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1 CONCLUSIVE SUMMARY

A reliability analysis for the fluke anchor resistance has been developed and implemented. The
failure event considered is the inception of drag due to extreme mooring line tension. The
analysis accounts for the variation in anchor resistance R due applied anchor installation load,
subsequent soil consolidation and cyclic loading effects following the application of extreme
mooring line tension /..

The analysis is initially developed for fluke anchors in a single layer of clay. The formulation is,
however, generally defined such that it is extendable to reliability analyses involving multiple
layers of clay, drag-in-plate anchors, and the possibility for updating the estimated reliability of
the anchor resistance afier installation based on measured penetration depth and/or drag length.
However, the drag length as such does not enter the design equations applied in the present pilot
study, and has therefore not been addressed further herein.

The analysis is carried out in two steps. Step 1 involves multiple deterministic computations of
the anchor response due to a wide range of input conditions for soil properties, anchor
installation load, and extreme mooring line tension. The anchor installation phase and the
subsequent effect of soil consolidation on anchor resistance is modelled and analysed with the
DIGIN program. Step 2 is the computation of the probability of the failure event, with stochastic
soil properties and stochastic extreme mooring line tension, applying the general probabilistic
analysis program PROBAN. The effect of cyclic loading is accounted for in Step 2 of the
analysis.

An interface file is used to transfer the DIGIN results from Step 1 to PROBAN, accounting for
the anchor behaviour during installation and the subsequent consolidation effect expressed
through Reons. A response surface technique is used to interpolate between the discrete results
computed by DIGIN, to obtain a continuous description of the anchor behaviour (penetration
depth, drag length and resistance) for any soil properties and anchor installation load Fup.

The approach for modelling and computing the various types of anchor resistance and the annual
extreme line tension is described in this report, together with the applied uncertainty model.
Based on different anchor installation loads, the estimated cumulative distribution functions for
the penetration depth, the drag length and the holding capacity are derived for the anchor
installation at a location with specified shear strength properties. Based on the modelled annual
extreme line tension, the annual probability for failure (drag) of the anchor is further derived for
different installation loads.

In order to show the possibilities available using probabilistic methods, a formulation for the
updated estimated annual failure probability after installation depending on the measured actual
penetration depth and/or drag length of the anchor is discussed.

An initial design format for anchor installation has been developed, applying best estimates for
the characteristic influence of consolidation effects and cyclic effects, and the characteristic
extreme line tensions. Based on different choices for the partial safety factors, the required
installation load with corresponding estimated annual failure probabilities are obtained.
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2 INTRODUCTION

2.1 About the Project

2.1.1 Participants
The project is organised as a joint industry project (JIP) with financial funding from the
following twelve participants, which is gratefully acknowledged:

STATOIL, Norway

Saga Petroleum a.s, Norway

Det Norske Veritas, Norway

Health & Safety Executive, UK

Minerals Management Service, USA

Petrobras UK

Norsk Hydro ASA, Norway

Norske Conoco AS, Norway

BP Exploration Operating Company Limited, UK
Bruce Anchor Limited, UK

SOFEC, Inc., USA (only Part 1)

Shell Internationale Petroleum Maatschappij B.V., The Netherlands (only Part 1)

2.1.2 Brief Description of Project
The project is divided in three parts, and the objectives of the respective part-project are briefly
summarised in the following.

Part 1, which was executed between August 1995 and February 1997 had the following main

objectives:

o Development of a design procedure for fluke anchors in clay, utilising the results from fluke
anchor tests compiled from different accessible sources and the offshore industry’s general
knowledge about fluke anchor performance in clay.

« Follow-up and compilation of data from drag-in plate anchor tests and identification of
important design considerations and necessary further work to improve such anchors for deep

water application,
e Writing a DNV Classification Note on fluke anchors based on the work on such anchors in
Part 1 (after formal completion of Part 1).
Deliverables from Part 1 comprised a total of nine Interim Reports and seven Technical Reports,
plus an executable version of the computer programme DIGIN.

Part 2, duration March 1997 - 1998, focuses further on deep water anchors in clay with the

following main objectives:

e Further improvements to the DIGIN programme, e.g. better equilibrium solutions, and update
of the fluke anchor back-fitting analyses from Part 1.

¢ Compilation of more drag-in plate anchor test data, e.g. from the DeepStar Project and
Petrobras (through a confidentiality agreement).

o Back-fitting analysis of drag-in plate anchor tests to improve our understanding of this type of
anchors both during installation and pull-out.
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o Development of a design procedure for drag-in plate anchors.

e Specification and execution of a pilot reliability analysis of fluke anchors using the PROBAN
system, with DIGIN providing the anchor-soil behaviour input and the DEEPMOOR project
providing the extreme distribution of the line tension during storm.

Part 3 will comprise a full scope reliability analysis of a fluke anchors in clay with the objectives

» to deveiop a reliability-based design procedure for fluke anchor foundations and

» to perform a formal code calibration,

Only tentative plans have been presented to the Steering Committee, awaiting the conclusions
from the pilot reliability analysis in Part 2.

2.1.3 Project Organisation

In DNV the project team consists of Rune Dahlberg (Project Manager), Pal J. Strom, Trond
Eklund (unti! 30.06.97), Jan Mathisen, Espen H. Cramer, Torfinn Herte and Knut Olav Ronold
with Knut Arnesen and Gudfinnur Sigurdsson as Verifiers and Qistein Hagen as Q4 Responsible.
Arne E. Loken is Project Responsible.

The Steering Committee, composed of one representative from each participant with Asle Eide
from Statoil as Chairman, contributes to a validation of the final products from the project by
approving plans and reviewing and commenting on the-Draft Final Reports.

2.2 The Present Report
This technical report, “Pilot Reliability Analysis of a Fluke Anchor”, is the final result of the

work covered by activity 250 of the joint industry project on “Design Procedures for Deep Water
Anchors, Part 2: Further Work on Anchors in Clay.”

Important work on the effects of cyclic loading was reported in Interim Report No. IR 203
(Dahlberg et al., 1997) covered by activity 251, which has been used as a basis for the same type
of analysis reported herein. The formulation of the reliability analysis and software
implementation is reported in Interim Report No. IR 204 (Mathisen et al., 1997) through activity
252.

The main work reported herein is covered by activities 253 and 254.

o The stipulated objectives of activity 253 are:
Specify test case, compute response surface with DIGIN and do the load modelling.

¢ The stipulated objectives of activity 254 are:
Perform a pilot reliability analysis of a fluke anchor for one test case.

The report presents a pilot study of a reliability analysis of a fluke anchor. The reliability
analysis is carried out using the methods of structural reliability, in which the uncertain input
variables to the anchor-soil interaction analysis program (DIGIN) are treated as stochastic
variables, and the analysis results are linked to the reliability analysis program (PROBAN)
applying a response surface description. In addition to the reliability study, a preliminary design
equation is proposed, with associated partial safety factors and reliability levels.

The present work involves some modifications to the formulations presented in reports IR 203
and IR 204 with respect to the formulation of the response surface modelling the DIGIN results,
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the influence of cyclic loading and the modelling of the intact and remoulded undrained shear
strengths.
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3 GLOSSARY AND DEFINITION OF TERMS

3.1 Basic Glossary and Terms

The glossary and definition of terms following is purposely somewhat extended, such that it may
also serve as a quick reference for the relationship between different terms and safety aspects.
More details about the respective terms are found in the relevant sections of the main text

following immediately after this chapter.

Dip-down point The point on the seabed, where the anchor line starts to
embed.
Touch-down point The point at the seabed, where the suspended catenary part
of the anchor line first touches the seabed.
F Line tension The calculated line tension.
Fenar Characteristic line The maximum calculated /ine fension at the touch-down
lension point for the limit state under consideration
Fa Design line tension The characteristic /ine tension (F ) multiplied by the

appropriate load coefficient vz

.,
4 dip

Target installation load  The horizontal component of the line tension at the dip-

down point during anchor installation, which gives the
required installation resistance R, of the anchor.

Frouch  Minimum installation The target installation load F;, plus the frictional force
load (#W'L’) along the anchor line (L") at seabed during

installation minus post-installation effects ARcons and AR,
with appropriate partial safety coefficients. The Fpues shall
be maintained over a specified period of time and is equal
to the minimum load level measured during this period.
The uncertainty in the load measuring system and extra
seabed friction due to misalignment of the installation line

are to be accounted for.

Fobt Minimum breaking load  Manufacturer's rated breaking load of an anchor line

segment.

R Resistance The resistance of the embedded anchor plus the embedded

part of the anchor line

Ry Ultimate resistance The holding capacity of the anchor at ultimate penetration,
i.e. when the anchor does not penetrate any deeper during
continuous penetration, but drags at a constant depth
without further increase in the installation line tension.
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Rckar

Ry

ARcons

UC‘ ans

RCO!}S

Characteristic resistenice

Design resistance

Installation resistance
Consolidation effect
Soil consolidation factor
Consolidated anchor

resistance

Soil consolidation

Cyclic loading effect

Cyclic loading factor

Cyclic loading

The installation resistance Ru, plus line seabed friction plus
post-installation effects, i.¢e.

Ropar = Rd;’p + ﬂW!Ls' + ARcons + ARcy

The design holding capacity with material coefficient on
predicted contributions 10 Repar,:
Rd = Rdip + (ﬂW’Ls, + ARcons + ARcy)/}'m

Measured part of the anchor resistance at dip-down point,
equal to the target installation load F,

Predicted contribution to the anchor resistance from the
effect of soil consolidation.

Factor, which when multiplied with Kz, gives the
consolidated anchor resistance Reons.

Reons = Rdip‘Ucons = Rdip + ARcons

A time dependent process, which leads to an increase in the
anchor resistance as the undrained shear strength gradually
regains its intact strength s, after having been remoulded
due to the disturbance from the penetrating anchor, The
maximum possible increase is a function of the goil
sensitivity {5;) and the anchor geometry.

Predicted contribution to the anchor resistance from the
effect of cyclic loading,

Factor, which when multiplied with R.ons gives the
characteristic anchor resistance Keopar, 1.€.

