole picture. In chapter 2 & 3 some selected theory is shown. Chap-
ter 2 focuses on the basics of elasto-plastic material modeling. Some important
notation and concepts will also be introduced. In chapter 3 the cyclic behavior
of undrained soil will be studied. The development of cyclic contour diagrams

and the use of these diagrams will also be shown.
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Chapter 4 & 5 is about the requirements of the soil models. A state parameter
called structure is introduced in the average model and some selected soil mod-
els are reviewed with regards to cyclic degradation. The cyclic material model
is highly based on the discovery done in chapter 3. A degradation formulation
based on a cyclic contour is developed, and the background for creating more
advanced models is shown.

Chapter 6 & 7 is more independent from the other chapters since it focuses
more on actual programming. Some of the sections are written more in a text-
book style and is meant to explain the central aspects that the framework is
based on. In chapter 6 Python is introduced and shown how it can be used to-
gether with PLAXIS to do finite element calculations. A short introduction of
graphical user interface programming is shown for the purpose of code mainte-
nance and readability. Lastly the developed framework in Python is explained.
Chapter 7 is based on the work done by Jon A. Renningen. The idea is that the
mathematical equations are written in Matlab and from there gradients, sym-
bolics and equations are solved. The Matlab symbolics is afterwards converted
to Fortran code and can from there easily be compiled to a material model with-
out having to modify a lot of Fortran code. Some verification of this framework
is shown in the end of the chapter.

In chapter 8 some simulations are carried out. The coupling between the
material models and the framework is explained and some results are shown.

In the last chapter the important discoveries are summarized and discussed.
There will also be recommendation for what else can now be done with the de-

veloped framework and suggestion for future soil models.



CHAPTER 1. INTRODUCTION

Theory

10
Chapter 1
Introduction
Y SR S
i i r
i Chapter 2 Chapter 3
! Soil modelling Cyclic behavior
e i e
e r - r
i Chapter 4 : i Chapter 6
Soil ! Average Model i ! Pythan Framework
Models _\u i i
| r Lo r
i Chapter 5 o Chapter 7
i Cyclic Model Voo Material generating
b
Chapter 8
Simulation and Results

Y

Chapter 9

Soil modelling

Figure 1.1: Structure of the Report.



Chapter 2 Soil Modeling

2.1 Short Introduction to Soil Modeling and

Finite Element Analysis

Even though soil is a multiphase material composed of many particles, it is now
due to the extensive use of Finite Element (FE) simulations common practice
to model the soil as a continuum. The goal is to capture the overall response
of the soil when subjected to loads and displacements. Mathematical relation-
ship between forces and displacements (macro-modeling), or more commonly
between stresses and strains defines the constitutive material models.
Originally metal, and later soil, has been modeled using the elasto-plastic
framework with great success. A uniaxial tensile test of a fictive steel-like mate-
rial is shown in figure 2.1. It illustrates some of the key aspects regarding elasto-
plasticity. The response is purely elastic up to a certain stress state denoted as
the yield strength. Afterwards plastic flow occurs where the energy is dissipated
as heat. Due to rearrangement in the grains, the material will harden up to neck-
ing. Upon unloading and reloading the response will be purely elastic, but now
with a new yield capacity. Note that necking is a geometric instability and marks
the end of small deformation theory. Necking is not a problem in soil mechan-
ics since soils cannot sustain high tensile stresses. Nonetheless it is common
to limit the Finite Element Analysis (FEA) to small deformation theory since it

simplifies the problem and one avoids geometric nonlinearities.

11
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F
Te = %, S
A 0 2 T
a3 = U
i o3 I
Necking — ¢
Yielding im 2

Fracture

€ = € + €P

> L

Gn—L—O

Figure 2.1: Illustration of a uniaxial tensile test on a steel-like material.

In a FEA a real physical problem is modeled in a FE program environment.
The model is afterwards chopped up into smaller elements, a process called
meshing. The elements normally consists of nodes and stress points as indi-
cated in figure 2.2. The constitutive material model gives the elements its stiff-
ness. The deformation of the element is interpolated from a linear combination
of the node displacements and shape functions, classically Lagrangian polyno-
mials. The stiffness is normally calculated by numerical integration, also known
as a quadrature. In the case of polynomial shape function one can ensure ex-
act integration by using the Gaussian quadrature. In that particular case it’s
also normal to position the stress points according to the Gaussian quadrature.
These particular position is also known as Gauss Points (GP). The elements are

afterwards put together and used to solve a Partial Differential Equation (PDE).
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Figure 2.2: Q8 element with corresponding nodes and stress points.

2.2 Stress, Strain, Invariants & Tensors

In classical continuum mechanics a stress state can be represented as a matrix
in each GP by 9 components. This may be visualized as an infinitesimal cubic
element as shown in figure 2.3. Due to conservation of angular momentum the
stress matrix can be shown to be symmetric and thereby reduced to 6 indepen-

dent components. Note that in soil modeling it's common convention to define

compression as positive.

Figure 2.3: Infinitesimal stress cube.
From: https://en.wikipedia.org/wiki/Cauchy_stress_tensor/
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Since a stress state must be the same independent of any chosen coordinate
system (Cartesian, Spherical, etc.), this implies that the stress must in fact be a
tensor. Tensors has a special type of linear mapping that ensures that the same
value is represented in any set of chosen unit vectors, also known as bases. From
a tensor one can calculate some values that stays the same for any chosen set of
bases. These values are known as invariants. Examples of invariants in an Eu-
clidean space is length, area and volume. Depending on the tensor there can
be one or more linear independent invariants. Since it’s hard to imagine a 6-
dimensional space, the tensor is often rewritten in terms of invariants and the
corresponding set of unit vectors. This is also known as solving for the eigenval-
ues and eigenvectors.

In material mechanics 01,0, and 03 are invariants and more commonly called
principal stresses. In the principal space the off-diagonal entries in the stress
matrix are all zero. This reduces the situation down to a 3-dimensional space.
The invariants can also be rewritten as linear combination of each other. Some
common invariants are the hydrostatic pressure p, the deviatoric stress g an the

Lode angle 0. A figure of the principal space is shown in figure 2.4.

_ 0O1+02+ 03
p= 3
1
qg=v3J],= \/E'[(01—02)2+(02—03)2+(03—01)Z] 2.1)

1

0=- arcsin(

-3v/3
ﬂ) J3=(01—-p)oz—p)o3—p)

2y (J2)°
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Figure 2.4: Principal space

The hydrostatic axis is parallel to the p-vector and defines an isotropic stress
state. Along this axis there are no shear stresses in the material. Normal to this
line is the deviatoric plane also referred to as the m-plane. In this plane the
shear stresses increases radially from the hydrostatic axis. The Lode angle can
be thought of as an angle between the g-vector and one of the principal stresses
on the m-plane. Depending on the formulation of the Lode angle the geometry
can vary, but a function formulated on the Lode angle will always be symmet-
rical on this plane. Note that under triaxial conditions (o, = 03) the deviatoric

Stress is 4 = 0 qxial — O radiell = 01— 3.
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A computer in general only can handle vector based computations. It’s there-
fore advantageous to describe the stress state as a vector. Using Mandel or Voigt
(Hopperstand and Bervik, 2015) notation a stress vector can conveniently be
used in material calculations depending on the problem at hand.

T
6m:[011 02 O33 \/5021 \/5013 \/5012]
(2.2)

T
' =
= 1011 022 033 021 013 O12

The same arguments can be made for strains. Limiting us to small strain the-
ory the strains can be linearized. In that way energy compatibility is avoided
and the problems are easier to solve since the coordinate system must not be
updated. As for the stresses, invariants for the strain tensor can also be cal-
culated. Some notations for strain and calculation methods (Brinkgreve et al.,

2017) is listed below where u = [u,, u,, us] is the vector displacement in a node.

T
€' =len €2 €3 Y21 Y13 Y12
ou; ..
eii:()_xi where i,jc|[1,2,3]
1 du; Ou;
1= 3G o
€pol = €1+ €2+ €3 =€11] + €22 +€33 (2.3)

2 1
€q= \/5[(611 —€22)* + (€22 —€33)* + (€33 —€11)° + g(ﬁz +Yi5+ 750

2
= 5(61 —€3) when e€,=¢€3

1
qe=1/3J5= \/E[(el — €)% + (€2 — €3)* + (€3 — €1)?]
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2.3 Linear and Non-Linear Elasticity

All materials can for sufficiently small deformations be modeled as linear elastic
due to first-order approximation. This requires that the energy is stored elas-
tically and can be released upon unloading. It also requires that there are no

permanent deformations, i.e. no change in the particle structure.

Since both the strain and the stress tensor is a rank two tensor, this implies
that the stiffness tensor (elasticity tensor in this case) must be a rank four tensor.
By imposing the major and minor symmetry in the elastic tensor one can reduce
the amount of independent entries down to 21. Further reduction requires im-
posing symmetry planes. A material where all planes are symmetry planes are
said to be isotropic elastic and only needs to 2 parameters to be uniquely de-

fined (Nordal, 2014).

Some materials like rubber and soil exhibits nonlinear elastic response for a
larger range of deformation. This means that the stress-strain graph is curved
and stress or strain dependent. One notable model is the Duncan-Chang (Brinkgreve
et al., 2017). The stress-strain curve is described as a hyperbolic function which
implies larger deformations as the stress goes towards a predefined value. An-
other easy way to obtain nonlinear elasticity is by simply multiplying the stiff-
ness tensor with hydrostatic stress p. Examples of linear and nonlinear curves

are shown in figure 2.5

Care must be taken when using nonlinear elastic formulations. If the elastic
strain energy is not properly defined, one might risk a material which generates

energy on a specific load path. Example of this is given by Nordal (2014).
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A Linear elastic

Tlim

Nonlinear elastic

D = const

» €

Figure 2.5: Linear and nonlinear elastic response.

2.4 Plasticity

Yield surface

The yield surface marks the end of the elastic domain and the start of the plas-
tic domain. At this particular point the material starts to plasticly deform and
harden or soften according to the hardening rules. The yield surface has tradi-
tionally been given in terms of stresses since yielding seems to be stress depen-
dent. The yield surface must encapsulate all admissible stress states and can

mathematically be expressed as
Fo,v)<0 (2.4)

where v are state variables influencing the yield surface. In the case of no

hardening or softening there are no additional state variables v.
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Some common yield surfaces in soil modeling is shown in figure 2.6. The
yield surfaces are all fitted to compression and are continuous and symmetric
in the m-plane. The yield surfaces in (a) varies with the hydrostatic axis, while
the surfaces in (b) are mean stress independent. The most well known yield

functions in soil modeling are the Mohr-Coulomb and the Tresca criteria.

(a) Mohr-Coulomb (Inner), Matsuoka & Nakai (Middle), and (b) Von Mises (Outer) and Tresca (Inner) criteria
Lade (Outer) criteria

Figure 2.6: Yield surfaces fitted in compression shown in the z-plane.

