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Abstract

Soft soils such as clays, clayey silts and peats demonstrate a high degree of compressibility
compared to other soils. In oedometer testing, normally consolidated clays behave up to ten
times softer than normally consolidated sands. The task of this master’s thesis has been to
investigate the primary consolidation behaviour of soft clay by comparing the results
obtained from finite element analysis computations in Plaxis 2D with analytical calculations
and survey measurements. Two different material models were utilized during the finite
element computations, comparing the performance of the more advanced constitutive Soft
Soil material model against the Mohr-Coulomb material model commonly used today.

Two case studies provided by Subsea 7, a global contractor for the offshore oil and gas
industry, have been investigated with regards to primary consolidation settlements. The
case studies comprise rock berms installed on soft clay in the North Sea. A common feature
for both case studies were that after installation of the rock berm, parts of the subsoil
experienced virgin compression. Survey measurements were obtained for 240 days of
consolidation for case study 1, and 31 days of consolidation for case study 2.

Results indicate that performing design with the Mohr-Coulomb material model is
inadequate when trying to predict the primary consolidation behaviour of soft clay. The
most accurate results, when compared to actual survey measurements, were achieved when
computing with the Soft Soil material model in Plaxis 2D.

For case study 2, the computational results obtained with the Soft Soil model correlated
accurately with actual survey measurements of 5 cm, in contrary to the Mohr-Coulomb
model, which only predicted a 1 cm consolidation settlement for the same time period.

Accurate results were not obtained for case study 1, most likely due to poor quality of the
soil parameter data. However, the Soft Soil model still performed better when compared
with the Mohr-Coulomb model and analytical calculations. The result from the Soft Soil
computation indicated 6 cm of settlement whereas the survey measurement suggested a
settlement in between 8 to 12 cm.

The study performed in this master’s thesis conclude that projects including soft clay
subjected to virgin compression should benefit from the use of the Soft Soil model during
Plaxis consolidation computations rather than with the Mohr-Coulomb model.

keywords: Soft Soil model, consolidation, north sea, clay, Plaxis 2D






Sammanfattning

Mjuka jordarter som tex. leror, siltiga leror och torv uppvisar en hdg
kompressionsbenagenhet jamfort med andra jordarter. Vid 6dometerforsok har det pavisats
att normalkonsoliderad lera beter sig upp till 10 ganger mjukare an jamfort med
normalkonsoliderad sand. Syftet med detta examensarbete har varit att undersoka det
primara konsolideringsbeteendet hos mjuk lera genom att jamfora resultat erhallna fran
berékningar med finita elementmetoden i programmet Plaxis 2D, med analytiska
berakningar och faltundersokningar. Tva olika materialmodeller har anvénts i Plaxis 2D for
att mojliggora en jamforelse av prestandan hos den mer avancerade Soft Soil modellen med
Mohr-Coulombs model som mer vanligen anvénds idag.

Arbetet fokuserar pa att underscka den priméara konsolideringen for tva fallstudier som
erh6lls fran Subsea 7, en global entreprendr for den havsbaserade olje- och gasindustrin.
Bada fallstudierna inbegriper fundament av krossad sten installerad pa mjuk lera i Nordsjon.
En gemensam faktor for fallstudierna &r att delar av lerlagren efter installation uppvisar
primdr plastisk kompression. Féltundersokningar fanns tillgangliga for 240 dagar med
konsolidering for fallstudie 1 och for 31 dagar med konsolidering for fallstudie 2.

Resultaten indikerar att berékningar med Mohr-Coulomb-modellen i Plaxis 2D ger
otillrackliga resultat med avseende pa att forutse primara konsolideringssattningar i mjuk
lera. De mest exakta resultaten, jamfort med féltundersokningarna, erhdlls vid berdkning
med Soft Soil-modellen i Plaxis 2D.

For fallstudie 2 gav berdkningarna med Soft Soil-modellen ett val dverensstimmande
resultat jamfort med faltundersokningarna som uppmatt 5 cm konsolideringssattningar efter
31 dagars konsolidering. Berdkningar med Mohr-Coulombmodellen gav endast séttningar
pa 1 cm for samma tidsperiod.

Adekvata resultat erholls inte for fallstudie 1. Detta beror sannolikt pa att jordparametrarna
holl dalig kvalitet. Vid berakningarna pavisade dock Soft Soil modellen anda det resultat
som kom ndrmast de faktiskt uppmatta sattningarna. Soft Soil-modellen beréknade att 6 cm
sattningar skulle uppsta for den givna perioden, jamfort med de faktiskt uppmatta
sattningarna som lag pa mellan 8 till 12 cm.

Resultatet fran fallstudierna indikerar att projekt som innefattar konstruktion pa 16s lera,
utsatt for primér plastisk kompression, skulle dra fordel av att berdkna priméara
konsolideringsséttningar med hjélp av Soft Soil modellen i Plaxis 2D, istéllet for att berdkna
dessa med den mer vanliga Mohr-Coulomb-modellen.

nyckelord: Soft Soil modellen, konsolidering, Nordsjon, lera, Plaxis 2D
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1 Introduction

1.1 Background

Soft soils such as clays, clayey silts and peats demonstrate a high degree of compressibility
compared to other soils. In oedometer testing, normally consolidated clays behave up to ten
times softer than normally consolidated sands, (Plaxis, 2012a). This illustrates that when
performing a geotechnical design in soft clay, the extreme compressibility of such a soil
needs to be considered.

Subsea 7, a global contractor for the offshore oil and gas industry, is currently in the process
of reviewing in what type of projects the Soft Soil model should be used when performing
analysis with the finite element software Plaxis 2D. Presently, most analyses in Plaxis 2D
are performed with the elastic-perfectly plastic Mohr-Coulomb material model. This model
requires fairly few input parameters but lacks the ability to incorporate important aspects of
soil behaviour such as volume change and changes in effective stress.

1.2 Purpose and Aim

The purpose with this master’s thesis is to assess what benefits, limitations and challenges
that follow when modelling in Plaxis 2D using the Soft Soil material model as opposed to
modelling with the Mohr-Coulomb model for a geotechnical problem common to Subsea 7.
Further, this thesis will conclude on what typical geotechnical problems solved by Subsea 7
that would gain from implementing the Soft Soil material model instead of the Mohr
Coulomb model?

The aim of this research is to gain a more thorough understanding of how soft clays can be
modelled and predicted more accurately with respect to primary consolidation settlements
by using finite element analysis, and how to cope with uncertainties that follow the
selection of soil parameters drawn from standard soil investigation reports. Geotechnical
engineering is, as with all science, a set of rules and methods defined to recreate real world
phenomena’s and the soil material is often far from linear in its behaviour. Also, performing
geotechnical design on the seabed often comprises uncertainty in soil sampling, soil testing
and lack of detailed data at critical locations.

As a result, this thesis will hopefully aid the understanding of how to practically model the
behaviour of soft clays by utilizing a more advanced constitutive model such as the Soft
Soil model rather than the Mohr-Coulomb model commonly used today.

1.3 Research questions

RQ1: What are the benefits, limitations and challenges of using the Soft Soil material
model instead of the Mohr-Coulomb material model when analysing the primary
consolidation behaviour of soft clay using Plaxis 2D?

RQ2: What typical geotechnical problems solved by Subsea 7 would gain from
implementing the Soft Soil material model instead of the Mohr Coulomb model?



1.4 Research method

Research can be defined as a systemized effort to gain new knowledge, a voyage of
discovery when moving from the known to the unknown. In this master’s thesis, an
analytical approach has been applied. An analytical research approach includes the critical
assessment and evaluation of known facts. Not only literature have been used to gain
theoretical knowledge, but also from non-structured discussions with senior geotechnical
engineer Christian Olsen at Subsea 7, whom is also the supervisor of this master’s thesis,
and the Ph.D. student Pouya Vahdidi at Lulea University of Technology.

1.5 Scope

The scope of this master’s thesis will be to assess the primary consolidation settlements of
two rock berms installed on top of clay soil. The two projects belong to the Subsea 7 project
portfolio and are located in the North Sea. The geotechnical properties of the soil at the two
sites differ from each other allowing not only analysis between the two material models, but
also their performance in different clay soil conditions.

1.5.1 Limitations of Scope

The results obtained in this master’s thesis are mainly based on conclusions from North Sea
soil conditions. As only primary consolidation settlements will be analysed in this master’s
thesis, any advantages with the Soft Soil model may not be directly applicable on other
design criterions such as ultimate bearing capacity.

The problems analysed in the master’s thesis are assumed to obey the assumption of plane
strain and 3-dimensional effects during primary consolidation will be neglected. Secondary
consolidation, also known as creep, will not be considered but could be incorporated into
the Soft Soil model by introducing a creep index.



2 Theory

2.1 General Soil Mechanics

To properly understand the content of this master’s thesis, a fundamental knowledge in the
field of soil mechanics is recommended. This section will review some of the most
important aspects of soil mechanics that serve as a foundation for the work done in this
thesis.

2.1.1 The Clay Material

Soil in general can be classified as a mass of accumulated mineral particles formed by the
weathering of rocks where the voids in between these minerals are filled with water and/or
air. During transportation of these particles, either by gravity, air, water or glaciers, they can
be sorted according to size. The particle sizes in soils can range from more than 100 mm to
less than 0.001 mm. Names such as “clay”, “silt” etc. are used to describe the size of the
particles between two limits and normally, a soil will consist of particles from two or more
size ranges, (Craig, 2004).

Further, a soil type will fall into one of the two soil categories describing its strength. A
coarse grained soil such as sand or gravel is classified as a friction soil with its strength
depending on mechanical contact between the particles. A fine-grained soil on the other
hand, such as clay or silt, attains its strength largely from short-range van der Waals forces
that act between the particles. Soils that are characterized by such behaviour are called
cohesive soils, (Craig, 2004).

Soft clays have a high porosity and can hold a large volume of water compared to its bulk
volume. As water will dissipate from the voids during compression, a high porosity will
result in a high compressibility. The rate of consolidation is governed by the permeability,
which for a clay soil often is very low.

The clay soil is of most interest in this master’s thesis as large numbers of Subsea7’s
projects in the North Sea are situated on sites where the seabed mainly consists of soft clay.

2.1.2 Basic Parameters

The degree of saturation S, defines the percentage of void space in the soil that is filled with
water and can be expressed as the ratio between the volume of water V,, and the volume of
void space V, as

5= @Y
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where the degree of saturation ranges in between the limits of zero for a completely dry soil
and 1 (100%) for a fully saturated soil.

Another parameter is the void ratio e, which can be expressed as



e=—"L (2.2)

which is the ratio of the volume of voids V, to the volume of solids V.