Repar = Reons U ey Rdrp Ueons 'Ucy
Affects the static undrained shear strength (s,) in fwo ways:

During a storm, the rise time from mean to peak load may
be about 3 - 5 seconds (1/4 of a wave-frequency load
cycle), as compared to 0.5 to 2 hours in a static
consolidated undrained triaxial test, and this higher
loading rate leads to an increase in the undrained shear
strength

As a result of repeated cyclic loading during a storm, the
undrained shear strength will decrease, the degradation
effect increasing with the overconsolidation ratio (OCR) of
the clay.

The cyclic shear strength 7, accounts for both these
effects.

Page 6

Reference to part of this report which may lead te misinterpretation is not permissible.

27 March 1998, RDa’/dwa-relisbility-revi_4.doc



DET NORSKE VERITAS

Report No: 98-3034, rev. 01

TECHNICAL REPORT
AR Post-installation effects  Increase in anchor installation resistance Ry, due to soil
consolidation and cyclic loading effects, i.e.
AR = Rdr‘p mcons 'Ucy - ])
Yin Material coefficient Accounts for the uncertainty in
. the predicted effect of s0il consolidation AR .qx
»  the predicted effect cyclic loading 4R,
« the measured intact (static) undrained shear strength s,
and remoulded undrained shear strength s, (e.g.
complexity of soil stratigraphy, scatter in/number of
strength measurements, sample disturbance, etc.).
Trey Cyclic shear strength Accounts for both the loading rate and the cyclic

degradation effect and is the preferred characteristic soil
strength for use in the design of fluke anchors.

Zcy is calculated according to the strain accumulation
method, which utilises so-called strain-contour diagrams to
describe the response of a clay to various types, intensities
and duration of cyclic loading:

Given a clay specimen with a certain s, and OCR, which is
subjected to a load history defined in terms of a sea state
and a storm duration, the intensity of the storm is gradually
increased until calculations according to the strain
accumulation method show that the soil fails in cyclic
loading. Depending on the average shear stress level in the
applied storm history, the clay may fail either due to
excessive cyclic shear strains or due to excessive
accumulated average shear strains.

In a catenary anchoring system the loads transmitted to the
anchors through the mooring lines will always be in tension
(one-way), which has a less degrading effect on the shear
strength than two-way cyclic loading (stress reversal). The
failure criterion for one-way cyclic loading is development
of excessive accumulated average shear strains. The
maximum shear stress the soil can sustain at that state of
failure, is equal to the cyclic shear strength Ty

The load history for use in the calculations should account
for the combination of wave-frequency load cycles
superimposed on low-frequency, slowly varying, Joad
cycles, particularly the amplitude of cyclic loads relative to
the average (or mean) load level.
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OCR Overconsolidation ratio  The ratio between the maximum past effective vertical
stress on a soil element and the present effective vertical
stress acting on the same soil element.

The higher the OCR is the more strength degradation due to
cyclic loading and the less strength increase due to an
increase in loading rate. For a normally consolidated (NC)
clay the OCR = 1

Sy Intact strength The static undrained shear strength, which is the best
measure of the in sifu undisturbed (intact) soil strength,
For fluke anchor analysis the direct simple shear (DSS)
strength or the unconsolidated undrained (UU) triaxial
strength is assumed to be the most representative intact

strength,
S r Remoulded shear The undrained shear strength measured e. g. in a UU triaxial
strength test after having remoulded the clay completely.
S Soil sensitivity The ratio between s, and s, as determined e.g by UU
triaxial tests.
Cy Coefficient of Parameter derived from consolidation tests, which is used
consolidation for calculation of rate of consolidation.

3.2 Case Convention for Variables in the Reliability Analysis

Using the established practice for reliability analysis, where an upper case format is used for
stochastic variables and a lower case format for the realisation of the stochastic variable, is partly
in conflict with the glossary and definition of terms as described in Section 3.1.

The objective of the report is to demonstrate how probabilistic methods can be applied to analyse
a geotechnical problem, namely the geotechnical design of a fluke anchor. Bearing this in mind,
it is logical to maintain the definitions and conventions agreed on previously in this project and
only introduce the terms required for description of the reliability analysis as relevant. Therefore
the reliability analysis terms used in the following will not be listed in Chapter 3 like those in
Section 3.1, but will simply be defined in the text when they first appear. A summary of the
stochastic variables used in the reliability analysis is presented in Table 7.1.
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4 FORMULATION OF RELIABILITY ANALYSIS

4.1 General

The present analysis is limited to fluke anchors in a single layer of clay. A procedure for
inclusion of a two-layer clay model has further been developed, and is presented at the end of
this section. It is subsequently possible to extend the analysis to also include drag-in plate
anchors. The mooring line may be attached to any type of offshore structure, in any water depth.

The modelling of the anchor resistance as described in IR 204 (Mathisen et al., 1997) has been
modified in the present analysis. The present formulation requires only one single response
surface transformation.

4.2 Failure Event

The primary function of an anchor, in an offshore mooring system, is to hold the lower end of a
mooring line in place, under all environmental conditions. Since extreme environmental
conditions give rise to the highest mooring line tensions, the designer must focus attention on
these conditions. If the extreme line tension causes the anchor to drag, then the anchor has failed
to fulfil its intended function.

Limited drag of an anchor need not lead to the complete failure of a mooring system. In fact, it
may be a favourable event, leading to a redistribution of line tensions, and reducing the tension
in the most heavily loaded line. However, this is not always the case, If the soil conditions are
not completely homogeneous between the anchors, then a less heavily loaded anchor may drag
first, and lead to an increase in the tension in the most heavily loaded line, which may cause
failure in that line. Such a scenario would have to include a design analysis that allows anchors
to drag, resulting in a much more complicated analysis, and is not recommended. Instead, the
inherent safety margin in the proposed failure event should be taken into consideration when
setting the target reliability level. Therefore, the event of inception of drag may be defined as a
failure, and is the limit state definition used in the present reliability analysis.

4.3 Basic Limit State Function
The failure event must be expressed as a mathematical function in a structural reliability
analysis. Such a function is termed a limit state function, usually denoted by £(.), and should
satisty the following properties:
<0, forXin thefailure set
g{¥) {=0, for X on thefailure boundary (4.1)
>0, forXinthesafeset

where X is a realisation of the vector of stochastic variables X involved in the problem. There
are usually a number of different possible formulations of the limit state function for any specific
problem. In the present reliability analysis, the limit state function is taken as the difference
between the anchor resistance r and the applied line tension £, i.e.

g(¥) =r(x)~ f(x) 4.2)
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where the anchor resistance is the line tension at the dip-down point for which the anchor just
starts to drag, and the load is the applied line tension at the same point. The anchor resistance 7 is
built up step-wise from the installation resistance Ry through the consolidated resistance Roons,
which includes the effect of consolidation 4Rcons, and then superimposing the cyclic loading
effect AR.,, see the glossary in Chapter 3 for definition of these terms.

1t is not relevant to use the term characteristic anchor resistance R.n, when a detailed reliability
analysis 1s performed. The characteristic resistance is normally calculated according to a detailed
recipe, and is intended for use with a set of corresponding partial safety factors in a specified
design equation. The same goes for the characteristic line tension Fop,,.

Therefore, for the purpose of this pilot study the stochastic variable F is used for the line tension
and the stochastic variable K 15 used for the anchor resistance. The realisation value of these
stochastic variables are denoted fand 7, respectively, see Equation (4.2).

The result of a full scope reliability analysis, which is the subject of Part 3 of this project, will
take the results from this pilot study up to a level, which opens for calibration of a simplified
design equation with associated partial safety factors. The target reliability level will be defined
after comparative analyses between the calibrated design equation and a wide range of likely
design cases from practical design. The intention is then to set the target reliability level such
that it is in reasonable harmony with the safety level that has been found acceptable for the type
of structures covered by the agreed scope for the calibration.

The line is assumed to intersect the seabed under an uplift angle for the applied line tensions, i.e.
seabed friction can be set to zero for the example case. Both anchor resistance and line tension
are functions of the stochastic and the deterministic variables involved in the problem. The
deterministic variables are sufficiently accurately determined so that there is no need to treat
them as stochastic variables; e.g. the anchor geometry.

The drag limit state evaluated is an ultimate limit state, since it deals with anchor failure in an
intact mooring system, where failure is defined as the inception of drag of the anchor, i.e.
violation of the functional requirement of no motion of the anchor. However, the ultimate anchor
resistance &, as defined in the glossary is not necessarily involved, since this is only reached at
ultimate penetration of the anchor.

4.4 Model Description

The anchor performance (relationship between penetration depth, drag and anchor resistance at
the dip-down point) is computed using the DIGIN program (Eklund and Strem, 1996) for
specified installation load, soil conditions and anchor geometry. The input variables to DIGIN
provide the basis for the selection of the set of random variables that is appropriate to describe
the stochastic nature of the installation anchor resistance with or without the superimposed
consolidation effect.

The consolidated anchor resistances Reons computed by DIGIN are modified in the probabilistic
analysis in order to account for the influence of loading rate and cyclic degradation, or simpler
the cyclic loading effect ARy, on the anchor resistance during a storm. In addition, uncertainties
in the computed anchor resistance and line tension are accounted for in the probabilistic

formulation.
The folowing parameters are modelled as stochastic variables in the probabilistic analysis:
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Sy intact soil shear strength capacity, being depth dependent (s,» = direct simple shear
strength)

Sur remoulded soil shear strength capacity, being depth dependent
Uy factor accounting for the effect of cyclic loading on s,

Ur  model uncertainty factor on the computed increase in anchor resistance, primarily due to
consolidation of the soil,

F the applied line load
Ur  model uncertainty factor on the line tension.

The installation line load 4, is not modelled as stochastic, as the anchor installation load is
measured and thus well controlled. Making the anchor resistance a function of the installation
load £, implicit information about the actual soil properties is utilised in the evaluation of the
anchor resistance,

The anchor resistance is also dependent on the sliding resistance between the soil and the anchor
members. In DIGIN, this is modelled as an adhesion factor times the remoulded shear strength of
the soil during installation. This factor has, to some extent, been used in the calibration of the
DIGIN program with respect to measurements during anchor installations. A best estimate of the
adhesion factor has been applied as a deterministic variable in the present analysis. Uncertainty
about the results from DIGIN (excluding the uncertainty related to the soil shear strength) is
handled by the model uncertainty factor Us. The adhesion factor is eliminated after
consolidation.