During plastic flow the stress state must either stay on the yield surface or
end up inside. The condition staying on the yield surface during plastic flow is

called the consistency condition and can be written as

O g+ {2ZEX2N g, 2.5)

dF:{ oo ov
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Plastic potential

The plastic potential gives the mathematical development of plastic strains dur-
ing plastic flow. The equation is now formally known as the flow rule and can be

written as

deP = d/l{g—g} 2.6)

where d A is a plastic multiplier factor and Q being the plastic potential. In the
case where Q = F the flow rule is said to be associated. It’s generally accepted
that granular materials are in fact non-associated

It's advantageous for both the yield surface and the plastic potential that the
chosen function is sufficiently smooth such that the gradient is well defined.
In the case where there are corner points the stress and especially the plastic
increment can be singular if extra precaution is not taken. Illustration of the

issue is shown in the figure 2.7.

A A
T2 ’ Eg Oy
de” :|_>
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f dﬁp
(a) Tresca (b) Von Mises

Figure 2.7: Gradient on Tresca and Von-Mises viewed in 0] - 033 space.
From Hopperstand and Borvik (2015)
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Hardening

In the case where state variables are present, hardening rules must be defined
to make the plastic development unique. Although the word hardening im-
plies that a material gets stronger with increasing plasticity, a material may also
soften as in the case of highly sensitive clays. The hardening rules combined
together with the consistency condition makes the set of solutions unique, and
a stress or strain increment can be solved numerically if a solution exists.

The easiest way to model hardening is to assume isotropic change in the yield
surface. In the m-plane the yield surface will be scaled equal in all directions
seen from the hydrostatic axis. Some materials exhibits higher strength for one
stress path, and lower in an other after plastic flow. This is called kinematic
hardening or sometimes the Bauschinger effect. This effect is achieved by trans-
lating the yield surface according to the hardening rules.

The hardening rules are commonly formulated based on dissipated energy,
plastic strains or as mixed combination. In the case of dissipated energy both
the stress and plastic strains are used to calculate the hardening evolution. Ma-
terials with limited volumetric deformations are often assumed to harden due to
plastic distortion. In these cases the deviatoric strain can be used to determine
the hardening. An alternative is to use volumetric hardening. It’s also possible
to create material where some state variables are coupled to plastic distortion,

and other state variables are coupled with volume change.
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2.5 Undrained Anisotropic Elastic Effect

Often materials are simplified as being isotropic, which in turn can have a huge
impact on the stress path and consequently the ultimate failure capacity. Janbu

proposed the dilatancy equation 2.7 shown below.

Au=AP+D-Aqg (2.7)

The idea is based on that water cannot carry shear stresses. The change in
pore pressure, either suction or pressure, is caused by a change in the isotropic
mean stress and the deviatoric stress. For an undrained isotropic elasto-plastic
material the volume and shear deformation is decoupled (Nordal, 2014). This
implies a change in the total mean stress will not influence the soil particles
due to constant volume. Shearing can however induce a pore pressure change,
implying the soil particles have been rearranged.

In a p-g plot as shown in figure 2.8 the dilatancy is given directly by the
inclination. Going straight up is an elastic response for an isotropic material.
Any deviation means that plastic deformation has occurred. Meanwhile for an
anisotropic elastic formulation the volume and shear deformations is not nec-
essarily decoupled, meaning that a nonzero dilatancy may give no plastic de-
formation. The implications of the dilatancy is therefor very depended on the
assumption of isotropic or anisotropic elasticity.

In the case of cyclic loading the material will be loaded, unloaded and reloaded.
If the material degradation is thought of as an accumulation of plastic deforma-
tion, then the formulation of the elastic stiffness can have a large influence on

the modeling of degradation.
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Figure 2.8: Initial dilatation shown for isotropic and anisotropic elastic material.

2.6 Stress Update & Numerical Methods

For any stress or strain increment a new state must be calculated. This is nor-
mally done by numerically solving differential equations in each GP. In the case
of Ordinary Differential Equations (ODE) there are several numerical methods
that can be utilized. Depending on the ODE one may use explicit or implicit
schemes. The effectiveness of each numerical approach is highly dependent
on the stiffness (numerical stability) of the ODE. While both approaches can be
used to solve an ODE, the precision and calculation time can be very different.
In general the explicit methods requires small increments such that the answers
does not drift away from the real solutions. While the implicit methods will al-
ways follow the real solutions, the precision may be way off depending on the

increment size.
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The simplest explicit method is the Forward Euler, while more advanced fam-
ily of methods like the Runge-Kutta are also commonly used. A simple analogy
is that the Forward Euler runs towards the ball while the latter methods pre-
dicts where the ball will be. Even though the step increment is given by the FE
program, it’s possible to subdivide the step and increase the precision. Some
methods can even be used to estimate step error like the Runge-Kutta-Fehlberg
(Kreyszig, 2011).

The most well known implicit method is the Backward Euler. Instead of using
the known values to calculate for the next position, an equation is set up with
the unknown on both sides. This implies that a set of equations must be solved
which further increases the computing time. In the case of multiple variables a
Newton-Raphson (NR) methods is typically used. The NR methods requires cal-
culating the gradient (Grimstad and Benz, 2016), also called the Jacobian matrix,
which can be straight forward. The methods also require inverting the matrix,
which can be difficult if not impossible for ill-conditioned matrices.

More numerical methods for calculating elastic and plastic increments can
be found in Concepts and Application of Finite Element Analysis by Cook et al.

(2002).



Chapter 3 Cyclic Behavior & Degradation
3.1 Load Characteristics

For any real physical construction the exterior loads must be transferred to the
ground. A skyscraper, a bridge and even a tree must distribute the forces through-
out the soil. In many cases the load from wind and self-weight can be viewed
as static due to a long load period. In other cases the cyclic load phenomena
cannot be neglected, especially regarding offshore constructions. The irregular
loading from cars driving on a road and waves hitting a construction will mo-
mentarily cause a change in the pore pressure and plastic deformations may
also occur.

The cyclic forces on the soil will wear and tear the soil fabric. If the water is
not allowed to dissipate then a pore pressure will build-up and the soil particles
will lose their friction against one another. This again causes the soil response
to be less stiff and reduces the ultimate strength capacity. On the other-hand if
water is allowed dissipate, the soil can become stiffer and stronger due to com-
paction and consolidation.

The framework presented here has been developed under the assumptions
of offshore conditions, meaning relatively long load periods. Ocean waves has
a duration around 10 to 20 seconds, while a storm can last for many hours (An-
dersen, 2015). Under this assumption the inertia of the soil can be neglected,

meaning the problem can be solved as a quasi-static equilibrium.
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3.2 Undrained Cyclic Behavior

The forces around foundations and piles can be quite complex. Depending on
the load and soil-structure interaction the stress state can be hard to determine.
Although one ideally would want to test a material for all sorts of stress com-
binations, there are physical limitations with doing so. As previously stated in
chapter 2, a stress state can be represented by 6 independent entries. The com-
monly used triaxial test only has three degrees of freedom, and cannot show a
rotation of principal axes. Meanwhile a Direct Simples Shear (DSS) test can in-
duce rotation of principal axes, but the stress state is not explicitly defined and
there are some question regarding the stress uniformity (Wood, 1991). A figure
of the different stress states beneath a Gravity Based Structure (GBS) is shown in

3.1.

-
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Figure 3.1: Simplified illustration of stress situation beneath a gravity bases structure.
From Andersen (2015)
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Although one cannot test a material for any conceivable load situation, many
cyclic tests has been performed with triaxial and DSS apparatus. These tests
lays the foundation for cyclic soil analysis which has been used in design calcu-
lations. Soil samples has been subjected to different conditions. Examples are
changes in loading, cyclic frequency and also deformation. While metal is said
to be mean shear stress independent (EC3), soil is the opposite. This means the
traditional S-N curves used in fatigue calculations cannot be used for soil.

In both apparatus strains, stresses and pore pressure are logged over time.
Since soil is mean shear stress dependent NGI has proposed a method to orga-
nize the cyclic data from the laboratory tests. A half cycle is determined when
the shear stress (or strain for strain controlled tests) returns to the same initial
value. In each cycle the shear stress is divded into an average and a cyclic part.
The same is done for strains. Note that the permanent strains does not neces-
sarily need to be the same as the average strain due to hysteresis as shown in
figure 3.2.

Different cyclic test setups gives different results as can be seen in figure 3.3.
Apart from the initial plasticity developed in DSS (Andersen, 2015), the response
is fairly symmetric. On the contrary the triaxial test does not develop a symmet-
ric response. One explanation is anisotropy. For a given initial stress state, an
anisotropic material loaded in one particular direction may cause more plastic
deformation than going the other way. There might be a certain stress state that
can cause symmetric response, but the situation may also be instable altogether

which causes the response to drift off as is indicated in figure 3.3.
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Cycle 1

Cycle N

Figure 3.2: Illustration of stress-strain behavior after N cycles.
From Andersen (2015)
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Figure 3.3: Various cyclic load conditions performed on Drammen Clay.
From Andersen (2015)
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Though often being modeled as an elasto-plastic material, undrained soil
does in fact exhibit permanent deformation for small stresses upon reloading.
In figure 3.4 the green points represents one cycle for a low cyclic loading. For
small changes in stresses there is generated a small permanent pore pressure
(Andersen, 1976). For repeated cycles the pore pressure will accumulate and
eventually the soil will either fail or reach a stabilization. In the latter case the
soil has gotten used to the cyclic loading and a shakedown is reached (Juspi,
2007). The pore pressure change is then negligible. Increasing the stress will
continue the process of pore pressure accumulation. For larger cyclic shear
stresses the material will fail faster due to higher generated pore pressure and
hitting the failure line earlier.

For a test sample subjected to harmonic loading it can be seen that the pore
pressure and strains varies with time. In figure 3.5 the pore pressure and strains
has been split up into an average and a cyclic part. It’s clear from the figure
that the harmonic loading causes an accumulation of pore pressure and strains.
While the development of strains and pore pressure certainly are interesting, it’s
the permanent trend that is vital in design calculations.

The pore-pressure accumulation may even be more distinct for dense sand.
Often the dilatancy in dense sand is quite strong, causing more plastic deforma-

tions in the material when undrained (Jostad et al., 2015).
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Monotonic

Cyclic

Cycle N \J Cycle 1

Figure 3.4: Montonic and Cyclic failure of soil tests.
From Andersen (2015)
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Figure 3.5: Accumulation of pore pressure and shear strains due to harmonic loading.
From Andersen (2015)
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Tests has shown that it’s not the maximum shear stress that is vital, but rather
the actual size of cyclic shear stress. In figure 3.6 three samples with the same
cyclic frequency and maximum shear stress has been tested under different
stress conditions. It’s clear that a higher cyclic shear stress causes more degrada-
tion in the material. One should also notice that the results shown here are from
a triaxial test, meaning the average shear stress may influence the stress-strain
pattern.