From the void ratio it is possible to describe the specific volume v of the soil. This
parameter is highly useful when designing more advanced constitutive material models and
is expressed as the total volume of soil that contains a unit volume of solids, i.e.

v=1+e (2.3)

The unit weight y of a soil is described as the ratio between its total weight in the force unit
mg and its total volume V, i.e.

_m-g (2.4)
Yy

where the mass force is attained with the gravitational constant g.

A soil that is fully saturated has the unit weight y,_,. In such a case, the solid soil particles

are subjected to a buoyancy force acting upward. This force is equal to the unit weight of
water y, , and for seawater this force is 10.0 kN/m?®. The buoyancy reduced unit weight y” is

thus

Y=Yu—Yu (2.5)

2.1.3 Theory of elasticity

To understand the theory of plasticity, which is essential when developing more advanced
models of soil behaviour such as the Cam Clay model serving as the foundation for the Soft
Soil model, it is important to understand the theory of elasticity. In 1685, Hooke’s Law was
originally stated as ut tensio sic vis (as the extension so the force). Hooke’s Law resulted in
the definition of the Young’s modulus E, which relates stress with a corresponding strain
(Muir Wood, 1990), i.e.

g b4 (2.6)
S/

where P is axial force, A is cross sectional area, o/ is a deformation and | is the length of the
original specimen. If a specimen were subjected to a tensile load, it would however not only
experience tensile deformations but would also suffer from radial deformation. This radial
deformation due to axial stress is governed by the Poisson’s ratio v, (Muir Wood, 1990), i.e.

__ &/

3 2.7)



where d is the diameter of the specimen and od is the radial deformation. Thus, the
constants E and v are sufficient to fully describe the elastic response of an isotropic material.
In general, a perfectly linear or non-linear elastic isotropic material will retain its original
shape and size if its applied stress state is released (Muir Wood, 1990).

When considering the elasticity of soil, it is however beneficial to use an alternative pair of
elastic constants, namely the bulk modulus K and the shear modulus G. They are related
with E and v in the following way (Muir Wood, 1990), i.e.

E

K=— " 2.8)
3(1+2V)

G=_"F 2.9)
2(1+ v)

As can be seen in Figure 1, the Young’s modulus and the Poisson’s ratio are used to
describe the change in length and width of a specimen, the bulk modulus describes the
change in volume at constant shape and the shear modulus describes the change in shape at
constant volume (Muir Wood, 1990).

f
|
|
]
]
| I

(b)

(c)
Figure 1. (a) Young's modulus describing change in length and Poisson's ratio describing
change in width; (b) bulk modulus describing change in size at constant shape; (c) shear
modulus describing change in shape at constant volume (Muir Wood, 1990).

Shearing of a soil occurs with influence from both the shear modulus and the bulk modulus.
The soil could experience a change of shape at constant volume, which is referred to as



deviatoric strain, or it could experience a change of volume at constant shape, also referred
to as volumetric strain (Muir Wood, 1990).

The one-dimensional (1D) constrained modulus E,eq is another common stiffness parameter
and it is obtained from the oedometer test. It is related with Young’s modulus E through
Poisson’s ratio v (Larsson, 2008) as

E{l-v
b= 103 1,()(1-)21,) @10

2.1.4 Effective stress

Generally, a soil can be considered as a skeleton of solid particles enclosing voids
containing air and/or water. Assume that water is filled in every space except the areas of
inter-particle contact. The water is considered to be an incompressible liquid and thus
possesses a pore pressure, which will vary from place to place. Since the individual soil
particles are also considered incompressible, a reduction in volume of a fully saturated soil
is only possible if some water can escape the voids.

Terzaghi recognized the principle of effective stress in 1923, a relation based on
experimental data. It highlighted the importance of forces transmitted through the soil
skeleton from particle to particle, and applies only to fully saturated soils (Craig, 2004).

The principle divides the total normal stress ¢ acting on a soil body into two components
and can be expressed as (Schofield and Wroth, 1968)

c=0"tu (2.11)

where ¢’ is the normal stress which must effectively be carried by the soil skeleton
particles and u is the pore water pressure carried by the incompressible fluid occupying the
voids.

Two stress parameters utilized in the constitutive relations described later on in this
master’s thesis is the effective mean stress p’and the deviatoric stress g, which are defined

in the triaxial plane as

, oy+to,+0; o,—20, (2.12)
= 2 = 3 .
and
q=0, -0, (2.13)

where o, o, and o; are the three principal stresses, o is the effective axial stress and o,
is the effective radial stress in the triaxial plane. Since the deviatoric stress is defined as the
difference between the axial and radial stress, it is not affected whether it is calculated with
total or effective stress measures.



2.1.5 Contractancy and Dilatancy

As a geological material experiences shearing, it will normally change in volume. This is
especially true for soils and is a result of soil particles rolling into or out of the voids. A soil
can either contract during shearing, meaning the soil will decrease in volume as loosely
packed grain particles roll down into open void spaces. As seen in Figure 2, the grains roll
down into the voids as shearing progresses. This process is typical for normally
consolidated soils (Axelsson, 1994).

A

(a) . (b)

Figure 2: a) Loosely packed soil grains. b) When sheared, the soil grains roll down into the open voids
resulting in a decrease in volume (Axelsson, 1994).

The opposing phenomenon is the one of volume increase when a soil is sheared. This
occurs for over-consolidated soils and when such soils are sheared, the densely packed soil
grains will rise from their positions and roll on top of other grains, increasing the specific
volume. This is referred to as dilatancy and is visualized in Figure 3.

-—_—.}.

t-—_—
(a) (b)

Figure 3: a) Densely packed soil grains in an over-consolidated state. b) When sheared, the soil grains
will rise from its densely packed state, resulting in an increase in volume (Axelsson, 1994).

2.1.6 Drained and Un-drained Conditions

If considering a fully saturated soil, subjected to an increase in total vertical stress and
assuming zero lateral strain, the volume change will be entirely due to deformation of the
soil in the vertical direction. Initially, the pore water pressure will be governed by the
position of the water table and is referred to as static pore water pressure. As the vertical
stress is increased, the solid particles will try to re-arrange into a denser configuration. But
with zero lateral strain, and assuming that water is incompressible, there can be no volume
change without dissipation of pore water. Immediately, the pore water pressure will
increase since it is resisting the re-arrangement of soil particles and this increase will be
equal to the increase in total vertical stress. The increase in pore water pressure, named
excess pore water pressure, creates a pressure gradient resulting in a transient flow of pore
water towards a free-draining boundary of the soil layer (Craig, 2004).



As the reduction of excess pore water pressure is complete, i.e. the excess pore water
pressure is zero, the soil is said to be in a drained condition. When there is still excess pore
water pressure present, the soil is said to be in an un-drained condition. The soil volume
will reduce as drainage occurs since dissipation of excess pore water pressure results in an
increase of effective vertical stress, allowing the soil particles to re-arrange.

Drainage is largely depending on the permeability of the soil, and can take a considerable
amount of time to complete for soils with low permeability, e.g. clays. The process of
volume reduction due to drainage is referred to as consolidation (Craig, 2004).

The use of drained analysis in a finite element analysis should be conducted when
permeability is high, rate of loading is slow and the short-term behaviour is not of interest.
On the other hand, an un-drained analysis should be performed when both the permeability
is low and the rate of loading is high. Un-drained analysis is useful when assessing short-
term soil behaviour.

2.2 The Critical State Concept

Andrew Schofield, Peter Wroth and Kenneth Harry Roscoe first presented the concept of
critical state soil mechanics in their publication “On the Yielding of Soils” (1958). They
concluded that there exists a limit state, the critical state, where the volume change ceases
for a large shear deformation while the deviatoric stress approaches a limit value (Axelsson,
1994).

Critical state soil mechanics highlights the understanding and importance of volume change
and the changes in effective stresses when evaluating soil behaviour. Many numerical
models of soil behaviour are built around the principles of critical state soil mechanics
where a fundamental part is the link between volume change and effective stress history
(Muir Wood, 1990).

The consensus of critical state soil mechanics is enhancing that volume changes in soils are
at least equally important as changes in effective stress when trying to model a realistic
behaviour of the soil (Muir Wood, 1990).

Many models have been formulated over the years on the critical state concept and the most
well-known is the Cam Clay model, developed by Andrew Schofield and Kenneth Harry
Roscoe at the University of Cambridge in 1968 (Axelsson, 1994).

2.3 The Cam Clay Model

A part of the scope of this master’s thesis is to evaluate the results achieved by modelling
with the Soft Soil material model against the Mohr Coulomb model. It is therefore
appropriate to introduce the Cam Clay model, which serves as the foundation on which the
Soft Soil model is based upon.



2.3.1 Background
In the late 50°s and during the 60’s, the foundation of modern soil mechanics was laid by a
group of researchers at the University of Cambridge led by K. H Roscoe.

At first, the Roscoe group implemented the theory of perfect plastic material behaviour into
their formulations, such as the Mohr-Coulomb vyield criterion or the simpler extended Von
Mises criterion.

Some vyears later, the Roscoe group embraced the theory of plasticity since it was
discovered that a granular material such as soil displaces irreversible deformations
combined with hardening or softening, a so-called work hardening material (Muir Wood,
2004).

The Roscoe group then started to formulate constitutive equations implementing the flow
theory of plasticity into their critical state concept and a yield criterion with a logarithmic
yield function was derived on energy considerations. It corresponded to a bullet shaped
yield locus and the model was called Cam Clay. The Cam Clay locus was regarded as
somewhat un-realistic and was thus later modified to contain an elliptical yield locus in the
effective mean stress — deviatoric stress plane. This model is called the Modified Cam Clay
and is the model most used today (Axelsson, 1994). The modified version will further in
this thesis be called simply the “Cam Clay” model.

The fundamental idea with the Cam Clay theory is that the soil material will fail as it
reaches a certain stress state, known as the critical state. This results in shear deformations
without any change in total volume.

The model is formulated within the plane of effective mean stress and deviatoric stress; it
assumes associated plasticity behaviour between the plastic yield function and the plastic
potential function. The Cam Clay model has been successful when analysing problems
involving the loading of soft clays.

Soil has plastic volume change for isotropic loading whereas a material such as metal does
not. Therefore, models designed to simulate metal behaviour cannot be used for soil. If a
constitutive model is to reproduce the isotropic loading behaviour of soil, it must include a
yield function of effective mean stress and include a volumetric response.

In order to create a constitutive elasto-plastic material model, it is necessary to define four
components, according to the theory of plasticity (Muir Wood, 2004):

1. Elastic properties

2. Yield Criterion

3. Flow rule

4. Hardening rule

2.3.2 Elastic Properties

The behaviour of the soil can be divided into two parts, an elastic behaviour and a plastic
behaviour. The elastic behaviour is assumed to be isotropic and defined by two elastic
parameters, the bulk modulus K and shear modulus G.



