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Synopsis:

The purpose of the thesis is to investigate, which
potential gains that can be obtained from designing
gravitational foundations by a probabilistic ap

proach compared to the well known determinist

o

approaches used for design. Further, investigatigns

11}

treat the effect of including information about th
correlation length in the design.

For this purpose two test sites are chosen for
collecting soil characteristics for the analyses. One
test site containing sand, and the other provides
characteristics for a clay. A spatial analysis of the
test sites reveals small correlation lengths in the
range of 0.1 -0.5m and 1.5 - 2.5 m in vertical and
horizontal direction respectively.

Deterministic designs of a gravity based surface
footing for a wind turbine are performed for both
the frictional and the cohesive soil. The reliabilit
index is found for the designs. It is found that the
reliability indices are respecting present demands.
This leads to an investigation of the reduction po-
tential of the partial safety factors. It is found that
the partial safety factors are strongly dependent pn
the given design situation and the available infor-
mation of the soil characteristics. Nonetheless,| a
great reduction potential of the partial safety factors
is outlined.







Preface

This thesis is a product of group B123b’s project work at tthesémester of the master degree study in Structural and
Civil Engineering at Aalborg University. The project is cplated within the period 13th of February to 1st of June
2012 under the supervision of John D. Sgrensen and Lars Ba.l@$e thesis is prepared and made in compliance
with the current curriculum of the 4th semester in M.Sc. &urtal and Civil Engineering.

The thesis is specified in compliance with the supervisodsaams to contribute to the discussion of advantages of
probabilistic design compared to traditional determinidesign. Based on a simple gravitational foundation for an
onshore wind turbine analyses are performed on a foundatgtalled on sand and clay respectively. Further the
probabilistic analysis will be used for calibration of patsafety factors.

Reading Guide

The thesis consists of three parts: a main report, an apgentlich are found in the back of the report, and an
electronic appendix on an attached CD. The main reportsédethe appendix and CD, where the appertaining cal-
culations and extensional documents are to be found. Treeuded in the different software, e.g. MATLAB and
Fortran, are attached to the electronic appendix CD. Aénezices to the appendix starts with an Arabic letter. E.g.
the first section in appendix A is thus to be referred to as AgpeA.1.

Figures and tables are numbered in accordance with theertthply appear within. E.g. the first figure in the third
chapter has been given the number 3.1, the second 3.2 ettioi@awill appear under each figure and above each
table. If no source of reference has been submitted in thiiocaphe picture or table is created by the group.

This thesis uses the Harvard method of bibliography withrthme of the author and year of publication inserted
into brackets after the text, e.g. [Ayyub and McCuen, 20G2he source reference is positioned before a full stop it
only refers to the very sentence whereas if it is placed lukthia full stop it refers back to the whole text section. A
source reference in the beginning of a section is valid fenthole following section unless other is stated. A list of
all the source references is given in the bibliography lisha end of the main report.

Different programmes are used for calculations and siraratthroughout the thesis. These are mentioned as
MATLAB, Fortran, LimitState:Geo and PLAXIS 3D. The used sien of MATLAB is version 7.11.0.584 (R2010b).
The Fortran version is Compaq Visual Fortran Standard &u&i6.0. The reference for LimitState:Geo is made for
version 2.0.f.11094. Finally the used version of PLAXIS 3[2011.1.7847.8250.
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Chapter 1

Introduction

Focus on the renewable energy sector has increased duangsthdecades and the most dominant player in this
sector is the wind energy. Much energy and resources havedpsnd in order to optimize the design of wind
turbines. The aerodynamic design, size of blade span anchisption of the foundation are all areas to which
much attention has been focused in order to maximize the poutput from the turbines, while the total costs are
minimized. The foundation is known to amount up to 35% of thtaltcosts of an offshore wind turbine in certain
caseslbsen 2013. Therefore this area include a huge potential, when it @toeosts reduction, which is why this
thesis will treat this very specific area.

Many different mathematical models for the design of thedaturbine foundations are used worldwide. Ongoing
discussions constantly keep these formulations undeotiigds an economical optimisation of design dimensions
is @ number one priority among most developers. In Denmasigdeof wind turbines has been performed in ac-
cordance with guidelines from Det Norske Veritas (DNV) angdeodes since 2009, where Eurocodes became the
required national design codes. The mentioned codes usketkaghi’s bearing formulas as design criterion for
gravity based foundations. Therefore this thesis will beteesd on the use of Terzaghi’s bearing capacity formu-
las. The focus however will be regarding the beneficial gajrthat are associated with probabilistic modelling of a
gravity based foundation compared to a regular deterngragiproach using partial safety factors and characteristi
values. The deterministic design approach requires greatlledge and a precise description of the soil parameters,
which is often a difficult task to determine. Therefore utaities are taken into account by using partial safety
factors and characteristic values for the loads and thegtineparameters. However this approach could lead to
a conservative design. Using the probabilistic design @ggr uncertainties for the soil parameters are taken into
account in the entire design phase by modelling the parama$sociated with uncertainties as stochastic variables.
The calculations will result in a reliability analysis arttetfoundation will be designed to comply with an annual
target reliability,r, of 3.72 which is the value recommended in the Eurocodesillistration a foundation for a
wind turbine foundation will be designed using both apphescand a comparison of the results will be presented.
In connection with the comparison of the results it has beend interesting to investigate the reduction potential
of the currently used partial safety factors for the strbmgtrameters.

1.1 Thesis Statement

The topics presented in the introduction have been foung inégresting and will be treated throughout the thesis.
The following statements will form the basis of the thesis.

e What are the potential gains from designing gravitationahidation by a probabilistic approach compared to
design by accepted codes for both sand and clay?

e What are the possible gains from a spatial analysis of tHgsofr to the design?
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1.2 Delimitations of Thesis

The scenarios and load cases presented in the thesis aendbdse similar to well-known situations for onshore
wind turbines. The choice of foundation will in this thesisrely be based on simple surface footings, which is a
great simplification, when actual design situations aresiclared. Nevertheless the choice seems reasonable, as the
main focus of the thesis is on the influence of the spatiabtiar of the soil strength parameters on the bearing ca-
pacity of the foundations. By simplifying the foundationach time is saved from designing the actual foundations
and transferred into analysis of the main area of interestisthesis.

In this thesis the soil is the area of focus, which is why omijuire of the soil will be considered. Construction
elements above the ground and foundations will be consideseigid elements. Service limit state analysis are not
considered, wherefore only ultimate limit state analysésperformed.

Different distributions will be assigned to strength paetens throughout the thesis. In order to do this, the usexd dat
needs to be statistically independent and from the samelgitogpu The statistically independence will be assured
by only including data points that are separated with thedoeorrelation lengths. The CPTu tests performed at the
same location will be considered as being from the same ptipol

In the thesis the considered soils will be considered aepecbhesive or perfect frictional soils. l.e. the strength
parameters for the soil will be only an undrained shear gtrear an effective friction angle. In nature a combination
of the strength parameters will typically be present in thiesswhich is not considered in the thesis.

When the characteristic bearing capacities are found irtitesis, they will be found using 5% quantiles of the
strength parameters instead of 5% quantiles of the caémlila¢aring capacities, which is prescribed in the Euro-
codes.

The above described delimitations are of general conceoudgfnout the thesis. Additional and more specific deli-
mitations will be presented in the appropriate chapterssastions.

1.3 Chronology of the Thesis

In the following section a presentation of the thesis willdescribed. The thesis is build up in a chronological order
with the statements presented in Sectlohas a final goal. The subjects treated to answer the thesisrstat are
presented in bullet points in the chronological order thayesar:

e Description of the uncertainties related to the analysdsa@amulations used in the thesis.

e Presentation of the test site.

e Analysis of CPTu tests performed on sand and clay in ordentbdirength characteristics.

e Spatial analyses of test results.

e Deterministic design of gravity based foundations.

e Numerical simulations to estimate the uncertainties aattwith applying known analytical formulations.

e Probabilistic design of gravity based foundations.
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e Review and discussion of the current applied partial sdtetiors based on the probabilistic design.
In addition to this, two separate studies follows and inetud

e Case study on the influence of the correlation lengths oné¢heitg capacity.

e Probabilistic calculation using an advanced limit statecfion.
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Uncertainties

Throughout the work done in this project, there will be someartainties connected with the different models and
used approaches. Uncertainties can in general be dividedwo main types, which are the aleatory and epistemic
uncertainties.

The aleatory uncertainties are due to natural randomneagpbf/sical quantity and can therefore not be reduced,
whereas the epistemic uncertainties is due to the lack ofilladge connected to a mathematical model or due to a
poor statistical basis. The uncertainties dealt with is firbject are listed as follows:

e Physical uncertainty
e Measurement uncertainty
e Statistical uncertainty

e Model uncertainty

2.1 Physical Uncertainty

Physical uncertainty, which is an aleatory uncertaintyJde.g. be the natural randomness of the strength parasneter
in a soil from point to point. This kind of uncertainty will iecluded in the ongoing analysis, as the undrained shear
strength and the effective friction angle will be modellstsastochastic variables in the probabilistic design.

2.2 Measurement Uncertainty

Imperfections of the equipment or other uncertaintiesteel2o the measurements for the field tests are present for
most cases. This will also provide a contribution to theltotadel uncertainty, which should have been accounted
for. This kind of imperfection falls into the epistemic catey.

2.3 Statistical Uncertainty

In order to carry out a proper statistical analysis suffictata needs to be available. This means that before model-
ling a stochastic variable a minimum of 25 - 30 observaticeeds to be at disposal. Furthermore the data needs to
be independent and from the same population. Statisticartainties are regarded as epistemic uncertaintieseas th
uncertainties can be reduced by a greater statistical.basis

2.4 Model Uncertainty

The model uncertainty can be due to simplifications and isi@#ns made regarding a mathematical model. There-
fore model uncertainties are regarded as an epistemic tanagy as they are due to lack of knowledge. The model
uncertainty regarding the mathematical models used ttowigthis project, is found as the difference between the



Chapter 2. Uncertainties

analytical expression and the numerical simulated val8eshe numerical values is regarded as the exact result. A
comparison of these can be modelled as shown in Figure
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Figure 2.1: lllustration of the better fit for modelling the model uncerties.

The best fit of the line shown in Figug1 would provide the biad, for the comparison from which the standard
deviation can be determined as the deviation from the fiftesl |In order to take the physical uncertainties into
account a similar comparison between experimental tegltseand a numerical model could be done.

2.5 Uncertainties Related to CPTu Interpretations

Throughout the thesis CPTu measurements will be used firduanalysis. Such are always associated with mea-
surement uncertainties, that can occur in various formsblEms might be observed with the mechanism and
components, which might induce inaccurate results. Theeed calibration of the equipment is needed on regular
basis. A model uncertainty should also be appointed to thteenaatical expressions used to interpret the measured
results, e.g. the expression in Equatiéril). The mentioned uncertainties have not been taking intowdg as
additional measurements and calibrations tests are obheafdope of this thesis.

The different uncertainties presented in this chapter mglicommented upon and referred to throughout the work

done is this thesis.




Chapter 3

Design Scenario

In the following chapter the loads and partial safety faxtesed for design are presented. The design situation for
the foundation installed on frictional soils and the foutiola installed on cohesive soils, only differs in the soll

conditions.
The wind turbine will be designed after design situation DLC in accordance tdEEC, 2005. This is an ultimate

limit state analysis for a wind turbine during operation endormal wind conditions.

In Figure3.1the design scenario can be seen.

I

Figure 3.1: The design scenario is shown in the figure.

Figure3.1shows a gravity based foundation placed on the surface df.dtsshall be mentioned that the structural
elements will be regarded as rigid elements as it is therfaibf the soil that is of interest in this thesis. From
Figure3.1it is seen that the phreatic surface and surface of the soid@nciding.
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3.1 Partial Safety Factors
The partial safety factors used in the deterministic apgh@an be seen in Tab&l

Table 3.1: Partial safety factors used in the project.

Parameter Symbol Value
Partial safety factor for aerodynamic loads Yo 1.35
Partial safety factor for self-weight e 1.0
Partial safety factor for undrained shear strengtf, 1.4
Partial safety factor for effective friction angle vy 1.25

The partial safety factor for aerodynamic loags, is chosen in accordance L, 2005, whereasy, andyy is
from [Eurocode 7-12007. I should be noticed that the values\gf andyy is 1.8 and 1.2, respectively, in the Danish
addendum to Eurocode Efirocode 7-1 DK NA2009, but the general values will be used for further evaluation

3.2 Design Loads

In the following section the loads will be presented. Fordk&rministic approach the 98% quantile of the aerody-
namic loads will be used for design.

In order to determine the aerodynamic loads on a wind turpieeisely a numerical computer programme should
be used together with site measurements. Since it is oueddbpe of this project to determine the exact loads on
the wind turbine, estimates of the wind loads frodmflersen2017 are chosen as design basis. The characteristic
98% quantile loads at the top of the foundation can be seeabte3.2

Table 3.2: Characteristic loads. Self-weight of the wind turbine without foundation.

Parameter Symbol Value  Unit
Horizontal load Hc 740 kN
Moment Mc 74,000 KkNm
Self-weight G 5,000 kN

The design loads used for the deterministic approach aengivTable3.3.

Table 3.3: Design loads.

Parameter Symbol Value Unit
Horizontal load Hgqg 1,000 kN
Moment My 100,000 kNm
Self-weight Gy 5,000 kN

The entire self-weight of the structure, wind turbine angifdation, can be determined when the height and diameter
of the foundation is known.
The presented loads will all be used for the further work @nésd in the following chapters.

10



Chapter 4

Presentation of Test Site

When analysing in situ test from the test sites an importappkemental tool is to get an overview of the geological
history from the area. Knowledge about this can help in&tipg and explain unusual observations. In this chapter
the test sites treated in this thesis are presented and tstemmqmortant geological history at the sites are described.
In this project CPTu tests will be used to gain knowledge &lstrength parameters of the soil. As the thesis will
concern modelling of foundations in both clay and sand, weations will be presented in the following.

4.1 Sand Site

The location for extracting the sand CPTu’s are at the eagt@rt of Aalborg located at Vulkanvej. The position of
the test site is shown in Figu/el

Figure 4.1: Specification of location for soil testsGpogle 2017 - edited

4.1.1 Geological Expectations and Soil Properties

In the following a brief description of the most importantoimgical historic events of the area will be described.
The geological description is kept in mind when charadiegithe soil.

The geologic layers of interest are the more recent layeesathe fact that only ultimate limit state analyses are
performed and the CPTu tests are limited to a depth of apprately eight meters. Therefore the limits of the Yoldia

11



Chapter 4. Presentation of Test Site

Sea and the Stone Age Sea will be shortly described in thewoll, as these are known to have great influence of
the deposits at the top layers. In Figdr@ and4.3the sea levels are described for the Yoldia and Stone Age Sea.

Figure 4.2: The levels of coverage for the Figure 4.3: The levels of coverage for the Stone Age
Yoldia Sea. Approx. 7,000 B.C. Units are in Sea. Approx. 5,500 B.C. Units are in meters.
meters. Pedersen et al2017] - edited [Pedersen et 812011 - edited

From the figures it is clear that both the Yoldia and the Stoge Bea cover the test location. As the surface and
the test location is in the range of 2.5 - 3 m above sea levalgitpfrom both historical events from the late glacial
time can be expected. In spite of Aalborgs position near sgarwthe deposits in the Aalborg area is known not to
be deposits directly from the sea because of freshwater flistead the deposits are more likely to be from fresh-
or brackish waters. The typical stratigraphy of the areadklid Clay (known as Aalborg Clay when no organic
material is present), with sandy deposits above and unddgrn&he sand deposits are denoted Saxicava-sands (also
known as Aalborg Sand when no organic material is preseBextiielsen1987

For the tests performed at the location only the layers @oimigiprimary sand will be analysed. A few classification
tests have been performed for the sands at Vulkanvej in adionewith a concurrent thesis. The results obtained
from the classification tests are presented in TdhleThe results can be reviewed iB¢ron and lliescl2013.

Table 4.1: Available classification results for the used sand. Thers#tal unit weight has been estimated from
[Chr. Jensen2009.

ds Ysat W
[]  [kN/m3] [%]
2.66 19 16.65 - 26.51

In connection to the classification tests a sieving analyassbeen performed for the sand as well. The results are
presented in Figuré.4.

12
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100

Percent Finer [%]

0.02 0.06 0.2
Grain size [mm]

Figure 4.4: Sieving analysis for the sand from different locations attst site. Geron and lliescy2012

According to Krebs Ovesen et al2007 the grain size of silt is in the interval of 0.02-0.06 mm. hietdefinition is

applied to the results obtained in Figutd, it is observed, that the average silt content is just beléw\which will
be used in the calculations to come.

4.1.2 Tests at Vulkanvej

A total of nine CPTu’s have been performed in the area. Thal jpasitioning of the tests are shown in Figdré.

The CPTu’s performed at the location are all within the raafyseven to eight meters in depth and have layers of
cohesive and organic materials in the first well over thregemseof depth after which frictional soils follow. The
soil containing non-frictional soil is removed in order toadyse homogeneous soil in the further work even though
inhomogeneous soil are present. A representative staatigrfrom the location is shown in Figudet.

Mould, containing clay
B %6 s1 ® +2.60 —————
© B 131 225 Clay, containing silt, sand and organic mat.
10m
S2 +0.80 -
@) Organic, dark grey

-0.30

Fine sand, sorted, grey

@) O @) ®) O
10m
S4
@)
S5
O
B 127 B 130
® ®

-5.40

Figure 4.6: Stratigraphy from bore hole 130. The
layers containing non frictional materials are
removed from the measurements.

Figure 4.5: The local positioning of the CPTu tests
at the test site at Vulkanvej. B symbolises bore holes
and S indicates a sounding.

13
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The pattern seen in Figu#e5 has been found appropriate for this thesis as spatial deperes will be determined
in ChapterB. A suitable number of distance pairs should be present imbatical and horizontal directions, which
is the case of the placing of the tests in Figdrg

The stratigraphy in Figuré.6 is seen to be in some compliance with the expectations, antheand might be
associated with Aalborg sand. This is also concluded fragrathbsence of organic material in the sand. Although it
should be noted that further classification of the soil isdeelin order to make a final judgement call. As a remark
for the location at Vulkanvej the very area of the soundings wot geologically mapped at the time of the publica-
tion of the used literatureBerthelsen1987. Therefore a description of the entire Aalborg area as aevhas been
used.

Sounding S1 and S9, see Figdr®, have been removed from further investigations, as thestited primarily
cohesive materials. All the results from the soundings &edstratigraphies from the bore holes are presented in
CD AppendixA.

4.2 Clay Site

In the following the site containing primarily clay will beiefly introduced. The location is in Frederikshavn, where
a site between the local school, Handbaekskolen, and theSuderbovej has been used for analysis. The location is
shown in Figured.7.

b 8

SRSt Frederikshavrfy

N
pEITOw l

Figure 4.7: Specification of location for soil testsGpogle 2017 - edited
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4.2.1. Geological Expectations and Soil Properties

4.2.1 Geological Expectations and Soil Properties

Different observations are made, when considering Figl2and4.3for the Frederikshavn area. The borings and
the CPTu’s are performed in the range of 25 - 30 m above seh l&sdghe Stone Age Sea only is expected up till
approximately 12 m above sea level, no deposits are exp&omdhe Stone Age Sea. Therefore the clay deposits
found at the location is expected to be Yoldia Clay.

In general the Frederikshavn area is typically dominatethbyaine hills with deposits of Older Yoldia Clay. Sand
deposits from melted glacial water are rather common as vizgposits from the Yoldia Sea can be found in up
to 60 meters above sea level due to the rising of the land frdvarvthe Weichsel Ice withdrew from the area.
[Andersen and Sjarrind 997 The covering of the glacial ice, Weichsel, is shown in Feyi8.

N
oF
L
A (
{ 3
v £

Y
fﬂ}\ Y

Figure 4.8: The covered areas of the Weichsel ice in the latest ice agecdVvered area is northeast of the drawn
line. The melting of the last ice are expected to have takecepl 1,000 B.C.Hedersen et al2011]] - edited

The landscape in the Frederikshavn area is rather rollifgs iE a result from the repeated unsteady movement
of the ice just east of Frederikshavn, which have caused épogits to be pushed together forming the hills.
[NearshoreLAB Frederikshavn A/3007

The main purpose of the tests at the location in Frederiksisaio subtract clay characteristics that can be used for
later analysis. Therefore the layers that are not dominatexthy will be excluded from further analysis. At the time
of the writing of this thesis, no classification tests haverbperformed on the clay. Therefore it is assumed that the
clay at the test site is Yoldia Clay and it should be noted, Yo#dia Clay is known to have a preconsolidation stress
level in the range of 200-250 kPa, wherefore high horizosttalsses could be expecteduke, 1994

4.2.2 Tests at Suderbovej

At the site located as specified in Figut& a total of 12 CPTu’s have been carried out. The position ofdR&u'’s
is seen in Figurd.9, and the stratigraphy of the location is presented in Figut@ The stratigraphy is produced
on background of two borings performed on the line coverifJCnumber 1 - 7 as indicated in Figuté®. The
profiles from the two bore hole tests are presented in AppeBdi

15
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Boring B2

N ——
CPTul

(0]
2m
CPTu2 I
(@]

CPTu8 CPTu9 CPTu3 CPTul0CPTul1lCPTul2
o O o O o o)

—— CcPTu4

2m 0 31.1

CPTu5 Mould and sand, well graded

0 —
Boring B1 2m
8 ———

30.3

Fat clay, stripes of sand

3m
CPTu6

10 m

CPTu7
o —

Figure 4.9: The local positioning of the CPTu tests ~ Figure 4.10: Stratigraphy of the test site at
at the test site at Suderbovej. B symbolises bore ~ Suderbovej. Stratigraphy is from bore hole test 1.

holes and S indicates a sounding.

24.1

The mutual placing of the tests in Figuéed are motivated by the same considerations as those for tlesgan

In Figure4.10it is observed, that the soil layers are in rather good agee¢mith the expected from the geological
history of the area. The dominating fat clay could indica¥hlia Clay, which has been covered by a layer of sand
and mould in the years to follow.
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Part Il

Stochastic Modelling of the Sall

The present part will concern the treatment of the CPTu dagasured at the given test locations. First a description
of the choices made regarding the modelling of the frictlaal will be presented and the results are commented
upon. Afterwards similar presentation of the cohesive nietes performed. The strength parameters are described

as stochastic variables. Finally a spatial analysis will irerformed for both soils, as the correlation length will be
included in the probabilistic design in the following parts
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Chapter 5

Modelling of Frictional Soill

In the following chapter the characteristics of the friatb soil used for the later deterministic and probabilistic
analysis will be determined and presented. Results andédtieal approaches for treatment of the CPTu tests will
be described.

5.1 Determination of Sand Characteristics

A noticeable number of analysis methods are available &atitng CPTu results in frictional soils. For this thesis

it has been chosen to use two different interpretation nusthiatroduced by Bolton in 1986 and Mayne in 2007
respectively. The two methods use rather different apfprescThe method proposed by Mayne is semi-empirical
and easy to implement in a calculation programme like MATLAR is only dependent on the measured cone
resistance and the vertical overburden pressure. The ohistlboe of the newest accepted analysis methods for clean
sands [bsen 2013.

The method presented by Bolton is also semi-empirical. Taim wifference is that Bolton’s method takes the grain
distribution and the relative density of the sand into cdesation. Additionally the dilation angléy, can be es-
timated. When both the dilation angle and the friction aragke calculated, it is possible to calculate the reduced
friction angle,§4, which will be described in the following.

Recent research has shown that the reduced friction angiteimportant parameter, when the found friction angle is
to be used in known theoretical bearing capacity formul&® reasons for this is found in the derivation of many of
these formulas. The assumption of associated plasticily important part of many well known theories. Although,
when the friction angle is determined this aspect has nat kedeen into account and needs to be corrected for in
order for the input parameters to be consistent with themaptians of the formulas. Associated plasticity can be
obtained by reducing the friction angle until the plastielgidevelopment is orthogonal to the failure envelope. The
situation is illustrated in Figurg.1and5.2

A A
f =0 usingdy, f =0 usingdy,
T ouU T ouU f =0 usingdy
_ -
P -
-
~ -
P -
-

|- - - |-

o o o o

Figure 5.1: Non-associated plasticity, which is in Figure 5.2: Associated plasticity is obtained by

disagreement with some bearing capacity formulas. reducing the angle of internal friction.
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Chapter 5. Modelling of Frictional Soil

Therefore both the mentioned methods will be used and cadparthe following analysis. For an overall idea of
the soil strength, the friction angle is plotted along thpttidor all CPTu’s in the right figures in Append@ Here
the friction angle is calculated using Bolton’s method.