It’s here assumed that cycling the material will primarily cause soil deterio-
ration and thereby plastic deformation. The rearrangement of the soil particles
causes a build-up of pore pressure on average. Higher cyclic shear stress gives

more degradation while lower shear stress gives less degradation.
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Figure 3.6: Triaxial results from Drammen clay subjected to the same maximum shear stress.
From Andersen (2015)
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3.3 Development of Cyclic Contour Diagrams

For the development of cyclic contour diagrams, a lot of tests are needed. The
static-monotonic failure tests serves as a reference line for the contours. For
each cycle a dot can be determined in the diagram as shown in figure 3.7. The
position of the dot is given by the average and the cyclic shear stress, which
may be normalized. In addition the dot is also given an average and a cyclic
shear strain. From all the available dots one can try to estimate which lines that
corresponds to a constant average strain. The same is also done for the cyclic
shear strain. This creates a grid-like figure as shown in figure 3.8 for a given
cycle.

The same procedure can be repeated for each cycle. Thus the axis coming
out of the plane is the cycle number. Seen in a 3D-space the full soil behavior

can be observed. The same can also be applied to pore pressure.
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Figure 3.7: Contour diagram of DSS tests. Each dot represents one DSS test.
From Andersen (2015)
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The cyclic contour diagrams reveals a lot of information. Firstly it can be seen
from the triaxial tests that the contours are effected by the strength anisotropy.
Secondly it can be seen that moving vertically up in the diagram means that
both the average and the cyclic shear strain must change. Thirdly the outskirts
of the diagrams represents plastic failure. At these lines the strains are deemed
too large to be acceptable.

Ideally a soil model should be able to replicate the contours. However achiev-
ing a perfect fit with the DSS contours and the triaxial contours may prove diffi-
cult. And even though if a model could simulate a perfect match, a stress situa-
tion which is neither DSS nor triaxial might be entirely wrong.

Depending on the soil modeling approach there are two viable options. One
way is to try to create one or two coupled soil models to describe the cyclic con-
tours. This means a fit is made for triaxial or DSS, and afterwards the other one.
Ideally this should give sensible results in a boundary value problem and be
the most accurate. A potential issue with this approach is that the soil models
might not be generalized enough or they might be too little restrictive. Alter-
natively one can try to model the main features observed in the contours. The
verification will then be exclusively based on the boundary value simulations.
Even though the cyclic contours don'’t agree entirely, it may all-in-all give a good

sensible solution
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3.4 Stress vs Strain controlled testing

The cyclic tests can either be done stress or strain controlled. Each setup will
give different cyclic contour diagrams. The evolution of stress or strains will
also be entirely different as one would expect. Irregardless of the test setup, the
material will still degrade. The main difference is the degradation rate.

In figure 3.9 a comparison of the two methods are shown. In the stress con-
trolled setup the shear stress is constant while the shear strains increases for
each cycle. For the strain controlled test the shear strains are constant, but now
the shear stresses reduces with each cycle. By comparing the energy density one
can see that in the stress controlled setup the energy increases with each cycle.
The strain controlled test will however have less energy stored in each cycle. The

energy density comparison is shown mathematically in equation 3.1 and 3.2.

T = CONSE Lo N

/

>
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(a) Stress controlled (b) Strain controlled

Figure 3.9: Stress-strain curves for cycle N and cycle N+ AN
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Stress Controlled

Strain Controlled

(3.1)

(3.2)

If the degradation is a function from the energy density, then the evolution of

degradation will consequently be entirely different. This is shown in figure 3.10.

It shows that the strain contours are steeper for higher stresses when strain-

controlled. This is caused from having different stress-cycles paths. For lower

constant strains the two methods give more similar results.

One question is whether or not the actual degradation around a structure is

stress or strain controlled. NGI has claimed that stress-controlled is the best

representation when exterior load is present (Andersen, 2015). The load can

then be directly correlated to the stresses. It has also been suggested by Cai

(2015) that due to redistribution of stresses the situation may actually be closer

to being strain controlled.
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3.5 Design Calculations

The principle idea for cyclic design calculations are that the accumulation of
degradation can be expressed in an equivalent amount of cycles. A low cyclic
shear stress with IV cycles should give the same effect as for a higher cyclic shear

stress with fewer cycles called N,,,.

The method is best shown with an example. In figure 3.11 the pore pressure
cyclic contour has been determined for a soil material. Assuming the average
shear stress is zero one gets the cross-section as shown. The load is by some
method divided into constant cyclic load parcels, meaning there are certain pre-
defined shear stress levels with NV amount of cycles in each parcel. Assuming the
material is completely undrained and no correction are made to the pore pres-
sure, cycling from A to B will create an excess pore pressure in the soil for a given
load. If one now were to increase the load, then the excess pore pressure would
have to stay the same. In other words the contour line is followed up to the next
stress level, denoted as C in the figure. This implies going from A to B should
give the exact same effect as going from E to C. The next load parcel would start
at point C and then move to point D. The pore pressure has now increased due
to accumulation. Afterwards one follows the contour lines up to the next stress
level and the process is repeated until the last load parcel or failure has been

reached.

For the strain accumulation principle the same methodology is adopted. In-
stead of using the pore pressure, cyclic strain contours are used. Each load par-

cel causes an accumulation of cyclic shear strain. Since a change in just the
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cyclic shear stress causes both average and cyclic strains, a correction is made
with the accumulation. Andersen (1976) proposed that the stress-strain curve
from the first cycle could be used. The change in strain followed by the stress
jump is simply added to the accumulation for N = 1. So instead of ending up in
point C, extra strain is added such that the new point is now G. It’s also stated
that this method has been successful in predicting permanent strains for vary-

ing cyclic stress.
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Figure 3.11: Principle of equivalent degradation accumulation.
From Andersen (2015)
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In the case of partly drained conditions the soil will dissipate water during
the cyclic loading. In this case the model is tweaked by assuming that some
of the water is dissipated. So instead of ending up in point C one now ends
up in point F. The effects from cyclic degradation are now less since the pore
pressure is lower. By assuming that each load parcel is done undrained the same
procedure as described above is calculated and thereafter the correction is done.
Alternatively dissipation can occur meanwhile a load parcel is going on. In this
way the correction is done prior to following the contour up to the next stress
level.

In triaxial contours the pore pressure is normally also corrected. It’s stated
that only permanent pore pressure are of interest. Therefor the pore pressure is
corrected by subtracting the total octahedral normal stress, Ag ;. This is sup-
posed to make the diagram independent of the average shear stress (Andersen,
2015).

Although these two methods have commonly been used in design calcula-
tions, they might not be good methods for calculating the soil degradation. In-
stead one might imagine that the cyclic contours are derived from the degrada-
tion process. Assuming that the main principle holds true, it should be able to

draw contours based on the change in degradation.
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3.6 FE analysis with cyclic contour diagrams

Based on the cyclic contour diagrams, a FE method called UDCAM has been
proposed by Jostad et al. (2014). Prior to doing the calculations the cyclic con-
tours must first be determined. Later points on the contour diagram are digi-
tized as matrices and stored in a file. This is done for a few selected cycles. The
files along with some input parameters are used in the subsequent calculations
Grimstad et al. (2012). The degradation is calculated based on the strain ac-
cumulation principle. The dots are linear interpolated, and the emphasize on
triaxial or DSS is determined from a ratio of the vertical and the second invari-
ant of the deviatoric strain. The ratio is then used to determine the shear stress
based on an elliptical interpolation of the DSS and triaxial stress state.

The procedure described above has been verified by several models and is
commonly used by NGI in offshore structure design. The main drawback with
this method is that the calculation procedure is labour-intensive. It also requires
the establishment of cyclic contour diagrams, which in reality requires a lot of
test samples (although correlations exists). In addition the method gives no in-
sight in the material behavior since the cyclic effects are predetermined.

Jostad et al. (2015) has also proposed a method for partially drained soils
called PDCAM. Unlike the other model, the average material is effective stress
based. In this way pore pressure dissipation may occur. The model also requires
the cyclic contour diagrams for pore pressure given for some selected cycles and
additional parameters. The model share similarities to the Mobilised Friction

Model and the high cyclic accumulation model for sand (Jostad et al., 2015).



Chapter 4 Average Model

4.1 Purpose of Average Model

The average model can for all intents and purposes also be regarded as a static
model. The model can be time dependent (i.e. viscoplastic) or simply elasto-
plastic. The main idea is that the average model has a state variable which ac-
counts for the soil structure. This variable can be thought of as a health bar
for the material and is initially 100%. When the material is subjected to cyclic
loading the material will lose its structure and will ultimately be complete re-
moulded with 0% health left. Although the material is completely remoulded
there will always be an intrinsic strength capacity (Burland, 1990) regardless of
the actual initial structure. Another approach could be to view the structure
parameter as a measure of resistance. A high value will give a lower plastic re-
sponse. As the structure approaches zero the plastic response can increase.
With the average soil model one may calculate settlements, consolidation,
ultimate bearing capacity and etc. When subjected to cyclic loading the exterior
load is thought to be divided into an average part as shown in figure 4.1 and
a cyclic part. Though the average and cyclic calculations are done in different
phases in a FE program, the two situations actually occur simultaneously. It’s

therefor necessary to iterate between these two models.
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Figure 4.1: Average load determined from a periodic load.

In certain materials like for an instance sand, drainage can happen during
cycling. If the soil model is an effective stress model then consolidation can
be calculated for the corresponding amount of cycles by assuming a constant

angular velocity for the load.

4.2 Structure in Average model

Soil out in the nature has been deposited over time and subjected to weather-
ing processes, creep due to self-weight and maybe even cementation because
of chemical processes. It’s believed that the soil particles will get a special orien-
tation during deposition (Burland, 1990). The arrangement of the soil particles
and the anisotropic stress state caused by the self-weight will in general make
the material response anisotropic. This effect can be achieved in soil models by
introducing a rotational tensor, sometimes called a fabric tensor. By describing
the yield surface in terms of stresses and the fabric tensor one can create rotated

yield surface as shown in figure 4.2 (a).
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Figure 4.2: Tllustration of degradation in p-q space and isotropic compression. The yield
surface is initially the one denoted static and shrinks towards the intrinsic surface as plasticity
increases.