In general, the mooring line need not be horizontal at the dip-down point. There may be some
non-zero uplift angle & that defines the line inclination at that point, and which may differ
between installation &, and extreme load situations 8, . Mooring lines are usually designed with
zero uplift, and this is simplest to handle in the analysis. However, non-zero uplift is a feature
that may be useful in future designs, and which may be desirable to model. In the present
analysis, it is assumed that the uplift angle during installation, if any, is specified
deterministically through the configuration and geometry of the installation fine. In the reliability
analysis, it should be useful to allow for variation in the uplift angle under extreme line tension,
either deterministically or as a random variable. In fact, the uplift angle is likely strongly
correlated with the extreme line tension.

The installation anchor resistance 7., which depends on the intact undrained shear strength sy,
the remoulded undrained shear strength s, ,, the penetration depth z, and the installation uplift
angle 6, is computed in the first step of the anchor analysis with the DIGIN program

ra'ip - ?’(S’u 5Su,r 52791) (43)

The full effect of soil consolidation on the installation anchor resistance is obtained by setting the
remoulded undrained shear strength equal to the intact undrained shear strength in the DIGIN
analysis. This gives the consolidated anchor resistance 7., which should be combined with the

uplift angle for extreme line load 4,

Voows > ¥(5,,2,8,) (4.4)
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The dependency on the installation load Jap is carried through the penetration depth, which is
also a function of the intact and remoulded undrained shear strengths s, and s, as well as the

installation uplift angle &,
> 28y, S, fup 6) (4.5)

Since the consolidated anchor resistance is defined as a function of the penetration depth, which
again depends on the anchor installation load, the anchor resistance may be expressed directly
through the functional description of the penetration depth, omitting the specification of the
penetration depth in the formulation of the anchor resistance,

rf:om ¥ f'(S“ H] su,r ’fdfp * 61‘ :83) (46)

The effect of cyclic loading is assumed to apply to the situation after full consolidation of the
clay surrounding the anchor through a factor U, on the consolidated anchor resistance, which
gives the total anchor resistance,

r—rs,.s,, ,fd,.p, é ,98)-21@ (4.7)

The model uncertainty uz on the characteristic anchor resistance derived from the DIGIN
analysis applies only to the predicted increase in the anchor resistance due to consolidation and
cyclic loading effects, since the installation anchor resistance is well controlled through
measurement of the installation load, see above, Hence, the anchor resistance to be applied in the
limit state function in Equation (42)is

v lr(‘gu :Su,r ’fdipﬂgiﬂge)'ucy —ufa'ipJ-uR +fd:‘p (48)

Again, with reference to Equation (4.2), inclusion of the model uncertainty #- on the extreme
line tension f. leads to the line tension Jfto be applied in the limit state function

f - fe'uf? (4-9)

The drag length d is at present not applied in the probabilistic formulation, but could be utilised
in a reassessment of the estimated anchor resistance afier installation through a conditioning on
the measured actual drag length.
The installation drag length d, is a function of the same properties as the penetration depth,
namely

di __...> d(s;; 3 Sy,y ’fdip 3 9;‘ ) (4 }0)
The installation anchor resistance Tap, the penetration depth z and the drag length d are in the

analysis expressed as functions of the installation load Jap, the intact and the remoulded
undrained shear strengths s, and s, and the installation and extreme uplift angles &, and @,

applying a response surface description, see also Section 7.2.6,

4.5 Probabilistic Formulation
When including the details introduced above, the limit state function from Equation (4.2) may
now be rewritten as

g(‘sy 5S;,g,r :.fdip 29:’ :éa * w:”.ﬁ% 3.fc};ar ’uF) =

= {r(su 5Su‘r ’fdi_p ’Qr' !ee)' uqy _—fdip}.uR + fdip - fe.uF (411)
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where the arguments of the g-function include all the stochastic variables envisaged for the
analysis, and one deterministic variable, the installation load Jaip. Although the installation load is
treated as deterministic, it is included in the list because the DIGIN calculation of the anchor
resistance is a direct function of the installation depth, and thereby the installation load. This
dependency is shown by Equation (4.5), which must be kept in mind when reading Equation
(4.11).

All the stochastic variables involved in this formulation are time-invariant, Although the soil
strengths vary with time between the intact and remoulded states, it is only these two states that
are involved in the limit state function, and the probability of failure refers to the reconsolidated
state with intact soil properties and with superimposed cyclic loading effects. The probability of
failure in any intermediate state between anchor installation and reconsolidation of the soil is
assumed negligible in this analysis. The applied line tension also varies with time, but the time
dependency is taken into account by applying the annual extreme value distribution of the line
tension,

The annual probability of failure may then simply be expressed as the probability mass
associated with the failure state

P = J'ff(f)a’x’ (4.12)

g2(#F3<D
where £, (%) is the joint probability density function of the stochastic variables involved in the

limit state function. This probability integral may be computed with the PROBAN program
(DNV Sesam, 1996). First or Second Order Reliability Methods (FORM or SORM), may be
applied in the computation. The program requires input of the probability distributions of the
stochastic variables, and must be able to compute the value of the limit state function for any
realisation of the stochastic variables. If the stochastic variables are all independent, then the
joint probability density is simply expressed by the product of the marginal densities of the
individual stochastic variables. If two or more variables are interdependent, then their joint
density can be modelled using additional input about the correlation coefficients between them.

The realisations of the applied line tension, the two model uncertainties, and the cyclic loading
factor are simply taken from their respective distribution functions by PROBAN, to compute the
value of the limit state function. However, resistance, penetration depth and drag length of the
anchor are relatively complex functions of the input variables, which are normally computed by
DIGIN. PROBAN needs to have the values of these intermediate variables available for any set
of input variables, as PROBAN searches through the domain of the input variables to find the
point most likely to lead to failure (the design point). Other software programs needed in the
evaluation of the limit state function are commonly linked directly to PROBAN. This approach,
however, does not seem suitable in the present case, because DIGIN requires relatively lengthy
calculations, and because its computations are not completely stable for all input sets, Instead, a
different approach is used, in which a response surface is interposed between the calculations in
DIGIN and in PROBAN. The response surface is described in detail in the next chapter.

Two failure modes are considered in DIGIN: (a) drag in the fluke direction, and (b) breakout,
roughly normal to the fluke direction. Experience with DIGIN so far indicates that the drag mode
is associated with a lower anchor resistance in the majority of cases. Hence, this initial reliability
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analysis is limited to the drag mode only. DIGIN will be set to only give resistance for the drag
mode, and to flag any instances where failure in the breakout mode precedes the drag mode.

If both modes should need full consideration, then DIGIN should be used to compute the anchor
resistance for both modes independently, and the two modes should be modelled with separate
limit state functions, arranged as a series system in PROBAN. The system then fails if one or
both of the two limit state functions in the system fails.
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5 RESPONSE SURFACE INTERFACE BETWEEN DIGIN AND PROBAN

5.1 Intreduction to Response Surfaces

Suppose you have the values of a response y; defined for a set of values of a single input variable
x:, i=1,...,n, and require the response at some intermediate input value. If the response is a fairly
linear function of the input, or the input values are closely spaced, then linear interpolation may
be an appropriate approach. Otherwise, you may try to fit some suitable function to the data, and
use this fitted function to obtain the interpolated response value. The fitted function forms a
curved line in a two-dimensional space.

Let us expand this situation to a single response to two input variables. A fitted interpolation
function may now be seen as a surface in a three dimensional space. Further generalisation to
more than 2 input variables takes us out of range of simple geometrical descriptions, but it is still
convenient to refer to the fitted interpolation function as a response surface.

The need for this type of interpolation technique arises frequently in structural reliability
analysis, when complicated algorithms are involved in the limit state function, which may be
dependent on many input variables, By interposing a response surface between the detailed
response analysis and the reliability analysis, the two parts of the analysis are decoupled, and
usually handled more effictently. To aid convergence of the reliability analysis, it is important
that the response surface is continuous, and has continuous derivatives with respect to all the
input variables.

The structural reliability group at DNV has mainly used two types of functions for response
surfaces:

(a) Sequential splines, which require data points filling a matrix grid in the input space, and are
relatively accurate for limited dimensions of input variables.

(b) Ordinary polynomials, generalised to multi-dimensional input, which can handle arbitrarily
spaced input data, and larger dimensions of input variables.

In both cases, it is important that the input data set spans the relevant domain of input variables
well. Tt is also essential to carefully check the accuracy of the response surface approximation,
particularly in the vicinity of the design point. Type (b) response surfaces, as described by
Mathisen (1993), are applied in the present application. A detailed specification of the interface
files that are used to transfer results from DIGIN to the response surface module in PROBAN is
required.

5.2 Interface File Specifications

The DIGIN program calculates, for specified anchor geometry, soil properties and uplift angle,
the relationship between the penetration depth and line tension. For installation, DIGIN
computes the required installation tension as a function of the given penetration depth, and for a
holding capacity evaluation, DIGIN computes the holding capacity for given penetration depth.
The installation analysis requires both intact and remoulded soil properties, whereas the latter
only requires intact soil properties. DIGIN is, at present, not able to compute both the required
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installation tension and corresponding holding capacity in the same run for specified penetration
depth, which would be of interest for the reliability analysis of an anchor.

Initially, this was taken care of applying two response surfaces defining the interface between
DIGIN and PROBAN. One response surface defining the relationship between the installation
tension and the penetration depth, for different soil properties, and one response surface defining
the relationship between the penetration depth and the holding capacity. Although this approach
works satisfactory, a more computational stable approach is to describe the relationship between
the installation tension and the holding capacity directly, applying only one response surface. In
the present analysis, however, a response surface for the holding capacity is defined directly for
specified soil properties, uplift angles and installation tension. In addition to the holding
capacity, also the penetration depth and the drag length are outputs from this single response
surface.

The data material required for specifying the single response surface for the holding capacity is
obtained by combining the DIGIN results from the installation and holding capacity analyses for
corresponding soil properties. At a later stage DIGIN may be re-modified in order to be able to
compute the holding capacity directly for specified installation tension.