5.1.1 Method and Assumptions (Mayne)

From the CPTu results obtained from Vulkanvej the triaxifé¢aive angle of internal friction (in the following
referred to as the effective friction angldy, is determined in accordance with Mayne'’s empirical exgicesfor
clean sands, cf. EquatioB.() [Mayne 2004.

' (Qc/Pa)
0f; = 17.6+11-log, <7) (5.1
‘ "\ (04o/Pa)®

where

¢;;, | Triaxial effective friction angleq]
Jc Cone tip resistance [kPa]
P, | Atmospheric pressure, 100 [kPa]

oy, | Effective overburden pressure [kPa]

In Equation 6.1) it is observed that the pressures are normalised with cespéhe atmospheric pressure. Further-
more, the normalised cone tip resistance is normalised regpect to the square root of the normalised effective
overburden pressure. This incorporates sands compiégsibid and grain crushing effects to some extedyne
2004.

The calculated effective friction angles will be assumedMNormal distributed. This is done, as strength parameters
are known to typically follow a Normal or a LogNormal distition, from which the LogNormal distribution cannot
produce negative values. Furthermore, strength parasee assigned a LogNormal distribution when partial
safety factors were calibrated in the Eurocod®arenser2013. In order to be able to perform a proper comparison
the same assumptions are provided for the two differentegmbres. Before being able to assign a distribution to the
strength parameters, it is needed to ensure that the cedwlalues are statistically independent. This is ensuyed b
only including values with a minimum distance of separatiorresponding to an average correlation length. The
used correlation lengths are described in Chagter

For illustration the data will be plotted along with the @gsd distributions. This is done using the Weibull plotting
formula, which is presented in Equatidh2).

F=— (5.2)
where

F | Weibull distribution [-]
[ i'th realisation of the data [-]

N | Total number of realisations [-]
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5.1.2. Results (Mayne)

Finally the 5% quantile will be calculated for the effectivietion angle. As the effective friction angle is assumed
to be LogNormal distributed this can be done using Equatad) {or small COV’s [Sgrensei2011.

00,05 = Mg €xp(—1.645 COVy) (5.3)
where

$0.05 5% quantile of the effective friction anglé][
He Mean value of the effective friction anglg][

COVy | Coefficient of variation of the effective friction angle [-]

As the characteristics of the sand will be used for both nizaksimulations and a deterministic calculation, a tail
fit for the 30% lowest values of the effective friction anglél\we provided along with a LogNormal fit. The two
different characteristics are presented, as a LogNorma fieeded for the numerical simulations, where the soil
will be given one single mean value. The characteristic#fettail fit will be used for the deterministic calculations,
where a 5% quantile commonly is used for design. A tail fit wilbvide a better fit around the lower strength values
and is therefore preferable for the 5% quantile. To obtagndharacteristics for the tail fit various values of the
mean value and the standard variation are used. The optiméll fie decided using least square method (LSM), cf.
Equation b.4). [Sgrenser201]

n
. 2
mgmlz (R —Fx (%)) (5.4)
where
n Number of data [-]
F Accumulated distribution for thiéth value of the dataset [-]
6 Vector containing the characteristics to be optimised [-]

Fx(xig) | Calculated accumulated distribution for tfi value for the fitted distribution [-]
When the distribution is found the standard deviation isvestied without taking depth dependency into considera-
tion. This is done, as the sand soil will be described wittyamle single value in the ongoing calculations.

The loading and the size of foundation influence on the faillmmain under the foundation. Because of relatively
short CPTu test compared to the size of the failure for thatéxk loading scenarios, the results presented in this
chapter are assumed to describe the whole failure domaier tinel foundation.

5.1.2 Results (Mayne)

The MATLAB programme containing the calculations can benfhin CD AppendixA.
By applying the above described method and assumptiongféwtiee friction angle for the sand located at the test
site at Vulkanvej has been calculated and fitted to the Logidbdistribution, as indicated in Figue3.
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Chapter 5. Modelling of Frictional Soil
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Figure 5.3: LogNormal accumulated distribution Figure 5.4: Closer look at t[he difference between
and tail fit of the effective friction angle. the fits at the lower values.

As expected the tail fit provides a very good fit around the lovadues, cf. Figur&.4, while the tail fit deviates
much at the higher values, cf. Figuse3. The different fit will be used for the different purposesgaeted earlier.
The mentioned characteristics of the sand have been deedrand are presented in Tabld.

Table 5.1: Characteristics of the effective friction angle. F = 0.08h& 5% quantile found from the data set.
*VValues will not be used in the further analysis, but are praed to give an overall description of the
characteristics leading to the 5% quantile for the tail fit.

p¢,/ 0¢/ ¢/5% Ccov F =0.05
[°] [°] [°] [-] [°]
LogNormal fit 39.31 1.57 36.78 0.04 36.54

Tail fit 39.71*  2.00* 36.51 0.05* 36.54
tan(¢)

LogNormalfit 0.8196 0.0454 0.7471 0.06 0.7411

Tail fit 0.8281* 0.0540* 0.7423 0.07* 0.7411

Typically values of the effective friction angle of frictids known to lie within the range of 36-4&ccording to
[Chr. Jenser2009 for a sand that has been deposited by glacial melt wates ibicates that the sand could be the
expected Aalborg sand as described in SectidnThe values in Tabl&.1will be compared to those obtained using
the method presented by Bolton.

5.1.3 Method and Assumptions (Bolton)

After having viewed the results obtained for the effectivietfon angle using the method presented by Mayne,
Bolton’s method will be presented in the following. Basligdhe calculation of the effective friction angléy,, is
calculated from four contributions as expressed in Equgbd).

bf = OLyit +3° Ir—3° Dy — Ady (5.5)
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5.1.3. Method and Assumptions (Bolton)

where

¢;, | Triaxial effective friction angleq]
it | Critical effective friction angleq]

IR Relative dilatancy index [-]

Dy Relative density [-]

Ad; | Correction factor due to content of siff] [

The critical effective friction angle (referred to as atél friction angle) has been analysed and found for various
types of sand in the literature. It has been found that thiatiriction angle only varies within 1 to°2with a mean
of 33° [Bolton, 1986. Therefore 33 has been chosen as the critical friction angle for this thesi

The relative dilatancy indeXg, is calculated as stated in Equatiéng). The values obtained for the relative dilatancy
index should be kept within the interval O - 4. The values Wdbowill not give any physical sense, and the method
is limited to a upper ceiling of 4.

/
Ir=Dr (Qmin—In EmT;ag) -1 (5.6)

where

Qmin | Particle strength parameter, 10 for quartz Bp[ton, 1986

Pmean | Mean effective stresses [kPa]

Equation b.6) is an empirical expression taking into account the redatiensity, mean effective stresses and the
sand type in terms of grain distribution, mineralogy andrgshape, also suggested by Bolton.

The relative densityDy, is calculated using Jamiolkowski’s expression preseimt&juation 6.7).

1 Oc/Pa
Dy = In 5.7

The sand considered from Vulkanvej is considered to be nibrmansolidated. Therefore the effective mean pres-
sure,phean and the coefficient of earth pressure at régt,can be calculated from Equatids.).

. Oyo (1+2K
Ko = l—SIﬂ((I)') p;’nean: = ( 3 )

The last part that needs to be taken into consideration whigrg EEquation.5) is the reduction factor due to the
content of siltA¢1. The needed reduction can be found from TabhR

(5.8)

Table 5.2: Reduction due to the fraction of silt.

Ad,  Silt content

[’] (%)
2 5-10
5 10-20
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Chapter 5. Modelling of Frictional Soil

As the silt fraction was found to be just below 5% as an avera&ectiond.1it has been chosen to use a reduction
factor,A¢q, of 1° for the calculations.

Hereby the theory for calculating the effective frictiorgéanhas been presented. In order to take the issue concerning
associated plasticity into consideration the reducedtgdte friction angle ¢y, is calculated. This is done by the
expression in Equatiorb(9 [Ibsen et al.2013.

i\ Sin(¢’) cos(y)
tan(¢a) = 1—sin(¢’) sin(y) (5-9)

where

¢y | Reduced effective friction anglé][

W | Angle of dilation []

In accordance with Bolton’s theory the angle of dilatign,can be calculated from the relative dilatancy index,
by the use of Equatiorb(10.

Y= ¢{r - ¢::rit =3 IR (5.10)

For the Bolton approach the reduced effective friction angf}, will be used for further analysis. As for the case of
the calculations using the expression by Mayne, the sthegayiameter will be assumed to be LogNormal distributed.
The distributions will be presented in the following sentio

5.1.4 Results (Bolton)

The MATLAB programme containing the calculations can benfhin CD AppendixA.

In the following the results obtained from the seven CPTuismesented for the effective friction angtg,, will

be presented at first. The calculation and fitting of a LogNadrdistribution has resulted in the graph shown in
Figure5.5.

—— Data
—— LogNormal fit

— Tail fit .

% 32 34 36 /3‘8 40 42 44 46

tr
Figure 5.5: Accumulated distribution function for the effective fidct angle for the sand at the test site at
Vulkanve;.
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5.1.4. Results (Bolton)

Figure5.5shows thath{, provides a rather good fit to the LogNormal distribution. frthe fitted distributions the
characteristics of the sand has been calculated and aenpedsn Tablé&.3

Table 5.3: Characteristics of the effective friction angle using Bals theory. F = 0.05 is the 5% quantile found
from the data set. *Values will not be used in the further gse, but are presented to give an overall describtion of
the characteristics leading to the 5% quantile for the tdil fi

p¢,/ 0¢/ ¢/5% Ccov F =0.05
[°] [] [°] [-] [°]
LogNormal fit ~ 37.56 1.95 34.44  0.05 34.26

Tail fit 37.95* 2.32* 34.25 0.06* 34.26
tan(¢)

LogNormalfit  0.7703 0.0540 0.6848 0.07 0.6812

Tail fit 0.7783* 0.0642* 0.6773 0.08* 0.6812

The values in Tabl®&.3are generally lower than those calculated using Mayne’siatetThis is expected primarily
to be due to the fraction of silt that is taken into considerst by using Bolton’s method. Though it should be men-
tioned, that caution should be used when comparing the twbads, as they both build on assumptions regarding
different parameters. For instance the critical frictiogie is set to be 33for the Bolton approach. The calculations
will be very sensitive for this assumption, since it is a dansterm, that is added to the other contributions. There-
fore triaxial tests should be performed prior to the caltates in order to specify this factor and to link a model
uncertainty to the expression. Such have been omitted ifottBsis.

The reduced effective friction angig,, has also been evaluated using Equat®)( The resulting distributions are
shown in Figures.6.

1
0.9+
0.8+
0.7¢
0.6f
0.5+
0.4f
0.3f
0.2r
0.1r

% 28 30 32 o 36 38 40 42
Figure 5.6: Accumulated distribution function for the rgduced effexfriction angle for the sand at the test site at
Vulkanve;.

—— Data
— LogNormal fit;

— Tail fit

Accumulated probability
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Chapter 5. Modelling of Frictional Soil

Again the characteristics dfy have been calculated, cf. Talet

Table 5.4: Characteristics of the reduced effective friction anglemgBolton’s theory. F = 0.05 is the 5% quantile
found from the data set. *Values will not be used in the furdrealysis, but are presented to give an overall
description of the characteristics leading to the the 5%rmjia for the tail fit.

Ho! Oy ¢z, COV F=0.05
[°] [] [] [-] [°]
LogNormalfit  33.19 1.81 30.30 0.05 30.14

Tail fit 33.53* 2.15* 30.12 0.06* 30.14
tan(¢")

LogNormalfit  0.6551 0.0449 0.5839 0.07 0.5807

Tail fit 0.6618* 0.0534* 0.5778 0.08* 0.5807

As expected from the visualisation of the reduced effedtietion angle in Figures.2, the characteristics of this has
been found to be lower in order to gain associated plastiéiythe results obtained for the reduced effective friction
angle are in best compliance with the theory described iti®es.1, the values from Tabl6.4 will be used in the
remaining of the thesis.

5.1.5 Comments and Discussion

In the above description of the sand characteristics thbmdstare used on the CPTu data without further concern.
A few comments should be added, as the resulting charaatsigve some physical difficulties.

From studies of sand characteristics, it is known that ther#de friction angle has a minimum limit of 30This is

the loosest deposit that can be obsentbddn 2013. When this is compared to the values found in Tehkit is
observed that the distribution of the reduced effectivetifsh angle will include strength values, that are belows thi
lower threshold. Therefore not all of the calculated redueiective friction angles in the distribution will posses
any physical meaning. In order to perform a proper desomptif the sand, these values should be excluded from
the determination of the final characteristics.

Furthermore it should be noted that the calculation of thgdeanf dilation also has been performed without consi-
dering the physical aspects hereof. Again studies havershivat sands, with an effective friction angle of’ 3t
less, do not dilatelpsen 2013. This is due to the very loose state the sands are in, wheeffibetive friction angle
becomes this low. Therefore it should be incorporated torigithe angle of dilation calculated for the points with
effective friction angles below 30in order to keep the physics of the nature intact.

The two aspects discussed above might rise question of @iealpility of the used method. The mean calculated
from the Bolton theory of 37.56is in great agreement with expected values of a late glaarads, which are in the
range of 36-42 according to Chr. Jensen2009. Therefore it is more the combination of Bolton’s theorydahe
calculation of the reduced effective friction angle, gil®n[Ibsen et al.2013, that is questioned. Also the found
angles of dilation was in between 0 -°1®ith an average mean of 6.5Also this might seem rather high, when it is
compared with the calculated mean of 37.58ccording to Equations.10 this will provide a critical friction angle

of 31.06, which is lower than the angle of 3&ssumed from the beginning. With all this in mind it is imont
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5.1.5. Comments and Discussion

to note, that the discussion presented here is only basedtarfrdm a single test site, and many more is needed in
order to make any conclusive statements. One thing is faaicemvhich is that the theories should not be used in
combination without great caution.

Although the above discussed matters are important for ésergption of the sand, the methods described in this
chapter has been used without including these aspectswithgause the characteristics to be lower of what could
be expected of the real deposits. Nonetheless, it will ne¢ laay significant influence of the later treated issues, as
they require a description of a sand, where a set of streragtingeters is needed combined with a real measure of the
spatial variation of the same soil. Therefore it has beendaufficient to continue with the presented charactesistic
in Table5.4.
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Chapter 6

Modelling of Cohesive Soill

In the following chapter the undrained shear strengghfor the cohesive soil used for the probabilistic and deter-
ministic design will be determined. For the determinisésign a 5% quantile will be determined, whereas for the
probabilistic design a distribution of the strength partenes sought. Furthermore, for the probabilistic design th
correlation length will be determined foyg in both horizontal and vertical direction, which is the topf Chaptei8.

The undrained shear strength is determined based on CPRureaznts, which will be described in the following.

6.1 Determination of Clay Characteristics

The clay modelled in the following has been described iniSedt2 Before the characteristics of the clay will be
calculated and presented a description of the observadimhanalysis of the results will be discussed.

6.1.1 Observations, Method and Assumptions

During the performance of the CPTu tests the project grosiped the test site on March 26th 2012. This was done
in order to inspect the test site and furthermore to see iktlaere any problems during the tests. An observation
that is not detectable from the sets of CPTu data is the lotati a layer of drop stones in the depth of 2.5 m from
the top of the CPTu’s, which is deposits from the melting isdditionally it was observed that the phreatic surface
was located approximately 0.5 m below the surface, for whégson the clay is considered as saturated. Pictures
from this field trip can be seen in CD Appendix

It was observed that the sleeve friction became too largenvithe cone reached a depth of approximately 4 meters.
This meant that CPTu measurements were stopped and agivilia performed in order to continue CPTu measure-

ments. This could indicate, that the clay possesses vehyhtigzontal stresses, since the sleeve friction on the rods
was this massive. The observation is in agreement with theaations for the soil properties commented upon in

Section4.2, as Yoldia Clay is known to possess high horizontal stredsesto preconsolidation. From Figusel

the soil profile from one of these necessary drills can be.seen
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Chapter 6. Modelling of Cohesive Soil

Figure 6.1: The figure shows that there is sand in the top layer of the sofile.

It is observed that approximately the first meter consist séiad layer, which also is confirmed by the bore hole
profiles, see AppendiB. From observations of the test results it is clear that thidsmhomogeneous. In the left
part of Figure6.2 the untreated data obtained from CPTu 10, see Figi®éor placing, are shown. Here sudden
peaks of the cone resistance are observed at approximateind 4.5 m of depth. This in an indication of, that sand
stripes are present in between the clay layers. In the ogguoialysis these peaks have been removed from the data
set, as a description of a cohesive material is sought. Afieing discarded the peaks from the test results the data
used for analysis are as presented in the right part of Figi@re
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Figure 6.2: Difference in unsorted and sorted data set. The examplens €PTu 10.

To the rightin Figures.2two dashed lines have been drawn in order to indicate chanmgfesobserved results, which
might be caused by different layers. At the time of the wgtof this thesis no laboratory tests have been performed

30



6.1.1. Observations, Method and Assumptions

on the clay from Suderbovej, which is why the following exption will be based on qualified judgement. The
two top layers in Figur®.2does not have a regular increase of the cone resistance pth ds would be expected
from normally consolidated clays. Therefore these laysr®apected to be overconsolidated to some degree, which
is in good accordance with the described Yoldia Clay, cf.tiae.2 In the third layer the depth dependency of
the cone resistance is quite obvious, which is why this l&yexpected to be normally consolidated. The physical
meaning of this is rather unclear, as normally consolid&tgers are expected to be located above overconsolidated
layers in general practice. One explanation to this coulthbtthe area around Frederikshavn is known to have great
geological activity, why different layers of soil could releen pushed on top of one anothdofdah| 2013. It is
important to note, that the exact description of the happenare not known, and will remain unknown until further
analysis of the local soil has been carried out.

In AppendixC it is seen, that five out of the twelve CPTu’s have a large ceanghe measured cone resistance at
the depth of 4 m. An example of this is shown in Fig6ta

Depth,z[m]

0 05 1 15 2 25 3 35
gc [MPa]

Figure 6.3: Example of how the measurements change at 4 m of depth. H&ie &8 shown with sand layers

-9 w w

discarded.

The change in the measurements are suspected to be due titlh@énm following reasons: One opportunity might
be that the a change of the soil properties is present ardusbktel. If this is the actual situation similar results ar
expected for the CPTu’s located next to the ones showingithrege. If the locations of the CPTu’s, cf. Figur®,

is compared to the CPTu’s experiencing the significant cearigone resistance, cf. Appendix it is found that
they are not located right next to one another. In fact CPWitkout the change at 4 m of depth are located in
between CPTu’s which experience the change. Thereforeppsrtunity seems unlikely. Although it should be
mentioned that local soil deposits may be present at vatamasgion, which could cause the great changes. The sec-
ond opportunity is that when the execution of the tests wiesrimpted at 4 m of depth, when drilling of the first 4 m
was necessary in order to continue the test, some technsgtattshnce of the equipment might have resulted in dif-
ferences of the measured results. Once again more clagsifitasts are needed in order to describe the soil properly.
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Chapter 6. Modelling of Cohesive Soll

Finally some peculiar observations are made for the porgspre data. In Figur@.4 an example of this is shown
and will be commented upon in the following.

Depth,z[m]
Depth,z[m]

-8 n n -8 L .
1.5 2 2.5 3 -100 0 100 200
dc [MPa] Pore pressure, [kPa]

Figure 6.4: lllustration of the peculiar measurements of the pore pressThe data is from CPTu test number 12.

The dashed line in Figu®4 marks the dramatic changes in pore pressure that was odsefhe line therefore
could be an indication of a change in the soil structure. @dtyh from the right part of Figuré.4 an increase in
pore pressure is observed until it drops down below zeros Tauld be an indication of the soil changing from a
cohesive material to a friction material although the paespure should only be reduced to zero, unless capillary
stresses are present. This is not consistent with the adtgamfrom the bore profiles nor the left part of Figérd,
where, what could be, normally consolidated clay is obskhaow the dashed line. Furthermore, Per Brgndrum
from Grontmij, who was in charge of the execution of the testpressed his concern of the measured pore pressure,
as the values were unpredictable and unusual. He indidaa¢thie equipment for measuring the pore pressure might
have suffered defects. This is considered as the most likalson for this behaviour.

Treatment of Data for Further Analysis

Based on the above explained observation choices have bednfor the further analysis. In the following analysis
only the description of a clay is of interest. It is importémnote, that it is not a design situation that will be consi-
dered in the remaining of the thesis, but an investigatiathefgains and advantages that can be seen in attachment
to a probabilistic approach rather than a deterministic@ggh. This have influenced the decisions to some extent.

As the subdivision of the different layers are not fully istigated, all the data expected to contain clay has been
used in the following. This means that what might be normedigisolidated and overconsolidated clay are mixed
in the following. This will add a larger standard deviatiar the characteristics of the clay, as their mean strength
parameter are approximately the same. Furthermore thegehiarcone tip resistance found at 4 m of depth has
been treated in the following way. The mean value of all th& &$performed has been found to be around 2 MPa.
Therefore it has been chosen to exclude the upper or the lpareiof the datasets, that experience the dramatic
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6.1.1. Observations, Method and Assumptions

change at 4 m of depth, that deviates the most from the cééclilaean of 2 MPa.

Furthermore the top 1-3 m has been removed from all the CRiBukey contained frictional and organic materials.

As only limited data was collected from CPTu number 11, cfp@pdixC, and the results are questionable, CPTu
number 11 has been discarded from further work.

All the sorted data that is a part of the further analysis aGarelviewed in Appendib.
Regarding the measured pore pressures, it has been chosgse tee uncorrected cone resistance for the further

analysis of the data and calculation of the undrained sheamgth,c,. The undrained shear strength, will be
determined from Equatior6(1).

~ Qc—0w
Nc

(6.1)
where

Ccu | Undrained shear strengh [kPa]
dc | Cone resistance [kPa]
ow | In-situ vertical stress [kPa]

N: | Theoretical cone factor [-]

The raw data from the CPTu measurements can be found in CDraippA.

In order to obtain an appropriate cone factdy, for the given location a calibration will be performed. Té@ne
factor will be calibrated in accordance with a shear vanepesormed right next to bore hole 1 at the location
specified in Sectiod.2 The values have been delivered by Grontmij, who perforrheddPTu tests at Suderbove;j.
The provided strength values and corresponding depthgesemied in Tablé.1 [Grontmij 2017

Table 6.1: Undrained shear strength provided by Grontmij.

Depth  Shear strengthy

[m] [kPa]
2.8 140
3.8 112
4.8 126
5.8 266
6.8 224
7.8 168

In Table6.1a large change in values of the undrained shear strengtreteeted between 4.8 and 5.8 m of depth.
This could indicate a change of layers in the stratigraphue @ the concerns explained previously when describing
the measurements of the cone resistance, the possibilaynefv layer has been neglected in what to come. The
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Chapter 6. Modelling of Cohesive Soll

values in Table.1 are considered as the exact values in the calibration ofdhe &ctor. For the calibration of
the cone factor the five measurements nearest the depth wdlte obtained from the shear vane test will be aver-
aged and compared to the values in Tahte When determining the cone factor uncertainties are ptesewell.
This includes uncertainties in connection with the measergs, model uncertainty and statistical uncertainty @s th
number of calibration points is sparse, cf. ChateA minimum number of samples needed in order to determine
the cone factor within a given confidence interval could hasen calculated as well. This has been omitted, as no
further shear vane tests will be performed.

In order to verify the shear strengths obtained from the ishea@e tests additional vertical load tests or similar stioul
be performed, from which precise values of the cohesivangthecan be calculated. The last aspect is out of the
scope of this thesis as well.

In the results presented below the failure domain for thégdlesase is considered. In Chap8and12 the loading

and foundation is specified, which is considered when deténgnthe characteristics of the soil in this chapter. It is
assumed that the failure reach a depth of half the founddtameter, which is determined to 13.82 m in Chagt2r
Therefore only soil measurement for the depth of interesh&dysed to avoid too strong strength characteristics as a
result of strength increase with depth.