From Yin and Karstunen (2008)

Even though a fabric tensor is introduced, the soil model cannot simulate the
softening that is observed in soil tests. To achieve this effect a hardening rule
is introduced to cause degradation in the material. The soil is given an initial
structure, yo, and will during plastic flow decay to zero. This causes the initial
yield surface to shrink towards an intrinsic yield surface as shown in the figure
above. If the material is now unloaded and reloaded the response will be much
softer due to remolding as shown in figure 4.2 (b). The simplest form of model-

ing destructuration can be achieved by using the following equations

F=F(a,p) 4.1)
P =1+ 0D, (4.2)
e o 22120

where a and b are fitting parameters (Rgnningen et al., 2014). Note that the

structure and fabric tensor is independent of each other.
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4.3 Modified Cam-Clay with Destructuration

The Modified Cam Clay proposed by Roscoe and Burland (1968) is a model
based on the concept of Critical State Soil Mechanics. A critical state is reached
when there are no changes in the effective stress or in volume for large shear
strains. In contrast to many other material models it uses volumetric harden-
ing. The yield surface is an ellipsoid in the principal space and is determined
from the Critical State Line (CSL) and the preconsolidation stress. The inclina-
tion of the CSL is calculated from the residual (intrinsic) Mohr-Coulomb friction
angle, while the preconsolidation stress is normally given indirectly as the Over-
Consolidation Ratio, OCR. Key parameters are the compression index A and the
swelling index k. These values are determined from triaxial isotropic compres-
sion or indirectly from an oedometer test. For simplicity the model is assumed
to be associated, meaning the plastic potential is the same as the yield surface

shown in figure 4.3.
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(a) Isotropic compression. (b) Yield surface in p-q plane.

Figure 4.3: Graphical formulation of Modified Cam Clay.
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Even though it’s possible to simulate softening with the Modified Cam Clay
model, the effects are not in the same scale as observed in laboratory tests. To
capture the wanted effects it’s necessary to include destructuration in the soil
model. By utilizing the equation listed in subsection 4.2, the Modfied Cam Clay

can model more distinct softening. First off the yield surface is rewritten as

F=q*-M*p'(p,,(1+y) - p. (4.4)

Secondly the degradation rule must be defined. Here the same equation as

proposed in the Geofuture soft clay model will be used, which is

%=—X'5M(g—§)2+w2§(g—§)z (4.5)

where ¢ controls the absolute destructuration rate and w tells how much devia-
toric shear influences the destructuration rate. The effects of including destruc-

turation in the Cam Clay model is clearly shown in figure 4.4.
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Figure 4.4: Comparison of Modified Cam Clay with and without destructuration.
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4.4 Geofuture Soft Clay Model

It has long been known that the soil behavior is controlled by the effective stresses.
Many effective stress models has over the years been proposed, some with greater
success than others. The complexity of soil mechanics makes it difficult to cre-
ate amodel that’s completely accurate and easy to use. Anisotropy, non-linearity;,
creep, destructuration, load hysteresis, drainage and high small strain stiffness
are all common features observed in soil tests. The simplest models can be great
at describing a special feature of interest. While more complex soil behavior re-
quires more advanced models, often at the cost of many fitting parameters. For
the working engineer it’s better when the input parameters are easily obtained

and has a clear causality in the model.

It’s the goal of Geofuture Soft Clay Model to be capable of simulating natu-
ral soft Scandinavian clay. Even though the model is effective stress based, the
input parameters is of the total stress type. From field measurements and lab-
oratory tests one can determine key parameters that can easily be interpreted
and afterward used directly in the model. Based on these input parameters, fit-
ting variables are determined for active and passive undrained triaxial tests by

the model. Hence the parameter for structure is given indirectly by specifying

STXC

the undrained compression shear strength at 20% strain, S,,, "

The model features isotropic mean stress dependent elasticity, anisotropic
yield! surface of the Lade type criteria as shown in figure 2.6 (a) and can be as-

sociated or non-associated. The yield and potential surface may rotate during

ISince the model is visco-plastic there are actually no yield surfaces, only reference surfaces. It's here simplified
to be the same although theyre not.
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plastic flow and will reach a steady state for large shear strains. Destructuration
and hardening of the intrinsic yield surface are also included. Another key fea-
ture is volumetric creep of the Janbu type formulation. This makes the model
visco-plastic since it’s time-dependent. For more in-depth description one is
referred to the user manual for Geofuture soil model (Renningen, 2017).

The destructuration is in this model coupled together with rotation of the
yield surface. As previously mentioned the yield surface and the plastic poten-
tial will rotate during plastic flow until a steady state is reached. The rotational

hardening function for the yield surface is written as

dBa _ 1 p _
Al 1+ y (Ba,c—Ba) (4.6)

where p is the absolute rotation rate, B, being the rotational tensor for the yield
surface and B, ; the rotational tensor at steady state. During plastic flow y will
decrease towards zero while p,,; will increase according to the hardening rules.
A large structure y implies that there will be a smaller change in rotation and
vice versa for a low value. Often followed by a rotation is more plastic strains.
It’s here proposed to use a cyclic degradation material model coupled with
the Geofuture soil model. Together it might be possible to simulate the cyclic
degradation explicitly. The structure y, and the average stresses if needed, is
passed to the cyclic material model. Due to some cyclic degradation rule in
the cyclic model, the structure will be reduced and will cause a change in the
average model. After a few iterations both models should converge to a steady-
state, but now with some plastic deformation. In that way the Geofuture Soft
Clay model would be extremely versatile since it could also be used in situation

where cyclic loading also is important.






Chapter 5 Cyclic Model

5.1 Purpose of Cyclic Model

The cyclic soil model is primarily meant to deteriorate the structure from the av-
erage model. By cycling the material the soil particles will be shaken and moved
around, which causes loss in structure. Depending on the average model for-
mulation the loss of structure may decrease the yield surface, make the yield
surface more susceptible to rotation or perhaps even both.

It’s here assumed that an irregular load can be transformed into load parcels.
In each parcel the cyclic load is considered constant and acts for a given amount
of cycles. The transformation can be visualized in figure 5.1. In the cyclic model
only the cyclic load amplitude is of interest. In reality the load varies back and
forth and thus also the soil. Therefor the overall response in the cyclic model

should be symmetric or antisymmetric depending on what is measured.
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Figure 5.1: Transformation of transient load to load parcels.
From RISUENO et al. (2013)
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How to create an explicit cyclic degradation model is currently uncharted ter-
ritory. Here one is trying to take a shortcut by explaining the major permanent
effects caused by cycling. It’s therefor proposed here to start with simple mod-
els. An important feature in the model is the degradation formulation. As previ-
ously stated the load can be simplified as a constant that acts over a duration of
time. The longer the duration, the more soil degradation occurs. The soil should
also be weightless, so that the bearing capacity is only taken care of by the aver-
age part. It’s also reasonable to assume undrained conditions during the cyclic
phase due to the short time frame.

The easiest cyclic models are either formulated as entirely elastic or elasto-
plastic. The important issue is how the degradation is calculated. That being
said, the model should soften with increasing strains. In that way the stress is
distributed downward in the soil as expected (Matlock, 1970). The simplest so-
lution is using just a non-linear elastic model. Then the stresses and strains can
be used to define the degradation. By introducing plasticity, new variables are

introduced and can be used in degradation calculations.
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5.2 Mathematical Description of Cyclic Contours

To mathematically describe the cyclic contour diagrams correctly it is, in the
authors opinion, necessary to create a Partial Differential Equation (PDE). Given
the complexity of formulating and solving a PDE it's much easier to try solving
for one plane at a time. If one assumes that the average and cyclic stress plane
is independent of the amount of cycles N, then the problem can be simplified

and formulated as

f(Ta;Tcy;N) = g(Tcy;Ta) : h(Tcny)- (5.1)

In this case the average and cyclic stress plane, g(7.,,7,) (figure 3.8 (a) & (b))
is simply scaled down with the increasing amount of cycles. The cyclic stress
and cycles plane h(t.,, N) (figure 3.11) will have to be a function that decreases
with the amount of cycles. Note that a point in the cyclic stress and cycles plane
can be explicitly defined by two of three parameters 7.,, N and y.,, while the
average and cyclic stress plane can be defined by two out of four parameters
Teys Tay Yey and Y.

Looking at the the cyclic stress and cycles plane, h(z.,, N), the contours will
vary whether the pore pressure or cyclic strain is drawn. They will also be mate-
rial dependent. The contours can be mathematically described by establishing

an Ordinary Differential Equation (ODE) on the form

dt.y
dN

= h(t¢y, N). (5.2
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Solving the ODE gives a family of solutions (Kreyszig, 2011). One contour line
is explicitly defined when a boundary conditions is given. This can for an in-
stance be given by the cyclic stress-strain curve from the first cycle. One should
also note that it’s possible to create contours with a double curvature that ap-
proaches a steady state as shown in figure 5.2. For more complicated curva-
tures one might be forced to use a second order ODE. However this means two
boundary conditions are needed which further complicates the problem.

Prior to cyclic loading there is an average stress and strain. Once the cycling
commences there will also be a cyclic stress and strain. This implies an itera-
tion between the two material models is needed to determine the location in
the average and cyclic stress plane. If h(7.,, N) is determined for zero average
stresses and assuming 7., is not defined by the average plane, a bold simplifi-
cation can be done. By letting 7, be predefined from the average model, then
8(T¢),T4) = g(1,4) can be viewed as a scaling function dependent on 7,. In this
way the anisotropic effect and the variation with 7, can easily be included. Ex-
amples of g(7.y,7,) limits are shown in figure 5.3. In both cases an ellipse has
been scaled and rotated to look similar to the contours in figure 3.8. A more
refined method would be to introduce strain-cutoff for y, > 15%, making it pos-

sible to create functions more similar to the cyclic contours.
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Figure 5.2: Direction plot of y' = y — y? with some level curves.
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Figure 5.3: Average-plane scaling functions.
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5.3 Simple Cyclic Material Model

It’s here proposed to use an isotropic non-linear elastic model of the Duncan-
Chang formulation. A Von Mises yield surface has been included, although it
should never be needed since the strains approaches infinite in the elastic re-

gion (i.e. no energy dissipation)'. The non-linear elasticity has been introduced

by setting:
! K 0 €vo
Pl T (5.3)
q 0 3G €q
K — oo (5.4)
E q
G==-(1-— 5.5
3 ( 28”) (5.5)

The stress-strain curve for this formulation is shown in figure 5.4 for S, =
50 and E = 200. The material is initially stiff and soften as it approaches the
specified threshold. This is similar to the response for a pile as the one used in

P —Y calculations (Matlock, 1970).
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Figure 5.4: Cyclic stress-strain curve from the first cycle.