The standard file format for an interface file is specified in detail in Chapter 5 of Mathisen
(1993). The interface file starts with a header portion in which the data is identified and the input
and output variables are defined. The remainder of the file comprises a series of data records, in
which each data record specifies one point on the response function; i.e. input values and the
corresponding output values for one point. As a minimum, there must be a sufficient number of
points to allow the coefficients of the interpolation polynomial to be computed. For a second
order polynomial, with 3 input variables, this minimum is 10 points. A much larger number of
points are usually required in practice, to obtain an adequate description of the response.

The following input variables are specified in the response surface interface file for a single layer
of clay:

Intact, soil shear strength intercept at zero depth, S, 0
Intact, soil shear strength gradient, £,

Remoulded, soil shear strength intercept at zero depth, Suro
Remoulded, soil shear strength gradient, &,

Installation tension at the dip-down point, Sin

S T

Uplift angle under extreme load, 6,

The following output variables are obtained from the response surface interface file:

1. Penetration depth during installation, z

2. Drag length during installation, 4,

3. Consolidated anchor resistance at the dip down point (which for the case studied coincides
with the touch-down point), r__
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The following functional relationship then exist for the response surface,
Penetration depth:

2= fi(SuokusSunos ke fap) (5.1)
Drag length:

d, = £ (500 hisSuros ks Fap) (52)
Consolidated anchor resistance:

AN ACHN SN S % (5.3)

The drag length during installation is not absolutely essential, but is a useful by-product of the
DIGIN installation computation that can be utilised to obtain extra results.

In the present version of DIGIN, the installation process is followed through in stepwise
increments of the penetration depth, and the corresponding drag length and line tension required
for force equilibrium is computed as a result at each position. The anchor resistance calculation
is carried out in the same manner through stepwise increments of the penetration depth, where
the necessary anchor resistance at dip down point for specified uplift angle results in a
corresponding drag of the anchor.

5.3 Input Data Points

The data points must span the relevant part of the domain of the input variables, which includes
both the mean value, and the location of the design point. The majority of points should be
located around the design point. To aid visualisation of the fit of the response surface to the data
points, a small number of values of each input variable should be employed in defining the entire
set of data points,

Table 5.1 indicates an initial set of corresponding points for 6 input stochastic variables,
resulting in a total of 23 cases. The values specified describe the number of standard deviations
away from the mean value in the direction of the design point (smaller for resistance variables
and larger for load variables) a functional evaluation is to be made. It is usually convenient to
round off the actual numerical values to 2 or 3 significant digits, rather than the exact values
defined by Table 5.1,

in the present analysis, the up-lift angle under extreme load is specified and deterministic. The
up-lift angle is therefore 1o be specified for the values of interest. The installation tension is
further deterministic, and is to be given for the corresponding values available from the DIGIN
runs based on specified penetration depths.
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Table 5.1 Example on suggestion for data points for 6 input stochastic variables, given as
numbers of standard deviations away from the mean value, in the direction likely to

lead to fatlure.

X X X; X4 Xs X
-1 -1 -1 -1 oy -1
0 0 0 o 0 5
1 H 1 1 i |
2 2 2 2 2 2
3 3 3 3 3 3
2 | 1 1 1 1
3 1 i i 1 1
4 1 1 | 1 i
1 2 i 1 1 i
1 3 1 1 i 1
i 4 i 1 1 1
4 1 1 1 | 2
| 1 1 i 1 3
i 1 i 1 1 4
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6 PHYSICAL MODELLING

6.1 Soil Description

In the following, the intact and remoulded undrained shear strength of the Troll clay is modelled.
The shear strength profile is modelled through an intercept at the seabed and a gradient with
depth, for single and double layers. In the following reliability analysis, only single layer clay is
considered. The shear strength data are from fall cone tests on soil samples from the Troll field.

6.1.1 Single Layer Clay

For single layer clay, the intact and remoulded shear strengths are modelled through a linear
trend line with associated residuals, £ It is here implicitly assumed that the standard deviation of
the shear strengths around the trend line (subscript ) is constant over the depth.

The intact and remoulded shear strengths at depth z is then defined as,
5,(2)=8,0,+2-k,, +¢, 6.1

5, 02)=8,,0,v2:k,,, +¢ (6.2)

H.F u,r

There is typically uncertainty associated with the modelling of the trend line due to lack of
sufficient data for describing the shear strength at different depths. The modelling uncertainty for
the trend lines are defined through a stochastic modelling of the two intercept shear strengths and
the two gradients for the intact and remoulded shear strength, where the four stochastic variables
are correlated. The marginal distributions for each of these four stochastic variables s,4;, £,
Sure and k., are Normally distributed with correlation matrix,

Su, [r%] ku,! Su,r,ﬁ,l ku,r,!
Su01 1 - - -
ku“' Ioﬁu,.m l - .

S"ﬂ .o pmr,m p.mr.kw 1 -

ku,r,t

p ke, g5 p kur ku p Jr_gur

The residuals of the shear strengths around the trend line for the intact and remoulded shear
strengths are typically correlated due to common soil properties. The residuals for the intact and
remoulded shear strengths are therefore defined to be 2-dimensional Normal distributed with
mean value zero, standard deviation and correlation as obtained from the linear regression

analysis.
E,,E eNE(O.,O.,UEH,o;_ﬂ'r,pgws_ar) (6.3}

#*Tu,r

The intact and remoulded shear strengths at depth z are then described through 4 variables in the
response surface,
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s,(2)=5,,+2-k, (6.4)

Su.r (Z) = Su,r.i} +2z- ku,r (65)
where;
* intact soil shear strength intercept at zero depth:

51:,0 = Su.D,# + gu (66)
* intact soil shear strength gradient:

k, =k, (6.7)
* remoulded soil shear strength intercept at zero depth:

su,r,O = Su,r,O,t + ng.r (68)

* remoulded soil shear strength gradient:
ke, =kope (6.9

6.1.2 Double Layer Clay

For double layer clay, the same linear modelling approach as for single layer of clay is applied,
where the clay is assumed to consist of two layers with independent soil properties above and
below the intersecting depth 4. The depth of intersection # is deterministic.

The intact and remoulded shear strengths at depth z is then defined as,

() Suoa * 2Ky, +E,, z2<h (6.10)
s.(z) = '
) Sume T (z-h) ku,Z,f T2 z>h
( ) Su'r,(},t +z ku,r,],r + gy.f.i zs h (6 1})
s, (z)= '
wr Su,r‘h,[ + (Z - h) ’ ku,r,z,t + gk.r,z > h

The modelling uncertainty for the trend lines for the intact and remoulded shear strength for the
two layers are defined in the same manner as for one layer. The two layers are, however,
assumed to be independent.

The stochastic modelling of the two intercept shear strengths and the two gradients for the intact
and remoulded shear strength are defined through correlated stochastic variables for each layer.
The marginal distributions for each of these four stochastic variables are Normally distributed
with correlation matrix,

The marginal distributions for each of the four stochastic variables s,4;, Kuty Sur:and k, ., within
each layer are Normally distributed with correlation matrix,
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Layer 1
Su01,1 kyry Sy,r0,0t kn,r,l,f
S 1,1 1 - = =
LF Pz 1 - i

Surdli | Prpian | Poija

L Floar Pt | Plartl

Layer 2
Su021 ku,?,r Su,r,ﬂ,.?,l ku,r,.?,r
Su021 1 - - -
Kz FPruz,mz 1 B "
Su‘,‘()‘zg psurl,ml per,hQ l -
Kuran Prursur | Povisr | Prrtrr 1

The residuals of the shear strengths for around the trend line for the intact and remoulded shear
strengths for each layer are typically correlated due to common soil properties. The residuals are
assumed independent for the two layers. The residuals are then modelled as,

bl €N00.0.0, 0, p, . ) (6.12)
£l €N,0.0,0,_ 0, | Pr..) (6.13)

The intact and remoulded shear strengths at depth z are then defined through 8 variables in the
response surface (for given intersecting depth ) as,

S,otzok, z<h
ORI ' (6.14)
Spt(z=my-k, z>h

Serot ok, z<h 6.15)
s, ()= :
wr(2) Soontz-h)-k, . z>h
where
* intact soil shear strength intercept at zero depth:
Su,O = Su,(},t + ‘c"u,i (6 16)

* intact soil shear strength intercept at depth A:

Su.h = Su_h,: + gu,z (6 1?)
* intact soil shear strength gradient for layer 1:
ky=k,,, (6.18)
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¢ intact soil shear strength gradient for layer 2:

Koo =Ky 2y (6.19)
* remoulded soil shear strength intercept at zero depth:
SUJ’,U = Su,r,ll; + gﬂ,)‘,§ (620)

* remoulded soil shear strength intercept at depth A:

Suen = Surny ¥ sz (6.21)
* remoulded soil shear strength gradient for layer 1:

Kuri =k (6.22)
* remoulded soil shear strength gradient for layer 2:

Kra = ks (6.23)

The theoretical background for development of two correlated linear regression lines for two sets
of data points is described in Appendix A

6.2 Cyclic Loading Factor

6.2.1 Introduction

The cyclic shear strength 7, accounting for both the loading rate and strength degradation
effects on the intact undrained shear strength, is a function of the applied load history, containing
both low-frequency (LF) and wave-frequency (WF) environmental load components. The load
history used in this study for assessment of 7, is based on reliability analysis for a mooring
system in 350 m water depth as considered in the DEEPMOOR project (Mathisen et al., 1996).
The influence of cyclic effects for catenary loading is based on an evaluation for two-way cyclic
loading for Troll clay, where a transformation of these results for one-way cyclic loading is
based on the results from a study of Drammen clay by Andersen et al, 1988, The Troll clay
behaviour for one-way cyclic loading is here 'predicted' by combining the results from analysis
of two-way cyclic loading of Troll clay with the published behaviour of Drammen clay for one-
way cyclic loading. After completion of the reliability analysis using the 'predicted’ Troll curves
for one-way cyclic loading, site specific Troll data for one-way cyclic loading became available.
In Chapter 10, where the results from the reliability analysis are discussed, the effects of cyclic
loading 1s addressed particularly in light of the post-analysis information obtained about the Troll
clay.

The cyclic loading factor U, accounts for the change in the cyclic shear strength 7, relative to
the undrained shear strength s,. Uncertainties are, however, related to the determination of this
factor due to uncertainties in the prediction of the acting load history and modelling uncertainties
in the prediction of the influence of the load history on the cyclic shear strength. With the
intention to get an idea of how the load history and modelling uncertainties may influence the
cyclic shear strength a total of nine load cases have been defined, see Section 6.2.2 below.