Two different characteristics are needed for the clay. Qmaulsl be very similar to the one describing the sand,
where a single mean value and standard deviation deschbesntire soil volume. This approach is needed for
the deterministic calculation with characteristic valu@s additional description of the characteristics are eeed
for the modelling of the stochastic field. Here the depth déeecy should be taken into account, and the standard
deviation will be found, when the trend is subtracted fromdhlculated strength parametei3N\V, 201( describes

a method for handling soil parameters that are subject tthddgpendency, which is described in Appenix

6.1.2 Results

The MATLAB programme containing the calculations can benfin CD AppendixA. At first the found value of
the cone facton\., will be presented in Tablé.2

Table 6.2: Characteristic values of the undrained shear strength oleskfrom the CPTu-tests.

Ne
[]
10.35

Great uncertainty is connected to this calibration, as omlg shear vane test is performed and compared to one
CPTu test. In spite of this, the value found in Tabl2is around the expected value for a Danish clay, which has an
expected value of 10. Therefore the value will be used withather considerations.
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6.1.2. Results

Characteristics Without Subtracting Depth Dependency

The described method for determining the undrained sheamgth has been implemented in a MATLAB code, in
which the measurements from the CPTu’s have been analybedyathering of the calculated values has resulted in
the LogNormal distribution and according tail fit as preselih Figure6.5
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Figure 6.5: Accumulated distribution function for the undrained she@ength at the test site at Suderbove;j.

o
o

The lower tail - i.e. lowest 10% - of the data set differs frdra togNormal fit. The irregularity is seen in the light of
the used definition of the population used for determinirgdistribution. The population includes all the measured
values found for the different CPTu tests performed at thation, after having performed the sorting of the data as
described in the previous section. The lower values obdearnv&igure6.6 are primarily originating from CPTu 4,
where the measured cone resistance is found to be appr@yn28% lower than the average trend. By excluding
the measurements from CPTu 4 the distribution becomes ragtdar as depicted in Figufe6.
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Figure 6.6: Accumulated distribution function for the undrained shs@&ength at the test site at Suderbovej. CPTu

number 4 has been excluded.
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Chapter 6. Modelling of Cohesive Soll

Despite of the more regular distribution observed by exdgdhe measurements from CPTu 4, it has been chosen
to use the characteristics observed from FighEe as this will provide a better description of the soil strégngs a
whole for the location. The distributions presented hagelted in the following characteristics of the clay present

in Table6.3

Table 6.3: Characteristics of the undrained shear strength obserw@d the CPTu-tests. F =0.05 is the 5%
guantile found from the data set. *Values will not be usedhafurther analysis, but are presented to give an
overall description of the characteristics leading to tHé fuantile for the tail fit.

Hey Og, Cusw COV F=0.05
[kPa] [kPa] [kPa] [-] [kPa]
LogNormalfit 195.2 34.8 143.6 0.18 128.2
Tail fit 219.4* 59,5 136.7 0.27* 128.2

In Table6.3it is observed that 5% quantile found from the data set is idenable lower than the one calculated
from the LogNormal fitc, s¢. This is due to the low values from CPT number 4, which inflesibe low values of
the plotted data in Figuré.5. Nonetheless, it has been chosen to use the valug §94in the following work.

Characteristics Corrected for Depth Dependency

For the stochastic field modelling the depth dependency tetiexd. Therefore the method described in Appetitlix
is applied in order to gain the characteristics presentdalie6.4.

Table 6.4: Characteristic values of the undrained shear strength foclsastic field modelling.

a0 a1 Oc,
[kPa] [kPa/m] [kPa]
1640 89 309

Herea; describes the increase in undrained shear strength alerdgefitha is the intercept with the soil surface
ando is the constant standard deviation along the depth. Theséisare further used in Chapt3.
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Chapter 7

Design Strength Parameters

In the following chapter the design strength parametersl iisehe deterministic design will be presented. In
[Eurocode 02007 it is stated that the characteristic value of the strengtthe bearing capacity should correspond
to the 5% quantile. In Appendik it has been investigated, what influence the choice will lmavéhe characteristic
bearing capacity. In this project it is chosen to use the 5&mtjle of the strength in the design of the foundation, as
this is what is done in common engineering practBgrense2013.

The characteristic effective friction angle is determiasdhe 5% quantile of the distribution determined in Chapter
which is presented again to set the record straight.

Table 7.1: Characteristic effective friction angle.

Parameter Symbol Value Unit

Characteristic effective friction angle ¢ 30.30 °

The design value of the effective friction angle is detemion behalf of the partial safety factor of 1.25 as presented
in Table3.1 The design value can be determined from Equatiof)

¢y =tan (M) (7.1)
Yo

where

¢ | Characteristic effective friction angfe

This leads to the design effective friction angle shown ibl&& .2

Table 7.2: Design effective friction angle.

Parameter Symbol Value Unit

Design effective friction angle ¢ 25.05 °

The characteristic undrained shear strengtl, is presented in Table.3

Table 7.3: Characteristic undrained shear strength.

Parameter Symbol Value Unit

Characteristic undrained shear strength cy ¢ 136.7 kPa
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Chapter 7. Design Strength Parameters

The design value of the undrained shear strength is detechfiom Equation®.2).

Cug = u° (7.2)
This leads to the design value shown in Tabl&

Table 7.4: Design undrained shear strength.

Parameter Symbol Value Unit

Design undrained shear strength ¢, g 98.5 kPa
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Chapter 8

Estimation of Correlation Lengths

The main topic of this chapter is spatial analysis of the mesments from the CPTu tests performed on both sand
and clay. The purpose is to gain knowledge about the coiwalégéngths. The correlation length is a measure of
the distance beyond which soil parameters are largely veleded. Knowledge about the correlation length can
help determining which strength quantile to use in desigor. dstimation of the correlation length of the strength
parameters two methods described Baker, J. and Calle,, 22004 are applied. Two methods for estimating the
correlation length are presented in the following. The finsthod uses trend coefficients and is used to estimate the
correlation length in both horizontal and vertical directiwhereas the second method, based on semivariograms, is
used for estimation of the vertical correlation length asd/e as a verification for the first method.

8.1 Estimation using Trend Coefficients

This method uses field observations and the mutual geometaybasis for determining the mean value trend and
statistics for the soil field. It is assumed that the fielddéstve mean values that changes with depth and further, the
correlation length is assumed to be the same in any horikdinégtion. The method is applicable for both frictional
and cohesive soils. In the following the method is presefdaettictional soil.

8.1.1 Method and Assumptions

The expected mean value trend in any geometric point of theidered soil volume, can be described by applying
Equation 8.1).

mp(x) =4a" E(2) (8.1)
where

mp(X) | Expected mean value trend in any geometric pdint [
a Estimator of trend coefficient vecta|°]
E(2 Shape function values at the defmlf]

The trend coefficients can be estimated using Equa8di. (

a=(ETRIE)ETRIP (8.2)

where

R | Correlation matrix [-]
P

Sample values’]
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Chapter 8. Estimation of Correlation Lengths

The correlation coefficients are calculated from Equat&B8) keeping in mind that the horizontal correlation length
is unaffected by the direction.

B(I,J)exp(” o | DZ’" (8.3)

where

Dy | Horizontal correlation length [m]

D, | Vertical correlation length [m]

Shape functions are needed in order to estimate both thetexpmean value trend and the trend coefficients. These
are assumed linear because of the assumed linear trendsiféhgth value along the depth.

Z
Fi(z) . (8.4)
Z
Fo(z)=1-
2(2) Zmax
where

[ Sample number [-]
Z Depth coordinate of samplgm]

Zmax | Depth coordinate of deepest sample [m]

Further the variance is determined from Equati®m)and it is assumed constant with depth.

R'(P-E3) (8.5)
where

82 | Estimator of field varianceg? [°]
n | Number of sample points [-]

m | Number of shape functions [-]

The correlation coefficients can be obtained from the Iil@id expression given in Equatid®.§) as the fluctuating
field is considered normally distributed.

Lt,(P;D) = exp(—3(N—M))2 - (8.6)

en} \fdet®) (P (R*-RIE[ETRIE) "ETR)R)”

Handling a large number of data from the CPTu tests makegk#linbod expression unstable when using numerical
computation in e.g. MATLAB. By raising to the power of N/2, wde N is in the order of 1,500 - 2,600, MATLAB
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8.1.2. Results for the Sand at Vulkanvej

assumes infinite numbers. But as the numerator and the finstitethe denominator are constants for any combi-
nation of the correlation lengths and therefore not a patti@bptimisation process, these terms can be replaced by
a constant. Another problem arises when handling a greatianod data. The correlation matriR, becomes very
large and with low values in most entries. Therefore MATLABurns the value 0, when calculating the determinant
of R. Excluding the term /detR) leaves an expression that can be handled by taking the hiatgaaithm, although

the degree of accuracy by excluding this term is unknown aliqo 8.6) is then expressed as Equati@).

1

Li,(P;D) =
»(ED) HEETRIE) CETRY)R)In(Y)

- (ET (571 - (8.7)

8.1.2 Results for the Sand at Vulkanvej

The MATLAB programme containing the calculations for theretation lengths using trend coefficients can be
found in CD AppendiA. For analysis of the sand at Vulkanvej, the seven sorted @&5Is are used. The resulting
correlation lengths are presented in TaBl& where it is clear that short correlation lengths are preseboth
vertical and horizontal direction (optimum in bold). Theadysis is initially made with a much greater difference in
correlation length and the presented results are limitedgoesults just around the optimum.

Table 8.1: Correlation lengths for the sand at Vulkanvej.

Dz Dn a1 a 6] MLM

(m [m] [ [] [] [-]

20 0.06 38.10 4191 0.6709 0.022781
20 0.09 38.12 41.87 0.6456 0.023050
20 0.12 38.14 41.83 0.6578 0.022917
25 0.06 3810 41.90 0.6707 0.022792
25 0.09 38.13 41.86 0.6455 0.023051
25 0.12 38.15 41.82 0.6578 0.022918
3.0 0.06 3811 41.88 0.6708 0.022781
3.0 0.09 38.13 41.84 0.6457 0.023049
3.0 0.12 3815 41.80 0.6580 0.022915
35 0.06 3812 41.86 0.6713 0.022776
35 0.09 38.14 41.81 0.6463 0.023041
35 012 38.16 41.77 0.6588 0.022907

Herea; anday denotes the expected value in the top and the bottom of the f@gpectively. For this analysis
the maximum likelihood estimation coincides with the lowisld standard deviation even though the term with
\/W(R) is excluded. When observing the expected values greatgdimee is noted compared to what was cal-
culated in Chaptés. This might be due to the fact, that the assumption of lineard along the depth is not well
fulfilled.

Further comments on the results include that the methodrissensitive to the input. Calculating, inverting and
taking the determinant of matrices in the size of 2,600 x @)6i2h values close to zero in the majority of the entries
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Chapter 8. Estimation of Correlation Lengths

gives rise to problems with the likelihood expression. Ry the number of data for analysis gives more stable
calculations, but averaging the soil parameters to userfdata has an influence on the result as well. The obtained
correlation lengths gets larger with greater averaging.

Nonetheless, very low correlation lengths are calculateld@ support these calculations an empirical semivariogra
will be used to verify the vertical correlation lengths, 8&ction8.2

8.1.3 Results for the Clay at Suderbovej

For the analysis on clay the corrected CPTu tests from Chégtee used. In Tabl8.2the results are highlighted.
The vertical correlation length is 0.15 m and the horizoigtdletween 0.12 and 0.16 m dependent of whether
MLM is used as optimisation criterion.

Table 8.2: Correlation lengths for the clay at Suderbove;j.

D; Dn a a o MLM

[m] [m] [kPa] [kPa] [kPa] [-]

0.8 0.09 2239 157.4 2599 0.021429
0.8 0.12 2236 157.6 25.17 0.036687
0.8 0.15 223.3 158.0 24.99 0.13733
0.8 0.18 223.0 158.3 25.18 -0.082474
1.2 0.09 2242 156.7 25.78 0.022228
1.2 0.12 2239 156.9 25.01 0.039277
1.2 0.15 223.6 157.2 24.86 0.18435
1.2 0.18 223.3 1574 25.08 -0.071354
1.6 0.09 2242 1565 25.79 0.023748
16 0.12 2240 156.7 25.05 0.044711
1.6 0.15 223.7 156.9 24.93 0.4516
16 0.18 2235 157.2 25.19 -0.057826
20 0.09 2242 156.7 25.97 0.026018
20 0.12 2240 156.8 25.28 0.054307
20 0.15 2237 157.0 25.18 -0.529
20 0.18 2235 157.3 2545 -0.046532

An example of the rather unstable likelihood expressiorrés@nt from the analysis on clay, where the value goes
from a maximum to a negative value and if the correlationies@re increased the expression equals zero whereas
the & term remains stable.

8.2 Estimation using Empirical Semivariogram

Another way of estimating the correlation length is to usaigariogram. In the following only the vertical correla-
tion is analysed in order to compare with the correlatiogtea found in the previous section.
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8.2.1 Method and Assumptions

Spatial dependency is calculated through the empiricalvsgingram described inBaker, J. and Calle, 22004,
where the semivariogram is denotgd) and follows from Equationd.8). As the soil deposit has a trend in vertical
direction, this trend is subtracted before analysing th&C#eésts. The trend is assumed linear and for each CPTu a
linear fit is made for describing the local trend. It is furtlhesumed that the used data is from a statistical homoge-
neous population. This is sought through sorting the datieasribed in Chaptérand6.

When describing the method in the following the soil paraneised is the effective friction angle, which is the
desired parameter when analysing the sand site at VulkaReepnalysis on clay, this parameter is simply replaced
with the undrained shear strength in the following equation

V(0 = %Var (¢'(d) —¢'(d + 1)) (8.8)
where

y | Semivariogramq]

Distance between sample points [m]
¢’ | Effective friction angle ]
d | Depth[m]

Equation 8.9 shows a relation between the semivariance and the wellkkkrsitocorrelation functiorpy (T).
¥(1) = (1-py (1)) o (8.9)

where

pgr | Autocorrelation function for the effective friction andl¢

0423, Variance of effective friction angle for the CPTu teét)ﬁ]

In order to calculate an empirical estimate of the semigaem Equation§.10 is used.

V(1) =50 > (9'(d) —¢'(dh +1)) (8.10)
where
A Empirical semivariogrant]

n(t) | Number of pairs with distance[-]

It is noted that a suitable number of pairs are needed for eétlorder to have a reliable estimate. By combining
Equation 8.9 and 8.10 it is possible to plot the semicovariance function and ébgrdetermine the correlation
length.
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8.2.2 Results for the Sand at Vulkanvej

The MATLAB programme containing the calculations for theretation lengths using an empirical semivariogram
can be found in CD Appendi&. The described method leads to the plots shown in Figur@nd 8.3 where
both satisfactory and dissatisfactory results are presenthe appertaining effective friction angles are shown in
connection to the semicovariance plots in order to get amasgion of the data’s influence on the determination of
the correlation length. The remaining plots are shown ine&mxG. As the correlation length is an estimate of
the distance beyond which the parameter in question isliaugeorrelated, the correlation length is read where the
graph reach and flattens around the value of 1.

CPTu?7 CPTu?7
3 — 3 —
2.5 4t
2r ]
o £, °
e
?.15 ?; 6
—
11 el
7,
0.5
8,
% 05 1 15 2 25 3 35 4 45 5 28 30 32 34 36 38
T[m] Effective friction angleg’ [°]
Figure 8.1: Example of semicovariance function Figure 8.2: Appertaining effective friction angles
with expected tendency and stable value. from CPTu test.
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Figure 8.3: Dissatisfactory semicovariance Figure 8.4: Appertaining effective friction angles
function for detecting vertical correlation length. from CPTu test.

As shown in the figures above and in Appen@ixsome CPTu tests provide fair results, and it is clear thallsma
vertical correlation lengths are present. Other CPTu ple@wésults that are impossible to conclude on. It is observed
that there is an agreement between the regular, low fluom&PTu tests and good plots for the semivariograms.
Opposite a connection between CPTu tests with heavy fluctuahd poor semivariogram plots is observed. This
leads back to the assumption concerning linear trend ingpéhdirection. As can be seen from the plots of the soil
strength along the depth divergence from a regular lineadtis observed.
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8.2.3. Results for the Clay at Suderbovej

It is concluded that the vertical correlation length is ie tirder of 0.1 - 0.5 m, which is in good agreement with the
observation found by the use of the method using trend caaffic Therefore the horizontal correlation length esti-
mated to 2.5 m in SectioB.1is considered reliable as well. The final correlation lesgtre presented in Tab®e3.

Table 8.3: Estimated correlation lengths for the used sand.

DZ Dh

(m]  [m]
0.1-05 25

8.2.3 Results for the Clay at Suderbovej

The results for the clay site is poor compared to the sand Bitactically no CPTu test provide fully satisfactory
results, where the semicovariance function increase tmaaiflate about 1. Some plots show the correct shape as
Figure8.5and other shows random shapes as Fi@ure
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Figure 8.5: Example of semicovariance function Figure 8.6: Appertaining effective friction angles

with expected tendency but unexpected stable value.from CPTu test.
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Figure 8.7: Dissatisfactory semicovariance Figure 8.8: Appertaining effective friction angles
function for detecting vertical correlation length. from CPTu test.
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Chapter 8. Estimation of Correlation Lengths

It is observed from all plots, see Appendsx that it is difficult to treat CPTu data from a test site so ttediable
correlation lengths can be detected. Same remarks congaron-fulfilled assumptions as in Secti®2.2are noted.
Nevertheless, short vertical correlation lengths areciagid in the plots. Few plots show a correlation length in the
order of 1 - 1.5 m, whereas the main picture leaves a coroel&ingth below 0.5 m and even as low as 0.1 m. This
is coinciding with the method used in Secti®r that indicated a vertical and horizontal correlation léngm 0.15

m and approximately 1.5 m, respectively. For further usestation lengths are as follows from Tal8et.

Table 8.4: Estimated correlation lengths for the used clay.

D, Dp
(m]  [m]
0.15 1.5

8.3 Concluding Remarks

To summarise, it is clear that methods for estimating theetation lengths at the test sites used in this thesis are
rather difficult to apply. Divergence from earlier calceldtrends is present for the estimated trends in this chapter
Further, expressions for finding the optimum of the coriefatengths are manipulated in order to achieve stable
values.

Using the semivariogram for estimating the correlatiorgtes different results are found. Some of the CPTu test
provide expected results, but just as many shows unexpeesedts. It is shown that there is a great connection
between acceptable semicovariance plots and CPTu tesawith degree of fluctuation and a clear linear tendency.
Therefore the methods used are considered sensitive tofiopu CPTu tests.

In addition to the above mentioned, it is important to notat @#nalysis in this project are made on only two test
sites with rather inhomogeneous deposits, so a generatisaft the problem should be avoided. In spite of the
complications in the analyses, all calculations suggest small correlation length, which is why the presented
results in Table8.3and8.4are accepted and used for further analysis.
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Part Il

Calculations of two Approaches for Frictional Soill

In the following part the frictional soil described in Chapt will be treated. An analytical model suggested by
[DNV/Risg 201Q will be used to determine the necessary dimensions of tinedfation in order to withstand the
loads described in Chapt& The model uncertainty connected to the analytical modébeidetermined through

a comparison with simulations performed in the 2D numerfmalgramme LimitState:Geo. A reliability index of
the foundation will be determined through the First Ordedi&ality Method (FORM), which is done with the
use of standard values of partial safety factors. The phdidety factor for the effective friction anglgy, will

be calibrated in order to ensure that a given target relidtiilis obtained. Hereby a measure of the potential of
probabilistic design is obtained through a tangible pardene
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Chapter 9

Analytical Approach for Frictional Soil

In the following chapter the analytical approach for cadtinlg the necessary dimension of the foundation will be
performed in accordance with the expressions givendiy\[/Risg, 201(. There the bearing capacity formulas
proposed by Terzaghi are considered.

9.1 Application of the Terzaghi Bearing Formula
Slightly different formulations of e.g. the bearing capadactors,N;, are used in different codes. In the following

formulas described byONV/Risg 201Q will be used.

9.1.1 Method and Assumptions

The Terzaghi formulation for homogeneous soil in draineaiditions is shown in Equatior®(1). The formula also
goes under the name Rupture 1, to which reference will be tadelein the thesis.

. 1 .
Rd:(c{,Ncsc|c+q’Nqsq|q+§\/B’Nysyly)A’ (9.1)
where
R Vertical design bearing capacity at the bottom of the fotiotgkN]
Cy Design value of effective cohesion [kPa]

Nc,Ng, Ny | Bearing capacity factors, c8(6) [-]
S Sy Sy Shape factors [-]

ic,ig,ly Factors taking the inclination of the load into account [-]

q Effective overburden pressure at the bottom of the founddkPa]
Y Effective specific weight of the soil, cf. Tabliel[KN/m?]

B’ Effective or equivalent width of the foundation [m]

A Effective area of the foundation fh

As the soil will be considered as a pure frictional matetiaé term including cohesion can be excluded. Also no
overburden pressure will be present at the sides of the ftiong as a surface footing is considered. Therefore the
term describing the effective overburden pressure is eedwas well. Hereby the bearing capacity can be reduced to
Equation 0.2).

Re= 3V 1/ Nysy iy A ©.2)
The effective width of the foundatio®', which takes the moment induced eccentricity into accoanetcalculated
from Equation 9.3) for circular foundations.
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AN=2 (Rz arccos(%) —evVR— ez)
where

R | Radius of foundation [m]

e | Eccentricity [m]

The eccentricityg, is calculated from Equatio®(4).

=Y
where
Mg | Design moment load [kNm]
Vg | Design vertical load [KN]
The effective widthB’, can be found from Equatio® ().
L
B=—B
Le ©
where
2
Be=2(R—¢) Le=2Ry/1- 1—E and L=
e 1 e 2 R
where

Be | Equivalent width of the foundation [m]

Le | Equivalent length of the foundation [m]

The bearing capacity factdx, for plane strain and drained conditions is calculated fEguation 9.6).

Ny=2 (Ng—1) tan(¢y)  Ng=e™en
where

¢y | Design value of effective friction anglé][

The shape factos,, is expressed by Equatiof.().

B
§=1-037

(%) 1+ sin(q)(j)
1—sin(¢y)

(9.3)

(9.4)

(9.5)

(9.6)

(9.7)
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9.1.1. Method and Assumptions

where

L | Length of the foundation [m]

For circular foundations the shape factgy,is seen to be 0.7. Finally the inclination factdysare calculated from
the expression given in Equatio®.8).

2
S Hyg L2
in=i~-= 1= iv= 9.8
a=e ( Vg+A ¢ cot(%)) Yo ©8)
where

Hq | Horizontal design load [kN]

After the calculation of the vertical bearing capacity iflaidditionally be controlled if the foundation is subjedte
to strong eccentric loading. This is done by applying thenfiala in Equation$.9).

e<0.3D (9.9)
where

D | Diameter of foundation [m]

If the eccentricity exceeds the demand stated in Equaidh an alternative bearing capacity formula for strong
eccentric loading should be respected as well. This is ptedén Equation9.10.

Ri= (Y B'Nysyi§+¢ Nescif (1.05+tar? (¢y))) A (9.10)
where

i$ and i§ | Load inclination factors for strong eccentric loading [-]
This bearing capacity formula is known as Rupture 2 and iesatke possibility of failure of the soil under the
unloaded part of foundation into consideration. The newnation factorsg andiy are stated in Equatio(11).

. Hqg . .
N L. — ie = (i8)? 9.11
¢ JrVd +A ¢ cot(9)) v = (i) (0-11)
For extremely eccentric loaded foundations it is the beggrapacity formula, either Equatio8.() or Equation 9.10),
which results in the lowest bearing capacity, that will drite design.

In the ongoing analysis for frictional soils a foundationgie of 3 m will be assumed, as it seems realistic compared
to the found width. [bsen 2017
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9.1.2 Results

A MATLAB programme containing the calculations can be seeitD AppendixA. The diameter of the wind
turbine is presented in Tab&1

Table 9.1: Dimensions of the foundation.

Parameter Symbol Value Unit

Foundation diameter D 18.38 m

The found dimension of the foundation has resulted in a s&liweight of the structure presented in Ta®l2

Table 9.2: Characteristic self-weight of entire structure.

Parameter Symbol Value  Unit
Self-weight of wind turbine Gy ¢ 5,000 kN
Self-weight of foundation G ¢ 19,541 kN
Total self-weight G 24.541 kN

The total self-weight of the structure combined with theutiisg moment leads to the eccentricity given in Tabla
Table 9.3: Eccentricity of the foundation.

e 0.3D
[(m]  [m]
4.07 5.54

From Table9.3it is seen that the eccentricity does not exceed the reqeinestated in Equatior®(4), and therefore
is it only Equation 9.1) that should be respected.