!n fact the yield surface is disabled in the Fortran code since it caused numerical issues when inverting the
Jacobian matrix.
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Based on the information given in section 3.2 & 3.4 it’s here assumed that
higher cyclic stresses causes more degradation. As the number of cycles in-
creases the degradation rate reduces. This is illustrated in figure 5.5 (a). A similar

contour has been expressed as an differential equation on the form
dtc, —atgy
dN b+cN

(5.6)

and is shown in figure 5.5 (b) for some loosely fitted parameters. In this case
the parameters has been set to a =2,b =1 and ¢ = 10. The contours shown in
the figure has been determined from the curve in figure 5.4. For an instance the
15% contour level has been determined by using the shear stress in the stress-
strain curve (red asterisks in the figure) as a boundary condition in the differen-
tial equation. For simplicity the average contribution has been ignored, mean-
ing

f@aTey, N) =81y, Ta) - h(Ty, N) (5.7)
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Figure 5.5: Degradation rate and contour development.
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To capture the degradation feature as described above it has simply been
stated here that the degradation is the same as the vertical component of the
gradient of equation 5.7. This can be expressed as dy = a-d1.,, where «a is a
fitting parameter. Increasing the stress implies higher degradation, and as NV in-
creases, the degradation rate decreases. The degradation accumulation of each
load parcel is calculated as

Neg+AN NegtAN d ., (T oy n=1, N)

Ay = dy =
= e, = e, AN

dN. (5.8)

Based on the specified formulation some simple simulations has been car-
ried out in Matlab. The first load is supposed to represent an idealized storm
load. For calculating N, it’s been assumed that one can simply follow the con-
tour line up to the next stress level. Two tests of constant cyclic load has also
been carried out. The material has been cycled with 5% and 80% of the given
Su. Lastly one test was meant to simulate strain-controlled cycling. Here the
cyclic strain was set to constant y., = 15%.

The simple model is able to capture the wanted effects as shown in figure 5.6
for @ = 0.3. The degradation rate reduces as the amount of cycles N increases.
Low cyclic shear stress causes negligible destructuration as is expected. Both
the high cyclic shear stress and the strain controlled test causes a lot of degra-
dation in a short amount of time, but the high stress test was stopped earlier
due to large strains. The strain-controlled test can on the other-hand can go on
for quite some time and will cause higher degree of degradation. The idealized
storm also shows that each time the stress is increased, the degradation rate also

increases.
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Figure 5.6: Accumulation of degradation for different cyclic loading.

The main principle idea that the degradation can be expressed for different
stress levels with an equivalent amount of cycles, N,4, requires some extra con-
sideration. It’s clear that following the contours up to the next stress level will
not be possible if there’s a large stress jump. Figure 5.7 shows that even for small

stress changes, some error is introduced. A remedy is to calculate the equal

= f dX
Tcy,0 1

amount of stress degradation as

N
Jy o
1

(5.9)

Tcyl
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Figure 5.7: Different stress paths ending up at the same contour level does not give the same
degradation.

Even though the equation in 5.9 can be used to calculate N,,, there might still
be some issues. Given Ay is known after some cyclic loading, then calculating
the NV, that corresponds to the same degradation might be impossible at a low
stress level. One example is first cycling at a high stress level and afterwards
cycling at a low stress level. This may require N,, — oo if not an appropriate
ODE is selected in the first place. Yet another simplification can be to introduce
a cut-off. If N,; > N,,,, then the degradation can be assumed to be zero. This

way one avoids the risk of numerical issues.
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5.4 Further Thoughts on Degradation

If one assumes that equation 5.9 is true, then there should be an explicit way to
express the degradation caused by cycling. In section 3.5 two methods proposed
by Andersen (2015) is shown. Both methods uses the cyclic contour diagrams to
calculate the accumulated degradation. One should also remember that both
methods has also been verified with laboratory tests to a satisfying degree. It’s
therefor reasonable that a degradation equation can come from studying the
cyclic contour diagrams.

An alternative approach might be to think of the problem as an energy is-
sue. Since the material prior to cycling has an initial structure, the degradation
at N = 1 must be zero. Irregardless of the cyclic history, a certain amount of
degradation will occur, where higher penalty is given for higher stresses. For a
potential field this means the degradation contours must be tightly packed for
increasing 7., at N = 1. Alternatively the problem might be formulated as a
non-conservative field, something that implies the degradation is in fact stress

dependent.

Figure 5.8: Thought experiment of degradation as a potential.






Chapter 6 Python Framework
6.1 Whatis Python and why Python?

When solving a problem, using the right tools makes all the difference. The same
is true for programming. There are different levels of programming languages.
The low-level languages focuses on the bits and bytes, and is more closely re-
lated to binary code than an actual spoken language. High-level languages on
the other-hand has greater focus on being more self-explanatory for humans.
Though this often comes at greater cost of language precision for computers.
Python falls into the high-level category and is often used as an introduction to
programming due to it’s versatility and simplicity.

Python is an interpreted language, meaning that the machine code is com-
piled every time a script is run. The benefits are that the code can be written
once and run on any platform so long as an compatible interpreter is installed.
Due to Pythons popularity most platforms supports it. In bare essentials Python
is free and there are many external libraries that also are free. Some libraries
requires a paid license when used for commercial purposes. The language sup-
ports different programming styles like functional and object-oriented program-
ming. It’s also worthwhile mentioning that there is a large and growing commu-
nity, and finding active forums & tutorials are readily available.

Some FE programs even has built-in Python support. Examples are Abaqus,

Ansys, OpenFOAM and PLAXIS. While some projects will be better off without
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Python, others can benefit greatly from it. Repetitive, labor-intensive input to
the FE model can in many cases be fully automated in a script, although it re-
quires some extra consideration regarding the design of the model. It may also
minimize unintended mistakes and speed up the whole process.

In the development of the Python framework the following libraries has been
used: PyQt4, os, subprocess, imp, ctypes, time, NumPy and matplotlib. Note that
PyQt4 is based on the QT GUI framework and might require licenses for both

depending on the distribution and commercial application.

6.2 Python and PLAXIS

In PLAXIS a Python wrapper has been created which allows for Python com-
mands to be sent to PLAXIS. This feature is only available for VIP licenses. To es-
tablish a connection between Python and PLAXIS a server must first be opened
and started in PLAXIS. This allows PLAXIS to be controlled by exterior programs.
The information is sent via HTTP based API (Brinkgreve et al., 2017) so the server
does not have to be on the same computer as the script. In the Python script a
boilerplate code provided by PLAXIS must always be included. This code es-
tablishes a connection to the PLAXIS server and imports the necessary libraries.
When the script is run, two variables are returned from the boilerplate code. The
first variable represents the PLAXIS Input Application program and can be used
to create new projects. The second variable represents the actual model in the
project, also called the global object, and is the most used variable. The second

variable will hereby be denoted as p1xModel.



6.2. PYTHON AND PLAXIS 63

Once a connection is made one can control PLAXIS as a marionette pup-
pet. To check which value or settings that is assigned one must query PLAXIS
by either checking the actual value or by listing (dumping) all the available in-
formation related to the given object. The commands in Python are similar to
the once shown in PLAXIS Input. Whenever something is done in the model,
the corresponding PLAXIS command will be listed in the Command line. An

example with the __dump command is shown below in figure 6.1
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Figure 6.1: Command line in PLAXIS with the command __dump invoked.

Inserting a borehole at x = 3 and setting the groundwater-level to y = 0 re-
turns two sets of commands. These commands and the Python equivalent is
written below. Remember that p1xModel is the second variable from the boiler-

plate code and contains information of the actual model in the project.

PLAXIS: _borehole 3
PLAXIS: _set borehole.Head O

Python: plxModel.borehole(3)
Python: plxModel.set(plxModel.boreholes[0].Head, 0)
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The variable p1xModel which is a global object contains attributes, construc-
tors and methods, as is often the case in object-oriented programming. At-
tributes are placeholders for information like text or numerical values. The con-
structors are used to create new objects from classes (blueprints), while the
methods are used to interact with attributes (Horstmann, 2013).

The command plxModel.borehole (*) is a constructor that creates new bore-
hole objects. Typing the same command creates new boreholes which is added
to a list. The groundwater-level is an attribute stored in an unknown variable
and cannot be change directly. By using the method plxModel.set (*) one can
change the attributes in an object. Each object when created is given an ID
which tells where in the computer memory it can be found. If a new variable
is created when the object is constructed, then the variable can be used as a
reference. Otherwise one may use the list where all the similar objects are con-
tained. The method shown below gives the same result as above. Notice that

plxModel is not necessary when the object location is known.

newVariable = plxModel.borehole(3)
plxModel.set (newVariable.Head, 0)

In PLAXIS all lines, loads, points, phases, soil, materials and etc. are consid-
ered objects. Creating objects and changing attributes are similar to the meth-
ods shown above. A particular phase object can be found in a list of phases
plxModel.phases[#value] and anew phaseis created after the referenced phase

when the command is called. The new phase will be stored in the same list.

i = 2 # In Python this is the third item in the list!
newPhase = plxModel.phase(plxModel.phases[i])

newPhase == plxModel.phases[-1] # This is true
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Some attributes are public, meaning they can be changed directly without
invoking any methods. Though some attributes and methods requires that the

correct mode is chosen.

plxModel.gotomesh () # Mesh mode must be selected prior to meshing
plxModel .mesh (0.06)

plxModel.gotostages ()
loadPhase = plxModel.phase(plxModel.phases[-1])

loadPhase.Identification = "Generate stress' # String
loadPhase.TimeInterval = 10 # Value
loadPhase.Deform.ResetDisplacementsToZero = True # Logical

There are two ways to access the attributes stored in an object. As previously
shown it is possible to dump all the available information. The more subtle ap-
proach is to use the method plxModel.echo(). This returns a formatted text

containing the information stored in the attribute.

plxModel.TimeInterval.dump() # Returns a lot of information

plxModel.TimelInterval.echo() # Returns one text (string) line

The easiest way to learn new commands is to simply do the action in PLAXIS
Input and afterwards interpret it to Python code and test it. PLAXIS provides a
Command Reference Manual that can be found in the tab Help. The commands
is written for PLAXIS and must also be interpreted and tested in Python. Lastly
it'’s also possible to query the objects, methods and attributes for information
with the built-in functions in Python. Normally Help (arg) will be documenta-
tion of the selected argument (arg). It turns out that the Python documentation
is a bit lacking. Another Python function is the dir(arg). It returns a list of

attributes and methods available in the object!.

! Actually it returns a string with the scope of the argument.
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It’s also possible to view and collect the calculated results with Python. The
results can be further evaluated in Python, which also is an excellent tool for
plotting results. It's highly recommended to read and go through the examples
given in Appendix D in the reference manual of PLAXIS 2D (Brinkgreve et al.,

2017).

6.3 Examples of Python usage in PLAXIS

When a new soil model is created it’s recommended practice to test the model
on a boundary problem. Different calculations can be of interest, like for an
instance ultimate bearing capacity, settlements & creep and active & passive tri-
axial tests. The latter example can be simplified as an axi-symmetric problem
with close enough resemblance in 2D. Writing scripts used in benchmarking al-
lows for quick testing of new and existing material models.