6.2.2 Technical approach

The background for modelling of the cyclic shear strength is described in the interim report IR-
203 (Dahlberg et al, 1997). The effects of cyclic loading on the undrained shear strength of clay
is initially evaluated for two-way cyclic loading which will give the distribution of the cyclic
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shear strength 7., for an average shear stress 7, = 0. Through simulations for different possible
loading conditions, the distribution of 7, based on the strain accumulation method (Andersen
and Lauritzen, 1988) with uncertainties in strain-contour diagram and strain accumulation
accounted for, is obtained.

A total of nine load cases have been defined for analysis of the effects of cyclic loading on the
undrained shear strength of clay. The mooring line tension in a stationary, environmental state is
composed of 4 components;

z=z 4z, 4z, +z (6.24)
o M L 1.4

* z, the mooring line pretension,

* z,, the mean tension due to quasi-static mooring line response to mean platform offset
caused by mean wind, wave, and current loads,

* z, the low-frequency tension due to quasi-static mooring line response to low-frequency
platform motions, excited by wind gusts and second order wave forces,

* 2z, the wave-frequency tension from dynamic mooring line response to platform motions
excited by first order wave loads.

The relative magnitude of these components varies widely, dependent on water depth, type of
floating platform, and details of the mooring system. Table 6.1 gives some indication of the
magnitude of these tension components for a few mooring systems.

Table 6.1 Examples of line tension components. The environmental conditions E1, E2, E3 are

defined in Table 6.2.
Environ- Pretension Mean Std. dev. Std. dev. Mean period Mean period
mental tension low-freq. wave-freq. low-freq. wave-freq.
conditions tension tension component component
kN kN kN kN s 5
Ship 70m
El 400 644 427 606 90 15.3
E2 400 01 1258 2017 80 18.0
E3 400 1487 1941 3770 72 20.4
Ship 350m
El 750 973 129 138 265 12.6
E2 750 1288 402 416 263 138
E3 750 1743 745 933 233 16.4
Ship 2000m
El 1400 1618 41 247 6540 13
E2 1400 1924 127 438 569 13.8
E3 1400 2375 256 644 509 4.6

In the reliability analysis reported herein the line tensions are assumed to represent the mooring
tensions for a ship in 350 m water depth with a sea state characterised by a significant wave
height equal to 15 m, 20 m and 20 m, respectively. These sea states are termed load condition
El, E2 and E3, respectively, in the following, The environmental components for these load
conditions are defined in Table 6.2 following. The calculated line tensions for load conditions
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El, E2 and E3 were for the purpose of this study split into a low-frequency (LF) component and
a wave-frequency (WF) component, denoted z; and zw, respectively, in Eq. (6.24).

For each load condition E1, E2 and E3 three different time histories were defined. It is assumed
that the line tension can be represented by

1) Time history represented by the WF-component only (800 cycles)
2) Time history represented by the LF-component only {46 cycles)
3) Time history represented by the LF-component plus the WF-component (46 cycles)

This gave a total of nine load cases, which were analysed for the effect of cyclic loading. For
further information about the modelling of time-varying loads reference is made to IR-203
(Dahlberg et al, 1997).

Table 6.2. Environmental conditions.

Environmental state id.: El E2 E3

Significant wave height (m) 10 15 20

Peak wave period (s) 15.2 16.6 245
Wind velocity, 1 hour mean (m/s) 22.0 31.5 40.9
Current velocity (m/s) 0.30 0.36 .43
Wave direction {(deg) 180 180 180
Wind direction (deg) 180 180 180
Current direction (deg) 180 180 180

The evaluation of cyclic effects for catenary one-way cyclic loading follows basicly the same
approach as that proposed in IR-203 (Dahlberg et al, 1997), although significantly improved
from a reliability analysis point of view. Having the distribution of the cyclic shear strength for
two-way cyclic loading, the distribution of the equivalent number of cycles leading to failure,
Neg, of the cyclic shear strength ratio 7,5, may be obtained. The distribution for equivalent
number of cycles to failure is then applied directly to determine the cyclic shear strength for
catenary mooring one-way cyclic loading (z, # 0), dependent on the average shear stress level
(7254 ).

In this modelling, it is assumed that the equivalent number of cycles leading to failure Neq is not
affected by the average shear stress level (7,75, ). This may be a slightly non-conservative
assumption, as it is believed that N, may increase somewhat with increasing average shear stress
level. .

In addition to the influence of Nq on 7./, for one-way cyclic loading, the uncertainty in the
determination of the acting average stress ratio for catenary mooring one-way cyclic loading is
accounted for in the uncertainty modelling. An extra modelling uncertainty accounting for the
uncertainty in the determination of the cyclic shear strength ratio 7;.,/s, for specified N, and
7/5, 15 also included in the formulation.
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The mean and coefficient of variation of the static (intact) undrained shear strength s, is defined
separately, and is combined with the obtained cyclic shear strength ratio 7.,/5, to define the
cyclic shear strength.

In the proposed design procedure for fluke anchors, the cyclic shear strength ratio Trey'Su 18 set
equal to U, and termed cyclic loading factor.

6.2.3 Analysis of two-way cyclic loading (7, = 0)

A detailed description of the calculations performed for estimation of the mean and standard
deviation of the cyclic shear strength 7., for each of the nine load cases considered is included in
Appendix B. The simulation procedure is repeated for all nine load histories to get the
distributions and statistical moments for the cyclic shear strength that corresponds to each of
them normalised with respect to the intact undrained shear strength, s,. The results are given in
Table 6.3 below.

Table 6.3 Results of simulation of 7,/s, distribution for 350 m water depth (for description of
load cases see Section 6.2.2).

Load case Description Thoul Sy

Mean St.dev. Skewness Kurtosis CoV (%)
1 El WF 0.94 0.026 -1.64 7.1 2.8
2 E1LF 1.02 0.045 -0.40 4.0 4.4
3 El LF+WF 1.01 0,041 -0.46 37 4.1
4 E2 WF 0.95 2,026 —-1.51 6.8 2.7
5 E2LF 101 0.044 ~0.47 3.6 44
6 E2 LF+WF 1.0l 0.043 -0.52 3.4 4.2
7 E3 WF 0.97 0.030 -1.30 55 3.1
8 E3LF 1.01 0.042 ~0.32 35 4.2
9 E3 LF+WF 101 0.041 ~{.60 3.7 4.1

The results in Table 6.3 indicates that the cyclic shear strength ratio 7;.,/s, has a distribution with
a coefTicient of variation of about 3 to 5 %, which represents a fairly small uncertainty. This is
considerably less than the uncertainty found for normally consolidated Drammen clay. Since one
of the major sources of uncertainty in z,/s, is the uncertainty in the strain-contour coefficients
ay,...a4 (see Appendix B), this difference between the Troll clay and the Drammen clay may to a
great extent be explained by the significantly larger uncertainty in @, found for Drammen clay
relative to Troll clay. These findings are not totally unexpected, because more data are available
for the estimation of Troll clay properties than there were for the estimation of Drammen clay
properties, so the statistical uncertainty should be less for Troll clay properties than for Drammen
clay properties.

The distribution of the equivalent number of cycles N,, of the maximum shear stress in the load
history leading to failure is also calculated for al! the nine load cases considered. The results of
these simulations are presented in Table 6.4 in terms of the first four statistical moments of the
equivalent number of cycles N,,. Note that even if 7,/s, has a coefficient of variation of only 3-
5%, Neq comes out with a much higher uncertainty. The skewness and kurtosis values reported in
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Table 6.4 should be used with care. They are encumbered with considerable uncertainty owing to
the limited number of simulations used for their estimation,

Table 6.4 Results of simulation of N, distribution for 350 m water depth.

Load case Description Neg
Mean St.dev. Skewness Kurtosis CoV (%)
1 El WF 6.04 2.10 1.23 6.1 33
2 E1LF 3.03 1.71 1.26 6.2 56
3 Ei LF+WF 3.15 1.59 0.90 42 51
4 E2WF 5.52 1.85 0.84 49 34
5 E2 LF 3.16 1.73 1,05 4.5 55
6 E2 LF+WF 3.16 1.6l 0.74 3.3 51
7 E3 WF 4.19 1.67 0.72 38 40
& E3LF 3.20 1.81 1.40 6.9 56
9 E3 LF+WF 3.29 1.69 1.14 4.7 52

6.2.4 Application of results to one-way cyclic loading (7, # 0)

The results from the analysis of a situation with two-way cyclic loading (7, = 0) in Section 6.2.3
are used to estimate how the undrained shear strength of a normally consolidated clay may be
affected by one-way catenary cyclic loading. It is assumed that the clay, which was remouided
due to penetration of the anchor at the installation stage, is fully re-consolidated before the
anchor becomes subjected to the cyclic loading (storm loading).

The cyclic shear strength 7., is defined as the sum of the average shear stress component 7, and
the cyclic shear stress component z,, which satisfies a specified failure criterion (shear strain ¥)
for the clay, when it is subjected to a specified storm loading, i.¢.

Tre = (a0 4 75 Dina (6.25)

At the time when the reliability analysis was performed no data were available for the Troll clay,
presenting the cyclic shear strength as a function of the average shear stress level 7,/s,, only
cyclic test data for 7, = 0, as used for the analyses reported in Section 6.2.3. As a basis for
prediction of the Troll clay behaviour for /s, # 0, Drammen clay data published by Andersen
and Lauritzen (1988) were used in combination with the results for Troll clay reported in Section
6.2.3. A slightly elaborated version of a diagram for Drammen clay from the paper by Andersen
and Lauritzen is presented in Figure 6.1, which shows how the cyclic shear strength ratio 7.5, p
varies with the average shear stress level z./s, p for different values of N.,. A similar set of
curves for Troll clay was predicted knowing the N, for 7./s,= 0 for Troll clay and the shape of
such curves for the Drammen clay. The 'predicted' curves for Troll clay are presented in Figure
6.2. It should be mentioned that in the present study the two layers (Unit I and 1I) of the Trol!
clay was modelled as one single layer, which means that the prediction leads to a cyclic shear
strength ratio applicable for average Troll clay properties.
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It should also be mentioned that the Drammen clay results are for OCR = 1, whereas the Troll
results are for OCR = 1.2 - 1.4. No correction has been made for this, However, the effect of
OCR is likely to decrease with increasing average shear stress level 7./s,.