By using an oedometer, it is possible to visualize the elastic and plastic response of the soil.
The oedometer presents semilogarithmic plots where the relationship between stress and
volume changes, plotted as the specific volume v, becomes somewhat linear, both during
loading and unloading. As visible in Figure 4, the average slope x of the unload-reload line
will characterise the elastic volumetric response of the soil whereas the average slope A of
the normal compression line characterises the plastic volumetric response (Muir Wood,
2004).
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Figure 4: The linear normal compression line and the unloading-reloading line in a semilogarithmic
compression plane (Muir Wood, 2004).

2.3.3 Yield Criterion
The Cam Clay yield locus, as it is called in the two-dimensional (2D) space, takes on an
elliptical shape in the p’:g-plane. It intersects the p’-axis in the origin and at a value of the

mean pre-consolidation pressure p,. The magnitude of p,will depend on the stress history
of the soil; e.g. the stress history will determine the size of the yield locus (Axelsson, 1994).

Figure 5: Elliptical yield locus for Cam Clay model, Wood (2004)

The parameter M represents the inclination of the Critical State Line (CSL). It is a function
of both the deviatoric stress and effective mean stress and can be expressed as

10



The CSL intersects with the yield locus at its vertex, which is when
P=p,/2 (2.15)
where g is the mean pre-consolidation pressure.

Reformulating the general equation of an ellipse allows defining the yield criterion of the
Cam Clay model as (Muir Wood, 2004):

f(piap)=a"-M"p(p,—p)=0 (2.16)

A value of f < 0 indicates an elastic behaviour, and a value of f = 0 indicate that yielding is
occurring, the stress state is then located on the yield locus. A value of f > 0 is not permitted,
(Muir Wood, 2004).

2.3.4 FlowRule

The Cam Clay model is assumed to obey the hypothesis of associated flow. This means that
the increments of plastic strain are assumed to be normal to the yield surface at the current
stress state, see Figure 5.

The ratio of the plastic distortional strain and the plastic volumetric strain, which
characterises the plastic deformation mechanism, can be expressed in terms of the
inclination of the critical state line M and the stress ratio # as (Muir Wood, 2004):

5S§_M2—1]2

%p _ (2.17)
o8, 2n
where &z is an increment in plastic volumetric strain, &z is an increment in plastic

deviatoric strain and # is defined as the ratio between the deviatoric stress and the effective
mean stress, e.g.

_9 2.18
n " (2.18)

Thus, if the current stress state is located on the yield locus, the plastic deformations will
only depend on the stress ratio and changes continuously as the stress ratio changes.

With help of the stress ratio, it is thus possible to evaluate how the soil will behave, if it will
expand or compress at different stress ratios (Muir Wood, 2004), i.e.

e 11=0, 53;'/5s§= oo, means that the sample will experience compression without
distortion.

e 1 =M, 56‘;:/56‘;= 0, means that the sample will experience distortion without
compression; this is the critical state condition.
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e n<M, 5g§/§g§> 0, implies compression plus distortion.
e n>M, 5.9;’/58§’< 0, implies expansion plus distortion.

2.3.5 HardeningRule

As the yield locus will change in size in plastic loading with a changing effective stress
state, the hardening rule describes how the size of the yield locus influences the plastic
strain. The Cam Clay is a volumetric hardening model and it is assumed that the size of the
yield locus depends only on the plastic volumetric strain (Muir Wood, 2004).

2.4 Consolidation Theory

If a fully saturated soil subjected to an increased total stress is allowed to gradually reduce
in volume due to dissipation of excess pore pressure, it is said to have primary consolidated.
This process might take a long time and when all excess pore pressure has dissipated, the
soil is considered fully consolidated.

The classic theory of primary consolidation was developed by Terzaghi (1943) and is based
on a number of assumptions:

A fully saturated and homogeneous soil.

The water and soil particles are incompressible.

Darcy’s law applies.

The hydraulic conductivity is constant during the consolidation process.

The compression and pore-pressure process is one-dimensional.

The change in pore-water pressure is equal to the change in effective stress.

The strain is only dependant on the change in effective stress, i.e. creep or
secondary consolidation is not considered.

Secondary consolidation, on the other hand, is a viscous behaviour of the soil-water system
causing slow-rate compression, mainly observed after primary consolidation. It is an
important component in the consolidation process of clay soils but does not lie within the
scope of this master’s thesis and will thus not be taken into consideration.

Generally, the settlement can be divided into three categories (Craig, 2004); immediate
settlements, primary consolidation settlements and secondary consolidation settlements.

If the present effective stress is the maximum of which the soil has ever experienced, the
soil is said to be in a state of normal consolidation. If the soil on the other hand at some
time in history has experienced a larger effective stress than its current level, the soil is said
to be over-consolidated. This maximum value of effective stress experienced in the past is
referred to as the vertical pre-consolidation stress o<, . The maximum value of the effective

stress previously experienced divided with the present value defines the over-consolidation
ratio (OCR), e.g.

OCR = Oy (2.19)

0

2
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If a soil is over-consolidated, it will have an OCR larger than 1. A state of over-
consolidation is usually the result of geological factors such as erosion of overburden or
glaciation (Craig, 2004).

The characteristics of clay during one-dimensional consolidation or swelling can be
obtained from an oedometer test. The shape of the curve obtained in the e—loga’ space is

related to the stress history of the clay. The curve shape for normally consolidated clay is
nearly linear and is named the virgin compression line, tangentially represented by the
compression index C.. If the clay is overconsolidated, its stress state will be plotted as a
point on the left side of the virgin compression line. These points then lie within the area of
expansion or recompression and can be represented by the swelling index Cs, which is the
tangent of the unloading-reloading line. Ultimately, the recompression curve will join with
the virgin compression line and any further compression then occurs along the virgin line
(Craig, 2004).

|

Virgin
~ COMPression
{slope C,}

e e| Recompression

/

/
Expansion

a’ log &
Figure 6: Void ratio - effective stress relationship in semi-logarithmic space (Craig, 2004).

To predict the consolidation settlement of a layer of saturated clay with thickness H, one-
dimensional theory assumes the condition of zero lateral strain within the clay layer. Since
the lateral strain is zero, the reduction in unit volume is equal to the reduction in thickness.
It is therefore possible to express the full consolidation settlements as

s,=mAc.H (2.20)

which is a relationship between the coefficient of volume compressibility m,, change in
effective vertical stress Ao’ and layer thickness H. Both m, and Ao’ are assumed constant

within a layer.

It is also possible to express the full consolidation settlement directly from an oedometer
test with normally consolidated clay as

13



_C.log(a, /0,

o)H (2.21)
lte,

§

[

where C. is the compression index, o7, is the initial state of effective vertical stress, o7, is
the final state of stress and e, is the initial void ratio. In case of over-consolidated clay, the
compression index can be replaced with the swelling index Cs.

For the purpose of this thesis, it is appropriate to express the full settlement in terms of the
modified compression and swelling parameters A’'and «*. These parameters can be obtained
from the compression index and swelling index to fit into the £—loge&’ space according to
(Plaxis, 2012b) as

S for o > o (2.22)
23(1+¢,)
and
K n—2C for o' <o (2.23)
2.3(1+¢,)

where the factor 2.3 origins from the ratio between the logarithm of base 10 and the natural
logarithm.

The full consolidation settlement expressed with the modified compression index for
normally consolidated clay is obtained as

5, =232 log(o,, /0., ) H (2.24)

For stress levels below the pre-consolidation stress, the consolidation is governed by the
modulus «* and the deformations will be mainly elastic, but not necessarily linear elastic.
As the stress level exceeds the pre-consolidation stress, the consolidation is instead
governed by the modulus A’. At this point, the stress path follows the virgin compression
line, resulting in larger and irreversible deformations (Axelsson, 1994).

In order to obtain accurate results when dealing with stress-dependent stiffness, the
modified compression and modified swelling modulus can be replaced with a parameter g

which is the tangent of the oedometer curve in £—logo?, space according to equation (2.20)
for stress below the pre-consolidation stress and according to equation (2.21) for stress
above the pre-consolidation stress. The tangent of g is taken in between the stress-range
o, and o, .

Thus the full consolidation settlement obtained as a result of the stress state going from o7,
to o7, inacertain layer at a certain depth can be obtained with the expression

s,=2.3f log(0), /0, ) H (2.25)
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In this thesis, not only the full consolidation settlement is of interest but also the
consolidation obtained within a certain time period for which the consolidation has been
surveyed. By introducing a dimensionless number called the time factor T, it is possible to
calculate the progress of consolidation after a certain time period:

L (2.26)

where c, is the coefficient of vertical consolidation, t is the time and d is the length of the
longest drainage path.

From the time factor T, it is then possible to obtain a value of the average degree of
consolidation U over the depth of the layer of interest. The relationship between U and T, is
displayed graphically as a set of curves in Figure 7 relating the degree of consolidation to
the type of drainage (half-closed or open) and the initial variation of excess pore water
pressure. For the type of problem solved in this master’s thesis, curve number (3) is chosen
as half-closed drainage is assumed and the curve reflects the field condition when a surface
loading is applied (Craig, 2012).
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Figure 7: Relationship between average degree of consolidation and time factor for open layers and half-
closed layers (Craig, 2004).

Thus, by multiplying the factor U with the value of the full consolidation settlement, the
consolidation settlement s_(¢) at time t is obtained as

s.(1)=s,U(1) (2.27)

where s; is the full consolidation settlement.
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2.5 Additional Loading of Soil

Increments in effective stress Ao’ are developed throughout a soil profile when a load is
applied on the surface. As the effective stresses partly govern the magnitude of
consolidation, and additional loading on the soil will increase the effective stresses, it is of
importance to determine the distribution of stresses developed in a soil profile when
subjected to additional loading.

There are many analytical methods of determining the stresses developed in a soil due to
additional loading with regards to types of loading and the foundation geometry. In this
master’s thesis, Boussinesq’s method for a strip foundation has been applied since it is
fairly straightforward when determining effective vertical stresses by analytical means. The
method relies upon the theory of elasticity and requires the following assumptions made,
(Craig, 2004):

e The soil medium is an elastic continuum obeying Hooke’s law.

e The soil is homogeneous.

e The soil is isotropic.

e The soil mass is semi-infinite.