An example of ultimate bearing capacity is shown below. The code is writ-
ten in an object-oriented style and is based on the example "A class that can be
used to quickly create simple projects" in Appendix D in the reference manual of
PLAXIS 2D (Brinkgreve et al., 2017). The class BearingCap in the shown script
creates a predefined model with a plate and high load. The new class TestUSR
inherits everything in the ElemTriaxialTest class. The only change done in
TestUSR is the selected material. In this way it’s a simple matter of changing
the material or material parameters, which can also be done in the script. The

model and failure mode is shown in figure 6.2 and 6.3.
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import sys, os
import numpy as np

from matplotlib import pyplot

from bearingCap import BearingCap, run

class TestUSR(BearingCap) :
pass
def apply_soil_material(self):

mnonn

Text displayed when help(TestUSR.apply_soil_material) is called

nnn

MATERIAL_PARAMETERS = [

(’MaterialName’, ’Userdefined Material?’), (’Colour’, 10676870),
(’SoilModel?’, 100), (’DrainageType’, ’Drained’),
(’gammaUnsat’, 20), (’gammaSat’, 20),

("InterfaceStrength", 1), ("Gref", 1), ("cref", 1),
(’UserDLLName’, ’usrmod.dll?’),

(’UserModel’, "Geofuture soft clay model"),

(’User1’,50), (’User2’,20), (’User3’,100),

(’User4’,500), (’User5’,0.5), (’User6’,0.35),

(’User7’,0.4), (’User8’,0.1), (’User9’,28),

(’User10’,0.7), (’Useri11’,1.2), (’User’, 2.3),
("KOPrimaryIsKOSecondary", True),("KODetermination", 0),("KO",
]

soilMaterial = self.model.soilmat (*MATERIAL_PARAMETERS)

for soil_layer in self.model.Soillayers:

self .model.setmaterial(soil_layer, soilMaterial)

if __name__ == ’__main__"’:

run (testUSR) # Execute script when run in Python

0.

6)
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Figure 6.3: Incremental displacement at failure.
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6.4 PyQt4 GUI

Often the popularity of a program or an application depends on whether or not
it’s intuitive. While a computer code may produce extraordinary results, the us-
age of the code may be severely delimited due to lack of knowledge. It’s not
reasonable to expect that the end user has a background in programming. It’s

therefor the programmers duty to ensure that the code can be reused by others.

One way of achieving this is by using a Graphical User Interface (GUI). The
flow of a program can be more easily understood and can in many cases make
the program self-explanatory. The end user can focus on input and output that
follows. The programmer can on the other-hand control what is, and isn't al-
lowed to do in the program. In that way the user must not search through am-

biguous variable names in the code to change a certain setting.

Several GUI libraries exists for Python. Some are free while other requires
a license for commercial purposes. It’s here proposed to use the library PyQt4
or PyQt5. For free open source software and educational purposes no licenses
are needed. PyQt provides bindings to the cross-platform Qt framework, which
mainly uses standard C++ code. Both PyQt and Qt has good documentation and
forums for Python or C++ can be used to solve Qt problems after some experi-

ence with the syntax.

Ideally the GUI design should be done in code. This ensures that the program
is optimized, when done correctly. The code presented here is object-oriented
since it makes more sense to do so when a program is event-driven, meaning

the flow of the program is determined by the user actions like mouse clicks, key
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press and scrolling (Horstmann, 2013).

The figure 6.4 below shows a GUI window created from a Python script. The
GUI is created from a Window class and is run until it’s closed by the user, as
stated in sys.exit (app.exec_()). The class has three functions defined. The
__init__(self) function sets up the window, changes text, icons and calls

init__ () ensuresthat the

self.initialize(). The super (Window, self).
object ID can be referenced as self, regardless of the object name (which in
this case is GUIobject). The self.intialize creates a button and a link to the
self.exit_gui. Whenever the GUI registers a mouse click on the button, the

function self.exit is called and closes the GUI.

@ PyOt test! b — O x

Exit GUI

Figure 6.4: GUI window created by the Python code.
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import sys

from PyQt4 import QtGui, QtCore

class WindowClass (QtGui.QMainWindow) :
def __init__(self):

super (Window, self).__init__Q)

self.setGeometry (50,50,500,300)
self.setWindowTitle ("PyQT tutorial 3!")
self.setWindowIcon(QtGui.QIcon(’ntnu.ico’))

self.initialize ()

def initialize(self):
btn = QtGui.QPushButton("Exit Gui'", self)
btn.clicked.connect (self.exit_gui)
btn.move (200, 120)

self.show ()

def exit_gui(self):
print ("Text written in Python shell")

self.close ()

def runGUI():
app = QtGui.QApplication(sys.argv)
GUIobject = WindowClass ()

sys.exit (app.exec_())

runGUI ()
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A simpler approach is to use the Qt Designer program which is displayed in
figure 6.5. This allows for rapid creation of the designs. Layouts, buttons, labels,
sliders and many more GUI widgets are simply dragged out onto the window.
Each widget (like a button) has many attributes that can be edited in the Prop-
erty Editor. The Qt file is saved as XML code with the file-extension .ui. PyQt4
provides an interpreter pyuic4 which can be used to interpret the XML code to
Python code. Another solution is to reference the .ui file directly in the Python
script as shown below. This gives no control over the created GUI code, but

modifications in the design can easily be done with Qt Designer afterwards.

G Ot Designer s - m} x

o
=Y

File Edit Form View Settings Window Help

D P O BERE MEWEE

ooe

Widget Box 8 x Object Inspector g X
@ Mai untitled® ==
Fiter | e g Object Class ~
5 e ~ =L yRe e A . v MainWindow QMainWindow
= Vertical Layout v @ centralwidget [ QWwidget
) Add Separator o label  OLabel
[J}] Horizontal Layout | o

pushButten 2] QPushButton
vertic...ollBar == QScrollBar
¥ menubar QMenuBar w

333 Grid Layout

41 Form Layout

~ Spacers
[Bed] Horizental Spacer

g Vertical Spacer
v Buttons

Property Editor 8 x

‘F\\ter ‘ 'ﬁ‘h = f‘:

verticalScrollBar : QScrollBar
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Vertical Policy Minimum
[ ront Combo Box v Harizontal Stretch 0 v

Figure 6.5: Qt Designer environment.

from PyQt4.uic import loadUiType

Ui_MainWindow, QMainWindow = loadUiType("fileName.ui")

class Main(QMainWindow, Ui_MainWindow):
def __init__(self):
super (Main, self).__init__()

self.setupUi(self)
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6.5 Destructor

A Python script named Destructor has been developed. Its purpose is to be an
interface between PLAXIS and the cyclic calculations. The script automates the
cyclic analysis by adding new phases, adding materials, changing load and en-
suring coupling between material models. The script works in 6 steps and is

shown in figure 6.6.

- Destructor b - O X
Cyclic Degradation Analysis
1. Select save location: Choose praject folder
2. Define FEM model: GBS Monopile Custom
3. Select soil materials: Average Cydic < E
4. Idealised load parcel: Define load
7 -
5. Change of default parameters: Select Mode/GP Mumeric control 6
5
6. Perform analysis: Calculate —
e
=
w
34
Create default plot from analysis: Flot figures 24
1 —— Average
Cyclic
Create default curves from analysis: Plot curves 0
T T T T T T T T N [_]
0 2 4 6 8 10 12 14 16
Start/Reset PLAXIS Connect to PLAXTS

Figure 6.6: GUI interface of the Destructor script.

1. First a folder where the project will be saved is selected. It serves no pur-
pose during the actual calculations. When the calculations are finished the

model is saved to this folder.
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2. Secondly a FE model needs to be defined. At the moment there are two

predefined models, Gravity Based Structure (GBS) and Monopiles, repre-
sented as a wall in 2D. It’s also possible the create a custom model of the

type shown in figure 6.7.

. Thirdly the materials used in the model must be defined, which is done in

the Python script. The user-defined DLL files in the PLAXIS UDSM are im-
ported and read using the cython library. The intention is that the material
input is a stripped version of the one found in PLAXIS. This is to reduce
confusion and to ensure some parameters are kept constant, as in weight-

less undrained soil during cycling.

. Afterwards the horizontal average and cyclic load and number of cycles

needs to be defined. It’s here assumed that the load parcels are already de-
termined. A plot of the load parcels is shown after they have been defined.
It was also the intention that zero cyclic loading corresponds to consolida-
tion in the average phase for the equivalent amount of time. This has not

yet been implemented.

. The fifth step is optional and allows the user to select Nodes or Gauss Points

in PLAXIS. The numerical control button was supposed to allow the user to
change the amount of iterations between the average and cyclic models,
mesh fineness and default numerical controls in PLAXIS. Currently only
the amount of iteration can be changed from the GUI, and the rest must be

redefined in either the code or in PLAXIS directly.
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6. The last step is where it all comes together. The script will try to calculate
the cyclic degradation. If one of the steps are skipped then an error box is
shown. After each phase, text files used in the coupling are created. When

the calculations are finished the text files are removed.

The white canvas up to the left in figure 6.6 was intended to be an interac-
tive time series of the phases. Since finding a particular phase in PLAXIS be-
comes messy after many calculations, it would be better to have a different way
of examining a certain phase. In the time series plot the load, cycles and parcel
number could easily have been displayed prior to opening PLAXIS output.

There was also the idea of creating default plots and figures after calculation.
But this has not yet been implemented due to lack of time and not knowing
which information is the most relevant when regarding cyclic degradation. One

solution is to let the user to decide which figure and plots to save.

|

Fav, Fcy

B

Figure 6.7: Base model used in Destructor.






Chapter 7 Generating Soil Models with Fortran & Matlab

7.1 Why Fortran and Matlab

Although technically being a high-level programming language, today Fortran
seems quite primitive compared to other high-level languages, especially Python
and Matlab. Fortran was released in the late 50’s and is still very much alive.
Historically the computer hardware was pretty limited in speed and capacity, so
optimization in code and compiling' was vital. Even though many modern pro-
gramming languages has impressive numerical speed performance, well written
Fortran code is hard to beat due to it’s history of constant optimization Chap-
man (2003). Over the course of years Fortran has been updated to keep up with
the present time, while ensuring that legacy (old) code will still work. In later
years Fortran has also been improved for object-oriented, parallel and mixed-
language programming. A comment found on the internet stated that "Fortran
is like Rock 'n Roll, it will Never Die!"

Forimplementation of material models in a FE program normally a compiled
file is required. In PLAXIS a Dynamic-Link Library (DLL) is needed. The DLL
file is used for every Gauss Point in the model and local equilibrium must be
established for each point. A well written optimized code can here save precious

computing time.

!Compiling is a computer program that transforms the source code to binary code.
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When it comes to matrix calculations Matlab is one of the easiest platforms to
start with. While being simple in use it’s still fully capable of handling advanced
numerics. Over the years many toolboxes (similar to libraries) has been devel-
oped which makes Matlab an good all-rounder for solving all sorts of problems.
That being said Matlab is a proprietary product of MathWorks and requires a
license to use, and each toolbox comes at an additional fee.