It has been assumed in this analysis that the uncertainty in 7, due to the effect of cyclic loading,
as determined for a situation with two-way cyclic woading, see Table 6.3, decreases linearly from
that value to zero for 7/, = 1.0. In other words, the higher the average stress component is, the
less influence the uncertainty on the cyclic contribution will have on the cyclic shear strength.

It may be seen from Figure 6.2 that the ratio %cy'Su dOEs not vary significantly when the average
shear stress level varies between 0.6 and 0.8, which is a reasonable range. The most conservative
results are obtained for the upper bound of this range,

According to Table 6.4 the calculated range of Ny for z./s,= 0 varies between about 3 and 6 for
the nine investigated load cases. Experience has shown that Neq is higher when the failure is
caused by accumulated permanent shear strain (one-way cyclic loading) compared to a situation
when the specimen fails due to excessive cyclic shear strains (two-way cyclic loading). No
correction for this has been made in the prediction of the Troll clay behaviour.

Uncertainties in the predicted cyclic shear strength for the Troll clay is further discussed in
Chapter 10,

The initial approach in IR-203 (Dahlberg et al,, 1997), was to apply the cyclic shear strength ey
for two-way cyclic loading as a reference for determination of the cyclic shear strength for one-
way cyclic loading. The present approach uses, however, the equivalent number of cycles to
fatlure N, as reference, resulting in a more precise modelling of the one-way cyclic shear
strength. The estimated distribution of the equivalent number of cycles of amplitude Te'Sy for
two-way cyclic loading leading to failure, N.q, is then applied directly in the determination of the
cyclic shear strength for catenary mooring one-way cyclic loading (7, # 0) for specified average
shear stress level.

As mentioned above it is in the modelling assumed that the equivalent number of cycles N, is
not affected by the average shear stress level (7a/54 ). This may be a slightly non-conservative
assumption, as it is believed that N., may increase somewhat with increasing average stress
level. By assuming the number of stress cycles leading to failure not being dependent on the
average shear stress level, the dependence of the cyclic shear strength on the actual modelling of
the combined low-frequency and wave-frequency amplitudes may, however, be done separately
and thereby simplify the computational effort.

If a pure cyclic loading situation is considered, then 7, = 0 and Ticy = { Ty max, Which is the case
studied in Section 6.2.3. The results from load case 6, considered herein, with combined low-
frequency and wave-frequency loading, gave a mean value for T7e'Su Of 1.0, a coefficient of
variation around 5%, and a slightly negative skewness. The equivalent number of load cycles to
failure had mean value 3.2, a CoV of 51% and a slightly positive skewness.

Based on the 'predicted’ Troll clay behaviour for 7, # 0 in Figure 6.2, the functional relationship
between N, and 17,/ is established applying a power function. For an average shear stress
level 7,/s, = 0.7, the following expression obtained for Tre’Su @8 a function of the number of
cycles to failure is obtained,
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U, gan =1.52-(N,, )25 (6.26)

The average shear stress level, b =17, /s, , applicable for one-way catenary mooring is difficult

to predict, but will typically be in the range 0.6-0.8. For an average shear stress level varying
within this range, the following equivalent relative variation in the cyclic shear strength is
established (based on Troll data combined with Drammen clay data as explained above),

Upor =X, 10 8)-U, ., (6.27)

where
X, (B)=-0383-5>+0.230-5+1.027 (6.28)

and b=z,/s,. X, (0)=10 forb=07.

The empirical expressions for the influence of cyclic effects and the average shear stress for one-
way catenary loading as defined through Equations 6.26 and 6.27, are dependent on the soil
conditions and the environmental load characteristic for different locations.

By specifying the equivalent number of cycles to failure for two-way cyclic loading, the
predicted cyclic shear strength may be directly obtained for one-way cyclic loading for specified
rate of average shear stress. By modelling the distribution of the equivalent number of cycles to
failure from two-way cyclic loading, the corresponding distribution for the predicted cyclic shear
strength to be applied in the probabilistic analysis is obtained. In the probabilistic analysis, the
estimated equivalent number of load cycles to failure Ny 15 modelled through a Weibull
distribution with moments from load case 6.

The line tension during a storm is due to line pretension and wave- and low-frequency
components. It is not easy to split this relatively complex loading history into an average and a
cyclic component for use in the probabilistic analysis. The average shear stress level 7,75, is in
the probabilistic analysis assumed to vary uniformly within the range [0.6-0.8].

In the uncertainty modelling, also the prediction uncertainty in the determination of the cyclic
shear strength from specified N., and 7./, is account for. This prediction uncertainty is
dependent on both N, and 7,/5, and is modelled as an unbiased uncertainty factor X’ .y With

CoV 2.5%,
The modelled loading rate and strength degradation factor is then defined as,

U,=X,,-U (6.29)

oy M fey

6.3 DIGIN Response Computation

6.3.1 Program Flow

DIGIN is applied to define the relationship between the penetration depth, the drag length and
the resistance of an anchor for specified anchor geometry, soil shear strength profile and
installation load.
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DIGIN is performing these computations in step-increments of the penetration depth, defining
the corresponding drag length, the installation anchor resistance Ray at the dip-down point for
the specified installation load Fy;, at the same point and the resulting consolidated anchor
resistance after reconsolidation of the clay with the anchor at the installation depth. The
installation load (equal to the installation anchor resistance) and the consolidated anchor
resistance are in the present version of DIGIN computed in separate runs, but could through a
modification of DIGIN be computed simultaneously at each iteration step.

Through multiple computations with parameter variations over areas of interest, it is then
possibly to express the installation depth, drag length and anchor resistance as a function of the
selected installation load and soil shear strength profile applying a response surface.

The calculations in DIGIN are performed in steps of equal depth from seabed and down to a
defined maximum depth. Calculations are terminated when the maximum depth is reached or the
lowest equilibrium force is found for an anchor orientation giving horizontal flukes (for which
the anchor cannot penetrate deeper down into the soil).

At a specified depth it is possible to recalculate the anchor equilibrium with consolidated shear
strength close to the anchor. This is done for one depth only. In the following depth steps, the
remoulded shear strength is applied for sliding resistance and the embedded anchor line catenary
is constrained to follow partly the one from the previous calculation. This is done until the
combination of tension and new anchor position is such that the catenary will be unaffected by
previous anchor line position.

For all other situations than the one described above, each of the depth increments is calculated
independenily from the previous step.

In the DIGIN computations, the installation phase and (post-installation) consolidation phase are
separated, since the calculations at each depth increment is independent of the calculations /
results from the previous depth increment. This approach only affects the anchor analysis if the
installation is performed with an uplift angle being less than the one associated with the line
tension leading to the design event. This is not obvious, but the explanation for this is simple.
After installation the embedded curvature of the anchor line will restrain the embedded curvature
associated with the higher uplift angle as illustrated in Figure 6.3 (copied from IR 204 (Mathisen
and Strem, 1997)), and with the DIGIN model of the same in Figure 6.4 (copied from the same
report). To neglect this is somewhat conservative for that combination in the anchor analysis, yet
this approach is accepted, at least at this stage, as a model uncertainty.

6.3.2 Anchor Resistance

In this study, it is the anchor resistance and the embedded part of anchor line (at dip-down point)
that is considered. The fact that this is not a fixed point will be neglected in the analysis as the
response in the mooring line is by far dominated of the suspended anchor line (compared to the
part of the mooring line embedded in the soil and lying on the seabed).

The uplift angle at the dip-down point is not given as an input to the program today, but is a
result of the tension in the mooring line at anchor equilibrium. Thus the user has only been able
to vary the uplift angle indirectly, by adjusting mooring line length, line characteristics and
anchor depth. In the present work it is found convenient to be able to specify a constant uplift
angle, and include this as an input to the DIGIN program.
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6.3.3 Failure Mode

For normally consolidated clays and a one-layer system, it will be sufficient to look at the
restraint mode as basis for both the installation and consolidated anchor resistance analyses. For
the most unfortunate combinations of undrained and remoulded shear strength and also for high
uplift angles, spot checks of the results with the failure mode are made.

6.3.4 Multiple DIGIN Calculations

DIGIN produces all necessary results needed for response surface interface files in its present
version. In establishing the response surface, it is, however, necessary to carry out multiple
DIGIN calculations. Repeated restarting of DIGIN with modified input variables in a batch file is
the present approach for doing this,

The interface file for the response surface will be accessed after each depth step with the
following write statement:

WRITE (IFF,’ (7F10.3)')Su,Ku,Sur, Kur, Depth{I) (Drag (1), tetald, TDD(I)

Where

Su = Intact shear strength intercept

Ku = Shear strength gradient

Sur = Remoulded shear strength intercept

Kur = Remoulded shear strength gradient

Depth{I) = Depth in question (of anchor shackle

Drag (I} = Drag experienced from set position of the anchor to the depth in question
tetal = Uplift angle at dip-down point

TDD (I} = Line tension at dip-down point for the depth in question

In establishing the required installation tension and drag length for specified penetration depths,
it is the individual intact and remoulded shear strength profile that are given for a specified zero
uplift angle. In the computation of the consolidated anchor resistance R for a given
penetration depth, the remoulded shear strength is specified as intact, together with a selected up-
lift angle under extreme loading. (The computed corresponding drag length for the consolidated
anchor resistance analysis is not relevant)

6.3.5 Response Surface Representation of DIGIN Computations

The DIGIN computations of the installation anchor resistance R, (equal to the installation load)
and the subsequently computed consolidated anchor resistance Reons at the depth of penetration
are made for corresponding set of input variables (shear strength data), and are combined into
one response surface interface file consisting of hundreds of data lines with the set up given in
Table 6.4. The data file applied in the response surface modelling is presented in Appendix C.
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Table 6.4 Response surface interface file.