Since the maximum consolidation is of interest in this work, the area in the centre beneath
the foundation will be investigated. In order to calculate the vertical effective stress
increment in a point P located along the centre-line beneath a strip foundation, it is possible
to use the expression

A, -£(2015in26) (2.28)
¥4

where Q is a strip load and @ is the angle in radians between the vertical line at point P and
the line stretching up to the outer end of the strip (Jagadeesha, 2013). The principle is
shown in Figure 8.
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Figure 8: Vertical stress due to strip foundation at point P below the centre of the load (Jagadeesha, 2013).
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3 Models for Simulating Soil Behaviour

3.1 Basics of Finite Element Analysis

Finite element analysis is a method of solving continuous problems governed by differential
equations by dividing the continuum into a finite number of parts (elements), which are
specified by a finite number of parameters (Zienkiewicz and Taylor, 2005).

A problem is solved by dividing the larger geometry into small elements, which are
interconnected with nodes. Each element is assigned an element property. In solid
mechanics, the properties include stiffness characteristics for each element. This force-
displacement relationship is expressed as

[k], {8}, ={F}, 3.1)

where [k]e is the element stiffness matrix, {§}eis the nodal displacement vector of the
elementand {7} is the nodal force vector (Bhavikati, 2005).

3.2 Plaxis 2D Software

Plaxis 2D is an advanced finite element method software intended for analysing two-
dimensional problems of deformation and stability in geotechnical engineering. The
development of the software began in 1987 at Delft University of Technology. The Plaxis
2D software comprises three sub programs namely the input program, the calculation
program and the output program. It performs analysis with either an assumption of plane
strain or axi-symmetry with 6-noded or 15-noded triangular elements, see Figure 9.

. - llx x‘-}\
. . . f x N e
nodes stress points
a. 15-node triangle
nodes stress points

b. 6-node triangle

Figure 9: Position of nodes and stress points in triangular soil elements (Plaxis, 2012a).
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If one dimension is much larger than the others, it is possible to implement the assumption
of plane strain. This implies that the principal strain in the direction of the longest
dimension is constrained and assumed to be zero.

In order to describe the deformations of a soil occurring from changes in the current stress
state, a mathematical framework is assigned to the soil. These govern the force-
displacement relationships and are called material models. In Plaxis 2D, there are a number
of material models available. However, within the scope of this master’s thesis, only the
Mohr-Coulomb and Soft Soil material models will be analysed further. They are presented
in the following sections of this chapter.

3.2.1 Gravity Loading

Gravity loading is used in the initial phase to determine the initial stresses of the subsoil in
the calculation phase of Plaxis 2D. The initial stresses are generated based on the
volumetric weight of the soil. In order to assure that proper values for the initial stresses
have been generated, they should be compared with the measured initial in-situ stresses
from the soil investigation report.

3.2.2 Consolidation Analysis

The consolidation analysis is used in Plaxis 2D when it is necessary to evaluate the
dissipation of excess pore water pressure in a saturated clay as a function of time. Here, the
important parameter is not the drainage type of the material set but rather the permeability
parameters specified. It is possible to consolidate both with and without additional loading.

3.3 Mohr-Coulomb Material Model

3.3.1 Basics of Mohr Coulomb Model

If the shear stress at a point on any plane within a soil becomes equal to the shear strength,
failure will occur at that point. The shear strength t+ was expressed by Coulomb as a linear
function with cohesion c, angle of shearing ¢ and normal stress at failure or. As shear
stresses in a soil body can be resisted only by the skeleton of solid particles, this expression
should be defined in terms of effective stresses as

7, =¢ + o) tang’ (32)

Equation (3.2) reveals that failure will occur at any point in the soil where a critical
combination of shear stress and effective normal stress develops. It is important for the
interpretation of shear strength parameters to know that shear resistance is developed by
inter-particle forces. If the normal effective stress is zero, then the shearing resistance is
zero and the effective cohesion would be zero as well. These parameters are merely
constants defining a linear relationship between shear strength and effective normal stress
(Craig, 2004).

It is possible to represent states of stress in two dimensions as a plot of shear stress T against
the effective normal stress o”. A stress state can be defined either in a Mohr circle by the
major principal stress o7 and the minor principal stress &}, or by a point with coordinates t

and o’. In 2D space, the failure envelope symbolizes the straight or slightly curved line
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touching the Mohr circle or stress points as shown in Figure 10. A stress point or a Mohr
circle part that lies above the envelope cannot exist.

At stress ranges within the yield locus, the soil material is elastic in its behaviour. As a
critical combination of shear stress and effective normal stress develops, the stress point
will coincide with the failure envelope and a perfectly plastic material behaviour is assumed,
with continuous shearing at constant stress. Once a perfectly plastic state has been reached,
the material can never return to a fully elastic behaviour without any irrecoverable
deformations.

The Mohr-Coulomb failure criterion can be expressed as
o) =0} tan{45+%}+2c’tan(45+%) (3.3)

and determines what critical combination of effective principal stresses that give rise to a
failure condition, Craig (2004).

Figure 10: Mohr-Coulomb failure criterion and envelope (Craig, 2004).

The main features of the Mohr-Coulomb material model include (Plaxis, 2012b):
e Obeys Hook’s Law for isotropic linear elastic behaviour within the yield surface.
e Linear elastic perfectly plastic yield envelope.
e Five input parameters required.

The main strengths of the Mohr-Coulomb model include:
e Well-known parameters E and v used to define stiffness.
e Easy to obtain parameters from different soil tests.
e Good results for stress states within the elastic region.
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The main weaknesses of the Mohr-Coulomb model include:
o Constant stiffness with increasing stress in its basic version.
e Unlimited dilatation.
e Does only incorporate ideal-plastic deformations.

3.3.2 Input Parameters
The soil parameters required as input for the Mohr-Coulomb model are presented in Table 1.

Table 1: Input parameters for the Mohr-Coulomb material model (Plaxis, 2012b).

Parameter Unit
Young's modulus E kPa
Poisson's ratio Y -
Friction angle ¢ °
Dilatancy angle v °
Cohesion c kPa
Advanced Parameters Unit
Increase of stiffness E,. kPa/m
Increase of cohesion Cone kPa/m

Tension cut off -

20



3.4 Soft Soil Material Model

3.4.1 Basics of Soft Soil Model

The Soft Soil model assumes a logarithmic relation between the volumetric strain &, and
the mean effective stress p' and has strong capabilities when modelling compression

behaviour of very soft soils (Plaxis, 2012b). During isotropic virgin compression, along the
normal consolidation line, this relation is formulated as

sv—sg——/’l.']n[p;J (3.4)
P

where A" is the modified compression index determining the compressibility of the
material during primary loading, p° is the initial value of the mean effective stress and £ is
the initial volumetric strain. The parameter A is not the same as the Cam-Clay parameter

A ; they differ in the sense that equation (3.4) is a function of volumetric strain instead of
void ratio.

If the soil however is subjected to either unloading or reloading, its behaviour follows a
different path and is formulated as

£ — g x‘ln[;’oJ (3.5)
where x*is the modified swelling index, & is the elastic volumetric strain and £°° is the

initial elastic volumetric strain. x* will determine the compressibility of the soil material
during unloading or reloading up to the normal compression line. The distinction between

the two parameters A~ and " is presented in Figure 11.
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Figure 11: Logarithmic relation between volumetric strain and mean effective stress (Plaxis, 2012b).

In contrary to the Mohr-Coulomb material model, the Soft soil model is capable to account
for both elastic and plastic material behaviour. It is an advanced constitutive material model
and the main features of the Soft Soil model include (Plaxis, 2012b):
o Failure behaviour according to the Mohr-Coulomb criterion.
e Yield surface adapt from Modified Cam Clay model with associated flow rule for
plastic strains.
e Stiffness parameters can be obtained from oedometer-tests.

The main strengths of the Soft-Soil model include:
e Stress dependent stiffness (logarithmic compression behaviour).
e Distinction between primary loading and unloading-reloading.
e Memory for pre-consolidation stress.

The main weaknesses of the Soft-Soil model include:
e Not suitable for other types than soft soils, normally or near-normally consolidated.
e Does not take secondary compression (creep) into account.
e Less suited for other than compression stress paths.
¢ Do not take anisotropy of the soil into account.

As can be seen in Figure 12, the yield contour has the form of an ellipse, where the top

intersects with a line having slope M. As discussed in section 2.3.3, M represents the critical
state line. However, in the Soft Soil model, the critical state is not necessarily related to
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failure. Instead, a Mohr-Coulomb failure criterion is introduced to obtain a more realistic
failure state. Similar to the Cam-Clay theory, there can exist an unlimited number of
ellipses and the mean effective pre-consolidation pressure determines the extent of the

ellipse along the p’ axis.

aa

Figure 12: Yield surface of the Soft Soil model in p:g-plane (Plaxis, 2012b).

3.4.2 Input Parameters

The soil parameters required as input for the Soft Soil model are presented in Table 2.

Table 2: Input parameters for the Soft Soil material model (Plaxis, 2012b).

Parameter Unit
Modified compression index A -
Modified swelling index K -
Friction angle ¢ °
Dilatancy angle v e
Cohesion c kPa
Advanced Parameters Unit
Poisson's ratio for unloading/reloading Vo -
Coeflicient of lateral stress in normal consolidation K, -
K, “-parameter M -
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4 Soil Parameter Evaluation

4.1 The oedometer test

By means of an oedometer test it is possible to determine the one-dimensional consolidation
or swelling characteristics of a soil. This test is a type of geotechnical investigation method
where a soil specimen is placed in a rigid metal casing, Figure 13. The top and bottom are
made out of porous stones allowing excess pore water pressure to dissipate as a top vertical
load is applied to the specimen. When pressure is applied to the specimen, it will experience
vertical strains, as over time, the excess pore water pressure will dissipate. The test can be
performed either with incremental loading steps, normally by doubling the pressure every
24™ hour, or by means of constant rate of strain (CRS). The results are normally presented
by plotting the void ratio against the effective vertical stress, where the stress axis could
either be plotted in natural or logarithmic scale (Craig, 2004).

Porous stones

_—~Water

Confining
ring

,f.r""':"; )_,a
A A A A

FEEEFE,

Specimen
Figure 13: The oedometer (Craig, 2004).

4.2 Interpretation of Data

This section will describe how to evaluate some of the soil parameters required by the Soft
Soil and Mohr Coulomb material models from laboratory test data. These tests have been
performed offshore on a soil investigation vessel that houses both drilling equipment and
laboratory facilities. As the process of consolidation is investigated in detail, a large part of
the parameters are obtained from oedometer plots.
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4.2.1 A'and x frome, :log o’ - space

The oedometer data available from the soil investigation reports in this master’s thesis are
plotted in &, :logo’-space. In order to obtain the Soft Soil parameters A" and x, they
have to be converted from the compression index C. and swelling index Ci.