This foundation design will form the basis for the compamigadth the probabilistic approach, which is the topic of
Chapterll. Before the probabilistic approach is considered a modeéuainty will be found for the scenario of
interest. This is the topic of the following chapter.
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Chapter 10

Determination of Model Uncertainty

Physical phenomenas are hard to describe by the use of matihehand theoretical models, as the nature is very
complex. Therefore itis important to introduce a model uitaipty, which will be expressed in the following. Before
being able to appoint a model uncertainty for the analytcgdression described by Terzaghi in Equat®2) a
base of comparison is needed. For this purpose it has beasercho compare the analytical obtained results with
numerical simulations of the same situation using the coroi@lgorogramme LimitState:Geo. Therefore this chapter
will start by describing the model defined in LimitState:Geal the results obtained from the simulations. In order
to perform a proper comparison, a validation of the use ofpttegramme has been performed in AppertdixA
convergence analysis has additionally been performed andtable size of the elements used in the numerical
programme has been determined in connection to that. Theemgence analysis is presented in Apperdix

10.1 Numerical Model in LimitState:Geo

The numerical model made in LimitState:Geo can be found inAppendixA.

Before the results from LimitState:Geo can be found the rhioeleds to be defined and a simulation plan should be
presented as well. These two issues are the topics of thergresction, which will end with a presentation of the
final simulated results.

10.1.1 Construction of the Model

Firstly the construction of the model will be described irtadls. The base of the model is a surface footing as
depicted in Figurd0.1and10.2
The dimensions indicated in Figult®.2are presented in Tabli.1

Table 10.1:Dimensions for the model.

Parameter Symbol Value Unit
Horizontal dimension  Xmin -50 m
Horizontal dimension  Xmax 75 m
Vertical dimension Ymin 0 m
Vertical dimension Ymax 30 m
Footing height h¢ 3 m
Footing width b¢ 20 m
Tower height ht 100 m

From Figurel0.1it should be noted that the boundaries for the soil are medelk fixed. This is done due to the
limited options in LimitState:Geo where only free, symneand fixed boundaries can be modelled. None of the
mentioned boundaries represent the real conditions. Byettiog the boundaries as fixed, constrainment of the soil
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Chapter 10. Determination of Model Uncertainty

Figure 10.1: Screenshot of the model constructed Figure 10.2: Dimensions for the LimitState:Geo
in LimitState:Geo. model.

volume is ensured. Also the domain of the model has been méfieiently large in order to make sure that the
failure mechanism has enough space to develop. As the gbié ébcation is saturated a pheatric water level is de-
fined at the top of the soil layer. From Figut8.1it is further observed that the vertical and the horizordatls are
assigned different colors. The green arrows symbolisesltizat are not connected to the adequacy factor calculated
by the programme, and the red arrows symbolise the loadectehto the adequacy factor. The adequacy factor is a
measure of the relative change of the appointed loads, ilid¢ad to failure. As the vertical loads are not connected
to the adequacy factor it is ensured that the footing will kygosed to the entire vertical load. The adequacy factor
will then describe the relative bearing capacity of the eggphorizontal and moment load caused by the horizontal
load.

As indicated in Figurd.0.1the horizontal load only affects the tower at the upper mafténe tower. This is done in
order to provide a more realistic modelling of the actuatian a wind turbine where the majority of the horizontal
load will be caused by the wind force on the blades.

In the model both the tower and the footing are modelled ad apjects. Also no friction is allowed between the
footing and the soil. This is done as the numerical model iepicate the behaviour described by the analytical
expression in the best possible way. Therefore the assongpthade for the expression in Equati®r?) are to be
fulfilled for the numerical model as well. These can be reeédw Sectiord.1.1

The soil volume in the model has been modelled to represerdttaracteristics from the location at Vulkanvej. For
this purpose the mean value of the characteristics founddtiéh5.1.4has been chosen, as it provides a description
of the actual conditions. This and the remaining definitidefined for the soil used in the model are listed in
Table10.2
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Table 10.2: Properties for the soil.

Parameter Symbol Value Unit
Soil model - Mohr-Coulomb -
Drainage behaviour - Always drained -
Effective friction angle ¢’ 33.19 °
Unit weight y 16 KN/
Saturated unit weight Vs 19 KN/

10.1.2 Simulation Plan

In order to simulate the failure surface different scerafiw simulation has to be chosen. For this purpose the simu-
lations will be done for predefined vertical load/self-wigf the construction along with different combinations of
horizontal and moment loads. The different combinatioriklvei created by varying the height of the tower/the at-
tack point for the horizontal load. This will ensure the tigtress paths for the simulations. The concept of choosing
different stress paths is illustrated in Figui@3 As the drainage type for the simulations are seAlasys drained

no consolidation phase needs to be modelled, as the sobevdrained from the beginning.

Normalised moment

Normalised horizontal load

Figure 10.3: Concept of different load paths for predefined vertical mad

It has been chosen to make the vertical load correspond todGbe ultimate vertical bearing capaci, and

this value only. The value is a typical design value for foatiwhs, whereas it has been chosen to concentrate the
simulations around this very valubgen 2013. For the attack point of the horizontal load various hegdtdve been
selected for simulation as mentioned earlier. From catsedrom the danish wind power firm Vestas it has been
found, that typical hub-heights for onshore wind turbinesia the range of 70 to 90 m/gstas 2013. Therefore

the simulations are concentrated within these height$i@asain horizontal load is expected to occur at hub-height.
Therefore a simulation has been performed for each metaimattie mentioned range. In order to produce values
for the entire failure surface additional simulations haeen performed for each 5 m below the described range
and 2 simulations have been performed for higher attacktg@inorder to obtain values for loW /M values. To
summarize a total of 36 simulations is chosen to representuimerical yield envelope.

10.1.3 Results

In the following the results from the simulations will be peaited. Firstly the values will be shown in a table, after
which the failure domains will be commented upon. In thedihg section the results will be compared to the
analytical expression presented in Secoh.1
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Before the simulations are performed, the ultimate velrbearing capacity is found. For this purpose no horizontal
force is applied to the model, and the vertical load is asgiggn adequacy factor. The results from the simulation is
presented in Tabl#0.3

Table 10.3: Simulation results of the ultimate vertical bearing capgci

Parameter Symbol Value  Unit

Ultimate vertical bearing capacity Vp 90,432 kN/m

From this the simulations describing the different streathg are performed. The results obtained from the 36
simulations are as presented in TabGe4

Table 10.4: Simulation results from LimitState:Geo. The loads presgate the loads at failure. The arm indicates
the height of the attack point of the horizontal load.

Arm Verticalload Horizontalload Moment Arm  Vertical load Horizontalload Moment
[m] [kN/m] [kN/m] [kKNm/m] | [m] [KN/m] [kN/m] [KNm/m]

5 45,216 9,506 47,530| 75 45,216 2,372 177,900
10 45,216 9,500 95,000, 76 45,216 2,344 178,144
15 45,216 8,038 120,579 77 45,216 2,316 178,332
20 45,216 6,810 136,200 78 45,216 2,289 178,542
25 45,216 5,874 146,850 79 45,216 2,262 178,698
30 45,216 5,146 154,380 80 45,216 2,236 178,880
35 45,216 4,568 159,880 81 45,216 2,211 179,091
40 45,216 4,103 164,120 82 45,216 2,186 179,252
45 45,216 3,719 167,35% 83 45,216 2,162 179,446
50 45,216 3,401 170,050 84 45,216 2,138 179,592
55 45,216 3,131 172,20% 85 45,216 2,115 179,775
60 45,216 2,900 174,000 86 45,216 2,092 179,912
65 45,216 2,700 175,500 87 45,216 2,070 180,090
70 45,216 2,526 176,820 88 45,216 2,048 180,224
71 45,216 2,494 177,074 89 45,216 2,027 180,403
72 45,216 2,462 177,264 90 45,216 2,006 180,540
73 45,216 2,432 177,536 3,000 45,216 64.19 192,570
74 45,216 2,402 177,748 5,000 45,216 38.54 192,700

From Tablel0.4the general tendency is quite obvious. As the moment ineseie horizontal bearing capacity is
reduced and vice versa. For the results obtained for the aithim the smallest and the two highest arms the ten-
dencies deviates slightly from the general tendencies iShieasoned by the meshing of the model, as a refinement
of the mesh would have indicated slightly different horitadtoads for the simulations.
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10.1.4 Failure Domains

In the following section the failure domains observed in itBtate:Geo during the simulations will be commented
upon shortly.

It has been chosen to include two figures for a brief comparisbich are shown in Figur#0.4and10.5 Figurel0.4
shows a failure domain with a point of attack for the horizbfdad which is 5 m above the ground, and Figlioe5
shows the failure domain, when the point of attack is 100 nvaltiee ground.

Figure 10.4: Failure domain for the footing with a Figure 10.5: Failure domain for the footing with a
point of attack 5 m above the ground. point of attack 100 m above the ground.

From the figures it is quite obvious that thie’M ratio is important for the shape of the failure domain. Thghler
H /M ratio the more the failure domain tends to develop in thectiiva to which the horizontal load is directed. For
the lowH /M ratio depicted in Figur&0.5it is observed, that the horizontal force is less dominant.

The failure domains for the simulations are similar to thosEigure10.4and10.5 It should be noted that all the
zones in the figures are passive, which is reasoned by thiealdoad applied in all the simulations.

From Figurel0.4and10.5it is also observed, that the failure domains run close t@#wnetrical boundaries of the
numerical models. To enlighten which influence this mightehan the obtained results a small study of the edge
effects are presented in Appendix

10.2 Calculating the Model Uncertainty

After having run the needed numerical simulation, the folaadling that caused failure will be used in the bearing
capacity formula by Terzaghi. The two results will be conguband a model uncertainty will be determined for the
analytical expression. The simulated results obtainet fronitState:Geo in Sectioh0.1.3will be regarded as the
exact results although they have not been verified from ifeaileasurements.

The method used to determine the model uncertainty is frorodede O - Annex D. The method is also explained
in [Sagrensen, John 2011, which forms the basis for the described method.

10.2.1 Method and Assumptions

The model uncertainty is assumed to be LogNormal distribatel has to be multiplied with the mathematical model
in order to obtain a result including the model uncertamtighis is described in Equatiohd.1).

Y =bAh(X) (10.1)
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where

Y Model included model uncertainties [-]
b Constant [-]

A Model uncertainty withuy = 1 andop [-]
h(X) | Mathematical model [-]

X Set of stochastic variables included in mathematical mplel

The mathematical model will correspond to the expressiorRfo cf. Equation 9.1), normalised with respect to
50% of the ultimate vertical bearing capacity, found in Table10.3 This provides a relative measure of the
calculated bearing capacity, that is directly comparabtbé simulated values. Hereby the mathematical model can
be expressed as shown in Equati©f.Q).

h(X) = : éxv)o (10.2)

The constantp, describes the mean deviation between the mathematicatlnaod the simulated results. The
constant can be estimated by the use of the LSM, cf. Equati@d)(

b— > yi h(x) (10.3)

Zh(l(i)z

where

y; | Value obtained from the simulations [-]

X | Values of the stochastic variable corresponding {&N/m or kKNm/m]

In the considered situation the valueypfwill be 1, which indicate failure in the simulation. At thiint the load
combination will correspond to a point at the failure enypeo

By using the constanh, a realisation oA can be calculated using EquatidrO(4).

A =In (%) (10.4)

where

A | Realisation of the LogNormal model uncertainty [-]

The realisation is used to determine the characteristitiseomodel uncertainty. The mean is known to be 1 and an
estimate of the standard deviation and the correspondieffjcent of variation is calculated from Equatiob0(5.

On = \/Ni_l > (& —B)? Vo= /exp(a2) -1 (10.5)
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where

op | Standard deviation of the model uncertainty [-]

N | Number of comparisons [-]

g

Mean value of the LogNormal stochastic uncertainty [-]

Vp | Coefficient of variation for the model uncertainty [-]

The mean value of the LogNormal realisations are calculfated Equation 10.6).

_ 1.
A=5 ;Ai (10.6)

It should be noted, that by applying the above mentioned okth is assumed that the simulations provide the
exact results. It would be appropriate to assign an additioncertainty describing the model uncertainty between
measurements from real life models and the results obtdinedthe simulations. By doing this the mathematical
model will be able to describe the real life model with theoa$ated uncertainties. The last described aspect is out
of the scope of this thesis.

10.2.2 Results

A MATLAB programme containing the calculations for the mbdacertainty can be seen in CD Appendix The
comparison of the simulated and mathematical results angrsin Figure10.6for illustrative purpose.

16
1.4} .
12

b _________]
0.8/ « x 1
0.6F wxxx <" ]

x  Results

0.41 —— Mean i

0.2} — — Simulated value A

0 | | | | | | |
0 5 10 15 20 25 30 35

Simulation number [-]

Normalised bearing capacit®/Rsim [-]

Figure 10.6: Comparison of simulated and calculated vertical bearinpaxeities.

From Figurel0.6it can be observed, that the results from the mathematicdkhio general are around 30% lower
than those observed from the simulations. This is in goodexgent with the expectation of the analytical expressions
to be a lower bound calculation compared to the simulatitireg,are based on upper bound algorithms. Therefore
the value of the constanlp, is expected to be higher than 1. An overall trend is obseimvdegurel0.6for the
calculated results. The only deviations of the generaldtt@® found at the first and the last simulation numbers
corresponding to low and high points of attack of the horiabforce. The deviations are expected to be due to the
change in failure domains as explained in Secfiori.4and due to limitations regarding the mesh for the simulated
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models explained in Sectidk0.1.3 As the deviating points represent extreme and unreafisgoarios (points of
attack of 5, 3,000 and 5,000 m above the ground), these pwilitee regarded as outliers and will therefore be
excluded from further calculations.

The remaining calculated results moves toward an asynediné. From this it can be concluded, that the math-
ematical expression is somewhat dependent orM}id ratio. Therefore the constarii, could be expressed as a
function dependent of thié /H ratio. This has been omitted in this thesis. Instead it haslseosen to focus on the
simulations, that have arms to the horizontal point of &ttaithin the interval 70 - 90 m, as these are considered to
be in best agreement with real scenarios. By doing this dniylgtion 14 - 34 in Figurd 0.6 will be considered,
when the parameters describing the model uncertainty dre tietermined. The calculated parameters are presented
in Table10.5

Table 10.5: Determined parameters for describing the model uncenaint

Parameter Symbol Type Mean Standard deviation
[-] [-]

Model uncertainty A LogNormal 1 0.0066

Constant b Deterministic  1.41 -

As the last 20 results in Figuf0.6 are deviating by approximately the same factor, a very lovasuee for the
standard deviation is obtained. The calculated valule of 1.41 seems rather high, as an agreement between the
upper bound solution and the calculated bearing capacifiesexplanation for the deviation is thought to be the
complicated load scenario treated with a high eccentriditye two methods are known to produce similar results
for simple scenarios, but might deviate as the scenariofarély failure domain changes significantly. The results
will be used, when the reliability of the foundation is to msidered.
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Probabilistic Approach

In this chapter the wind turbine foundation will be designsthg a probabilistic approach for the frictional soil. A
limit state function on the same form as the bearing capdoityula presented in Secti@nl.l will be setup in
order to determine the reliability of the foundation. Frdristanalysis a partial safety factor for the effective fdot
angle will be calibrated and compared to the one giverEirgcode 7-12007. Additionally a sensitivity analysis
will be performed in order to identify, which variables theds the greatest influence on the reliability index.

11.1 Reliability Analysis

The reliability of the structure will be evaluated on the ibasf a reliability index obtained by FORM. At first a
design and limit state equation will be stated.

11.1.1 Limit State Function and Design Equation

In order to determine the safety level of the foundation tleeedure described in the following will be used. At first
a design equation will be setup, see Equatibh ).

Rozaw (11.1)
Ym

where

R: | Characteristic resistance [-]
Qc | Characteristic load [-]
vm | Partial safety factor for the resistance [-]

yi | Partial safety factor for the load [-]

z Design parameter [-]

From Equation11.]) itis seen that the design equation contains charactevisiies with appertaining partial safety
factors. The partial safety factors used in the design éguaan be seen in Tablel .1

Table 11.1:Partial safety factors used in the project.

Parameter Symbol Value
Partial safety factor for aerodynamic loads yg 1.35
Partial safety factor for self-weight e 1.0
Partial safety factor for effective friction angleyy 1.25
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Chapter 11. Probabilistic Approach

The design parameter, will be calibrated until the characteristic load and cletesistic resistance with their apper-
taining partial safety factors are identical.

The design parametez, will then be used in a limit state function, which can be teriton the form shown in
Equation (1.2.

g=R-zQ (11.2)

R | Stochastic resistance [-]
Q | Stochastic load [-]

In the considered case the Terzaghi bearing capacity ferfnain Equation9.2) will form the basis for the design
equation with the associated uncertainty defined in theipus\chapter. The result is shown in Equatiaf.@.

G=bRy—V4z=0 (11.3)
where
G | Design equation [-]
b | Constant, cf. Tabl&0.5[-]

Ry | Design value of the bearing capacity [kN]

Vg | Design value of the vertical load [kN]

z Design parameter [-]

The dimensions of the foundation given in TaBld will be maintained, and will therefore be a measure of how
much the loads should be modified before the design limitashed.
The limit state function is shown in Equatiohl(.4).

g=AbR-Vz (11.4)
where
g | Limit state equation [-]
A | Model uncertainty [-]
R | Stochastic variable describing the bearing capacity [KN]
V | Stochastic variable describing the vertical load [kN]
z | Design parameter [-]

11.1.2 Stochastic Variables

When a probabilistic approach is used for design the unogigaregarding the strength parameters and the loads for
the limit state function should by modelled carefully. TlEglone through stochastic variables, which are character-
ized by their mean value, standard deviation and distdioutiype. The correlation between each stochastic variable
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should furthermore be defined, as it influences the religiuifithe structure. The abbreviations defined in Taldle?
will be used throughout this project.

Table 11.2: The abbreviation of the different distributions.

Type Abbreviation
Deterministic D
Normal N
LogNormal LN
Gumbel G

Stochastic Models for Loads

The uncertainties regarding the loads are the same for #ieadt and the undrained case and will therefore only be
presented once.

The wind turbine is exposed to a wind load, which will indudeagizontal load and an overturning moment. Since
both the horizontal load and overturning moment origingftbe wind load they will be modelled as fully correlated
stochastic variables.

The wind speed is a stochastic process that varies in timsack. This might induce difficulties when the exact
magnitude of the wind load are to be determined. In order terdene the wind loads for design situation DLC
1.1, it would be ideal to perform a wind speed measuremetiteagiven site over a time period of minimum one
year, in order to get measurements from a whole season. Titeleads should be extrapolated in order to get a
representative value for the given design period. Since duit of the scope of this project to determine the exact
wind loads, the estimates presented in Sec3i@will provide the design basis. In the probabilistic apptottese
loads should be transformed into stochastic variables.

The characteristic 98% quantile loads from Sec8adis calculated on the basis of different uncertainty factors
connected to the magnitude of the wind load. In Equatidng these model uncertainties is presented for the
horizontal load, but the procedure is identical for the wimdliced moment load Thrp-Johansen et aR002

H =Hy Xexp Xst Xaero Xdyn Ksim Xext (11-5)

where

H Stochastic variable describing the horizontal wind load][k

Hp Stochastic variable describing the basic horizontal wiradil[kN]
Xexp | Stochastic variable describing the terrain uncertairjty [-

Xst Stochastic variable describing the climate statisticeeuamty [-]
Xaero | Stochastic variable describing the aerodynamic unceytgin
Xdyn | Stochastic variable describing the structural uncergeiht

Xsim | Stochastic variable describing the simulation uncenydit

Xext | Stochastic variable describing the extrapolation unaestd-]
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The mean values, coefficient of variations, COV, and typedigifibution for the model uncertainties are given in
Table11.3

Table 11.3:Uncertainties regarding the aerodynamic load effedarp-Johansen et gl2007

Name Type p COV  COV

Normal Low

Xep LN 1 20%  10%
Xst LN 1 10% 5%
Xeeo G 1 20% 10%
Xgyn LN 1 20% 5%
Xsim N 1 5% 5%
Xex LN 1 5% 5%

Regarding Tablel1.3it is observed that two proposals for the COV's are listede TOV’s in theNormal col-
umn is what is used in common practice, whereas the COV’s én_tw column is reasoned by the fact that
most computational models are calibrated to full scaleste3the only exception to this Eexp wWhere it is re-
commended to use a COV from the normal uncertainty model altieet natural randomness of the topography in
natureffarp-Johansen et a003. In the probabilistic approach it is the COV'’s with bold tahat will be used.

The basic wind loadl,, is assumed Gumbel distributed, with a C@\ in the range of 5 - 15%Jarenser?013. It
could be argued for to use a Weilbull distribution insteaddesign situation DLC 1.1 is for normal wind conditions.
A Weibull distribution is suggested byHC, 2005. The reliability index will be calculated for two situatis, with
COVuing = 5% and COV,ing = 15% respectively in order to determine the influence of plaiameter.

The 98% quantile for the wind load is given in TaBl& By using thisyi,, is the only unknown from Equatioit.5
and can therefore be determined.

In Table11.4p,p andpmp is shown for the two situations of CQ¥g-

Table 11.4:Mean value of basic wind loads.

Description Abbreviation COVing=5% COWyind =15%  Unit
Horizontal load Mhb 445 415 kN
Moment Mmb 44,500 41,500 kNm

As seen from Tablé1.4the mean value of the load is largest for the situation with/Ggy = 5%. This is reasoned
by the fact that a Gumbel distribution with a CQWVy = 15% has a greater tail than a Gumbel distribution with

Stochastic Strength Parameters

The stochastic variables appertaining the bearing capfacinula for the drained case are the effective frictionlang
¢’, and the effective specific weight of the sqjil, The specific weight and effective friction angle are présein
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Table4.1and5.4and the mean value and COV are presented in Thbl® where a normal distribution and a COV
= 2.5% for the specific weight is assumetopk, 2007

Table 11.5:Mean value and CQOV for effective friction angle and speciégit of the soil.

Description Symbol Distribution type Il cov
Effective friction angle ¢’ LN 33.19 5.5%
Effective specific weight  y N 9.37 kN/m?  2.5%

11.1.3 Results

A Fortran programme containing the calculations for thebglity index can be found in CD Appendi.

In order to be able to evaluate the potential of probakidlidésign, the target reliability indefy, for wind turbines
should be considered. Since there is an ongoing discuskaut &hat the desired reliability index for onshore wind
turbines should be, the target reliabilities given in Tahlebwill be investigated in this project in order to evaluate
the probabilistic approach.

Table 11.6:Investigated target reliability indices.

Target reliability indexBt  Annual probability of failure
3.09 10°3
3.72 104

A target reliability index,Br, of 3.09 is proposed byTgarp-Johansen et aR003. A Bt of 3.72 is provided by
[Serenser2013.

The results from the reliability analysis can be seen in @4tl7 The method for calculating the reliability index
can be found in AppendiK.

Table 11.7:Reliability index for different COV’s.

Description Symbol COWing =5% COWying = 15%
Reliability index B 4.72 4.25
Annual probability of failure ps 1.2010°° 1.07.10°°

When comparing the results from Taldlg.7with the target reliabilities from Tabl#1.§ it is seen that the safety of
the structure is larger than what is prescribed by commordstals. A way to minimise this gap is by calibrating the
partial safety factoryy, which is connected to the effective friction angle.

In Table11.8yy is calibrated towards a target reliability index of 3.72 floe two situations of COlying.

Table 11.8: Calibratedyy .

Situation Yo! Br
COVwind=15% 1.04 3.72
COVying=5%  1.00 3.72
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From Tablel1.8it is seen that there is a large potential in probabilistisigie, when the calibrateg) is compared
with what is prescribed by the Eurocodes. The partial sdtettor, vy, is highly dependent on the target reliability
index, and therefore coulg, be reduced further if a reliability index equal to 3.09 isgteted instead. It shall
be mentioned that the results obtained through this réilialainalysis are determined on the basis of number of
assumptions regarding the probabilistic models. Theeefloe results are influenced by subjective opinions, and
should therefore only be regarded as a measure for compariso

The COQV for the sand used in this reliability analysis is 5.9%s known that COV for the effective friction angle
for sands lie in the range 5 - 15%dok, 2007. Therefore a COV of 5.5% could explain some of the high strrat
safety obtained in this analysis.