Variable Type Dimensions Description

su Input kPa Intact shear strength intercept

ku Input kPa/m Intact shear strength gradient

sur Input kPa Remoulded shear strength intercept

kur Input kPa Remoulded shear strength gradient

fdip Input kN installation tension

teta Input degrees Uplift angle at dip-down point under extreme loading
z Output m Penetration depth

di Qutput m Installation drag length

TCORS Output kN Consolidated anchor resistance

The response surface description of the DIGIN results is based on linear interpolation using
PROBAN, as it was found that a linear interpolation gave the best modelling. The centre point
for the polynomial fitting was selected to be close to the design point. See IR-204 (Mathisen and
Stresm, 1997) for a closer description of the response surface modelling,

6.4 Time Varying Loads
6.4.1 Annual Extreme Value Distribution of Mooring Line Tension

6.4.1.1 Short Term Stationary Tension

The mooring line tension may be treated as a stationary stochastic process in a stationary
environmental state of short duration 7 , say a few hours. This is the basic building block in the
computation of the tension.

The tension includes the following components:

* pretension

* mean tension due to mean environmental loads on the platform

» low-frequency tension due to low-frequency horizontal motions of the platform, excited by
wind gusts and second order wave force,

* wave-frequency tension due to wave-frequency motions of the platform, excited by first
order wave forces, and including the dynamic response of the line to these motions.

The short term extreme value distribution of the tension Z may be denoted by /|y (2 | Wi,

where ' is a stochastic vector that describes the short term environmental parameters, including

significant wave height, peak wave period, mean wind speed, current speed, and heading angles

of these environmental actions.

6.4.1.2 Annual Extreme Tension
The theorem of total probability is applied to compute the extreme value distribution of the line
tension in a single, random environmental state

Fy(z7) = [Fy Gy fuw) dy (6.30)
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where £, () is the joint probability density of the environmental parameters. This integral is

often computed by ordinary numerical integration when the environmental vector only includes
two components; viz. the significant wave height and the peak wave period. When wind and
current effects are also modelled stochastically, then more sophisticated integration techniques
are required. This is provided by the First Order Reliability Method (FORM), or the Second
Order Reliability Method {SORM).

The number of environmental states in a long term duration of A =1 year, is taken into account
by assuming the tension response in each state is independent, giving

F(z4) = [F,zof~ (6.31)

The annual extreme value distribution of the line tension in one line was also computed using the
same reliability analysis that is applied in the DEEPMOOR project (Mathisen et al., 1996).
Turkstra’s hypothesis was applied to obtain the combined tension due to wave-frequency and
low-frequency effects. The pretension and the mean tension due to environmental effects was
also included. A uniform probability was applied for the direction of wave actions relative to the
mooring, for all directions from 0 to 360 degrees. The position 450 meters from anchor was
considered as reference point.

A fitted Weibull distribution is applied fit to represent the annual extreme line tension, given by,

F(z)=1- exp{ - (f«l) ﬂ} (6.32)

a

where the distribution parameters were fitted to be. o = 120kN,B = 0.6,y =1300kN . The
corresponding mean value and standard deviation of Z,

mean{Z) =« I’”(l + %8] + y = I480kN (6.33)
Std. Deviation(Z) = @ [r‘(} + %,) - r[z . yﬁ]] —317kN (6.34)

The distribution function parameters are defined based on a fitting to fractile values being
relevant in the determination of the annual failure probability of the anchor. The corresponding
mean values and standard deviation applying the fitted distribution parameters does therefore not
necessarily reflect the mean value and standard deviation of the annual extreme line tension.

Note, especially that a Weibull distribution with shape parameter B being as Jow as 0.6 has a
considerable curvature and a long tail, extending to high tensions. The annual extreme line
tension is therefore not well described applying the mean vale and standard deviation alone.

6.4.2 Characteristic Tension

When a simpler analysis is applied to determine the line tension in order avoid the difficulties of
a detailed analysis of several stochastic variables, then the tension is usually referred to as a
characteristic tension.

A characteristic response is usually calculated according to a detailed recipe, and is intended for
use with a set of corresponding partial safety factors in a specific design equation. Such recipes,
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safety factors and design equations for mooring lines may be found in DNV’s POSMOOR rules
orin API RP28SK. These 3 items:

(1) design equation,
(i)  recipes for characteristic values,

(iii)  partial safety factors, and

should ideally be calibrated by reliability methods, so that they provide the desired safety level in
the ensuing design. They are inter-dependent, and cannot necessarily be used separately with any
confidence that they separately represent particular probability levels.

Recipes for characteristic values should ideally provide each response at a clearly defined
probability level, usually somewhere in the tail end of the corresponding distribution function,
choosing the tail that is most likely to lead to failure; i.e. low values of strength and high values
of load. In the case of mooring line tension, there are a large number of tension components to be
included, and the long-term environment needs to be taken into account to determine the tension
distribution, as described above. This is considered to be too complicated for the routine
computation of characteristic tensions. Hence, the recipe is simplified, the probability level of
the resulting characteristic value is not precisely known, and this level varies somewhat from
case to case.

The aim of a calibration of a design rule, is to evaluate a number of different design conditions in
order to define a design equation. This involves a recipe for determination of the characteristic
values and a set of partial safety factors that results in a uniform safety level for different designs
based on the design equation.

In IR 203 (Dahlberg et al., 1997), the annual extreme value distribution of the line tension in the
most heavily loaded line is given for a turret-positioned ship 8 symmetrically spread lines at 350
meters of water depth.

The initial anchor characteristic load was calculated for a 100-year environmental state as
follows:

» Significant wave height: 16.5m

® Peak wave period: 2085

e Wind velocity (1 hour mean) 19 m/s

» Current velocity 0.51 m/s.

» All environmental actions are assumed to encounter the ship from the same direction.

The characteristic line tension in the most heavily loaded line 450 meters from the anchor was
for these conditions computed to be 4900 kN,
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7 DESCRIPTION OF PILOT CASE

7.1 General
A reliability analysis of a fluke anchor in Troll clay has been carried out. The soil data has been
interpreted as a single soil layer.

Based on a range of installation loads, the corresponding installation depth and anchor resistance
is estimated.

The reliability analysis is aiming at determining the annual probability for drag of the anchor.
This is requiring the modelling of the annual extreme line tension,

The modelling of the annual extreme line tension is a computational cumbersome process, and
the resulting characteristic line tension value to be applied in design is based on the (most likely)
100 years line tension value.

7.2 Probabilistic Analysis

7.2.1 Anchor Description

The modelled anchor used for the pilot reliability analysis is a Vryhof Stevpris 18 tonnes anchor
with a fluke/shank angle of 50 degrees. The background for selecting this anchor for the test
analysis is described in IR 203 (Dahlberg, et.al., 1997). The dimension of the embedded anchor
chain has been balanced with respect to the breaking strength of the other mooring line
components.

7.2.2 Shear Strength

The soil data is defined as single soil layer. In the reliability study, it was desirable to have data
available that represented the interdependence between the intact and remoulded shear strength
for different depths, in order to be able to account for the correlation between the intact and
remoulded shear strength in the modelling.

In Figure 7.1, the applied shear strength data from the Troll field is presented together with the
fitted trend line assuming that the data may be represented as a single soil layer. In Figure 7.2 the
same data are presented together with trend lines for two-layer soil, assuming the soil boundary
at depth 16.5m. The linear modelling of the trend lines are given in the figures, and are also
defined in Table 7.1 for the single soil layer.

The probabilistic analysis is only evaluated using single soil layer, resulting in a rather high
standard deviation for the residuals, see Table 7.1. A modelling based on two-layer soil would
reduce the residual standard deviations, and result in a more exact description of the shear
strength and thereby the holding capacity,

In Appendix D, numerical values for the intact and remoulded shear strength are given together
with the mean values, standard deviations and correlation matrix for the intact and remoulded
trend lines, and the standard deviations and correlation for the intact and remoulded residuals.

The trend lines are defined through linear regression analysis. The correlation between the trend
lines and residuals for the intact and remoulded shear strength are obtained applying the program
code REGRESS-2, (Ronold, K. 1997).
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7.2.3 Cyclic Loading Factor
The cyclic loading factor is defined from the estimated equivalent number of cycles to failure,
accounting for the average stress ratio.

The influence of varying average stress level for one-way catenary loading is accounted for by
assuming the relative average stress level 7./s, to vary uniformly between 0,6-0.8.

The model uncertainty associated with the estimated increase in the anchor resistance based on
known number of cycles to failure and average stress level is here assumed to be low, modelled
with a CoV of 2.5%. In other cases, where less information about the soil characteristics exists,
this modelling uncertainty should be defined larger. This uncertainty, however, comes in
addition to the uncertainty associated with the increase in the anchor resistance from the
installation stage, due to consolidation and cyclic effects, having a CoV of 15%.

The probability density function for the cyclic loading factor U, is presented in Figure 7.3 for
different average shear stresses ratios 7,/s, being 0.6, 0.7 and 0.8. The distribution function is
obtained through a modelling of the equivalent number of stress cycles to failure being Gamma
distributed, see Table 7.3.

Evaluating the influence of the average shear stress ratio, it is from Figure 7.3, based on load
case 6, observed that the most likely value for the cyclic loading factor is decreasing from 1.40 to
1.32 when the average shear stress ratio increases from 0.6 to 0.8. The here estimated high
values for the cyclic loading factors are caused by the predicted relatively low number of
equivalent cycles to failure. The distribution functions for the cyclic loading factors are close to
Gaussian (a positive skewness of approximately 0.8} with a coefficient of vanation (CoV) of
around 5%.

The influence of cyclic effects may therefore be accounted for in the probabilistic modelling by
defining the mean value for the cyclic loading factor from the mean value for the equivalent

number of stress cycles to failure. The CoV on the cyclic part of the cyclic loading factor, i.e.
subtracted the average shear stress ratio, is taken equal to the CoV from two-way cyclic loading.

7.2.4 DIGIN Computations

7.2.4.1 General

The penetration depth, drag length and resistance of the anchor is estimated through DIGIN and
represented through response surface model for various parameter combinations of the
installation tension and soil shear strength.

The line tension under installation is controlled, and the installation anchor resistance is therefore
not assoctated with any prediction uncertainty in the analysis.

Uncertainties associated with the shear strength of the soil are accounted for directly in the
modelling of the soil data.

7.2.4.2 Penetration Depth and Installation Anchor Resistance Ry,

There are larger uncertainties associated with the DIGIN computation of the penetration depth
than for the anchor resistance for specified installation loads and soil characteristics.