Matlab is also an interpreted language like Python and the software is devel-
oped in scripts. Unlike some programming languages Matlab has an extensive
documentation both for the language itself and for mathematical issues. Due
to its easy syntax Matlab is actively being used by engineers, scientists and stu-
dents. The are many active forums with a thriving community.

Although many of the same problems could be handled by Python, Matlab
has been chosen for generating Fortran code since the ground work were al-
ready made by Jon A. Renningen. Files for generating Fortran code, solving for
multi-dimensional gradients and a working strain driver was preexisting thanks
to him. In the authers opinion Matlab is also an easier language to start with
and might let the user focus more on the equations and material formulation

rather than actual programming.
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7.2 Object-Oriented Fortran

Since Fortran 90 the program unit module has existed. Modules is neat way to
bundle together small packages of variables, subroutines and functions. The
main difference between simply including additional code versus using mod-
ules, is that an explicit interface is created. All the details in a module are avail-
able during compiling and the compiler may discover common errors. This also
allows for more sophisticated software design (Chapman, 2003).

An example of using modules can be in the case of defining precision. In
Fortran there are several ways of specifying double precision. Depending on the
Central Processing Unit (CPU) a float value may occupy 4, 8 or more bytes. By
ensuring enough bytes is available one can make sure double precision is kept,
but at the cost of memory. Since enough is a vague definition for processors it’s
better to have it explicitly defined. By specifying the precision (significant digits)
and range (power of 10 exponent) Fortran can determine the appropriate byte

size. An example where the precision can easily be changed is shown below.

MODULE precision
INTEGER, PARAMETER :: prec = SELECTED_REAL_KIND(p=15, r=10)
END MODULE precision

PROGRAM testPrecision

USE precision

REAL (kind=prec) :: a, b, c

a = 1.0D0

b = 3.0D0

c = a/b ! Returns 0.333... with 15 digit precision

END PROGRAM testPrecision
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In Fortran 2003 new features where introduced to improve the object-oriented
programming flow. One feature was the type-bound procedures which ensured
that variables, subroutines and functions could not be accessed without refer-
encing the object itself (Metcalf et al., 2004). That way multiple subroutines with
the same name could be called, while giving different results. In a module sev-
eral types ("classes") would be stored. Each type could be given its own type-
bound variables and procedures. A new variable of the same type ("object") in
the main program could then be created and use the type-bound procedures.

An example of a counter is given below.

MODULE counterLibrary
IMPLICIT NONE

PRIVATE ! Only the type is accessible in the outside program
TYPE, PUBLIC :: CounterClass
INTEGER :: counter
CONTAINS
PROCEDURE :: addOne => internalFunctionName ! Type-bounding

END TYPE CounterClass

CONTAINS

SUBROUTINE internalFunctionName (this) ! Arbitrary subroutine name
CLASS (CounterClass), INTENT(INQOUT) :: this ! Define variable
this’/,counter = thiscounter + 1 ! Use variable inside object

END SUBROUTINE internalFunctionName
END MODULE counterMod

PROGRAM testCounter
USE counterlibrary
IMPLICIT NONE

TYPE(CounterClass) :: objectCounter ! Define object variable
objectCounter = CounterClass (1) ! Create object & set counter = 1
CALL objectCounter’addOne ! counter = counter + 1 = 2

END PROGRAM testCounter
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While the object-oriented Fortran seems a bit more verbose, there are some
clear advantages. Many counter objects can be created, while the procedures
stays same for each object. Another advantage is that types can inherit the
procedures from one type and can be expanded. In this way new type can be

molded from an old type as shown below.

MODULE counterLibrary
IMPLICIT NONE

PRIVATE
TYPE, PRIVATE :: CounterClass ... ! Type cannot be used in main code
TYPE, PUBLIC, EXTENDS(CounterClass) :: CounterClassExt
LOGICAL :: logicalValue
CONTAINS
PROCEDURE :: switch => newFunctionName

END TYPE CounterClassExt

CONTAINS

SUBROUTINE internalFunctionName (this)

SUBROUTINE newFunctionName (this)
CLASS(CounterClassExt), INTENT(INOUT) :: this
IF (this’logicalValue) THEN

this’%logicalValue = .FALSE.
ELSE

thislogicalValue = .TRUE.
END IF

END SUBROUTINE newFunctionName
END MODULE counterMod
PROGRAM testCounterExt
USE counterlLibrary
IMPLICIT NONE
TYPE (CounterClassExt) :: objectCounter
objectCounter = CounterClassExt (1, .TRUE.)
CALL objectCounter’addlne ! counter = 2
CALL objectCounter’switch ! logicalValue = .FALSE.
END PROGRAM testCounterExt
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7.3 Generating Soil Models

A framework for generating soil models to use in PLAXIS has been developed.
The code is heavily based on the soil models created by Jon. A. Renningen. The
largest change is the flow and design of the code. A flow chart is shown in fig-
ure 7.1. The soil models are written in an object-oriented Fortran style. Where
possible modules has been used. Clarity in the code has been preferred over

performance, although there’s room for more of both.

PLAXIS Kernel PLAXIS Input
DLL
¥
d blank.foo 7 'r usrmod.fon R
precision - set precision for all This file only serves as an
integers, float & complex values interface for the material models.
standardvars - contains default Has a debugging switch (10>=0)
variables that always are present and can be used to debug some
in a material model default information.
matlabSymbolics - class with
default atiributes and methods A
matlabCalculations - collection of v
functions that may be used by the r modelInfo.fo0 ' (" usr_add.fo0 )
Fortran generated files from . ==
Matlab modelinfoVars - Contains all the Contains subroutines used by
information needed for the GUI PLAXIS Input. Retrieves
and selects the right model information about the model
depending on iMod (number of (IMod) and the selected parameter
selected model) (iParam).
x
v h 4
r— material 1 -\l r material 2 0 ( material n 0
materialVars 1 - Contains material materialVars2 - Contains material materialVars# - Contains material
specific variables specific variables specific variables
materialClass1 - Contains materialClass2 - Contains materialClass# - Contains
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user defined subroutines and subroutines and functions
functions.Examples are gauss provided by PLAXIS
elimination, read PLAXIS binary
files, return formatted tempory
calculation folder (PriDir),
Matlab

Figure 7.1: Flow chart of material DLL design.
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usrmod.f90 This file can be considered as the "main program". Whenever the
DLL file is used in PLAXIS, this file will serve as an interface. The information
from here is passed to modellnfo.f90 There is also a debugging switch in the
usrmod subroutine which can be used in the models, although it's not necessary

to use it when debugging.

modellnfo.f90 In this file the module modelinfoVars can be found. Here the
number of material models, model names, parameter & state variable font and
units are defined. The information sent from PLAXIS is also redirected to the
right model. Ideally this is the only Fortran file that needs to be edited prior to

compiling.

usr_add.f90 If this file is not included then PLAXIS will show a generic mate-
rial input window. There will be no information about which parameter goes
where. When this file is included the information given in modellnfo.f90 will be

displayed correctly in the PLAXIS Input program.

blank.f90 This file is the parent file of all materials. Whenever a new material is
created, it will inherit the procedures given in blank.f90. There’s also a module

for precision and a module for Matlab procedures used in Fortran.

toolbox.f90 It’s the idea that the module toolBox consists of many user defined
procedures. In here one may find procedure for linear algebra, reading binary
files from PLAXIS, formatting strings and vectors and so on. The toolbox should

be available for every module if needed.
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usrlib.f90 In the example user defined materials from PLAXIS this file is included.
Here there are all sorts of procedures as solving for invariants and eigenvectors,
neatly formatting vectors and matrix and so on. This file should also be available

for every module if needed.

material files These files are entirely generated by Matlab and should ideally not
needed to be edited. The material rules and equation are defined and solved
with the Computer Algebra System (CAS) Symbolics Toolbox in Matlab. The Mat-
lab symbolics are afterwards saved as optimized Fortran code. It’'s the goal that
everything regarding the material definition can be written in Matlab. Using
explicit or implicit solving techniques, visco-plasticity or stress dependent stiff-
ness matrices should all be just a matter off flipping a switch. In that way one
can focus more on the essence of soil modeling instead of Fortran program-
ming. At the moment the Matlab script is pretty limited and can only be used to
model elasto-plastic materials, implicit Euler with a modified Newton-Raphson
iteration. The script also requires further testing before it can be used in all sorts
of advanced material models. It’s also worthwhile mentioning that Python also

can do CAS calculations and can convert symbolics to Fortran code.

7.4 Verification of Generated Soil Models

For verification an Isotropic Von-Mises and a Modified Cam-Clay model has
been created. The Von-Mises model is an isotropic linear-elastic, perfectly plas-
tic model while the Modified Cam-Clay is supposed to be the same as the one

provided by PLAXIS given that the void ratio, e, is zero.
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The input parameters in the Von-Mises model has been given as S, = 50k Pa,
E = 3000kPa and v = 0.3. The material has been tested both in drained and
undrained triaxial. In table 7.1 the input parameters are compared with the val-
ues determined in Soil Test. In figure 7.2 the incremental displacement at failure
fits well with the theoretical bearing capacity failure mode. The ultimate load
capacity should be close to the theoretical Tresca q,;; = 2+ m)S, = 257.1kPa.
The calculated capacity in PLAXIS was ¢ 4iiure = 308.6kPa which is considered
close enough when accounted for plate flexibility and presence singularities.

Table 7.1: Gauss Point verification of Von Mises.

Unit User model Theoretical

Su 49.9 50
E 3026.4 3000
E, 3447.9 3450

[*10” m]
220,00

200,00

180,00

160,00

—— 140,00

—— 120,00

—— 100,00

—— 8000

60,00

40,00

Incremental displacements |Au|

Maximum value = 0,2160 m (Element 348 at Node 815)

Figure 7.2: Incremental displacement at failure - Von-Mises.
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The input parameters in the Modified Cam-Clay where ¢ = 25.4, A = 0.25,
x = 0.05, v = 0.15, and OCR = 4.0. The user defined material has been tested
in undrained triaxial Soil Test and been compared with hand calculations. The
results are shown in table 7.2. The material has also been compared with the in-
built model in PLAXIS. Both materials has been compared in ultimate bearing
capacity. The results are considered good enough, although discrepancies are
observed. This might be due to different numerical schemes and defining e, = 0
in the user model. A comparison of the deviatoric stress is shown in figure 7.3.
The failure load was calculated as qs;parr = 249kPa for the user material and
Apixmarr = 218k Pa for the in-built PLAXIS material.

Table 7.2: Gauss Point verification of Modfied Cam-Clay.

Undrained Triaxial

Unit User model Theory

¥ Tyield 262 261.2
e Sy 261.91 259.8
S Py _48.96  —482

In-Built Model User defined Model

Figure 7.3: Deviatoric stress at failure - Modified Cam-Clay.