In order to investigate the influence of C@Ytwo analyses with COY = 10% and COY = 15% respectively are
performed. The results can be seen in Tddl€

Table 11.9:Reliability index for COVjng = 15% for different COY..

Description Symbol COY =10% COVy =15%
Reliability index B 4.12 3.57
Annual probability of failure ps 1.8510°° 1.7810°4

It is observed that the reliability indices obtained withighter COVj, lies closer to the target reliability indices
presented in Tabl#l.6 This result emphasizes the importance of determiningtdredard deviation of the effective
friction angle with great accuracy as the reliability indexighly dependent hereof.

Sensitivity Analysis

In order to get a measure of the relative importance of eawthastic variable, a sensitivity analysis is performed.
At first the omission sensitivity facto€, will be determined. The omission sensitivity fact§rgives a measure for
how much the reliability index would change if the investeghstochastic variable is considered as a deterministic
parameter. The method for calculatibgan be found in AppendiK.

In Table11.10C for the situation with COVjing = 15% is presented.

Table 11.10:Omission sensitivity factor for CQ\g = 15%

Variable Hp Mp  Xexp Xst  Xaero Xdyn Xsim  Xext \ ¢’ Y A
14 1.00 126 122 101 101 101 1.01 1.01 100 1.02 1.00 1.00

From Tablel1.10it can be seen that the effect of setting the basic monMmtto a deterministic parameter would
be an increase of the reliability index of 26%. From the oroissensitivity factor it can be seen that the influence of
the basic horisontal wind loa#l,, is minimal. It is furthermore seen that the reliability exdwill increase by 22%
by setting the uncertainty factoXexp, to a deterministic parameter. From these results it issfoee recommended
to increase the effort in determining the COVM§ andXexp more precisely in order to remove some uncertainty. It
is furthermore seen that the effect of determining the &ffedriction angle more precisely would be minimal. This
is due to the relatively low COV od'.
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11.1.3. Results

Another sensitivity measure is the elasticity coefficientyhich gives a measure for how much the reliability index
would change if the given parameter is increased by 1%. Thikaddor determinings can be found in AppendiK.

The results can be seen in Talitke.11

Table 11.11:Elasticity coefficient gand & for COMying = 15%

Variable  Hp Mp Xexp Xst Xaero  Xdyn  Xsim  Xext \ ¢’ y A
€u -0.03 -0.42 -0.38 -0.66 -0.56 -0.66 -0.66 -0.66 0.43 0.95 10.30.18
€ -0.00 -0.24 -0.30 -0.02 -0.12 -0.02 -0.02 -0.02 -0.01 -0.1D.06 -0.00

From Tablel1.11it is seen that effective friction anglé/, is the most important parameter regarding the mean
values. The reliability index will increase by 0.95%i is increased by 1%. It is once again observed that the
influence ofHy, is minimal. It is furthermore seen that the magnitudes,dfor the uncertainty parameters, and

the basic momenty, are in the same order of magnitude. This is explained by dbethat they are mutually
connected by Equatioril.6.

M = My Xexp Xst Xaero Xdyn Xsim Xext (11-6)

where

M | Wind induced moment [kKNm]

By examiningeg it is seen thaMp andXexp are the variables with the greatest influence, which alseés srom
Table11.10
The omission sensitivity factog, and elasticity coefficieng, for COVying = 5% can be seen in Tablel.12and
Table11.13

Table 11.12:0Omission sensitivity factor for CQyg = 5%

Variable Hp Mp  Xexp Xst  Xaero Xdyn Xsim Xext \ ¢’ Y A
14 1.00 102 135 101 121 101 1.01 1.01 1.01 1.04 1.00 1.00

By comparing the results from Takld.10and11.12it is seen that effect of setting}, to a deterministic parameter is
decreased significantly. This is reasoned by the fact that@is equal to 5% in the later analysis. Itis furthermore
seen that the relative importance of the uncertainty factgy, andXaero are increased in this analysis. All the other
variables have COV'’s equal to 5.5% and below, whedeggsandXaero have a COV of 20% and 10% respectively.
Therefore the relative importance Xdy, andXaero have increased.

Table 11.13:Elasticity coefficient gand & for COVying = 5%

Variable  Hp Mp Xexp Xst Xaero  Xdyn  Xsim Xext \ ¢’ Y A
€u -0.05 -0.64 -0.30 -0.69 -051 -069 -0.69 -0.69 0.46 1.08 60.30.20
€ -0.00 -0.07 -0.41 -0.03 -0.20 -0.03 -0.03 -0.03 -0.01 -0.20.060 -0.00
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By comparing Tabld1.11and11.13it is seen that the general picture is the same. Therefotihenents connected
to the results for the situation with CQ\q does also apply here. Though, it is seen that the influeneg fafr the
basic momentMy, is reduced, which is due to the fact that the uncertaintgngiggMy, is reduced in this analysis.

11.1.4 Discussion

From the results obtained through the reliability analyisisan be concluded that the reliability indd,is highly
depended on CQOy. Therefore it is suggested that the partial safety factottfe effective friction anglep’, should
depend on COY for the given site. CPTu measurements are already perfofoned larger construction projects,
which means that no additional measurements needs to beidander to gain information about CQW The
potential of lowering the costs of the foundation is on theeothand large and should therefore be considered. The
partial safety factor for the effective friction angle cddibr instance be stated in the following way.

Table 11.14:Partial safety factor for the effective friction angle féret situation with COWjng = 15%.

covy | 5% 10% 15%
Yo |104 113 128

In Table11.14the situation with COVjing = 15% is shown.

It shall once again be mentioned that these results is aatain the basis of subjective assumptions, and should
therefore only be regarded as a measure of comparison.

The reliability analysis performed for the frictional s@lunder the assumption of a homogeneous soil, which can
be described by a mean value and a standard deviation. Thimmasion corresponds to a infinite long correlation
length. In Chapte8 the vertical correlation length for the frictional soil wastermined to 0.1 - 0.5 m, whereas the
horizontal correlation length was determined to 2.5 m. Ehmsgrelation lengths are considerable smaller than the
extent of the failure domain. Therefore it should be congdewhich quantile of the effective friction angle, that
should be governing the bearing capacity of the foundatidrch will be discussed in the following.

With correlation lengths in the order of magnitude deterdiim ChapteB, it seems as a good assumption to let
the mean value of the effective friction angle govern theibgacapacity. This corresponds to setting the stochastic
value ¢’ to a deterministic parameter and then perform anotherbiitinanalysis. The change in the reliability
index by doing this, can also be determined by multiplying téliability index with the omission sensitivity factor
determined in Tabld@1.10and11.12 The effect of this for COVjing = 15% can be seen in Tabld .15

Table 11.15:Effect of letting the mean value of the effective frictioglargovern the bearing capacity.

Situation B Annual probability of failure ~ Calibrateg,
COVy =0% 4.34 7.1810°° 1.01

The last column shows the necessary value of the partialdafeoryy in order to obtain a reliability index equal to
3.72. If Tablel1l.14and Tablell.15are compared, it can be seen tigatcan be reduced if the mean value governs
the bearing capacity. The reduction potential dependsewatue of COY; for the given problem.
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11.1.4. Discussion

The situation where the mean value governs the bearing itapajgresents an upper bound solution for the problem.
The situation where the soil is assumed to be homogeneoubkgeasther hand, represents a lower bound solution.
The real reliability index lies in between the two boundg, ibis believed that the upper bound represents the best
guess due the small correlation lengths.

A way to implement the correlation lengths in the analysiddscribed in ffenton and Griffiths2003. In here the
problematic regarding the determination of the right filpath is dealt with by approximating the extend of the
failure domain. Then the value of the effective friction bnig determined as an geometric average over this failure
domain. By doing this the effect of the correlation lengtha be determined. It shall be mentioned that this method
ignores the weakest path issue and therefore only givesléigdiastimate of the problem. A method similar to this,
where the correlation length is considered, will be prese:fdr the cohesive soil in the following chapters.
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Part IV

Calculations of two Approaches for Cohesion Soil

At first the dimensions of the foundation will be determinedoading to a deterministic approach suggested by
[DNV/Risg 2010. After having calculated the necessary width of the fouimea simulation will be run in Lim-
itState:Geo with the strength parameters found for the elagl the calculated dimension of the foundation. The
analysis will be based on a strip foundation, which is domesithe geometry of the failure domain will be ex-
tracted from a 2D numerical model created in LimitState:G&be geometry is then implemented into a stochastic
field made in MATLAB. 10,000 realisations of the stochastid fivill be generated. For each realisation a mean
undrained shear strength is calculating by integrationothe failure domain. The undrained shear strengths are
measures of the bearing capacity by the use of bearing capacmulas. The undrained shear strengths determined
from the stochastic field form the basis for a reliability &ss, which will be performed using asymptotic sampling.
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Chapter 1 2

Deterministic Approach

In the following chapter the dimensions of the strip founatatwill be determined according to the guideline by
[DNV/Risg, 2010. The foundation is designed to withstand the loads preskintSectior8.2
12.1 Transformation of the Loads

The loads in Sectio.2 needs to be transformed into being loads acting on a stripdation, which is the subject
of this section. For this purpose some simplification needset performed, which will be shortly presented along
with the results.

12.1.1 Method and Assumptions

The loads presented in Secti8r2 are assumed to be describing a wind turbine placed on a airfadting with a
radius of 10 m Andersen2013. From this assumption it is possible to transform the fatih into a quadratic
foundation with equivalent area by applying the expressidaquation (2.1).

Lequi= VRZTT (12.1)
where
Lequi | Equivalent side length of a quadratic foundation [m]

R Radius for the circular foundation [m]

Furthermore considerations about the transformation 88nto 2D needs to be taken into consideration. This will
be done by considering the shape factor used in the forronl&tir the bearing capacity presented by Terzaghi, cf.
Equation (2.2.

51:1—0.3% Sq:Sc:1+%Sin(¢d) (12.2)
where

Sy, Sy, | Shape factors [-]
B Width of the foundation [m]
L Length of the foundation [m]

From Equation12.2 it is seen, that only the term concerning the unit weighhefsoil is affected by the transfor-
mation from 3D to 2D, when soil with no friction is consideréetherefore only the equal areal transformation will
be performed in the following, & is not a part of the Terzaghi formulation for undrained ctinds.
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12.1.2 Results

By applying the above described method the equivalent siagth of a quadratic foundatiobeqy, has been calcu-
lated as presented in TaHe.1

Table 12.1: Calculated equivalent side length.

Description Abbreviation Value Unit

Equivalent side length Lequi 17.72 m

By the use of the result obtained in Talll2.1the transformed loads are as presented in Tapl2

Table 12.2:Design loads before and after transformation.

Before After
Load Value Unit Value Unit
Vy 5,000 kN  282.1 KkN/m
Hg 1,000 kN 56.4  kN/m
Mg 100,000 kNm 5,642 kNm/m

The loads presented in Taldé&.2per meter length are those used for the dimensioning of theefetindation in the
following.

12.2 Deterministic Calculation for Clay

The necessary width of the foundation will be calculateddocadance to[DNV/Risg, 2010. The bearing capacity
formulas given in DNV/Risg, 2010 is a refined version of the classical bearing capacity théwra strip foundation
stated by Terzaghi. It will be investigated if the foundatis exposed to a strong eccentric loading. In that case an
additional bearing capacity formula should be followed.siBles the vertical bearing capacity, the foundation is
furthermore tested for failure due to sliding.

12.2.1 Method and Assumptions

The method is very similar for that of sand described in $a@il1.1 The method described in the following will
assume undrained conditions, which corresponds to a @rartdalculation. It is furthermore assumed that the soil
is a pure cohesive material. The bearing capacity formularidrained conditions is expressed in Equatiba 8.

Ro= (NeCug il +q) B (12.3)
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12.2.1. Method and Assumptions

where

Ry | Design bearing capacity [KN/m]

N: | Bearing capacity factorr(+ 2) for undrained conditions [-]

Cud | Design undrained shear strength [kPa]

q Effective overburden pressure at the bottom of the founddkPa]
X Shape factor for undrained conditions [-]

i9 Inclination factor for undrained conditions [-]

B’ Effective width of the foundation [m]

This bearing capacity formula is known as Rupture 1. As thsered situation is a surface footing the overburden
pressure at the bottom of the foundatigh is zero. The shape factor for undrained conditiefisfor a strip footing
assuming undrained conditions is given by Equatiih4).

L=s=1 (12.4)

The inclination factor for undrained condition$, is calculated in accordance with Equatidi2 5.

iS:% <1+,/1B,chd> (12.5)

Furthermore it will be investigated whether the foundai®aubjected to strong eccentric loading. This is the case
if the inequality in Equation)2.6 is not fulfilled.

e<0.3B e= Ma (12.6)
Va
In case of strong eccentric loading the second bearing @ggsgiven by Equation12.7).
Ra = (Cua Ne & 18° (1.05+tar? (¢q)) ) B (12.7)

where

i2% | Inclination factor for strong eccentric loading under waided conditions [-]

¢g | Design friction angleq]

This bearing capacity is known as Rupture 2 and it takes tksipitity of failure of the soil under the unloaded part
into consideration. For undrained conditions the fricttogle is 0, and therefore Equatidi?(7) can be reduced to
Equation (2.8.

Ra = (Cud N 18 1.05) B' (12.8)
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The inclination factor for the strong eccentric undrainade;$°, is given by Equation12.9.

1 1 H
e0_ | =, = [q, T 12.9
i $2+2 JrB/Cu,d (12.9)

The design horizontal loatiy, needs to fulfill the sliding criteria in Equatio©Z.1Q.

Hyq < B’ cugd (12.10)
As for the method used to describe the bearing capacity 8ndd conditions, it is assumed that only the horizontal

surfaces of the foundation contributes to the bearing dgpac

As a final assumption the height of the foundation has beémat®td to be approximately 2 m which will be used,
when calculating the necessary dimension of the foundation

12.2.2 Results

The calculations for the deterministic design of the fouimteinstalled on clay can be found in CD Appendix
The presented scenario has been investigated regardingrtital load bearing capacity. At first the strip foundatio
was attempted designed without strong eccentricity. Thaioed results are presented in TabR3

Table 12.3:Results obtained from standard design methods.

\ Rd B e @i Ha B' cud
[KN/m]  [kN/m]  [m]  [m] [m] [KN/m] [kN/m]
960.65 962.54 13.82 5.87 4.15 56.42 202.46

In Table12.3different results are observed. The vertical load bearaggcity is sufficient for a width of the foun-
dation of 13.82 m and no problems will be observed when gdidihthe foundation is concerned. Although the
eccentricity demands cause problems. The criterion de=tin Equation2.6 yields 4.15 m whereas the actual
eccentricity is calculated to be approximately 1.7 m abbigeresult. Therefore the foundation qualifies as a footing
subjected to strong eccentric loading. Therefore will itrhestigated if the Rupture 2 failure mechanism provides a
lower bearing capacity. The values for the Rupture 2 bearapgcity is presented in Tahl@.4

Table 12.4:Results obtained from design method for strong eccentaidifay.

V4 Rd B e e Hqg B’ cud
kN/m]  [kN/m]  [m]  [m] [m] [KN/m]  [KN/m]
960.65 1,128.19 13.82 5.87 4.15 56.42 202.46

By comparing the bearing capacities from Rupture 1 and Repu it is observed that Rupture 1 failure mode
provides the most critical result. The foundation width 8f82 m has been found acceptable and will be used in the

further calculations.

76



Chapter 13

Probabilistic Approach

After having presented the deterministic calculation fug scenario on clay, the following chapter will treat the
probabilistic calculation of the same topic. The dimensiofthe footing used in this chapter will be based on the
results from Sectiof2.2 in order to have a proper base for comparison.

After determining the geometry of the failure beneath thatifgg and implementing the geometry into stochastic
fields, 10,000 simulations will be run to gain input to theiakility analysis, which will be performed through
asymptotic sampling.

13.1 Extraction of Failure Domain

The LimitState:Geo model used for failure domain extractian be found in CD AppendiX.

In the following the model used for extracting the failurentain from LimitState:Geo will be presented followed by
the geometric description of the domain, which will be impénted in a MATLAB code programmed to estimate
the soil strength through the failure by the use of stochdigtids, see CD AppendiX.

13.1.1 Building the Model and Assumptions

The model is very similar of that described in Sectidhlonly with a few modifications. As presented previously
the foundation is modelled as a surface footing. The visatiin and dimensions of the model are presented in
Figure13.1and13.2

ht

y B

by

Figure 13.1: Screenshot of the model constructed Figure 13.2: Dimensions for the LimitState:Geo
in LimitState:Geo. model.
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The dimensions indicated in Figui8.2are presented in Tabls.1for clarification.

Table 13.1:Dimensions for the model.

Parameter Symbol Value Unit

Horizontal dimension  Xmin

Horizontal dimension  Xmax

Vertical dimension Ymin
Vertical dimension Ymax
Footing height ht
Footing width b¢
Tower height hy

0 m
30 m
0 m
10 m
2 m
1382 m
100 m

As for the model used for convergence analysis, the boueslare modelled as fixed. If the model is compared
to that of Sectior10.1it is noted, that the soil domain is much smaller. This is dagehe failure domain tends

to move under the foundation as the eccentricity increaBles.eccentricity has increased slightly compared to the
model presented for the convergence analysis. A phreafacgihas been defined at the bottom of the foundation in
order to ensure undrained conditions. In Figli8elit is observed that both the vertical and the horizontal $oaick
assigned a red colour, which indicates that they are inetesisnultaneous as the adequacy factor is to be calculated.
By doing so, it is ensured that the right failure domain is bagised as the ratio between the different loadings are

kept constant.

As for the model in Sectiof0.1it is observed that the horizontal load only affects the toatehe upper meter of
the tower for the same reasons mentioned earlier. The faiomdeand the tower are modelled as rigid objects and no

adhesion is modelled between the foundation and the soil.

The soil in the model has been modelled by the use of the ctegigtics found in Sectiof.1.2 which describes the
strength parameters from the measurements at Suderbdeejnput parameters used in LimitState:Geo to describe

the clay are presented in Tall8.2

Table 13.2: Properties for the soil at Suderbove;.

Parameter Symbol

Value

Soil model -
Drainage behaviour -

Undrained shear strength ¢,

184.7

Mohr-Coulomb

Always undrained

From here it is only left to extract the failure domain foumdr the simulation in LimitState:Geo, which will be

presented in the following section.
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13.1.2. Results

13.1.2 Results

The model has been run and the failure domain is illustratédgure13.3

Figure 13.3: Result output from LimitState:Geo. An illustration of thédre domain for the treated scenario.

From Figurel3.3it is seen that the expectation of the failure domain to dgverimarily under the footing due to
the strong eccentricity, is satisfied. Furthermore, it isevlied that the geometry of the failure under the foundation
mainly consist of a circle, which also is expected for colesbils. Additional study of the failure domain supports
the failure generated through LimtState:Geo, see Appdndix

The surrounding geometry will shortly be described in tHefeing. The main geometry is presented in Fig&4

Circle 1

1.93 m

6.86 m Circle 2

Figure 13.4: Geometry of failure beneath the surface footing.

The numerical model shows the failure line in the soil, whignterpreted as shown in Figut8.5 The eccentric
loading causes a soil volume to displace in downward dveatausing a shear fan to develop to the right pushing
another soil volume upwards. To the left the failure develap a circular slip line.
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Figure 13.5: Geometry of failure beneath the surface footing.

The presented failure will be incorporated in the stocledld, which will be presented in the following.

13.2 Stochastic Field Modelling

In order to take the correlation of the undrained shear gtreim different points into account, a stochastic field will
be generated. A 2D situation with plane strain will be coastd. An example of a 2D stochastic field can be seen
in Figurel3.6

Stochastic field Cu

30
— 40
S
c
2 50
3} o
2-10 =,
© 60
8
g 70

80

T
90

-20
-10 -5 0 5 10

Horizontal direction [m]

Figure 13.6: Example of a random field that varies in space.

The field is divided into a suitable number of elements in thand z-direction, where each element will be allocated
a randomcy-value. In order to incorporate the correlation lengthsiimportant that the considered correlation
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lengths are larger than the element sizes. From Fij8réit can be seen that there is a trend in the z-direction,
whereas no trend is modelled in the x-direction. The trenthéz-direction is due to the increasing overburden
pressure, which will influence the strength of the soil.

13.2.1 Method and Assumptions

The method for generating a stochastic field for the cohesida is described in the following. The stochastic field
parameter is the undrained shear strengthwhich can be modelled by Equatioh3.1).

y=H+DTu (13.1)

where

£

Vector containing outcome from the stochastic field [kPa]
Vector containing the mean value @f [kPa]
Diagonal matrix containing the standard deviatiorpfkPa]

Lower triangular matrix containing the correlationgyff-]

= - o IE

Vector of random normal distributed numbers [-]

In the case presented in the thesis the mean value will belatgd with a trend in the vertical direction. The diagonal
matrix, D, containing the standard deviation will be calculated by&tpn (3.2.

% = 1 COV (13.2)
where

CQV | Coefficient of variation for the undrained shear strengigk

COV is assumed to be constant with depth and it is equal to 0.18hwims determined in Chaptér
The lower triangular matrixT, is determined by doing a Cholesky transformation on theetation matrix,p, see
Equation (3.3. B

o
I

-

-

T (13.3)

where

p | Correlation coefficient matrix [-]

The correlation between the strength in two points can aliegito [Baker, J. and Calle, 2006 be determined by
Equation (3.9.

oo Tl
g_exp< D, D, (13.4)

where Ty =X — X1

where 1, =2 -7
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where

Dy | Correlation length in x-direction [m]

D, | Correlation length in z-direction [m]

In Section13.1it is described how the soil failure is extracted. This feglis implemented in a stochastic field as
shown in Figurel3.7.

Stochastic field Cuy
5r i 100
_ 150
£
c
2 T
3 0 - - 200 &
S =
S it SE== =
9 - - I; — I — - - - - -
— - T — : 250
< == * ;
2 =
SE==E
= 300

Horizontal direction [m]

Figure 13.7: Geometry implemented in the stochastic field.

By running 10,000 realisations of the stochastic field, atelgrating over the failure domain each time, 10,000 mean
values for the undrained shear strength over the failureailoare produced. These mean values are a measure of
the bearing capacity and by using the realisations of thenrgem the limit state expression in Equatioh3.6 and
asymptotic sampling, the reliability index can be deterudinThis is described further in the following chapter.

13.3 Reliability Analysis

In the following section the reliability of the foundatiorililbe evaluated, which is done through asymptotic samp-
ling. The mean values of the undrained shear strengthsndieted through the stochastic field will be used in the
limit state function that is used in the asymptotic samplifige partial safety factor on the undrained shear strength,
Yo, Will be calibrated against the target reliabilities sthie Table11.6 At first the design equation and limit state
function will be presented.

13.3.1 Limit State Function

The design equation and limit state function for the coteesnil will be based on EquatiodZ.3. The foundation
is exposed to a strong eccentric loading, but it is shown, Haaation (2.3 provides the lowest bearing capacity
compared to Equatiori@.?) and therefore Equatiori®.3 will represent the most critical situation.

The design equation can be seen in Equatidhj).
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G=(NcCugidy)) B'—Vygz=0 (13.5)
where

G Design equation [-]

N: | Bearing capacity factors(+ 2) for undrained conditions [-]
cud | Design value of undrained shear strength [kPa]

L Shape factor for undrained conditions [-]

igd Design value of inclination factor for undrained condisdr|
B’ | Effective width of the foundation [Aj

Vg | Design value of vertical load [kN]

z Design parameter [-]

The corresponding limit state function can be seen in Eqn4ti3.6.

g=(NecyL2i9) B~V z (13.6)
where
cy | Stochastic variable describing the undrained shear dtig¢kiga]

V | Stochastic variable describing the vertical load [KN]

The inclination factori?, and the effective are#/, are furthermore variables, as they depend on the stochaatis,
V, My, ande.

13.3.2 Models for Stochastic Loads

The stochastic loads are determined in a similar way as itbescin Sectiorl1.1.2 and they can be seen in Ta-
ble13.3

Table 13.3:Mean value of basic wind loads.