The common definitions of C; and C; are

Ae

Cc = fOf O_; > OJW (41)
Alogo,,

C, = Ae for o <o, (4.2)
Alogo)

where Ae is the variation in void ratio and Alogo?, is the variation in effective vertical
stress.

As the parameters in equation (4.1) and (4.2) are in e:logo’-space, they need to be

converted into g, :logo?-space in order to comply with the data obtained from the soil
investigation reports, e.g.

Co_ A for o >0 (4.3)

Ccc = =
l+e, Alogo,

I Ag,

5

C, = = for o < o?, (4.4)
lt+e, Alogo,

According to (Plaxis, 2012b), there exists a relation between parameters A" and C., and
parameters xand Cs. This relation was presented previously in equation (2.20) and (2.21).
From this, it is possible to obtain the Soft Soil parameters from the oedometer plot in
£, :logo? -space as:

Ag, (l T eo)

v C, _ Alogo? _ Ag, _ Ag, for o > o7 (4.5)
23(l+ve,) 23(l+e) 23Alogo, Alno,

5 Asﬂ(1+eo)

s 2C, _ Alego,  2As,  _ 2Ag for o <o (4.6)
23(1+e) 23(lte) 23Alogo, Ao,

In equation (4.6), as there is no exact relation between «*and the one-dimensional swelling
index Cs, it is assumed for approximation that the average stress state during unloading is an
isotropic stress state (Plaxis, 2012b).
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4.2.2 Empirical Relations for 2" and «*
If oedometer data is unavailable and the engineer still would like to model with the Soft
Soil model, a number of empirical relations have been established relating the modified
compression index to different parameters. (Vermeer, 2002) suggests in a Plaxis 2D news
bulletin the following empirical relations as

A= 0317, 4.7
and

A= 0.2(WL —0.1) (4.8)
Knowing the fact that, generally, the ratio

A/
/c‘ 25107 (4.9)

it is possible to obtain the modified swelling index &° from equation (4.7) and (4.8) as well.
4.2.3 Evaluation of Effective Unit Weight

In this master’s thesis, effective unit weights are used as input for the numerical modelling
and thus, the phreatic level will be placed at the bottom boundaries of the geometries in
Plaxis 2D. It would however yield the same result if the phreatic level was located in the top
boundary of the geometry, and total unit weights were used instead. The subsoil beneath an

ocean can be considered as fully saturated and presence of a water head can be disregarded
since the stiffness of the soil is only depending on effective stresses, e.g.

o'=0-u (4.10)
where the total stress can be expressed as
o =p,ga+tp,.ga (4.11)

where a is the height of the phreatic level above the seafloor, g, is the density of water and
p,, Is the total density of the subsoil.

The pore water pressure can be expressed as
u=p glat+b) (4.12)

where b is the depth below the seafloor to an arbitrary stress point P. By inserting (4.11)
and (4.12) into equation (4.10), the final function expressing the effective stress in terms of
effective unit weight can be written as

o'=p,gatp,ga—p,glatb)=p'gh (4.13)
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5 Case Studies

5.1 General

Two case studies are to be performed in this master’s thesis. Both case studies concern
foundations of rock installed on a clay seabed at two different locations in the North Sea. A
consolidation analysis for each case will be conducted, comparing the results from finite
element computations with the Mohr-Coulomb and Soft Soil model with analytical results
and actual settlements obtained from survey measurements.

The purpose of these case studies is to model primary settlements of the rock berm in order
to verify and compare the numerical results with actual survey measurements. Post
installation of each rock berm, a survey has been performed in order to measure the actual
consolidation settlements over a certain time period. With the measured settlement data, it
is possible to confirm the accuracy of numerical computations performed with the Mohr-
Coulomb model, the Soft Soil model and by means of conventional settlement theory.

5.2 Case Study 1: Rock Berm Foundation

Subsea 7 has constructed a foundation of rock to level of an iceberg plough trench in order
to avoid free spans of a number of pipelines near a production template in the North Sea,
see Figure 14. The actual rock berm is the loaf shape darker grey contour in the middle of
the image, with its outline marked by numbers 1 — 6. The foundation is installed on an
average depth of 360 m below the sea water, level on top of soft to very stiff clay.

DO sLoPE 1:23
RO, (FROM -364.0m TO
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Figure 14: Overview of inst grey area, and
(Subsea 7, 2013).

29



The butterfly-shaped structure in Figure 14 is a template structure. It rests on the crest of a
geological formation. Exiting from the template and down onto the rock berm is an
umbilical and a gas flowline (gas lift).

5.2.1 Foundation Design

The foundation measures 173 m along the A-A section, see Figure 15, and 41 m along the
C-C section, see Figure 16, with an overall maximum rock layer thickness of approximately
4 m. In order for the flowlines and umbilicals to lay levelled, avoiding any free span, the
surface of the rock berm is flat, with a slight inclination towards the longitudinal ends. This
creates a smooth transition for the pipelines between the seafloor and the structure where
the flowline and umbilical are tied in.
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Figure 15: Narrow cross section of rock berm, C-C section (Subsea 7, 2013).
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Figure 16: Longitudinal cross section of rock berm, A-A section (Subsea 7, 2013).
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5.2.2 Geotechnical Conditions

The geotechnical drilling vessel M/V Bucentaur conducted offshore fieldwork in order to
assess the geotechnical conditions at the site. In total, the soil investigation resulted in 20
boreholes drilled, obtaining samples and performing in-situ testing. The drilling method
was based on open hole rotary drilling using a 12.5 cm drill string with no mud returning to
the vessel (Subsea 7, 2010).

Figure 17: Geotechnical drilling vessel M/V Bucentaur (Subsea 7, 2010).

Two specific sites were investigated and the rock berm analysed in this master’s thesis is
located in close proximity to where the drilling at one of the sites was performed. Due to the
glacial history of the larger area, the soil conditions are anticipated to show some lateral
variability and the geotechnical data indicate that soil conditions are different between the
two sites investigated. The bathymetry reveals iceberg plough marks that will locally affect
soil conditions due to ploughing, remoulding and spilling. At both sites, over-consolidation
ratios are high to very high with some values reaching 30.

Due to the uncertainty regarding soil parameters for the location of the rock berm, since no
samples were pulled from this exact location, values from other borehole samples have been
chosen to represent the existing conditions. This has been done in agreement with Christian
Olsen at Subsea 7. The borehole from which data is drawn to represent the conditions at the
rock berm is located roughly 50 m from the rock berm, at the location of the template
structure, which can be seen in the upper right corner of Figure 14, shaped as a butterfly.

The general soil parameters chosen to best represent the soil conditions at the rock berm,

which is located in an iceberg plough trench, are presented in Table 4. In Table 3, the
subsoil is described.
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Table 3: Subsoil description (Subsea 7, 2010).

Soi1l unit Average  Soil Description

depth below
seafloor, m
I 0-8 CLAY, very soft to very stiff, silty, with
some sand and gravel, greenish grey
CLAY, stuilt to very hard, with grams ol
o 8-15 sand and gravel, dark greenish grey to

very dark greenish grey to black

Table 4: General soil parameters chosen to represent soil conditions at the rock berm foundation (Subsea
7, 2010).

Soil  Average Soil  Water Totalumit  Sensitivity, Undrained Undramed

unit depth below type content, weight,y, S, shear shear
scafloor, m w, % kN/m* strength, S,°, strength, S.°,
kPa, low kPa, high
estimate estimate
I 0-8 CLAY 12-30 20.0 1.1-48 0-190 8-300
II 8-15 CLAY 11-16 22.6 - 190 - 950 300 - 1500

A number of laboratory tests such as classification tests, oedometer tests, consolidated
triaxial tests, direct simple shear tests and bender element tests were performed during the
soil investigation. The results are presented in a geotechnical report (Subsea 7, 2010) and
have been used to evaluate the parameters needed for analysis with the Mohr-Coulomb
material model, and for the Soft Soil material model analysis.

Table 5 presents the clay soil parameters needed to perform an analysis in Plaxis 2D with
the Mohr-Coulomb model and Table 6 presents the parameters required to perform analysis
with the Soft Soil model. The properties for the rock material used for the foundation are
presented in Table 7.

Table 5: Plaxis input parameters for the Mohr Coulomb material model (Subsea 7, 2010).

Parameter Soil unit I Soil unit 11 Unit
Effective umit weight y' 10 12.6 kN/m*
Effective friction angle ¢’ 36 36 °
Dilatancy angle v 0 0 °
Effective cohesion c' 1 1 kPa
Cocfficient of permeability K 0.0001 0.0001 m/day
Poisson's ratio v 0.3 0.3 -
Constramed modulus E, 4 1 25 MPa
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Table 6: Plaxis input parameters for the Soft Soil material model (Subsea 7, 2010).

Parameter Soil unit [ Soil unit 11 Unit
Effective unit weight P’ 10 12.6 kN/m?
Effective friction angle @' 36 36 °
Dilatancy angle 4 0 0 °
Effective cohesion c' 1 1 kPa
Coefficient of permeability k 0.0001 0.0001 m/day
Modified compression index 4 ’ 0.032 0.02 -
Modified swelling index K’ 0.004 0.0057 -
Overconsolidation Ratio OCR 6 20 -
A/ -ratio - 8 3.5 -

Table 7: Rock material properties (Subsea 7, 2012a)

Parameter Mohr-Coulomb parameters Unit
Effective unit weight ¥ rock 9 kN/m?
Effective friction angle &' 40 o
Dilatancy ' 0 o
Effective cohesion c' 1 kPa
Cocfticient of permeability k 100 m/day
Coefficient of lateral stress K, 035 -
Poisson's ratio v 035 -
Effective Young's modulus E' 100 MPa

5.2.3 Stress Profile of the Soil

The pre-consolidation stress will determine whether the soil will behave as normally
consolidated or over-consolidated. This is an important parameter, as for fine-grained soils,
when loading beyond the pre-consolidation stress, the main part of the settlements are
irreversible (Axelsson, 1994).