Chapter 8 Simulation and Results
8.1 Simulation Model

A Modified Cam-Clay with destructuration and a non-linear elastic model has
been coupled together. Predefined FE model described in section 6.5 has been
used in the cyclic analysis. Four simulations are shown as a proof of concept.
They also show some important details and been tested with different load com-
binations. Ideally the framework should also have been able to generate a cyclic

contour diagram based on simulation results, but this has not been implemented.

8.2 Material Coupling

The simulation starts with the script Destructor. From here the FE model, soil
materials and loads are defined. During the calculations the script will play a vi-
tal part in the coupling. Firstly each phase is calculated one by one and checked
for failure. If success is registered then text files are created. These files con-
tains information about which previous PLAXIS binary file with state variables
are stored and the initial structure y, is saved. A file used for tracking Gauss
Point ID is also reset when a phase is done. The presence of these files dictates

whether or not coupling occurs in the soil models.
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Without the text files created by Python, the soil models can be used inde-
pendently of each other. But they may not transfer any state variables. Since the
same mesh is used throughout the simulations, the Gauss points will be calcu-
lated in the same pattern each time. One of the external text files is used to keep
track of which Gauss point is being accessed and updated when finished. In the
case of the first Gauss point the state variables in the PLAXIS binary file will be
copied to a new binary file with direct access Chapman (2003). By knowing the
actual Gauss point tracker value and the length of the state variables in the last
soil model, the coupled state variables can be directly accessed from the new

binary file.

8.3 Results

The material parameters has been used consistently in each simulation. The
material input parameters are provided in table. 8.1. The unit weight of the av-
erage material was settoy = 10% and consolidated with Ky = 1.0. The structure
weight was set as a line load at w = 10kPa. The cyclic phases was done weight-

less, meaning no vertical forces.

Table 8.1: Material parameter used in simulations.

Cam-Clay Non-linear Elastic Plate
¢ 254 Su 50kPa EA 10.4E6kPa
A 0.25 E 200kPa EI 104.3E3kPa
K 0.05 a 0.3 w 0kPa
OCR 4.0 v 0
v 0.15
& 0.5
w 0.5
X 20
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Constant low loads - Wall

The first simulation is to show that there is a small degradation when a low load
acting shortly is applied, and that the degradation converges. Both the cyclic
and average load is 5kN and only acts for one cycle. The iteration between the
models can diverge if care is not taken. In the degradation formulation there is
a cut-off at N > 10000 cycles and the deviatoric stress must minimum be 5% of
Su. 1f the formula for N, is not explicit then the calculation can be extremely
prolonged and one might risk that N — oco. The second rule is introduced to
speed up calculation, basically ignoring degradation effects if the shear stress is
too low. The structure y after a certain amount of cycles is shown in figure 8.1.
The required intermediate steps are load and material dependent, although two

or three iterations seems to capture the major effects.

N=1,i=10

Figure 8.1: Intermediate calculations of degradation.



90 CHAPTER 8. SIMULATION AND RESULTS

Reduction of capacity - Wall

The simulation here is to verify that the strength capacity is reduced after cyclic
loading. While the average load is the same, the cyclic load will reduce the yield
surface. For equilibrium to be reached the pore pressure must therefor increase
to compensate for the yield reduction. The average load was set to F, = 50kN
and the FE model was cycled at F,, = 75kN for N = 1000. The average phase
was brought to failure before and after cyclic degradation by applying a higher
horizontal load of F, = 100k N. The reduction of capacity is shown in figure 8.2.

The change in pore pressure is shown in figure 8.3.
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Figure 8.2: Reduction of strength capacity after cyclic degradation.
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Storm load - GBS

The method shown in section 3.5 assumes that the load level increases for each
load parcel. The idea is that by doing so, all the degradation up until failure is
accounted for. Since this has been the practical design method for many years
then this framework should also be able to handle the same. For the right ma-
terial models these kind of simulations can be used as a verification. It’s here
assumed that a fictive number of load parcels with increasing load can be a rep-
resentation for a design storm. The degradation of the structure parameter y is

shown in figure 8.4. The model also accumulates permanent deformation.
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Figure 8.4: Structure y after each load parcel.
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Settlements - GBS

Tests done on GBS shows that cycling increases the long-term settlements (An-
dersen et al., 1988). In the simulation a GBS has subjected to a horizontal of
F, =20kN and F,, = 50kN for N = 1000 cycles. The permeability was set to

k =5-107°-2 although in this case it’s simply used as a scalar. Prior and after

day’
cycling the soil is allowed to fully consolidate with one-way vertical drainage.
The results shown in figure 8.5 matches well with the observed behavior in the

real world.
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Figure 8.5: Comparison of settlements with and without cycling.
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Simulation remarks

The introduction of cut-offs in the degradation formulations ensures that con-
vergence is achieved. But it also creates a barrier from introducing more degra-
dation. This may be remedied by a better cyclic model. There’s also the issue of
numerical instability. Since the structure y is not used in the equilibrium and
compatibility of the model, this may create sudden singularities in the average
model. Even worse it gets for high cyclic loads since strains gets absurdly large.

Although some tests are shown with great success, the capability of the frame-
work and soil models is not without its faults. Some common errors are load
advancement procedure failure, Fortran error and numerical instability. The
first problem is partly solved by introducing an error to the applied load, such
that there is a difference. However this greatly depends on the magnitude of
the load. The second problem should not really be an issue, since the script
removes all files after calculation. On the off-chance this is not done, simply
restarting PLAXIS will often solve the problem. The last problem can maybe be
solved by introducing explicit ODE schemes with sub-stepping of increments.
When rapid changes happens in the model, explicit methods tends to be the
better choice, and inverting ill-condition matrices is avoided.

As observed in laboratory tests the degradation causes an increase in pore
pressure. This effect can be simulated here two ways. The first approach is that
the material fails in the cyclic phase. To get a numerical well-behaved failure
mode it's recommended to use an elasto-plastic model. The second approach
is that the average model fails due to extensive degradation. This is perhaps the

best method since the initial stress state will get close and closer to the failure
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point. As the total amount of cycles increases, so does the degradation. Ulti-
mately the material fails due to loss of structure. If the material is undrained
then the pore pressure must compensate for the degradation.

The stress is actually created with an elastic model since there were some
problems with switching materials. The K, procedure generates a stress which
increases with depth. When the unit weight is removed it’s the same as apply-
ing an upside-down hydrostatic pressure, effectively a reverse K, procedure. A
temporary material can be introduced to reset displacements, but there will still
be some deviatoric stresses in the bottom. One remedy can be to change the

boundary conditions such that the bottom is not entirely fixed.






Chapter 9 Summary and Recommendations for Further Work
9.1 Summary and Conclusions

The theory covered in chapter 3 seems to suggest that cyclic loading causes
degradation in soils. Accumulation methods based on contour diagrams has
been successful used in design calculations and may serve as a basis for a degra-
dation formulation. It’s also noted that strain controlled tests causes more degra-
dation than stress controlled tests.

Suggestions for requirements in the average and cyclic models have been de-
fined. A state variable called structure, y, is introduced and linked with the de-
structuration of the average model. A cyclic material with a simple degradation
formulation based on the contour diagrams has been developed. The degrada-
tion formulation in itself is able to create the wanted effects viewed in laboratory
tests. The models have been created by using the Fortran & Matlab framework
for generating soil models.

A Python framework has been developed and tested for multiple simulations.
Although the framework is not completely finished, the main functionalities are
present. The coupling of state variables has successfully been implemented and
works in conjuncture with Python. The simulation shows promising results. Cy-
cling a material causes reduction in ultimate capacity when undrained, degra-
dation and deformation is accumulated for increasing cyclic loads and cycling

causes extra settlements.
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The developed framework has a great potential. It’s possible to create soil
models rapidly with the material generation, even though the available material
options is pretty limited. The Python script Destructor and material models has
proven that they can replicate common features observed in real tests and may

serve as building blocks for more advanced soil models.

9.2 Discussion

Almost surprisingly the simple degradation formulation is able to capture some
important effects in the FE analysis. The simulation results really shows the
strength of the framework presented here. But the simulations also showed that
the models a prone to numerical instability. This may be avoided by a better
degradation formulation or possibly by using an explicit ODE solver schemes
with small step increments.

The script Destructor works as intended, and it’s very pleasing to see that

everything is working together.

9.3 Recommendations for Further Work

Regarding the theory it's recommended to further study the actual cause of degra-
dation. A good knowledge of the particles behavior at a micro-level can be the
key to create an elegant explicit degradation formula. With regards to this it
might be interesting to carry out some discrete element models to see how the
particles rearranges.

Although presented, the material Geofuture has not been tested in degrada-

tion simulation. It would be very interesting to see the effects of using a model
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with anisotropic yield surface and mean pressure dependent elasticity. The ex-
cess pores pressure created during undrained calculation may cause a stiffness
reduction as the one observed in laboratory tests.

The simple degradation formulation is considered far from complete and is
considered to crude. The current formulation cannot be used for general soils,
and the material parameters are not determined by easily obtainable laboratory
results. There’s also the question if plasticity should be introduced when calcu-
lating degradation and cyclic failure.

The Python framework presented is able to be used in cyclic degradation.
Some features has not yet been implemented as described in section 6.5, but
they are not vital to the calculations. It would be nice to have a more proper way
of generating stresses in the soil.

The modular build up of material models using Fortran and Matlab is cur-
rently ready to use. The next step would be to introduce more numerical schemes,
options for creating purely elastic, visco-elastic and visco-plastic models. A big
step would be to generate a modellnfo.f90 file directly with Matlab. In that way
no Fortran knowledge is needed to create a material model, and the threshold
for creating models is thereby considerably lower.

Lastly the most important part is that simulations must be verified with ac-
tual test results. It’s here recommended to compare the results with the GBS re-
sults from Andersen et al. (1988). It’s also possible to verify the material models
with DSS and triaxial results depending on the cyclic material formulation. An
interesting task would also be to generate some cyclic contour diagrams from

the proposed models.
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Appendix A Programs used

In the development of the Python and Fortran framework the following pro-

grams and versions has been used.

Python

The IDE Pyzo has been used with the Miniconda interpreter (which is a modified
Python interpreter). The idea of Pyzo is to be the free alternative to Matlab and
therefor has a similar working environment. The Pyzo version 4.3.1 has been

used together with Python 3.6.0 and the latest version of PyQt4 4.11.4.

Matlab

In the development Matlab R2017 64-bit has been used.

Fortran

Intel Fortran 2010 has been used to both compile 32- and 64-bit DLL files. The
code was written in the text editor program Atom with syntax highlighting of

Fortran.

PLAXIS

Different versions of PLAXIS 2D 2016 has been used in the development of the

framework.
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