Description Abbreviation CO)ing =5% COWyind = 15% Unit
Horizontal load Mhb 24.8 23.0 kKN/m
Moment Mmb 2,480 2,300 KNm/m

The uncertainty factors presented in Table3will be also be used in this reliability analysis.
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13.3.3 Stochastic Strength Parameters

The mean value and standard deviation for the undrained streagth was determined in Chap6eand is presented
once again to set the record straight, see TaBld

Table 13.4:Mean value and CQOV for the undrained shear strength.

Description Distribution type V] cov

Undrained shear strength LN Realisations from stochasfit fi 15.9%

13.3.4 Method and Assumptions for Asymptotic Sampling

The main idea of asymptotic sampling is to increase the stahdeviation,o, by dividing o with a scale factor
denotedf. The scale factof lies between 0 and 1 aralis therefore increased. By doing this, the number of events
in Dt increases. This is illustrated in Figut8.8and Figurel3.9

Monte Carlo sampling Asymptotic sampling
8 \ \ 8 \ \ \ \ \
—g(u)=0 ——g(u)=0
7r < Monte Carlo Sampling mo. Asymptotic Sampling
X
6 [ 6 [ * s « X
5 5 ) X
uz 4| up 4 o R e,
Xy x R
3 3 * %&Q;ﬁfii o
2} 2f R
N % Xg;xx X% X
1 [ l [ X xié,f(x >><;°<><
B x
0 0 = ; ‘ : ‘
0 1 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Uy uy

Figure 13.8: Crude Monte Carlo sampling. Figure 13.9: Asymptotic sampling.

In Figure13.8a crude Monte Carlo simulation with 1,024 simulations isveho Figurel3.9shows the same sce-
nario with asymptotic sampling applied. The number of es@mD+ is increased by setting the scale factos, 0.20.

The procedure for asymptotic sampling is given in Figl@elQ
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| Choose initial value of f |

|Carry out simulation forf
é ~

|Check number ]\ﬂf of failuere events |

]\}r>N0 No

Yes

SZ

Compute B(f)

Enough pairs No /* : Scale factor
Ny: Number of failure events
Yes .
< Ny : Specified number of
Perform regression and failure events
extrapolation for S(f=1) B : Reliability index

Figure 13.10: The procedure for asymptotic samplingucher 2009 - edited

As seen from Figur&3.10a number of pairs of andf3 should be collected, after which a regression can be per-
formed. In this thesis the least square method is used fioigfithe curve to the estimated points. In order to ensure
asymptotic behaviour the collected pairsfadndf3 are fitted to Equationi3.7).

B_arB (13.7)

-l
N ®

where

B Reliability index [-]
A,B | Fitting parameters [-]

f Scale factor [-]
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An example of such a fit is shown in Figut8.11
Asymptotic sampling

8
6
4+ [
2 /
B/fO |
2+ "
4t |
»
6 | < Estimates of |
8| —— Asymptotic fit |

100 0.1 0.2 0.3 04 05 0.6 0.7 0.8 091
Scale factor f
Figure 13.11: An example of asymptotic sampling.

In [Bucher 2009 it is shown that a reliable measure of the reliability indexdetermined faster, when quasi ran-
dom numbers are used compared to pseudo random numbergtitnlpait is shown that quasi random numbers
following a randomized Sobol sequence have the fastestecgemce rate. Therefore is it chosen to use a random-
ized Sobol sequence for the asymptotic sampling. In Fig8r&2and Figurel3.13the difference between pseudo

random numbers and quasi random numbers can be seen.

Pseudo random numbers Quasi random numbers
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[ c
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3150 3
@] (@]
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Z Z
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0-4-3-2-101234 0—5—4-3—2-101234

Value
Figure 13.13:4,096 normaliI distributed random

] Value
Figure 13.12:4,096 normal distributed random
numbers following a Sobol sequence.

numbers.

Both histograms are made on the basis of 4,096 normal digtdbrandom numbers, with mean valpes 0, and
standard deviationg = 1. The only difference is that the histogram in FigliBe12is generated from pseudo
random numbers, whereas the histogram in Fig®43is generated from numbers following a randomized Sobol
sequence. From Figude.12and Figurel3.13it can be seen that there are less scatter in the histogrdowiog

a Sobol sequence, which is the reason for the faster comveggate. A convergence analysis for the method is

described in Appendii.
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13.3.5. Results

13.3.5 Results

A MATLAB programme containing the calculations for asymit@ampling can be seen in CD Appendix

In the following section the results from the asymptotic péng will be presented. The partial safety factor for
the undrained shear strength will be calibrated againstarget reliabilities stated in Tablel.6 Furthermore

a sensitivity analysis will be performed in order to deterenthe relative importance of the different stochastic
variables.

In Table13.5the reliability indices for two situations of CQyhq is seen.

Table 13.5: Reliability index for different COV'’s.

Description Symbol  COWing =5% COWying = 15%
Mean reliability index B 3.55 3.33
Annual probability of failure ps 1.89104 44110

By comparing the results in Tabie.5with the target reliabilities in Tabl#1.§ it is seen that safety of the structure
lies between the two bounds stated. Therefore the parfietlysiactor for the undrained shear strengt, should
be increased in order to obtain a target reliability inde8.G2, which is shown in the following discussion.
Sensitivity Analysis

In Table13.6the omission sensitivity facto€, for COVying = 15% can be seen.

Table 13.6:Omission sensitivity factor for CQyq = 15%.

Variable Hy Mp V Cu Xexp Xt Xaero  Xdyn Xsim  Xext
4 100 127 101 100 124 101 108 101 101 1.01

From Tablel3.6it is observed that the basic momeNt,, and the uncertainties connected with it are the variables
that provides the biggest uncertainties to the reliabitiex. Therefore is it these variables that should be inves-
tigated further in order to increase the reliability index.is more surprising to see that the effect of setting the
undrained shear strength to a deterministic parametermmdsave any influence on the result. The reason for this
will be discussed later.

In Table 13.7 the elasticity coefficientsg, for the mean values and standard deviations for @EV= 15%, are
presented.

Table 13.7:Elasticity coefficients, gand &, for COVying = 15%.

Variable Hp Mp \ Cu Xexp  Xst  Xaero  Xdyn  Xsim  Xext
eu 0.00 -0.64 085 0.08 -058 -0.88 -0.79 -0.88 -0.88 -0.88
€y 0.00 -0.26 -0.02 -0.00 -0.32 -0.02 -0.11 -0.02 -0.02 -0.02

The result shows that the effect of changing the mean valtieeafindrained shear strength is of minor importance.
Therefore a change of the partial safety factor for the unddhshear strengtlye,, would only have a little effect,
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Chapter 13. Probabilistic Approach

and it is therefore expected that a laxgeis needed in order to obtain a target reliability index eqo&.72.

The omission sensitivity factot,, and elasticity coefficient, for COVying = 5% can be seen in Tablk3.8and
Table13.9

Table 13.8: Omission sensitivity factor for CQ@Qyq = 5%.

Variable Hp Mp \% Cu Xexp Xst  Xaero Xdyn Xsim  Xext
4 1.00 1.02 1.01 1.00 143 1.02 1.18 1.02 1.02 1.02

Table 13.9: Elasticity coefficient gand & for COWying = 5%.

Variable  Hp Mp \Y Cu Xexp Xst Xaero  Xdyn  Xsim Xext
€u -0.01 -098 096 0.09 -054 -0.99 -0.82 -0.99 -0.99 -0.99
€ 0.00 -0.08 -0.03 -0.01 -0.48 -0.03 -0.20 -0.03 -0.03 -0.03

In Table13.8and13.9the same observations as for the situation with GRY= 15% is made, and therefore the
same comments apply here.

13.3.6 Discussion

From the sensitivity analysis it is clear that the undraisledar strength’s relative importance is small. The reason
for this is the strong eccentric loading of the foundatiomor the deterministic analysis made in Chagdt2the
width of the foundation was determined to 13.82 m. From TaBI&it is seen that the eccentricity was determined
to 5.87 m. This leads to an effective width of the foundatiqnad to 2.08 m. in accordance to Equatid3 @.

B =B-2e (13.8)

B’ | Effective width of foundation [m]
B | Width of foundation [m]

e | Eccentricity [m]

This strong eccentric loading leads to a small effectiva afethe foundation, and therefore the relative importance
of the moment will be undesirable large. This means that evemall variation in the moment load could result in
a great reduction of the effective area. The great impoeariche moment is also shown through the sensitivity
analysis performed.

The minor importance of the undrained shear strength ferditiiation is also emphasised by the calibrated partial
safety factor shown in Tablt3.10

Table 13.10:Calibratedy, for COVying = 5%.

Situation Yeu B
COVwing=5% 2.71 3.72
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13.3.6. Discussion

From this result it is seen, that the reliability analysistongly dependent on the eccentricity of the foundation.
In order to emphasise this dependency, a similar foundatistalled on the same soil conditions is designed in
AppendixN. The only difference is an increase of the self-weight ofdtnecture, in order to reduce the eccentricity.
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Part V

Additional Study

Further analyses are made, which follows from the next twdsparirst, a case study on the correlation lengths’
effect on a vertically loaded surface footing is treatedtdchastic field is modelled to describe the soil randomness,
and specifying the soil strength with a linear trend in thetedirection. An integration over a Prandtl failure is
used for calculating the bearing capacity. This is done fofODO realisations of the stochastic field for various
combinations of the horizontal and vertical correlatioméghs. The bearing capacity distribution is compared with
a deterministic calculation for the same soil strength faclk combination of correlation length. Lastly, partial
safety factors are calibrated for all combinations of cdatéon lengths.
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Chapter 14

Effects of the Correlation Length

As stated previously the soil strength is governed by vayyjnantiles dependent on the correlation length of the
given soil. This chapter will shed light on this issue thrbwagcase study of stochastic field modelling.

14.1 \Vertically Loaded Surface Footing

The bearing capacity under a vertical loaded surface fgasirevaluated by implementing a stochastic field using
different combinations of horizontal and vertical cortela lengths. Distributions of the bearing capacities for
each combination of correlation lengths are made on thes ldisi0,000 simulations, where the bearing capacity
is evaluated by integration over the failure mechanismilizdéise 5% quantile is used for comparison between the
different combinations of correlation length.

14.1.1 Scenario Description and Assumptions

The case is a simple vertical loaded surface footing on dlhg. soil deposit is assumed to have an undrained shear
strength of 60 kPa under the footing and a strength increfas® &Pa/m in the vertical direction. For analysis setup,
see Figurd 4.1

Soil field Cu
38 ‘ : 60
6,
62
4,
A )
©
[a
=,

66
-2 _
68

Vertical direction [m]
o

-4
6 70
-8 72

-5 0 5 10 15
Horizontal direction [m]

Figure 14.1: Soil modelled with a strength increase of 1.5 kPa/m in vattiirection. No randomness included.

In nature the soil strength is attached to a great portiormoflomness. This randomness is taken into account by
applying the theory described in Sectib®.2when modelling the stochastic field. This is illustrated igufe 14.2
and14.3with different correlation lengths. At the same time thduig@ mechanism is shown.
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Stochastic field Cu
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Figure 14.2: Stochastic soil field realisation. Horizontal and verticalrrelation length equals 3 and 1 m
respectively.
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Figure 14.3: Stochastic soil field realisation. Horizontal and verticalrrelation length equals 15 and 3 m
respectively.

The bearing capacity is determined by integrating over &flare line that expands to both sides of the foundation.
The bearing capacity will be governed by the elements wighldtkvest strength and the failure will therefore seek
toward the side with the lowest bearing capacity. Therefatethe side with the lowest bearing capacity of the
two opportunities be chosen for further calculation in eacénario. The failure line used is the Prandtl solution
for vertically loaded shallow foundationazizi, 200Q. This provides a coinciding lowest upper bound and highest
lower bound solution for the problem.

10,000 realisations of the stochastic field is being exetfatieeach combination of correlation lengths. Each time the
bearing capacity is determined by integrating over theifaimechanism and lastly the bearing capacities are fitted
to a LogNormal cumulative distribution function. The influe of the correlation will be compared by analysing the
cumulated distribution functions provided by differentssef correlation lengths, which are assumed to be between
0.5 -50 m in horizontal direction and 0.5 - 5 m in vertical diien.
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14.1.1. Scenario Description and Assumptions

It is assumed that the horizontal correlation length aimiétis equal to or larger than the vertical correlation langt

The 5% quantiles used for comparison are calculated usmg@xpression given in Equatioh4.1), which can be
used if the coefficient of variation is smag@renser2011. The coefficient of variation is assumed to be 0.16.

Ro.05 = Ur exp(—1.645 CO\R) (14.1)
where

Roos | 5% quantile of the bearing capacity [kN/m]
MR Mean value of the bearing capacity [KN/m]

COVR | Coefficient of variation of the bearing capacity [-]

After having determined the characteristics of the beacigacities for the different combinations of correlations
lengths, a partial safety factor will be calibrated for eaeke. In order to calibrate the partial safety factor, agtarg
reliability has to be defined. The target reliability indexéstigated is listed in Tabli4.1

Table 14.1:Investigated target reliability$grensen2013.

Target reliability indexBt  Annual probability of failure
3.72 104

The vertical load on the foundation is assumed to originam fself-weight and it is set equal to the 5% quantile of
the bearing capacity found from the deterministic caléatat The design equation and limit state equation used to
calibrate the partial safety factors follows from Equatftd.2 and 4.3.

G=Ri—Wz=0&

G=Ne ¢ B Voyw,z=0 (14.2)

Cu

where

G Design equation [-]

Ry | Design value of the bearing capacity [kN/m]

Vg | Design value of the vertical load [kN/m]

z Design parameter [-]

N: | Bearing capacity factor [-]

cuc | Characteristic value of the undrained shear strength [kPa]
Yo, | Partial safety factor for the undrained shear strength [-]

B Width of foundation [m]

V. | Characteristic vertical load [kN/m]

W, | Partial safety factor for the vertical load [-]
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Chapter 14. Effects of the Correlation Length

The partial safety factors used in the calculations are slinwable14.2

Table 14.2:Partial safety factor for the undrained shear strength aatl weight of the structureHurocode 7-1
2007 and [Eurocode 1-1-12007.

Ye 14
W, 1.0

In Table14.2it should be noted, that is only used for comparison as this is the partial safetyofattat should be
calibrated in the different scenarios. The limit state ¢igues as presented in Equatiob4(3.

g=R-Vz (14.3)
where

g | Limit state equation [-]
R | Stochastic variable describing the bearing capacity [KN/m

V | Stochastic variable describing the load [KN/m]

The distributions of the stochastic variables describiregliearing capacityy, are calculated from the 10,000 sim-

ulations run for each combination of the correlation lendthlues will follow in the results section. Furthermore it

has been chosen to set the stochastic variable descritangat,V, equal to the 5% quantile of the bearing capacity
calculated from a situation where no randomness is includéte field. By doing so the calculations will have an

common base for comparison. This also entailsthaiill be set as a deterministic parameter.

14.1.2 Results

A MATLAB programme containing the calculations can be see€D AppendixA.

The simulations results in a number of bearing capacitiedifterent correlation lengths. In Figutet.4the influ-
ence of the change in correlation lengths on the bearingcitgpa clear. It is noted, that the distributions tend to
have an decreasing standard deviation as the correlatigthle decreases. From this it is observed that the bearing
capacity is more and more dominated by the mean value as thedatmn lengths goes toward zero.

Further the LogNormal fitted distribution is consideredegatable, but for larger correlation lengths the distribuiti
tends to diverge in the tails. For a more accurate estimateeofower quantiles a tail fit is executed for all com-
binations of correlation lengths. Figutd.5to 14.8shows the tail fit for horizontal and vertical correlationdghs
equal to 3 and 1 meter and 15 and 3 meter, respectively. A ehaingearing capacity is present for changes in the
correlation length.
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Figure 14.4: LogNormal cumulative distribution function of simulateshiing capacities with different correlation
lengths.
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Chapter 14. Effects of the Correlation Length

As a point of reference for the calculated bearing capagitiee results are compared to the 5% quantile normally
used for design. The deterministic bearing capacity isutated from a meaiw, knowing that the failure reach a
depth of 14/2B and assuming a coefficient of variation of 0.16. This leadsneean of 65.3 kPa and a 5% quantile
of 2,580 kN/m for the bearing capacity. The characterigtiche bearing capacity are calculated and presented in
Table14.3

Table 14.3:Characteristic values of the bearing capacity calculatedthe deterministic approach.

R OR Rs94 cov
[KN/m] [kN/m] [KN/m]  []
Bearing capacityR 3,357 537 2,580 0.16

The results from the different simulations and fitted curaessshown in Tabl&4.4 where a schematic overview of

the influence of the correlation lengths is presented.

Table 14.4:5% quantile of the bearing capacity [KN/m].

Horizontal correlation length [m]
c
% 1 3 15 50
CE 053236 3172 3,087 3,071
o
%;? 1 |3201 3,109 2,989 2,966
22 3 - 3,006 2,826 2,781
(]
> 5 - - 2,756 2,725

From Tablel4.4it is seen that the bearing capacity tends towards the mdaa whthe bearing capacity for small
correlation lengths.

Figurel4.9shows a plotted overview of the same results. Here the redllirstrates the 5% quantile of the deter-
ministic bearing capacity normally used in design.

As the correlation lengths increase, so does the standaiatide and the 5% quantile of the bearing capacity de-
creases. Itis noted that the normally used 5% quantile aefficient of variation equal to 16% highly underestimate
the bearing capacity in the range of normally depicted ¢atiom lengths. For instance for very small correlation
lengths, of 1 and 0.5 m in horizontal and vertical directiespectively, the standard deterministic method will un-
derestimate the bearing capacity by approximately 20%s ifldicates that there is a huge potential of savings when
dimensioning foundations, if a spatial analysis of thergjth parameters is carried out prior to the calculations -
well-knowing that costs regarding the CPTu tests neededdardo perform the analysis have not been included.
Typically an estimate of the correlation length can be fofrodh the normally used mappings of the soil investiga-
tions.
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Figure 14.9: The correlation length’s influence on the 5% quantile of tearing capacity. The red line indicates
the 5% quantile for coefficient of variation equal to 0.16 matly used for design.

In Table14.5the correlation lengths influence on the coefficient of \tariafor the bearing capacity is investigated.

Table 14.5: Coefficient of variation derived from the simulations [%].

Horizontal correlation length [m]
c
% 1 3 15 50
©E 05247 347 514 5.80
oc
S5 1 |297 442 6380 7.66
2€ 3| - 608 967 1111
(<)
> 5| - - 10.89  12.30

As expected the overall tendency of the coefficient of vamieis rather clear. As the correlation lengths are increéase
the coefficient of variation describing the strength par@mis increasing. This is in good accordance with the fact,
that small correlations leads to a dominating mean valube$bil. That is, the failure runs through heavily varying
soil strengths, which adds up close to the mean value, idstieainning through a majority of either high or low soil
strengths.

The mean values for the bearing capacity from the simulataye as follows from Tabl&4.6 which are used for
partial safety factor calibration.
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Table 14.6:Mean bearing capacity derived from the simulations [KN/m].

Horizontal correlation length [m]
c
% 1 3 15 50
EE 0.5| 3,400 3,422 3,494 3,470
oc
c_“; ‘é; 1 |3,215 3,371 3,410 3,288
-.“3’9 3 - 3,149 3,642 3,617
()
> 5 - - 3,402 3,406

At this point all the information needed for calibrating thartial safety factors for each situation is present. The
Stochastic variables used in Equatidd (3 are presented in Tabliet.7to set the record straight.

Table 14.7: Stochastic variables for the limit state function.

Name Type 1 cov
[kN/m] [%]
\Y D 2,580 0
R LN SeeTablel4.6 See Tabld4.5

An iterative process has been executed for each of the catitns of the mean values and coefficients of variation
in order to find the partial safety factors needed to obtagrtdinget reliability3t, of 3.72. The results are presented

in Table14.8

Table 14.8: Partial safety factorsyc,, for combinations of correlation lengths [-].

Horizontal correlation length [m]
c
% 1 3 15 50
TE 05|083 086 0.90 0.92
o
%;? 1 /090 090 098 105
22 3| - 103 102 1.08
(]
> 5 | - - 114 1.20

From Tablel4.8it is observed, that the partial safety factor possessesat geduction potential compared to the
current used value of 1.4. For small correlation lengthspitwial safety factor obtain values lower than 1. These
partial safety factors should be seen in connection withbfitequantile determined from the deterministic design,
which explains why it is lower than 1 for some combinationeeTow values in Tabl&4.8are good for stating an
example of the potential reduction. From the results it isfibthat an investigation of the correlation lengths prior
to the design could lead to large savings. One way of incatpuay the correlation lengths could be to make partial
safety factors dependent on the correlation lengths or rireek6% quantile depend on the correlation length, when

considering a design situation.
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14.1.2. Results

The analysis has furthermore shown that the integrated #ottd@ of the bearing capacity tends towards the mean
value of the bearing capacity for small correlation lengtiikis is also indicated by the low COV on the bearing
capacity for small correlation lengths.

It should be mentioned that the results are obtained on tsis b&a simple example and should therefore only be
regarded as a measure of comparison.
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Part VI

Additional Study Il

In the following part an advanced analytical model for sballfoundations will be used for design of the wind
turbine foundation. At first the necessary diameter of thedation will be determined from a deterministic design.
The model uncertainty will be found by a comparison with $tions performed in the 2D numerical programme

LimitState:Geo. At last the potential of probabilistic @gswill be evaluated.
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Chapter 15

Deterministic Approach for Frictional Soils

In the following chapter a deterministic approach for citing the bearing capacity of the gravity based foundation
will be presented. The method will be based on an advancethdstiggested byRandolph and Gourvengz2011]].

15.1 Analytical Expression for Frictional Soill

In the following section a yield envelope will be described frictional soil given by Randolph and Gourvengc
2017. The yield envelope will be used later as the comparisowéet a deterministic and a probabilistic approach
is carried out.

It should be noted that the expression for the yield enveippelopted in contrast to failure envelope that is used,
when describing clay. The difference is found in the behaviand stress dependency between the two types of
soil. The shear strength of sands are stress dependentastiresshear strength for clay is independent of the stress
state, as outlined in Equatioh.1) describing Mohr Coulomb’s failure criteria for cohesiveddrictional materials
respectively.

Tt =0y 11 = ¢ + 0% tan(¢’) (15.1)
where

Ts | Shear strength leading to failure [kPa]
¢y | Undrained shear strength [kPa]
¢ | Effective cohesion [kPa]

ot | Effective normal stress leading to failure [kPa]

¢’ | Effective friction angle ]

Therefore an increasing displacement will lead to botheased yielding and hardening for a frictional soil, whereas
for clay only an increase in yielding will occur. Therefohetuse of a yield envelope is encouraged.

15.1.1 Method and Assumptions

The yield envelope for a surface footing in drained condgis described by the expression in Equatibh.).

[ Mh 2 hn 2 hn My .
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where

f Failure envelope [-]

m, | Dimensionless moment, cf. Equatidtb(3 [-]

mp | Dimensionless constant, 0.09 [-]

h, | Dimensionless horizontal load, cf. Equatidb(3 [-]
hy | Dimensionless constant, 0.12 [-]

a Dimensionless constant, -0.22 [-]

The dimensionless forcesy, andh,, in Equation (5.2 are calculated as described in Equatids.d.

_ M/(DV) __HM
™=y hn74v(1—v) (153)
where
M | Moment loading [KNm]
D | Diameter of foundation [m]
Vo | Uniaxial vertical yield load [KN]
v | Dimensionless vertical load, cf. Equatidtb(4) [-]
H | Horizontal load [kN]
The dimensionless vertical load is calculated as desciibEduation (5.4).
Y
V= o (15.4)

where
V | Vertical load [kN]

In order to calculate the ultimate vertical bearing capabli, Terzaghi’s bearing capacity formula for drained con-
ditions has been chosen, which is shown in Equatiéng.

. . 1 .
Vo = <c’ Ne Scic+d Nqsq|q+§\/ b’Nysyly) A (15.5)
where

c Effective cohesion [kPa]
Nc,Ng, Ny | Bearing capacity factors [-]
S S5 Sy Shape factors [-]

ic,ig,ly Factors taking the inclination of the load into account [-]

q Effective overburden pressure at the bottom of the founddkPa]
y Effective specific weight of the soil [KN/f

of Effective or equivalent width of the foundation [m]

A Effective area of the foundation fih
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15.1.2. Shape of Yield Envelope

For the considered situation, some simplifications can bedor the expression in Equatiohy.5. The term
including the effective cohesion can be excluded, as it $sim&d that no cohesion is present. Also it should be
noted that no overburden pressure will be considered, asathgidered foundation is a surface footing. A further
simplification of Equation15.5 can be done, a% is calculated for a uniaxial stress state. Therefore thi@iziton
factors can all be set to 1 and thereby ignored. Also the &ffearea will be the total area and the effective width
will be the total width, as no eccentricity will be presenendby EquationX5.5 can be reduced to Equatiohd.6).