In Figure 18 the in-situ effective pre-consolidation stress and effective vertical stress as a
function of depth is shown for the area close to where the rock berm is installed. The in-situ
vertical effective stress was derived from the total unit weight of the soil with respect to soil
depth, which is presented in Table 8. As can be seen in Table 8, the stress profile was
derived only down to 11.5 m in the soil investigation report. However, in this master’s
thesis, the stress profile in between 11.5 m and 15 m is assumed, due to lack of further data,
to increase linearly with the function governing the stress increase in between 8 m to 11.5 m.
Added to Figure 18 is also the effective vertical stress of the soil as a result of installing the
rock berm. This was calculated using Boussinesq’s method for a strip loading as presented
in equation (2.28).
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Table 8: In-situ effective vertical stress as a function of soil depth at the location of the rock berm (Subsea

7,2010).
Depth, m o, ,kPa
0<z<04 7.4z
04<z<2 10.2z-1.12
2<z<6 11z-2.72
6<z<8 028z> +82z+4.18
3<z<115 12.6z-13.42

Evaluating the thickest part of the rock berm in the C-C cross-section, the increment of
vertical stress to the soil from the rock mass is roughly 24 kPa, calculating with a rock
thickness of 2.7 m. From Figure 18, it can be shown that for the first 60 cm of soil depth,
the soil will behave elastically until the pre-consolidation stress is reached and thereafter as
normally consolidated. Below this depth, the pre-consolidation stress is larger than the
effective vertical stress and the soil will thus behave as an elastic material.

Soil unit 11 has a pre-consolidation stress much larger than soil unit I, and is therefore not
plotted in Figure 18. The stress increment in the soil resulting from the installation of the
rock berm will not create a normally consolidated stress state in soil unit 1. Even after
installation, the stress range stays within the yield locus and only elastic deformations will
occur.

Effective vertical stress, kPa
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Figure 18: The in-situ effective vertical stress, the vertical effective pre-consolidation stress and the
effective vertical stress in the soil after installation of the rock berm, estimated at the maximum rock
thickness on the C-C cross-section, plotted against soil depth for soil unit I (Subsea 7, 2010).
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5.2.4 Settlement Survey Data

Post installation, the rock berm was surveyed in order to assess the accuracy of the
installation. The rock berm was again surveyed 8 months later in order to measure the
consolidation settlements of the subsoil due to installation of the rock berm. The results are
shown in Figure 19, where the green coloured area form an average settlement of roughly 8-
12 cm. The red areas indicate negative settlements, which could result from either some
heaving, sediment deposit or as in the case of the red string on the top of the rock berm, a
GRP cover installed before the survey was made. According to Christian Olsen at Subsea 7,
the inaccuracy of the survey data can be assumed to be in the range of £ 5 cm.

0,88

Figure 19: Presentation of settlements from 240 da of consolidation measured during the survey.
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5.3 Case Study 2: Towhead Foundation

Quite similar to the first case study, the second case study comprises a rock berm
foundation installed at roughly 409 m water depth, which can be seen in Figure 20.
However, this foundation was installed during the progress of this master’s thesis and
therefore, only a short duration of 31 days with survey data is available to compare the
analytical and numerical results with.

Figure 20: Contours of installed towhead foundation.

5.3.1 Foundation Design

Figure 21 reveals a sketch of the rock berm for the towhead foundation. As also this
problem will be modelled in 2D, the A-A cross section is chosen in order to comply with
the assumption of plane strain.
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Figure 21: Sketch of rock berm for towhead foundation, the small rectangle in the middle represents the
towhead structure (Subsea 7, 2012a).

The dimensions utilized in modelling the section A-A are listed in Table 9 where Hyerm and
Wherm are defined in Figure 21.
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Table 9: Dimension for towhead foundation at A-A cross section (Subsea 7, 2012a).

Slopc: - Hberm’ m Wberm'.' m

Towhead

1:6 26 26
foundation

5.3.2 Geotechnical Conditions

Also here, the geotechnical drilling vessel M/V Bucentaur performed offshore fieldwork
assessing the geotechnical conditions at the site. In contrary to case study 1, drill samples
were pulled from the same location at which the towhead foundation was installed. Though,
only one borehole was drilled at this location representing the soil conditions for a rock
berm foundation that is 90 m long and 26 m wide.

Drilling was performed to a depth of 30 m below the seafloor. In between this range, the
subsoil consists of six layers with various geotechnical properties. The general geotechnical
properties of the subsoil at the towhead foundation are listed in Table 10, and a description
of the soil conditions of each layer can be found in

Table 11.

Table 10: General geotechnical properties at towhead foundation (Subsea 7, 2012b).

Soil unit Average depth Soil type  Water Total unit  Sensitivity, Undrained

below content, w, weight, p, S, shear
seafloor, m % kN/m?® strength, S.C,
kPa, best
estimate
I 0-13.5 CLAY 61-87 15-16.3 3 7-24
I 13.5-14.8 CLAY 23 20.3 1.5 24-53
IMa 148-17.6 CLAY 21 20.5 1.3 75
111} 17.6-22.1 SAND 17 20.5 - -
IIc 22.1-299 CLAY 23 203 1.3 67 - 87

Table 11: Subsoil description (Subsea 7, 2012b).

Soil unit Average depth Soil Description

below
seafloor, m
I 0-135 Very soft to soft dark grey slightly sandy CLAY.
II 13.5-148  Sofi to firm slightly sandy CLAY.

Ila 148-17.6 Firm to stiff dark grey slightly sandy CLAY.
Loose to medium dense clayey SANL with medmum to thick beds ot

stiff to very stiff dark grey to very dark grey clay.
Firm to stitt tohated very dark grey slightly sandy CLAY with traces
of coarse sand.

IITb 176-22.1

Illc 221-299
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Soil parameters representative for the Soft Soil model are presented in Table 12 and soil
parameters representative for the Mohr-Coulomb model are presented in Table 13.

Table 12: Soil parameters for the Soft Soil model for the towhead foundation in Plaxis 2D.

Parameter Soil unitI Soil unit T Soil unit Ma Soil wnit IlIb Soil unit llc ~ Unit
Effective unit weight ¥ 5 103 10.5 - 103 KN/m*
Effective friction angle ¢ 31 335 325 - 32 °
Dilatancy angle ¥ 0 0 0 - 0 ©
Effective cohesion c 3.5 1 1 - 1 kPa
Cocfficient of permeability & 0.0001 0.0001 0.0001 - 00001  m/day
Modified compression index 4 ) 0.1027 0.0566 0.0566 - 0.0465 -
Modified swelling index K 0.0065 0.005 0.005 - 0.0056 -
Over-consolidation Ratio OCR 1.1 13 13 - 13 -
A -ratio - 15.8 113 113 - 83 -

Table 13: Soil parameters for the Mohr-Coulomb model for the towhead foundation in Plaxis 2D.

Parameter Soil unitI Soil unit I Soil unit IMla Soil wnit IIb Socil unit Mlc ~ Unit
Effective unit weight y 5 103 10.5 10.5 103 kN/m’
Effective friction angle ¢ 31 33.5 325 30 32 e
Dilatancy angle ' 4 0 0 0 0 0 e
Effective cohesion c’ 35 1 1 1 1 kPa
Coefficient of permeability k 0.0001 0.0001 00001 0.0001 0.0001 m/day
Poisson's ratio v 03 03 03 03 03 -
Young's modulus E 1000 + 200y - - - - kPa
Constrained modulus E oz - 5000 7000 44000 9000 kPa

Properties for the rock material were originally the same as for case study 1, but as the work
progressed and survey data was obtained, the actual unit weight of the rock material was
more likely to range in between 11 — 11.5 kN/m®. These values were obtained from
checking the actual amount of rock dumped with the theoretical volume of the rock berm.
Parameters for the rock material can be seen below in Table 14.

Table 14: Rock material properties for towhead rock berm, checked against actual amount of dumped
rock.

Parameter Mohr-Coulomb parameters Unit
Effective unit weight 7 ook 11 kN/m®
Effective friction angle ¢’ 40 °
Dilatancy ' 0 °
Effective cohesion c' 1 kPa
Coefficient of permeability k 100 m/day
Coefficient of lateral stress Ko 0.35 -
Poisson's ratio v 0.35 -
Effective Young's modulus E' 100 MPa
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5.3.3 Stress Profile of the Soil

Except for a surface veneer that is quite over-consolidated, the subsoil has a stress history
generating a just slightly over-consolidated stress state with an OCR ranging from 1.3 to 1.4
throughout the whole subsoil.

In Figure 22, the effective vertical stress in-situ and after installation is drawn as well as the
pre-consolidation stress with the help of the in-situ effective vertical stress profile and pre-
consolidation stress as given in (Subsea 7, 2012b) and a computation of the fully mobilized
new stress state post installation utilizing equation (2.28). It shows that for the first 14 m,
the stress state post installation will exceed the pre-consolidation stress. As the pre-
consolidation stress is exceeded, the soil will start to behave as normally consolidated. In
contrary to case study 1, the clay is very soft throughout most of the depth-range with un-
drained shear strengths never reaching above 100 kPa; even for the deepest soil layer.

Effective vertical stress, kPa
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Figure 22: In-situ effective vertical stress prior and after installation of towhead foundation as well as the
pre-consolidation stress plotted for all soil layers (Subsea 7, 2012b).

5.3.4 Design Settlements

In between May and June of 2013, a 31-day survey was carried out measuring the
consolidation settlement of the towhead rock berm post installation. Two data sets of raw
coordinate points in .xyz files, which were extracted into a geographic information system
(GIS) in order to obtain a digital terrain model (DTM) of the rock-berm. From this DTM,
which can be seen in Figure 23, coordinates were handpicked on the top of the rock-berm
and the deviation in z-height between post installation and 31 days ahead coordinates
represent the consolidation settlement.
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Figure 23: DTM f GIS-software W|tpo installation and 31 days after survey layers of the towhead
rock berm.

By performing the same operation at various locations outside the rock berm, where there
would be no settlement, the two data sets could be aligned with respect to tidal differences.
Enough points were selected until an acceptable convergence was achieved, which can be
seen in Figure 24.
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Figure 24: Convergence plot of 31-day consolidation settlement from survey at towhead foundation.

As can be seen in Figure 24, the result of the consolidation settlements after 31 days
converge at around 5 cm displacement.
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6 Analytical Consolidation Analysis

6.1 Case Study 1: Rock berm Foundation

By means of conventional consolidation theory, which was derived in section 2.4, the 240-
day consolidation settlement of the rock berm has been obtained. To increase the accuracy
of the calculation, the subsoil has been divided into 15 layers, each 1 m thick. The
corresponding settlement has then been calculated in each layer, resulting in a cumulative
settlement after 240 days reaching 3.7 cm.

A value of the coefficient of vertical consolidation ¢, was obtained from the soil
investigation report (Subsea 7, 2010) and converted to m*/year as

c, = 3-10°° - 60sec - 60min - 24hours - 365days = 0.946m? / year (6.1)

where 3-107 is the coefficient of vertical consolidation expressed in m?/s.

Table 15 displays how the total displacement after 240 days consolidation was calculated
by means of equation (2.25). Values for T, were obtained from the graph in Figure 7. The
load, Q, from the rock berm acting on the sub soil is presented in equation (6.2). The
additional stress from the rock berm is calculated using Boussinesq’s formula presented in
equation (2.28).