Vo= %\/ bN,s A (15.6)
where
b | Width of the foundation [m]
A | Total area of the foundation [fh

For a description of the remaining of the parameters in Eqn4t5.6 reference is made to Secti®ril.1

Studies have shown that the expression in Equafié®)( is in compliance with typical friction materials. The
expression has shown good results whether the soil has begéelled with or without density and with or without
dilant behaviour. Randolph and Gourveng2011]

15.1.2 Shape of Yield Envelope

In the present section the general shape for the yield epegeldl be described and illustrated. The expression in
Equation (5.2 has been evaluated, and the appertaining plot is showmgiré&l5.1
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Figure 15.1: 3D plot of the yield surface.

In Figurel15.1only half the yield surface is shown, as a rotation aroundifexis will provide the other half. As

the expression is for a surface footing it is observed, tbahoment and no horizontal load will be absorbed by the
footing, when no vertical load is applied.

The expression in Equatiot%.2 needs to be compared with results obtained from real moéekorements, in
order to determine the uncertainties associated with tiieenzatical model. As no such measurements are available
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at the given time, a comparison to values obtained from nizaesimulations will be presented in the following
chapter.
15.2 Design of Foundation

In the following section the necessary diameter of the fatiod will be determined from Equatiod%.2 and the
loads given in SectioB.2

15.2.1 Method and Assumptions

The self-weight of the structure will be determined by thigecia given in Equation5.7). [Ibsen 2017

G=05V, (15.7)
where

G | Self-weight [kN]

The reason for this criteria can be seen in FiglBel, where it is shown that the maximum horizontal and moment
bearing capacity is obtained at 50% of the uniaxial vertimedring capacity. Therefore the self-weight will be
determined by an iterative process, which can be seen ind-idi2

W Calculate J) by Equation 15.6  {

| Calculate by Equation 15.2 |

is £ <0 Yes

No f :Yield envelope
D : Diameter
Yes is f>0.01 G : Self-weight
No
v

| Calculate G by Equation 15.7

Figure 15.2: The iterative process for determining the self-weight efdtructure.
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15.2.2. Results

15.2.2 Results

This iterative process has lead to the self-weight pregdntéablel5.1

Table 15.1: Characteristic self-weight of entire structure.

Description Abbreviation Value  Unit
Self-weight of wind turbine Gyt 5,000 kN
Self-weight of foundation Gy 27,739 kN
Total self-weight G 32,739 kN

From Table3.1it is seen that the characteristic self-weigBt, is identical to the design self-weighgy, as the

partial safety factong, is equal to 1.

The self-weight from Tablé5.1has lead to a foundation with the diameter presented in Teh2

Table 15.2:Diameter of the foundation.

Description Abbreviation Value Unit

Foundation diameter D 17.8 m

This foundation will be used in the probabilistic approatloider to compare the two approaches.
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Chapter 1 6

Determination of Model Uncertainty

As was the case for the analysis performed in Chalfiea model uncertainty will be appointed to the considered
advanced expression in the following chapter.

16.1 Model Uncertainty for the Advanced Expression

The considered situation is still the same, whereas thelation results presented in Takl®.4are applicable for
describing the model uncertainty associated with the esgiwa in EquationX5.2 as well.

16.1.1 Method and Assumptions

The method is very similar to that of Secti@fl.2.1 why only the differences will be described in the following
The main difference is found in the formulation of the matladéoal model, which, of course, differs significantly.
To set the record straight the mathematical model is predeagain with a small modification, cf. Equatidt6(J).
[Randolph and Gourveng2011

2 2
M hn hn My
f=(— +(—) —Za( ) 16.1
(mo) ho ho Mo ( )
where

f Failure envelope []

Dimensionless moment, cf. Equatidb(3 [-]

3

Dimensionless constant, 0.09 [-]

3

h, | Dimensionless horizontal load, cf. Equatidrb(3 [-]
hp | Dimensionless constant, 0.12 [-]

a Dimensionless constant, -0.22 [-]

If the expression in Equatiord 6.1) is compared to that of Equatiofh§.2 it is noted, that the final term subtracting
1 is missing. This is done in order to facilitate the latercaddtions. This also implies that failure is obtained for a
value off equal to 1 instead of 0.

Exceptfor the new expression of the mathematical modepitheedure is exactly the same as stated in Sediibp. 1
Once again it is important to note, that by applying the nucaésimulations for the method, it is assumed that the
simulations provide the exact results. An additional machelertainty should be applied for the differences between
the simulated results and real life measurements.
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Chapter 16. Determination of Model Uncertainty

16.1.2 Results

The method has been applied to the advanced analyticalssipneand the obtained results will be commented upon
in the following. The comparison of the simulated and matatral results is shown in Figude.1for illustrative

purpose.
2 T T T T T T T
_ 15} 1
'L' T —— Y\(Y\(\(Y\(Y\(YYYYX
=
ie)
g 1 <
=
o
= 0.5k x Results i
L — — Simulated value
—— Mean
O 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35

Simulation number [-]

Figure 16.1: lllustration of the mismatch between the mathematical made the simulated results.

From Figurel6.1it can be observed, that the results from the mathematicdehio general are 30 - 40% higher
than those observed from the simulations. Due to the caitruof the failure envelope, this implies that the bearing
capacity is largest from the numerical simulations, whildo avas expected. Therefore the value of the conskant,

is expected to be lower than 1, as this is multiplied with tredls, see Equatioi§.2. Additionally it it observed,
that there is an overall trend of the calculated results. diitkners for arms equal 5, 3,000 and 5,000 meters have
been omitted again due to the same reasons as explainedtiorSEL2.2 The calculated parameters are presented
in Table16.1

Table 16.1: Determined parameters for describing the model uncernaint

Parameter Symbol Type Mean Standard deviation
[-] [-]

Model uncertainty A LogNormal 1 0.008

Constant b Deterministic  0.744 -

As the values all are very close to the mean value, as seeqgumedi6.1, a very low measure for the standard devia-
tion is obtained. The results will be used, when the relighdf the failure envelope is to be considered.

For further illustrative purpose the simulated resultgdo&ted against the modified analytical expression of tledlyi
envelope, which can be rewritten as in Equatib®.® in order to take the constart, into consideration.

f=b ((%)2+(:_;)2_2a (:;n":)>—1 (16.2)
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16.1.2. Results

By doing this, the difference seen in Figuré.2and16.3can be obtained. For the figures it has been chosen to show
the 2D values corresponding to 50% of the ultimate bearipgcigy, as it is difficult to see how well it fits, when

plotting the entire 3D failure envelope.

0.12 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0.12 ‘ : ; ‘ ; ; ‘
Fitted line Fitted line
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-0.2 -0.1 0 0.1 0.2 0 O—%.Z -0.1 0 0.1 0.2

H /Mo
Figure 16.3: Comparison of results from

mathematical model and simulated values with b.

H/Vo
Figure 16.2: Comparison of results from

mathematical model and simulated values.

As it can be observed from the figures, a very good agreeméntba the mathematical model and the simulated
results are achieved, when the model uncertainties anedadl The obtained values will therefore form the basis of

the reliability analysis performed in Chapter.
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Chapter 1 7

Probabilistic Approach

The procedure for determining the reliability index is thee as described in Chapfiek. Furthermore the stochastic
variables regarding the load and strength parameters argathe. The only exception to this is the mean value of
the self-weight, which has changed due to the change of fatiorddimensions. The limit state function will be
described before the results will be presented, as thigistthy element that has changed.

17.1 Limit State Function

In the considered case the calibrated yield envelope frovafan (6.2 will form the basis for the design equation,
which can be seen in Equatiohq.]).

2 2
G=1- <@) +(M) —2a (h”"’m”"’> bz=0 (17.1)
my ho ho mg

where

G Design equation [-]

Mg | Dimensionless design moment [-]

Mo Dimensionless constant, 0.09 [-]

hngd | Dimensionless horizontal design load [-]
ho Dimensionless constant, 0.12 [-]

a Dimensionless constant, -0.22 [-]

Deviation between mathematical model and simulated E{ilt

If Equation (L7.7) is compared to Equatiori6.? it is seen that the signs have changed, which is due to théhfaic
failure of the structure will be considered for G < 0. The j@dafety factors are connected to the design equation
by Equation 17.2).

B Mc Yo/ (D Vo) He Yw/Vo,d

Mhg = _ e/ Tud chG
d 4 vy (1—Vd) nd 4 vy (1—Vd)

1
Vou=5¥ DNasA o= (17.2)
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Chapter 17. Probabilistic Approach

where

M | Characteristic moment load [kKNm]

D Diameter of foundation [m]

Vog | Design uniaxial vertical yield load [KN]

\ Dimensionless design vertical load, cf. EquatitB.) [-]
Hc | Characteristic horizontal load [KN]

Effective specific weight of the soil [KN/&h

b Equivalent width of the foundation [m]

Nyq | Design bearing capacity factor [-]

Sy Inclination factor [-]

A | Area of the foundation [H]

Yo Partial safety factor for the aerodynamic loads [-]

G: | Characteristic self-weight [kN]

e Partial safety factor for the self-weight [-]

The corresponding limit state function can be seen in Equdti7.3.

(3 () = (32 o

where

g | Limit state function [-]

A | Model uncertainty [-]

For the intermediate calculations reference is made ta@etb.1

(17.3)

The self-weights of the wind turbine and foundation resuli ivertical load. The vertical load will be assumed to be
centrally loaded, and will therefore not induce an extra rantaue to eccentricities. The self-weight of the structure
can be determined with rather high accuracy. Therefore CO8&f to 5% for the self-weight. The self-weight is

Normal distributed and therefore the mean value can be férond Equation 17.4).

Hg = — (P 1(0.5) o — Gos) = Gos
where

He Mean value of self-weight [kN]
oc | Standard deviation of self-weight [kN]
Gos | 50% quantile of self-weight [KN]

(17.4)
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17.2. Results and Discussion

This leads to the self-weight presented in Tablel

Table 17.1:Mean value of self-weight.

Description  Abbreviation Value  Unit
Self-weight He 32,739 kN

17.2 Results and Discussion
The results from the reliability analysis can be seen indaigl2

Table 17.2:Reliability index for different COV'’s.

Description Symbol  CO¥i5 CQVoos
Reliability index B 5.02 5.59
Annual probability of failure [of} 255107 1.0910°8

When the results from TablE7.2are compared to the target reliabilities from Table§ it is seen that the safety of
the foundation is quite large, which could result in rathemservative design of the foundation.

It should be mentioned that the reliability indices from [Ealh7.2 are obtained in connection with the demand
stated in Equationls.7). From Figurel5.1it is seen that the moment and horizontal bearing capacitest their
maximum, when the self-weight of the structure is at 50% efuhiaxial vertical bearing capacity. When this is
implemented in the probabilistic approach the distancleoyteld envelope, would be greater compared to a design
situation, where the demand in Equatid®(7) is not considered. This could be the explanation for thé hidjabil-

ity indices obtained in the analysis.

Additionally it is observed from Equatiori?.9, thatVpq is present in both the numerator and the denominator,
which has an unstabilising effect on the reliability anay3 herefore it is found, that the used advanced expression
is not suited for reliability analysis with the applied meth
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Chapter 18

Conclusion

The purpose of the thesis was to investigate the possibiengadf designing a gravitational foundation by the use
of probabilistic methods compared to design following d&mnas. In order to reach the specified goal preliminary
works were carried out.

CPTu tests were performed at two different test locatiorardter to gather data for both a cohesive and a frictional
soil. At the test site in Aalborg sand was analysed and ezpmes by both Mayne and Bolton was used to determine
the characteristics. As the theory presented by Boltomvaltbincorporation of the reduced effective friction angle,
which is in best compliance with the used bearing capacityédas, this method was preferred. The resulting sand
was found to have a mean value of 33.20V of 0.05 and a resulting 5% quantile of 30.3he values were found

to be very low and concerns about the used method were atitiNenetheless, the results were used for further
analysis, as the influence of the following analysis was afanimportance.

The test results from the clay site in Frederikshavn pravisieveral challenges regarding the interpretation of the
soil. Especially because no laboratorial investigatiomd been performed at the time of the interpretations. The
characteristics of the clay were found to be consistent oeamvalue of the undrained shear strength of 195 kPa,
COV of 0.18 with a resulting 5% quantile of 144 kPa.

A spatial analysis was performed for both the test sites #s ere it was found that the soil was hard to describe by
the use of known tools for describing the spatial variatiorgeneral dissatisfactory results were obtained. Altthoug
a general tendency of the spatial variation could be esticdhiom the results. The correlation lengths for the sand
were found to be 0.1 - 0.5 and 2.5 m in vertical and horizontalations respectively. For the clay slightly smaller
correlation lengths were detected of 0.15 and 1.5 m resdgfor vertical and horizontal direction.

From the characteristics of the soils it was possible togrerfa deterministic design of the given wind turbine foun-
dation. In the frictional soil a simple design situation vpaesented with the use of the Terzaghi bearing capacity
formula. In spite of the large moment affecting the founalatino problems were observed with the eccentricity
of the foundation, and a resulting diameter of 18.38 m wasdosufficient. From the deterministic design of the
foundation, a probabilistic evaluation of the result wasgtd. In order to do so a model uncertainty was appointed
to the bearing capacity formula. For this purpose a modellwidd in LimitState:Geo and the resulting simulated
values of the loads leading to failure were regarded as egaatts of the problem. A total of 36 simulations were
run for the purpose, from which 20 was selected for the detextion of the model uncertainty. It was found that the
Terzaghi formulas in general underestimated the bearipgaty of the foundation by 40%, which was corrected
for by appointing a bias and model uncertainty to the exjpoadsy Terzaghi. From here a probabilistic analysis
of the found design was performed. It was found that the esgioa by Terzaghi provided large reliability indices
compared to the target reliability index of 3.72 suggestefBmrense?013. The reliability index was found to be
4.72 and 4.25 for a COV of 5% and 15% for the aerodynamic laadpectively. For calibration of the partial safety
factors of the strength parameters a partial safety faétb!3% for the load is used. It was found that for the problem
treated the normally used partial safety factor of 1.25 lier ¢ffective friction angle could be reduced to 1.00 and

121



Chapter 18. Conclusion

1.04 for a COV of 5% and 15% for the aerodynamic loads, regmdgt Further it was observed that the COV for
the effective friction angle plays an important part in tmalgsis as well. By increasing COV the reliability index
of the design will decrease significantly. Therefore it isgsed, that the partial safety factor for the soil strength
should depend on the characteristics of the loading andaih# such information are available prior to design. In
the sensitivity analysis of the Terzaghi bearing capaditynula it was found, that the expression was very sensitive
toward changes in the characteristics of the moment loadisgdhis is dominant in the bearing capacity formula
through the expression of the eccentricity. Therefore & feaind, that for similar scenarios caution should be taken
when describing the aerodynamic loads in particular.

The same scenario was investigated for the cohesive sailfatithe location in Frederikshavn. For the cohesive
material the scenario was transformed into a 2D case, as plerimentation of a stochastic field was desired. By
applying the Terzaghi formula for cohesive materials a rdatidth of a strip footing was found to be 13.82 m. The
surface footing was found to be exposed to strong ecceotiitg, which was taken into account in the dimension-
ing. The probabilistic approach for analysing the foundedwinistic design was rather different compared to that
of sand. A failure domain was subtracted from LimitStateaGeom which an integration of the undrained shear
strength took place. The found values were used to determéreliability of the Terzaghi bearing capacity formula
through asymptotic sampling. For this case reliabilityides of 3.55 and 3.33 were found for a COV of 5% and 15%
for the aerodynamic loads respectively. These are seenltee than the target reliability of 3.72, which is why
the partial safety factors should be increased to fulfil tirkemgdemands. In the sensitivity analysis, it was found that
changing the undrained shear strength would have a minectesh the reliability index. Therefore an unrealistic
high partial safety factor of 2.71 on the undrained sheansgfth for a COV of 5% for the aerodynamic loads was
observed, and the analysis is thought to be case sensitii@was furthermore confirmed by the sensitivity analysis,
where the moment was found to be the overriding parameteniitie reliability was to be determined. This was
additionally confirmed from a case study in AppenlNixwhere the eccentricity was reduced and a potential reduc-
tion of the partial safety factor was spotted.

In connection to the probabilistic design situations it wasstigated how much the correlation length influenced
the bearing capacity for a vertically loaded strip footifithe bearing capacities were found by integrating over a
Prandtl solution. It was found that the partial safety faébo the undrained shear strength could be reduced to be in
the range 0.83 - 1.20, when the vertical correlation lengttged from 0.5 - 5 m and the horizontal ranged from 1 -
50 m. Again it was suggested, that a partial safety factoeddent on the soil characteristics could be introduced,
as great savings could be found by performing soil investiga regarding the correlation length prior to design.

As a second additional study, it was investigated how wellubed method, for describing the reliability of bearing
capacities, performed for more advanced models describ@iyyield envelope for drained conditions. Although the
proceeding was identical to that for the Terzaghi bearimacay formula, it was found, that complications emerged
due to use of the strength parameters in the expressionefbinetthis method is not always applicable but relies on
the limit state equation.

In general it is concluded, that significant gaining coulddiained from probabilistic dimensioning of gravity
based foundations. This is both the case for frictional avftesive soils, but it highly depends on the load case.
Investigation of the spatial variation of soils prior to @gsis expected to sum up as an economical beneficial
investigation.
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Chapter 1 9

Discussion

Through this thesis it is sought to describe the potentiadiggs from a probabilistic approach when calculating a
gravitational foundation exposed to typical onshore wimtbine loading. Also the importance of determining the
correlation length prior to a design is handled.

To gain input for the analyses CPTu tests are analysed wifdgreint methods. The choice of methods used to inter-
preting the CPTu data are shown to have great influence oresuét for the effective friction angle. It is important

to keep in mind that the general physical behaviour of theenmedtshould be respected before results are used for
design. Due to low friction angles that verge on the loosastisleposits obtained, the applied methods used in this
thesis is considered to underestimate the strength ofitttefral material, which could lead to conservative result
For the reliability analysis made in this thesis it did novéany influence, but for use in practical design it is of
great importance to consider the physical behaviour.

Due to great uncertainties regarding the strength of s@thematical models often provides a conservative estimate
of the strength in order to provide a hidden safety. From &aldistic point of view it is of greater interest to get
the best estimate, in contrary to a conservative model witldden safety.

It shall furthermore be mentioned that including sand ssipn cohesive soils and cohesive material in frictional
soil is a must in a design situation, where this soil contemt lbave significant influence on the bearing capacity.
Including this the method will get undesirable complex.

When analysing the spatial correlation among the strenggtarpeter of the soll, difficulties are found. Both applied
methods are acting unintended as the CPTu tests are anafyssat uncertainty is attached to the results in the the-
sis, but the presented analyses still treat the effect ajiiserved correlation lengths. It is considered, that dimes

to or a refinement of the methods are needed for treatment Bl @3ts of soils with significant fluctuation around
the trend or clear inhomogeneity.

Eurocode 0 suggest that either the 5% quantile of the stigrayiameter or 5% quantile of the bearing capacity is
used for design. A simple study shows that there is signifidédference in up to 15% in using both methods. This
difference is present for design on frictional soil, wheréze situation is unchanged for analyses on cohesive soil.
This is due to how the strength parametéfsaandcy, are included in the bearing capacity formulas. The foriiuta

in Eurocode 0 is considered loose and a clarification is dekdras the result influences the level of safety.

Model uncertainty is throughout the thesis treated by nakimumerical model describing the problem as accurate
as possible. Assuming the results from the numerical malekact values and determining the model uncertainty
from this assumption, gives a false impression of the achadel uncertainty. Nonetheless, it is a better estimate,
compared to disregarding the model uncertainty complefaiglytical expressions works well for simple scenarios,
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Chapter 19. Discussion

but as the problem gets more complex, numerical models geaviore accurate estimates. For determining the
correct model uncertainty, real life measurements shoelaMailable, which was not the case for this thesis.

It is found in the probabilistic analysis of frictional spthat a great reduction of the partial safety factor for the
effective friction angleyy, can be obtained. Therefore it is considered, that a costtinh is possible if the partial
safety factor for the effective friction anglgy, is made dependent of the COV for the soil strength. For lacye
struction projects a number of CPTu tests are already reduvherefore no additional test are needed in order to
take this effect into account.

The loading situation entails that the most important sastib variable is the basic moment. This has a much greater
influence on the safety than the strength parameters. Thigeiso a very small effective area, which causes a minor
change in the loading to cause a greater change in the sdfieérefore much attention should be given in deter-
mining the characteristics of the wind load and the uncetygparameters connected with it in order to reduce the
uncertainty.

The reliability analysis made for the foundation instaltedthe cohesive soil has shown that the foundation is very
sensitive to moment loads. This was due to the strong eé¢cérdding, which made it difficult to calibrate the partial
safety factor for the undrained shear strength. In geneisbielieved that there is a large reduction potential when
probabilistic design is considered, which also was obskfeea vertically loaded foundation installed on cohesive
soil.

The study of the effect of the correlation length clearlywshdhat the bearing capacity is highly influenced by the
correlation length. As the correlation lengths decredmebearing capacity is governed by a quantile that appreache
the mean value for the soil strength. If this aspect couldiidémented in construction projects and the correlation
lengths could be determined with a high degree of accurdmyga reduction potential is available within this topic.
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Dybde
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Appendix B. Bore Profiles from Suderbovej
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Appendix C

Raw Data from Suderbovej

The following figures shows the uncorrected cone resistandepore pressure along the depth for the CPTu tests
from Suderbove;j.
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Appendix C. Raw Data from Suderbovej
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Appendix C. Raw Data from Suderbovej
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Appendix C. Raw Data from Suderbovej
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Appendix D

Tendencies of the Clay

The present appendix will present plots showing the tendsmd each CPTu performed at Suderbovej. The data has
been sorted and the plotted data is what is used for furtteysis (except for data concerning CPTu number 11).

In the plots the data is shown with a black colour, the locatiecy shown with blue and the general tendency is
marked with a red colour.
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Appendix D. Tendencies of the Clay
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Appendix E

Parameter Estimation for Depth Dependent Soill

Strength

The method described iDNV, 201Q estimates parameters for soil subjected to depth depegdefrom soil
testsn observations of the soil strengtf=[y1, ...yn], and the connected depth coordin&e[z, ...z,], are available.

Assuming that the variation with depth can be reasonablyetted with a linear function and that the standard

deviation is independent on depth, the coefficiagtanda; describing the surface interception and depth gradient

of the soil strength, respectively, can be estimated fromsign E.1).

where

41 | Best estimate ofy [kPa/m]
n | Number of observations [-]
z | Depth coordinate [m]

yi | Soil strength [kPa]

NI

Sample mean of depth coordinate, see Equato®) (m)]

Sample mean of soil strength, see Equatier?) [kPa]

<

Here the sample means are calculated as in Equdii@ (

<
I
<

:E_M:

NI
I
Sk Sl

N

The value at the surface interception follows from Equa(i©:3).

d=y-az

Lastly, the standard deviatiog, is found from the sample standard deviation in Equati®d)(

=}

o=¢— (Vi — (Bo+&12))?

n-2.

(E.1)

(E.2)

(E.3)

(E.4)
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Appendix F

Choice of 5% Quantile

In Eurocodesiit is stated, that the when a characteristidrimpeapacity is calculated either a 5% quantile of the bear-
ing capacity or a 5% fractile of the strength parameter ghbelusedfurocode 02007. In the present appendix,
a brief investigation of the difference between the two apphes is presented.

The scenario investigated is as follows. The bearing cépatihe strip foundation presented in Figurd will be
subjected to the loads presented in Tahte No partial safety factors will be applied to the loads or strength
parameters.

Figure F.1: The investigated scenario.

Table F.1: Loads applied.

Load Symbol Value Unit
Vertical V 1,000 KkN/m
Horizontal H 200 kN/m
Moment M 200  kNm/m

From FigureF.1it is observed, that the phreatic surface is defined at tifasiof the soil. The following analysis
will be performed for Terzaghi’s bearing capacity formulde investigated soil will be frictional soil, as the bear-
ing capacity formula for clay has a linear link between therggth parameter and the bearing capacity as seen in
Equation E.1).