Q=Hy,, 7y =2.69-9 =24.21 kPa (6.2)

As shown in equation (2.25), the modified compression index ﬁ' iS an input parameter and
is calculated for the stress range o, to o, separately for each of the 15 layers.

Figure 25 reveals the incremental increase in consolidation settlement within each soil layer,
which shows that the top layer, which is closest to the seabed, produce the largest
settlement followed by a drastically decreased incremental settlement for each layer down
to 15 m soil depth.
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Figure 25: Cumulative settlement after 240 days of consolidation, assuming 1 m layer intervals and 2.7 m
rock overburden.
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It is assumed that all soil layers have half-closed boundaries with dissipation of excess pore
water pressure only allowed in the upward direction. The length of the drainage path d
increase with depth as the surface is considered as the closest free-draining boundary for all
layers. As seen in Figure 25, the contributions to the total settlement from the deepest layers
are almost negligible, which confirms the assumption of a stiff boundary at 15 m depth in
the Plaxis model.

Table 15: Calculation steps for obtaining consolidation settlements by means of conventional settlement
theory.

Depth m o, .kPa  Aos,’ o, . kPa 5., m T, - U, % 5.(t=240d), n

1 908 2420 33.28 0.01868 0.62436 0.87 0.01625
2 1928 24.19 43 47 001169 0.15609 0.6 0.00700
3 3028 24.17 5445 0.00844 0.06937 0.47 0.00397
4 4128 2413 6541 000662 0.03902 038 0.00251
5 5228 24.06 7634 0.00544 0.02497 03 0.00163
6 6328 2395 8724 0.00461 0.01734 0.28 0.00129
7 53 2382 9912 000395 0.01274 024 000095
8 8717 23.66 111.36 000343 000980 022 000075
9 9998 23.46 123 44 0.00303 0.00771 02 0.00061
10 112.58 2322 135.81 0.00269 0.00624 0.19 0.00051
11 125.18 2296 148.15 0.00242 0.00516 0.18 0.00044
12 137.78 22.68 16046 0.00219 0.00433 0.16 0.00035
13 15038 2236 17275 000199 0.00369 015 0.00023
14 162 98 2203 185.01 000182 0.00319 013 0.00024
15 175.58 21.69 197.27 0.00167 0.00278 0.13 0.00022

total: 0.07874 total.  0.03705

6.2 Case Study 2: Towhead Foundation

In a similar manner as for the previous case study, the analytical consolidation settlement
was assessed by the method presented in section 2.4. In this case, however, a much shorter
consolidation period was evaluated in order to compare with the 31-day survey data.

The subsoil was divided into 30 sub layers, each 1 m thick. As unit Illb consists of dense
sand, this layer was assumed not to contribute with any settlement. The 31-day
consolidation settlement was calculated analytically to be 2.3 cm.

A value of the coefficient of vertical consolidation ¢, was obtained for each soil unit from

the soil investigation report, presented in Table 16. Unit IlIb is sand and thus the c, is not
listed.
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Table 16: Coefficient of vertical consolidation for each soil unit.

Soil umit Depth,m ¢, m’/year

I 0-13.5 2.57

II 13.5-148 2.43
a 148-17.6 1.96
b 17.6-221 -
Ilc 22.1-299 2.77

The total load Q can be expressed as
O=26y,, =28.6kPa (6.3)

with the total load Q is distributed in the subsoil according to equation (2.28).

As shown in equation (2.25), the modified compression index ﬁ' is an input parameter and
is calculated for the stress range o”, to o, separately for each of the 30 sub layers. It is

assumed that all clay layers have half closed boundaries with drainage only allowed in the
upward direction. The surface and sand layer is considered to be the closest free-draining
boundary for all of the 30 layers. Table 17 shows the calculation steps for each layer used
in the analytical calculation of the 31-day consolidation settlement.
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Table 17: Analytical calculation of settlements for a period of 31 days.

Depth.m o, .kPa Ado,'.kPa o,,'.kPa  PB* 5., m v, - U, % 5,(t=31d),m
1 6.6 28.6 352 0.04 0.06 0.0002  0.100 0.006
2 12.7 28.6 41.2 0.04 0.04 0.0001 0.100 0.004
3 18.8 285 472 0.04 0.04 0.0001 0070 0.002
4 248 283 53.1 0.04 0.03 0.0001 0070 0.002
5 309 28.0 58.9 0.05 0.03 0.0001 0070 0.002
6 370 27.7 64.7 0.05 0.03 0.0001 0070 0.002
7 431 272 70.3 006 003 00000 0070 0.002
8 492 26.7 75.9 006 003 00030 0000 0.000
9 553 26.1 81.4 0.06 0.02 00000 0000 0.000
10 614 255 86.8 006 00 0000 0010 0.000
11 675 248 922 006 00 00030 0000 0.000
12 735 241 97.6 0.06 002 00000 0000 0.000
13 9.6 234 103.0 0.06 002 00000 0000 0.000
14 106.1 227 1288 0.02 000 00030 0000 0.000
15 100.0 22.0 122.0 0.02 0.00 00000 0000 0.000
16 1104 213 131.7 0.02 0.00 00000 0000 0.000
17 1208 20.7 1415 0.02 000 00030 0000 0.000
18

;3 NEGLIGBLE SETTLEMENTS IN SAND LAYER
21
22 176.5 17.7 1942 0.02 0002 00000 0000 0.000
23 186.7 17.2 2038 0.02 0002 00000 0000 0.000
24 1968 16.7 2135 0.02 0002 00000 0000 0.000
25 2070 162 2232 0.02 0002 00030 0000 0.000
26 2171 15.7 2329 0.02 0.001 00000 0000 0.000
27 2273 153 2426 0.02 0001 00030 0000 0.000
28 2374 149 2523 0.02 0001 00030 0000 0.000
29 2476 145 262.1 0.02 0001 00030 0000 0.000
30 256.0 14.1 2701 0.02 oo 00000 0000 0.000
total: 0419 total: 0.022
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7 Plaxis 2D Analysis

To be able to compare the strengths and weaknesses of the two material models properly, a
finite element computation is performed with the Plaxis 2D software for the two case
studies. Case study 1 comprises a 240-day consolidation analysis calculating with both
material models.

Case study 2 comprises a 31-day consolidation settlement analysis of the towhead rock
berm, which is calculated with both material models.

In order to perform a numerical analysis with Plaxis 2D, some general assumptions with
regards to material behaviour, stress states, geometry and parameter selection must be made,
e Assumption of plane strain.
e The elements used in the model are 15-noded triangular elements.
e The rock material has a very high permeability.
e Both horizontal and vertical displacements are restricted to zero at the bottom
boundary.
Horizontal displacements are restricted to zero at the side boundaries.
e The gravitational constant is 9.8 m/s%.
e Closed consolidation boundaries are set at the sides and at the bottom boundary and
an open consolidation boundary is set at the top of the geometry.
e In order not to obtain numerical instability when modelling the consolidation
settlements, due to a large difference in stiffness between the rock material and the
upper soil layer, the stiffness of the rock material was reduced to 100 kPa.

7.1 Case Study 1: Rock berm Foundation

The cross section reviewed in case study 1 is the C-C section, which can be seen in Figure
15. This is the middle section on the narrow end side of the rock berm. The reason this
cross-section was chosen is to comply with the assumption of plane strain.

7-1.1 Input Geometry

The input geometry seen in Figure 26 reveals the two-layered subsoil profile and the rock
berm. Soil layer parameters for the Mohr-Coulomb model are shown in Table 5, parameters
for the Soft Soil model are shown in Table 6 and at last, Mohr-Coulomb parameters for the
rock berm material are shown in Table 7. The geometry was made sufficiently extended in
the horizontal direction not to interfere with the results. The geometry was assigned a 15 m
height and this was done in order to represent that at this depth, the clay is very stiff and
highly pre-consolidated, as can be seen in Figure 18.

e

CLAY II

Figure 26: Geometry with layer names.
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Figure 27 shows the meshed geometry using 15-noded triangular elements, which has been
globally refined to increase the accuracy of the results.
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Figure 27: Connectivity plot showing the mesh of the rock berm model.

The mesh was globally refined twice from the default mesh size, performing analysis for
each mesh refinement. The chosen mesh density is sufficient to give accurate results.

7.1.2 Computation Process

The computation process comprises determination of initial stresses, a construction phase in
which the rock berm is installed and finally, a consolidation phase with a duration of 240
days. In Table 18 below, the calculation phases are presented with their respective analysis
procedure. As buoyancy reduced unit weights are used as input parameters to the models,
the phreatic level was put at the lower boundary of the geometry.

Table 18: Calculation process for the rock berm foundation in Plaxis.

Phase Analysis Comment

Initial Gravity Loading Generation of nitial stresses
1 Consolidation 5 days installation of rock berm
2 Consolidation 240 days consolidation analysis

The approach presented in Table 18 was the same during the calculations made with both
the Mohr-Coulomb model and the Soft Soil model. The initial stresses generated in Plaxis
with the Mohr-Coulomb model and the Soft Soil model has been checked against the in-situ
effective vertical stress obtained from the soil investigation. In Plaxis, the maximum
vertical effective stress at 15 m depth was 183 kPa, and at the same depth the actual in-situ
stress was 176 kPa. Thus, the initial stress state generated in Plaxis is considered to be
representative.

7.1.3 Output

As output for the consolidation analysis, coloured figures have been obtained displaying the
total displacement in the end of the 240-day consolidation phase. In Figure 28 the total
displacement obtained during consolidation when computing with the Soft Soil model has
been plotted. The red area in the middle of the rock berm indicates the largest magnitude of
displacement, showing that the thickest part of the rock berm yielded the largest amount of
displacement.

The different figures available in the output program are useful to confirm the validity of
the results. As can be seen in Figure 28, the displacements are not interfering with the
lower boundary. The figure also shows that displacements only have taken place in the area
under which the rock berm was installed. The total results from both calculations are
presented in Figure 32.
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Minimum valee = -0.06235 m (Element 748 2t Node 5264)

Figure 28: A maximum consolidation displacement of 0.062 m obtained with the Soft Soil material model
for 240 days consolidation period and 5 days construction period.

7.2 Case Study 2: Towhead Foundation

The cross section reviewed in case study 2 is the A-A section, which can be seen in Figure
21; chosen similarly to the previous case in order to comply with the assumption of plane
strain. Different compared to the previous case, now the 31-day consolidation settlement is
assessed.