R=N;c,ilB (F1)
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Appendix F. Choice of 5% Quantile

where

R | Bearing capacity [KN/m]

N: | Bearing capacity factory(+ 2) for undrained conditions [-]
¢y | Undrained shear strength [kPa]

S | Shape factor for undrained conditions [-]

i¢ | Inclination factor for undrained conditions [-]

B’ | Effective width of the foundation [m]

As none of the factors in EquatioF.() are dependent on the cohesion (except for itself), noreiffee will be found,
if the 5% quantile is used for the strength parameter or thaitzted bearing capacities. The characteristics for the

frictional soil used for the study are defined in Tabl2

Table F.2: Characteristics for the frictional soil.

Description Symbol Value  Unit
Mean for effective friction angle Mo 37 ©
Standard deviation for effective friction angle gy 4.0 °
Effective unit weight y 9.0 kN/m?
From the characteristics in Tabe2 the following two procedures have been carried out:
1. 10,000 Normal distributed realisations of the effecfiieion angle has been found.
2. A 5% quantile of the effective friction angle has been fdun
3. The 5% quantile of the effective friction angle has beeedu® determine the bearing capacity, using the
expression in Equatior-(2).
1. 10,000 Normal distributed realisations of the effecfiieion angle has been found.
2. A bearing capacity is found for each of the realisationthefeffective friction angle using EquatioR.2).
3. A 5% quantile of the bearing capacity has been found.
1 / H /
R= EVB Nys,/iy | B (F.2)
where

R | Bearing capacity [kN/m]

y | Effective specific weight of the soil [kN/Ah
B’ | Effective width of the foundation [m]

Ny | Bearing capacity factor [-]

s, | Shape factor [-]

Factor taking the inclination of the load into account [-]
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Appendix F. Choice of 5% Quantile

The bearing capacity factds,, for plane strain and drained conditions is calculated fExnation £.3).

A 1+ sin(¢’
Ny =2 (Ng— 1) tan(9) quntan(q))li'z:im (F.3)

where

¢’ | Effective friction angle {]

Ny | Bearing capacity factor for the overburden pressure [-]
The shape factos,, for strip footings is equal to 1. The inclination factor @ihd from EquationR.4).
. H\? .
iq= <1V> iy =g (F.4)

where

ig | Inclination factor for the overburden pressure [-]

The effective area of the foundation is found from Equati@s)(

B =B-2e e= (F.5)

<|IZ

B | Total width of the foundation [m]

e | eccentricity [m]

From here the two calculated 5% quantiles are compared. Tdweg@ure is repeated 100 times in order to get a
statistical qualified result. The results obtained in T&bBhave been found from the analysis.

Table F.3: Characteristics for the frictional soil.

5% of bearing capacity 5% of strength  Deviation
[KN/m] [KN/m] [%0]

Mean vertical bearing capacity 1,180 1,357 15

From TableF.3it is quite clear, that it has a rather large influence whichdfantile that is chosen for the design.
In general the 5% quantile observed for the bearing cappoitguces the lowest bearing capacities. The reason for
the deviation is found in the calculation of the bearing cégdactor,Ny, in Equation F.3). From the equation it is
observed that it is very sensitive toward a small changeeéreffective friction angle. E.g. if the effective friction
angle is changed from 35 to 3¢he bearing capacity factds,, will change from 45 to 89, which is approximately

a factor of 2 in difference. This will result in a large coeiffict of variation for the approach dealing with a 5%
guantile of the bearing capacity, and therefore a resultwgr characteristic bearing capacity.
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Appendix G

Estimation of Correlation Lengths

G.1 Semicovariance Functions for the Sand Site at Vulkanvej

In the following all the results obtained for the spatial lgss of the CPTu tests at Vulkanvej will be presented.
The semicovariance functions are presented along withalweleted reduced effective friction angle. This gives an
impression of how the semicovariance function is dependietite measured results.

3.5 : : : \ ‘ : : 3
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T 2 E
a <
415 g °
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Figure G.1: Semicovariance function for CPTu 1. Figure G.2: Appertaining effective friction angles.

Depth [m]
(o))

8,

% 05 1 15 2 25 3 35 4 45 5 27 28 29 30 31 32 33 34 35 36 37 38
T[m] Effective friction angleg’ [°]

Figure G.3: Semicovariance function for CPTu 2. Figure G.4: Appertaining effective friction angles.

145



Appendix G. Estimation of Correlation Lengths
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Figure G.5: Semicovariance function for CPTu 3. Figure G.6: Appertaining effective friction angles.
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Figure G.7: Semicovariance function for CPTu 4. Figure G.8: Appertaining effective friction angles.
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Figure G.9: Semicovariance function for CPTu 5.  Figure G.10: Appertaining effective friction angles.
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G.1. Semicovariance Functions for the Sand Site at Vulljanve
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Figure G.11: Semicovariance function for CPTu 6.  Figure G.12: Appertaining effective friction angles.
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Figure G.13: Semicovariance function for CPTu 7.  Figure G.14: Appertaining effective friction angles.
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Appendix G. Estimation of Correlation Lengths

G.2 Semicovariance Functions for the Clay Site at Suderboye

In the following all the results obtained for the spatial lgge of the CPTu tests at Suderbovej will be presented.
The semicovariance functions are as follows.
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Figure G.15: Semicovariance function for CPTu 1-4.
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G.2. Semicovariance Functions for the Clay Site at Sudejbov
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Figure G.16: Semicovariance function for CPTu 5-8.
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Figure G.17: Semicovariance function for CPTu 9-12.
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Appendix H

Verification of LimitState:Geo

The FE programme LimitState:Geo will be used to calibragerisponse function for gravity based surface founda-
tion installed on sand. This appendix will be used to vaédhe use of the programme. The verification will be based
on a simple footing exposed to pure vertical loading. Theasion that will be tested is presented in Fight4.

0.5m

6m
Figure H.1: The figure shows the situation that will be tested.

From FigureH.1it can be seen that the footing is placed on top of a homogessmllayer. The soil chosen for the
verification is a default sandhgedium dense sandith the properties presented in Talblel.

Table H.1: Material parameters.

Parameter Value Unit

o' 37.5 °
Vsat 20 kN/m?
Ydry 16 kN/n?

c 0 kPa

Due to symmetry conditions only half of the failure domaimisdelled. This is done in order to minimize the use
of computer power. The dashed line on the left boundary atdcsymmetry. Furthermore it is noted that a phreatic

level is placed at foundation level.
Since it is the bearing capacity of the soil that is of intgréee footing material will be modelled as a rigid material.

LimitState:Geo is a 2D programme and therefore considarsgpstrain. Therefore no 3D effects are included in the
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Appendix H. Verification of LimitState:Geo

output from LimitState:Geo, but these can be included byuseeof shape factors.

The output from LimitState:Geo is an adequacy factor whigkgthe ratio between the applied load and the load
that causes failure. The bearing capacity from LimitS@#s will be compared to the bearing capacity determined
from Equation H.1).

R= (%\/ B’ Nyiysy> B’ (H.1)
where

R | Vertical bearing capacity at the bottom of the foundatioN/fk]
y | Effective specific weight of the soil [KN/#

B’ | Effective width of the foundation [m]

Ny | Bearing capacity factor [-]

iy | Inclination factor, 1 for pure vertical load [-]

s, | Shape factor, 1 for strip foundation [-]

LimitState:Geo which uses the Discontinuity Layout Opsation procedure, automatically finds the most criti-
cal failure mechanism for the given situation. The critiflure mechanism for the considered case is shown in
FigureH.2.

Figure H.2: The critical failure mechanism.

The critical failure mechanism illustrated in Figute? consists of three zones. One zone with a shear fan with the
shape of a logarithmic spiral in between zones with rigidistj blocks.
The bearing capacity found through LimitState:Geo and Equ#H.1) respectively are presented in Table2.
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Appendix H. Verification of LimitState:Geo

Table H.2: Comparison of the bearing capacity determined from the ganogne LimitState:Geo and from the
analytical solution.

Bearing capacity ~ Unit
Limit State:Geo 344.7 kKN/m
Analytical 343.8 kN/m

As seen from Tablé.2 the deviation is of minor importance. This analysis is daoreaf wide range of foundation
diameters in order to see if this minor deviation is genefalTableH.3.

Table H.3: Comparison of the bearing capacity determined from the ganogne LimitState:Geo and from an
analytical solution.

Diameter LimitState:Geo Analytical Deviation

[m] [kN/m] [kN/m] [%]
0.5 87.1 86.0 13
1 344.7 343.9 -0.25
1,394 1,375 1.3
4 5,465 5,502 0.67
10 34,160 34,385 0.65
15 76,700 77,366 0.86
20 130,000 137,000 5.3
25 202,000 215,000 6.0
30 287,000 309,000 7.2
40 513,000 550,000 6.8

It is seen that the deviation increases with increasinghwadithe foundation which is also illustrated by Figute3.

Verification of Limit State:Geo
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Figure H.3: Deviation between LimitState:Geo and analytical solution

o
0]

153



Appendix H. Verification of LimitState:Geo

It shall be mentioned that in order to get a more accurate@adf the error for each model, a convergence ana-
lysis should have been performed for each LimitState:Gedahio order to confirm that a reliable result has been
obtained. Such a convergence analysis will be performethfomodel that will be used to calibrate the analytical

expression used for the frictional soil.
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Appendix I

Convergence Analysis for LimitState:Geo

In this appendix it will be investigated if the model used determining the model uncertainty for the gravitational
footing on frictional soils converges. Also the requiredstmiag for obtaining acceptable results will be determined.
The programme LimitState:Geo is verified in AppenHix

The construction of the model is described in details ini8adt0.1.1why only results from the convergence analy-

sis will be described here.

The model has been run and convergence has been analysaésiilte from different meshing densities are shown
in Tablel.1 and in the figures.1 andl.2. In the figures it is also noticed that an exponential fit haantegpplied for

Table I.1: Results from the convergence analysis.

Nodal density  Total number of nodes Adequacy factor

[-]

173.1
172.0
170.1
167.6
166.5
165.8

the results.
[1/m?] B
0.25 397
0.50 1,207
0.75 2521
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Figure I.1: Convergence analysis plotted with

nodal density.
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Appendix I. Convergence Analysis for LimitState:Geo

From Figurd.1itis hard to see if the model is converging, which is why algnFel.2 is presented. From Figuie?

it is observed that the model had a slow but fair convergesogency. From the point with 4,207 nodes the gaining
from refining the mesh any further is almost negligible antimarth the extra computation time. This corresponds
to a nodal density of 1 node pr.2miTherefore it has been chosen to continue to use a nodakylendinode/m for

the simulations for the failure surface of the foundation.
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Appendix \]

Effects of Domain Size in LimitState:Geo

In the figures describing the failure domains, e.g. Fidu0s it is seen, that the failure domains are very close to the
geometrical boundaries in the model. Therefore a smallydtad been performed to enlighten which influence this
might have on the obtained results. For this purpose a maitiebvhorizontal attack point 80 m above the surface of
the soil has been used as an example. Different geometiinahdions of the soil volume has been applied, which
are clarified in Tabld.1

Table J.1: Dimensions for the models.

Parameter Symbol Used model Larger model Unit
Horizontal dimension  Xnmin -50 -75 m
Horizontal dimension  Xmax 75 100 m
Vertical dimension Ymin 0 -10 m
Vertical dimension Ymax 30 30 m

Simulations have been performed for each situation, whiske mesulted in the failure domains shown in Figlue
andJ.2

Figure J.1: Failure domain for the footing Figure J.2: Failure domain for the footing with larger
with the used geometrical boundaries. geometrical boundaries.

From Figurel.1andJ.2it is seen, that the failure domains are similar to one anmptrel therefore the results are
expected to be similar. An adequacy factor has been appldintthe horizontal load and the result is presented in
TableJ.2to enlighten the described similarity in the simulations.
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Appendix J. Effects of Domain Size in LimitState:Geo

Table J.2: Results obtained for different domain sizes.

Parameter Used model Larger model Unit

Adequacy factor 8,164 8,164 -

The results presented in Tahl€ shows that nothing is gained from increasing the domain sitech also was
expected as it is mainly a geometric problem for which thatsmh will remain the same as long as the nodal density
and soil properties are not changed. It should be mentidmedte results will change significantly if the domain
size is reduced to be lower than that of the failure domairicivts reasoned by the fact, that the failure domain is
prevented from following its natural path.
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Appendix K

Reliability Index and Sensitivity Parameters

The procedure for determining the reliability ind@xjs presented in the following. Reference is madeSarensen
2017. The probability of failure can be calculated from Equat{&.1), whenp is calculated.

Pr = ®(-B) (K.1)
where

P: | Probability of failure [-]
B | Reliability index [-]

Nonlinear, non-Gaussian distributed stochastic varg@abézds to be transformed to the normalised uncorrelated U-
space in order to calculafe The transformation is dependent on the distribution ferglven variable. Lognormal
and Gumbel distributed stochastic variables are descibte following in accordance wittSgrense2011.

The Lognormal distribution is given by EquatioK.p).

FX:q)(InxpL> (K.2)

oL

where

a2
o.=1In —+1>
: <u2

W= In(p) - 5oL

Standard deviation [-]
Expected value [-]

Realisation of X [-]

X X T QqQ

Stochastic variable [-]

Independent Lognormal distributed stochastic variabdese transformed to the normalised U-space in the follow-
ing way.

X =exp(oL U+ 1) (K.3)

u=d 1(F(x)) (K.4)
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Appendix K. Reliability Index and Sensitivity Parameters

where

u | Realisation of U []

U | Stochastic variable [-]

The Gumbel distribution is shown in Equatidf.b)

Fx(x) = exp(—exp(—a (x—b))) (K.5)
where
_
- V6o
0.5772
b=p— a

Independent Gumbel distributed stochastic variables eatransformed to the normalised U-space as shown in
Equation K.6).

X= bféln(fln(m(u))) (K.6)

u=o"1(F(x)) (K.7)

When the stochastic variables are transformed to the nm@ddU-space, the reliability indef, can be found from
the optimisation problem given in EquatioK.8).

n
= min u2 K.8
B omin, i;. (K.8)
where

gu(u) | Limit state function in the normalised U-space [-]

n Number of stochastic variables [-]

This is an optimisation problem with a non-linear constraind a quadratic objective function, which is solved by
the NLPQL algorithm in the attached programme, see CD Appeid

K.1 Sensitivity Parameters

When the reliability index, is known, different sensitivity factors can be calculatedthe following the methods
for calculating the omission sensitivity factor and thesgtaity coefficient are presented.

The omission sensitivity facto€, gives a measure of which relative influence each individtadhastic variable has
on B if they were fixed. It is shown in EquatioiK(9).

G-B (K.9)
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K.1. Sensitivity Parameters

where

B | Reliability index [-]
B | Reliability index when stochastic variable rias considered deterministic [-]
a1 | Unit normal vector for stochastic variable rid-]

uiO Stochastic variable na.at thef3 point [-]

By settingui0 to the mean value of thieth stochastic variable in the normalised U-spaee;, 0, EquationK.9) is
reduced to EquatiorK(10).

Gi= (K.10)
Thea-vector can be found from Equatiol.(L1).
a=-u" (K.11)
where
u* | Bpoint[-]

Another sensitivity measure is the reliability elastiaityefficient, which is defined in EquatioK.(L2).

o
™

o
ho]
koo lh e

€p = (K.12)

where

ep | Elasticity coefficient [-]

p | Horo[-]
B | Reliability coefficient [-]

The elasticity coefficient should be understood as theivelahange of the reliabilty index if the parameteis
changed 1%. @/dp can be determined from Equatid@ 13).

dp 1 ag
—_—_ = K.13
dp [|Oglop (K-13)

where

Og | y/ya[]

a | Gl

161






Appendix L

Verification of Failure Domain

The following appendix will very briefly present the PLAXI®3nodel used to verify the failure domain found us-
ing LimitState:Geo. The model is build using the exact sagseiaptions and dimensions presented in Sedtih
Only a few changes have been implemented, which will be comtedeupon in the following.

As the model needs to be defined in 3D an extra dimension igdaddeo the domain for the model needs to be in-
creased due to the FEM approach used for calculations in PEAK. Therefore the dimensions of the domain have
been implemented by the use of rules of thumb. The horizairtansions and the depth beneath the foundation are
defined to be 4 times the foundation width.

In FigurelL.1 a screenshot of the model build in PLAXIS 3D is presentedhénfigure it is observed, that symmetry
is used, and only half the model is build to save computaiioe.t Therefore boundary conditions preventing the
tower and soil to move across the plane of symmetry have befimed. Further it should be noted, that it is not
possible to model rigid elements in PLAXIS, which is why theealar foundation and the tower has been defined as
weightless material with strength parameters one milliore$ greater compared to regular construction steel. This
ensures rigid behaviour of the elements above the soil.

Figure L.1: The meshed model constructed in PLAXIS 3D under the assamatéscribed in Sectic8.1
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Appendix L. Verification of Failure Domain

For the calculations 3 different phases are defined for theemo

1. Initial Phase: Definition of the soil geometry and caltiolaof the initial stress conditions in the soil.
2. Element Phase: This defines the weightless and rigid fatiordand tower.

3. Loading Phase: During this phase the loadings are applibdy are all defined simultaneous to ensure the
development of the failure domain corresponding to the argeiction13.1

From this very brief description of the model and the assionpt the results obtained will be commented upon
shortly. PLAXIS 3D was set to perform the calculations andat pevealing the total displacement of the soil
volume has been subtracted from the available results. Dtésphown in Figure..2.

| | |

T T [
-5 0 5

Figure L.2: Failure domain found using PLAXIS 3D. The contours indi¢heerelative displacement of the soll
volume. The warmer the colour the larger displacements.uHiiof the axes is in meters.

From Figurel.2 it is observed, that the failure domain observed in PLAXISi8Dery similar to that from Limit-
State:Geo. There is a very similar indication of the ovesigll lines. Further the red zone indicated in Figur2 is
located at the same place as the Prandtl zone in Fitgife Therefore it has been concluded, that the tendencies and
overall shape of the failure domain found in LimitState:Geapplicable, and the geometry of the failure domain
will be implemented in the stochastic field for further arsady
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Appendix M

Convergence Analysis for Asymptotic Sampling

In order to find a suitable number of simulations that showdibed for the calculation of each support point, cf.
Figurel3.11 a convergence analysis has been performed. The convergralysis is performed for the limit state
function for the undrained situation presented in Equafich6 and represented in Equatiav (1).

g=(Cuic S Ne) B -V (M.1)
where

¢y | Undrained shear strengh [kPa]

ic | Inclination factor [-]

s | Shape factor [-]

Nc | Bearing capacity factor m+2 for undrained condition [-]
B’ | Effective width of the foundation [m]

V | Vertical load [KN/m]

The convergence analysis is calculated for the situatiesgnted in Tabl®&.1. The horizontal and moment load
corresponds to the load situation with C@M = 5%. The mean value of the undrained shear strerggthis the
mean value of the 10,000 realisations obtained throughttuhastic field described in Sectid8.2 Furthermore
the uncertainty parameters from Talife.3are connected to the horizontal and moment load.

Table M.1: Load situation for convergence analysis.

Paramter Distribution Type Mean value Unit cov
Vertical load N 960,9 kN/m 5%
Horizontal load G 24.8 KN/m 15%
Moment load G 2,480 KNm/m  15%
Undrained shear strength LN 184.7 kPa 15.6%
Width D 13.82 m -

An exact result is determined o= 3.59, which is done through a Monte Carlo simulation witk00®,000 samples.
In TableM.2 the mean value and standard deviation from 20 runs can befeedifferent numbers of simulations
made for each support point. Each run corresponds to theguoe presented in Figuld.10 The support points
corresponds to the estimateghfsee Figurd.3.11
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Appendix M. Convergence Analysis for Asymptotic Sampling

Table M.2: Convergence analysis for asymptotic sampling.

Sample points g op
128 3.4845 0.2385
256 3.5408 0.1910
512 3.5772 0.1587
1,024 3.5913 0.1081
2,048 3.5717 0.0700
4,096 3.5764 0.0638

In Table M.2 it can be seen that an acceptable result is obtained by thefumaly 512 sample points. Though
it is chosen to use 1,024 sample point due to the accuraté esglithe fact that the standard deviation is fairly
low. The low standard deviation means that only few runsegeired for each value of the undrained shear strength

determined from the stochastic field. This is seen, as thegpitore explained in FigurE3.10is needed to be executed
fewer times.
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Appendix N

Foundation Installed on a Cohesive Soil

In Section13.3.5it was shown that the reliability index for a strong eccearftoundation is very sensitive. This is due
to the fact that even a small fluctuation in the moment cowddltén a great percentile reduction of the effective area
of the foundation. In this appendix the potential of proliatic design will be evaluated for a foundation installed
on a cohesive soil under normal load conditions. At first @deinistic design will be determined. This design will
be used in the probabilistic design, where the reliabiligax will be used to evaluate the safety of the structure. The
partial safety factor for the undrained shear strengthhvéltalibrated before a sensitivity analysis will be perfedn

N.1 Deterministic Design

The load situation for the foundation is shown in TaNl4.

Table N.1: Design loads.

Load Value Unit
Vg 2,000 KkN/m
Hyg 56.4  kN/m
Mg 5,642 kNm/m

In TableN.2 the characteristic undrained shear strength can be seen.

Table N.2: Characteristic and design value of undrained shear stiengthe design value for the undrained shear
strength is determined using a partial safety fagtgrequal to 1.4.

Cu.c Cu,d
[kPa] [kPa]
136.66 97.61

The foundation is designed after the method suggesteDNy/[Risg 2010, which is presented in Chapt&2. This
leads to the foundation presented in TalI&.

Table N.3: Results obtained from the Rupture 1 design method.

\ Rd B e & Hqg B’ Cud
kN/m] [kN/m] [m] [m] [m] [KN/m] [kN/m]
2,000 2,002 9.78 282 293 56.42 403.9

From TableN.3 it is seen that the eccentricity demand is respected.
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N.2 Probabilistic Design
The design situation for the probabilistic approach candaes sn TableN.4.

Table N.4: Mean value of the loads.

Description Abbreviation Value Unit COV
Horizontal load Mhb 24.8 kN/m 5%
Moment Mmb 2,480 KkNm/m 5%
Vertical load 'Y, 2,000 KkNm/m 5%

The mean value and COV for the undrained shear strengthsgeipied in Tablé\.5.

Table N.5: Mean value and CQOV for the undrained shear strength usecdeipitbbabilistic approach.

Description Distribution type Sl cov
Undrained shear strength LN 10,000 values obtained thretagthastic field 15.9%

The reliability index obtained through asymptotic samglgan be seen in Tabie.6.

Table N.6: Reliability index for different COV'’s.

Description COVind = 5%
B Reliability index 4.27
ps  Annual probability of failure 9.400°°

The partial safety factoy,,, needed in order to obtain a target reliability index of 3s@resented in TablN.7.

Table N.7: Calibratedyg,.

Situation Yeu B
COv=5% 103 3.72

From this example it can be seen that the partial safety fdotahe undrained shear strength can be reduced for
an example where the loading is not strongly eccentric. Tigsalt should be seen in context with the assumptions
made in order to obtain this result.

The omission sensitivity factof,, and elasticity coefficient, for COVying = 5% can be seen in TabM.8 and
TableN.9.

Table N.8: Omission sensitivity factor for C@Qyg = 5%.

Variable Hp Mp \ G Xexp Xt Xaero Xdyn Xsim  Xext
4 1.00 102 100 1.02 138 1.02 121 1.02 101 1.02
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N.2. Probabilistic Design

From TableN.8 it is seen that the uncertainty parameters regarding th&ineKey, and aerodynamic effect&aero,
are those variable connected with most uncertainty reggttie reliability index. Itis furthermore seen that omissi
sensitivity factor regarding the undrained shear streisgth02.

Table N.9: Elasticity coefficient,gand & for COWying = 5%.

Variable Hp Mp \ Cu Xexp Xst  Xaero  Xdyn  Xsim  Xext
€u -0.01 -0.75 054 031 -0.36. -0.7v7 -0.59 -0.77 -0.77 -0.77
& 0.00 -0.08 -0.01 -0.04 -0.43 -0.03 -0.20 -0.03 -0.03 -0.03

In TableN.9it is seen that the relative importance of the undrainedrssteangth is increased significantly compared
to the results from the strong eccentric foundation, se&eTeh9 Hereby it has been emphasised that the eccentricity
has a significant influence on the reliability analysis penfed.
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