7.2.1 Input Geometry

The input geometry as seen in Figure 29 is based upon the soil layer data found in

Table 11, revealing four layers of clay and one layer of sand. The first 13.5 m contain very
loose to loose clay with high compressibility due to high water content. Parameter values
for each soil layer for both the Mohr-Coulomb material model and the Soft Soil material
model are found in Table 13 and Table 12. The subsoil is considered to be incompressible
and impermeable at 30 m depth as no data is available beneath this depth, and because a 31-
day consolidation will only mobilize settlements in the soil close to the seabed.
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Figure 29: Geometry of the towhead foundation modelled in Plaxis, showing each layer name.
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The mesh, as seen in Figure 30, was twice globally refined from the default mesh density
and this was sufficient in order to obtain accurate results with respect to influence on results
from the number of elements.
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Figure 30: Meshed model.

7.2.2 Computation Process

The computation process comprises determination of initial stresses, a construction phase in
which the towhead rock berm is installed and finally, a consolidation phase of 31 days is
performed. In Table 19 below, the calculation phases are presented with their according
analysis procedure. As buoyancy reduced unit weights are used as input parameters to the
models, the phreatic level was put at the lower boundary of the geometry.

The stiffness of the rock material was after many trial and error-attempts lowered to 1 MPa,
after recommendations by Christian Olsen at Subsea 7, since the large stiffness difference
between the clay and the rock created large stiffness matrixes during computation and the
Plaxis output suggested bearing failure of the side slopes instead of predicting consolidation
settlements.

Table 19: Calculation process for the towhead foundation in Plaxis.

Phase Analysis Comment

Initial Gravity Loading  Generation of mitial stresses
1 Consolidation  Staged construction, 10 days installation of rockberm
2 Consolidation  Staged construction, 31 days of consolidation

The approach presented in Table 19 was the same during the calculations made with both
the Mohr-Coulomb model and the Soft Soil model. The initial stresses generated in Plaxis
with the Mohr-Coulomb model and the Soft Soil model has been checked against the in-situ
effective vertical stress obtained from the soil investigation. In Plaxis, the effective vertical
effective stress after the initial phase at 30 m depth was 239 kPa, and at the same depth the
field in-situ effective vertical stress was 256 kPa. There is deviation of 8 % between the
actual in-situ effective vertical stress and the effective vertical stress in-situ as derived by
Plaxis.

7.2.3 Output

Similarly to the previous case study, coloured figures of total consolidation settlements after
31 days have been obtained. In Figure 31 the consolidation settlement as a result of
modelling with the Soft Soil model is shown. Tabulated values of the settlement was also
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obtained and are presented in Table 20 together with the comparative results from the
analytical calculation and survey measurements.

Total displacements u,,
Mandmam vakue = 02709710 m (Element 172 at Hode S751)

Mirimum val lye = -0,04634 m (Element 3276 at Node 25155)

Figure 31: Maximum consolidation settlement of 0.046 m obtained with Soft Soil model during 31 days
consolidation of the towhead foundation.
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8 Results

8.1 Case Study 1 - Rock Berm Foundation

Below in Figure 32 it is possible to review the 245 days consolidation settlement, including
construction time, obtained with analytical, numerical and survey means. As can be seen,
the magnitude of settlement from the analytical and numerical calculations deviate quite
significantly from the actual consolidation settlement measured during the survey. Though,
the calculated and computed values are rather alike, with the Soft Soil model yielding the
largest settlement.

Time, days
0.00 40.00 80.00 120.00 160.00 200.00 240.00

0.00

- (=]
[
!
|
!
I
1
]
!
t
I
1
|
|
)
)
!
!
I
i
|
|
t
I
|
|
!
I
|
)
I
{
'
3

bl
o
=

o o o
= = o
~ o @

Vertical displacement, m

0.14

= =MCM =—S8SM 4 Analytical Calculation —Survey

Figure 32: Comparison of 240 days of consolidation settlement + construction time for the rock berm in
case study 1 obtained with analytical, numerical and survey means.

The main explanation to this deviation is most likely found in the fact that the boreholes
from which the numerical and analytical parameters were evaluated from a location 50 m
away from the rock berm. The rock berm is also situated in an iceberg trench, and the
boreholes were drilled on top of a slope, and this could possibly affect the result due to
some unknown geological factors of the trench such as sediment deposits or similar. As
mentioned in section 5.1.2.1, the top part of soil unit I is subjected to primary compression
when the rock berm is installed. In clay, this would yield substantial deformations and this
might be the reason for why the Mohr-Coulomb results and the Soft Soil results deviate
moderately. Another reason for deviation is that the input parameters in the Soft Soil model
differentiate between virgin stiffness and re-compression stiffness. In the Mohr-Coulomb
model however, the constrained modulus or the Young’s modulus utilized as input for the
stiffness is only applicable for elastic strains.
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8.2 Case Study 2 - Towhead Foundation

Below in Table 20, it is possible to review the 31 days of consolidation settlement as
obtained with finite element computations using the Soft Soil model and Mohr-Coulomb
model in Plaxis 2D, by analytical means and survey measurements.

Even though the survey measurements have an inherent inaccuracy, the convergence-study
indicates settlements of 5 cm magnitude within 31 days post installation. Results from the
finite element computation show that with the Soft Soil model, settlements reach close to 5
cm after 31 days. Notably, there is a substantial deviation between the two computations
performed in Plaxis.

Falling short, both the Mohr-Coulomb computation and the analytical calculation fail to
predict large enough settlements. The Mohr-Coulomb computation yield 1 cm of settlement
and the analytical calculation yield 2 cm of settlement.

Table 20: Results from 31 days of consolidation from Plaxis computation with Soft Soil model (SSM),
Mohr-Coulomb model (MCM), analytical calculation and survey measurements.

Method Consolidation
settlements after
31 days, m
Survey 0.05
Plaxis 2D - SSM 0.05
Plaxis 2D - MCM 0.01
Analytical 0.02

Clays experience a large volumetric deformation during virgin isotropic compression, but
applying such a stress path in the Mohr Coulomb model will produce only elastic response.
The plastic deformation is better described in the Soft Soil model as it assumes a
logarithmic behaviour between the volumetric strain and effective mean stress, e.g. a
nonlinear stress-dependent stiffness relation, being able to distinguish between primary
loading and unloading/reloading.

Bearing in mind that the distance to the borehole in case study 1 was more than 50 m away
from the rock berm and that it was installed in an iceberg plough mark, the quality of
parameters for case study 2 should be higher. This also seems to be true since a better
correlation is achieved with the Soft Soil model when comparing it to the survey
measurements.
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9 Concluding Remarks

As can be seen when analysing the two case studies, projects with soft clay subjected to
virgin compression should benefit from the implementation of the Soft Soil model during
consolidation computations rather than the Mohr-Coulomb model. Especially in case study
2, it was shown that the magnitude of consolidation settlements was much larger for the
Soft Soil model than any other method utilized in this master’s thesis, corresponding
accurately with the survey measurements.

Reviewing the soil stress profiles from both case studies, they showed that the soil was at
different depths simultaneously experiencing plastic virgin compression and elastic re-
compression. With this in mind, it would be useful during future projects to generate stress
profiles in order to determine what material model is the best suited for finite element
analysis. If stress levels at no point in the soil mass exceeds the initial pre-consolidation
stress, the results when computing with the Mohr-Coulomb model and Soft Soil model
should converge. But even for heavily pre-consolidated clay soils where only a thin upper
layer is experiencing virgin compression, as seen in case study 1, the Soft Soil model seems
to predict more accurate settlements than both the Mohr-Coulomb computation and the
analytical calculation. A reason could be, due to the very low permeability of clay, that the
majority of the settlements during the first years will develop in regions with short drainage
distance, e.g. close to the seabed surface. This implies that even for case study 1, the
majority of settlements did occur in soil experiencing virgin compression, even though at a
greater scale, most of the soil mass was heavily pre-consolidated.

Virgin compression of soft clay will yield plastic strains, however, plastic strains does not
imply that a state of failure has been reached. Adapting a logarithmic compression path, the
Soft Soil model is able to differentiate between virgin compression and elastic re-
compression, identifying plastic strains in regions that the Mohr-Coulomb model would
otherwise treat as purely elastic.

Performing geotechnical design on soil and structures located several hundreds of meters
below the sea water level impose large uncertainties regarding data quality. Obtaining soil
parameters is a high cost operation where it is difficult to know whether soil samples drilled
are actually representing the geology of the greater area, or just revealing a local impurity.
During offshore projects, the client is usually responsible to provide any contractor with
sufficient geotechnical data in order to perform design. Clients must carefully assess
drilling locations critical for design.

Case study 2 was designed and installed on the prediction of 20 cm of primary
consolidation settlement and 20 cm of creep settlement for a design lifetime of 20 years.
However, after only 31 days of consolidation period post installation, as measured during
the survey, settlements had already reached one fourth of the predicted lifetime primary
consolidation settlement. Continuing the monitoring of this rock berm foundation over the
coming years would provide better knowledge on how to predict the consolidation
settlements occurring in very soft clay, also monitoring the influence of creep settlements.
This would also confirm whether the rather accurate results obtained with the Soft Soil
model in case study 2, for 31 days of settlement, hold true when the clay has settled further,
and what impact the creep has with respect to the total settlements.
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The work done in this master’s thesis could in the future be extended to include a creep
factor utilizing the extended Soft Soil Creep model in order to analyse the influence of
secondary consolidation for long-term settlements. Possibly not affecting results to any
greater extend for case study 1 and case study 2, for the time-scope considered in this
master’s thesis, creep settlements could have a large impact for very soft clay when
considering the full lifetime of the installation.

The soil-structure interaction between the soft clay and the very stiff rock dump is a topic
that could be taken into future consideration. It was difficult to perform analysis when the
stiffness of the rock berm was much larger than the stiffness of the clay. This created huge
stiffness matrixes and the soil failed. This problem was avoided by lowering the stiffness of
the rock from 100 MPa to 1 MPa during Plaxis computations. Considering case study 1, this
issue did not seem to affect the results.

It is recommended to always perform oedometer lab tests in projects where the impact of
consolidation is considered as an important factor of design, especially if soft clay is present.
Obtaining the necessary stiffness parameters in order to perform an analysis with the Soft
Soil model is relatively easy as derived in section 4.2.1. However, if no such data is
available, the empirical approach suggested in section 4.2.2 should be implemented.

It is possible that a second survey is to be performed on the towhead foundation 8 months
post installation. This survey will provide vital information regarding the performance of
the Soft Soil model for the soft clay type of soil often found on the North Sea continental
shelf. Hopefully, this will further confirm that consolidation settlement analyses for soft
clays experiencing virgin compression should always be computed with an advanced
constitutive model that can incorporate a logarithmic compression feature and a plastic
hardening behaviour.
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