The penetration depth is, however, only implicitly utilised in determination of the installation
anchor resistance Rap. There are direct connections between the installation load and the
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penetration depth, and the penetration depth and the anchor resistance, making it possibly to
describe the anchor resistance directly as a function of the installation load through the defined
response-surface function. The penetration depth is then only a corresponding value for the
estimated installation anchor resistance, but is associated with an estimated CoV uncertainty of
15%.

The required installation load for different installation depths i1s computed in DIGIN for different
combinations of intercept and gradient values for the intact and remoulded shear strength
(combinations in accordance to Table 5.1).

7.2.4.3 Drag Length

The uncertainty in drag length will generally not affect the anchor resistance, but is an effect of
the uncertainty in the achieved penetration depth for a given target installation load F,.
Although clearly a matter of interest when it comes to selecting the most suitable anchor for an
actual design, the drag length as such is not considered further in the present study, see however
Sections 7.2.6 and 8.1.3.

7.2.4.4 DIGIN Model Uncertainty

The model uncertainty ux is considered to be basically connected to the consolidation effects.
Part of the uncertainty in the consolidation effects is caused by the uncertainty allocated to the
remoulded undrained shear strength s, .. In the DIGIN analysis model the skin friction during
penetration is related to 5, In comparison with the uncertainty in s, . as such, the uncertainty in
the factor relating the skin friction to 5., contributes more to the DIGIN model uncertainty , at
least with the moderate CoV on the s,, obtained in this analysis example. The CoV on DIGIN
model uncertainty is here estimated to be 15%.

7.2.5 Time Varying Environmental Loads
The distribution of the annual extreme loading at the area of interest was found in Mathisen et
al., (1997) to be described by a Weibull distribution,

Fz(z)m}mexp{ m(m)ﬁ} (7.1)

o

with the following parameters a = 120kN, = 06, y = 1300kN . The distribution function
describing the exceedance probability of the line tension is given in Figure 7.8, together with a
corresponding, but separately derived, characteristic line tension. The characteristic line tension
is to be applied in the design equation proposed later in Section 9.

The line tension is defined from a combination of WF and LF contributions, resulting in some
modelling uncertainty in determining the distribution of the combined annual extreme tension.
The modelling uncertainty is defined to be 15%.

7.2.6 Updated Estimates for the Failure Probability after Installation

It is Hkely that measurements during and/or after the installation can be used for a post-
installation reassessment of the anchor resistance. The predicted resistance based only on the
information available before the installation will then be reevaluated based on the additional
information available through the instaliation measurements. Some preliminary thoughts related
to the use of updating based on measurements are included in Appendix E.
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7.2.7 Summary of Stochastic Variables
The distribution functions for the stochastic input variables applied in the probabilistic
evaluation are summarised in Table 7.1.

Table 7.1 Distribution functions of input stochastic variables, for a storage tanker in 350 m
water depth, and soil conditions based on Troll soil data.

Symbol  Variable Marginal Distribution
Seoil Shear Strength Model:

S04 intact shear strength intercept trend line Normal, mean =-1.30, st.d. = 1.78 (kPa)

Kot intact shear strength trend line gradient Normal, mean=2.22, st.d. =0.08 (kPa)

Suroe remoulded shear strength intercept trend line Normal, mean = 6,68, st.d. =235 (kPa)

Kurs remoulded shear strength trend line gradient Normal, mean = 1.31, std =0.11 (kPa)

& intact shear strength residual Normal, mean=0.0, std =41 (kPa)

Eur remoulded shear strength residual Normal, mean =00, std =354 (kPa)
Cyclic Leading Factor U,

Neg equivalent number of cycles to failure Weibull, mean = 3.16, st.d, = 1,61, low=0.25

TS5, average shear stress for catenary loading Uniform, lower = 0.6, upper=10.8

Tyl S resulting cyclic loading factor U, Function of ¥,,, 7./s, and OCR

Xiey model uncertainty on U, for given N, Normal, mean = 1.0, cov. =2.35%
Anchor Resistance:

Faip instalation load at dip-down point Fixed, 4000 (kN)

Ur model uncertainty on anchor resistance R Normal, mean=1.0, cov. 15%

8 uplift angle of line for anchor resistance Fixed, 0 {deprees)
Line Tension:

F, annual extreme line tension Weibull, a = 120, b= 0.6, low 1300 (kN)

Ur medel uncertainty on annual line tension Normal, mean = 1.0, cov. 15%

Correlation matrix for soil shear strength model is defined in Table 7.2 for the trend line. The
residuals are correlated as for the intercept values for intact and remoulded shear data.

Table 7.2 Correlation matrix for description of trend lines for intact and remoulded trend lines
based on Troll soil data. (Residuals: p( & &) = 0.44)

Su,!},f ku,t Su,r,O,t ku,r.£
Su,n1 1 - = -
ks -0.91 1 - -
Suru 0.44 -0.40 i -
Kors 0,40 0.44 0.91 1
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8 RELIABILITY ANALYSIS

8.1 Cumulative Distributions

8.1.1 Anchor Resistance

Based on the applied uncertainty model, the cumulative distribution function for the anchor
resistance is defined in Figure 8.1. The figure presents the probability that the anchor resistance
should be equal to or smaller than a specified anchor resistance for different target installation
loads. The modelling uncertainty is accounted for in the representation of the cumulative
distribution of the anchor resistance.

The figure shows that for an installation load of 3500 kN, the estimated probability that the
anchor resistance should be less or equal to 4900 kN is approximately 4.0E-3.

Figure 8.2 presents the relative importance of the different uncertainty contributions in the
determination of the probability that the anchor resistance should be less or equal to 4300kN for
an installation load of 3500 kN. The figure shows that the uncertainty associated with the
modelling of the residual shear strength around the trend lines contributes to the majority of the
uncertainty modelling for the anchor resistance (85%). As the shear strength data indicates that a
two-layer soil model would represent the shear strength more adequately, it is no surprise that
the single-layer soil model with the larger residuals contributes so much to the overall
uncertainty.

8.1.2 Penetration depth

Figure 8.3 presents the cumulative distribution of the penetration depth for different target
installation loads. The curve presents the probability that the penetration depth should be equal to
or smaller than a specified depth for different installation loads. The equivalent probability that
the penetration depth should be larger than a given value is obtained as 1.0 minus the cumulative
probability.

For an installation load of 3500 kN, the probability that the penetration depth should be less than

13 meters is approximately 0.6, and the corresponding probability that the penetration depth
should be larger than 13 meters approximately 0.4.

No modelling uncertainty 1s accounted for in the cumulative representation of the penetration
depth, implying that the uncertainty associated with the estimated penetration depth is due to
uncertainty in the modelling of the trend lines and the residuals for the intact and remoulded
shear strength.

8.1.3 Drag Length

In a similar manner as for the penetration depth a cumulative distribution function of the drag
length can be established, i.e. a curve representing the probability that the drag length should be
equal to or smaller than specified values for different installation loads. This information does
not enter the anchor resistance equations and has therefore been given less attention in the
analysis performed for this pilot study. In an actual design situation it is, however, expected that
such information would be useful, if the acceptable drag length during installation is a matter of
concern.
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8.2 Probabilistic Analysis

Based on the presented uncertainty model for the anchor resistance and the annual extreme line
tension, the annual probability of failure (dragging of anchor) is estimated. In Figure 8 4, the
estimated annual failure probability for different installation loads is presented. It is seen that for
an installation load of 3500 kN, the estimated annual failure probability is found to be
approximately 4.6E-3. The input file to PROBAN and the corresponding result file for this
instailation load of 3500 kN are included in Appendix F and Appendix G, respectively.

The design-point for the penetration depth, being the penetration depth for the combination of
stochastic variables most likely resuiting in failure, is 10.2 meters.

Figure 8.5 presents the relative importance of the different uncertainty contributions in the
determination of the annual failure probability for an installation foad of 3500 kN. The figure
shows that the uncertainty associated with the modelling of the annual extreme line tension
contributes to the majority of the uncertainty for the annual failure probability, with (85%) for
the description of the annual extreme line tension and with (5%) for the modelling uncertainty.
The residual uncertainty on the shear strength around the trend lines contributes to (7%).

The uncertainty associated with the description of the annual extreme line tension therefore has a
much higher influence on the total uncertainty picture than the uncertainty associated with the
description of the anchor resistance.

8.3 Discussion of Post Installation Resistance Uncertainty Model

A prediction of the deterministic “best guess” post installation resistance, applying mean values
{predicted values) for all the stochastic variables involved in the resistance model and not
accounting for the residuals in the shear strength predictions, gave a post installation contribution
to the anchor resistance of 4680 kN.

A modelling of obtained anchor resistance based on the applied uncertainty model, indicated that
the total anchor resistance could be described through a Normal distribution with a mean value
of 8180 kN and a standard deviation of 1330 kN for a target installation load of 3500 kN. As the
installation resistance is 3500, the obtained mean value for the post installation effects is also
(8180kN-3500kN) 4680 kN,

The coherence between the deterministic derived post installation resistance and the mean value
for the obtained stochastic post installation resistance indicates that the non-linear effects in the
capacity formulation is of minor importance.

As the installation resistance is deterministic, the coefficient of variation on the post installation
resistance is CoV = 1330/4680 = 28%.

In Figure 8.6 the influence of the uncertainty on the post installation effect with respect to the
derived annual failure probability is investigated. It is observed that for a pure deterministic
anchor resistance model (CoV = 0), the predicted annual failure probability is around 2.0E-3,
close to the estimated annual failure probability of 4 6E-5 for the full probabilistic analysis. Due
to the high uncertainty associated with the description of the annual extreme line tension, the
influence of the uncertainty on the anchor resistance capacity model is only having minor
importance.
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By increasing the uncertainty associated to the predicted post installation resistance, itis
observed from Figure 8.6 that also the estimated annual failure probability is increasing.
However, this increase is not significant, and results in an estimated annual failure probability of
4.6E-5 for a CoV of 28%, as also predicted from the discussion on the uncertainty on the post
installation resistance above,

These results indicate again that the majority of the uncertainty is associated with the description
of the annual extreme line tension, and that good estimates for the annual failure probability may
be obtained by simply applying the “best guess” predicted estimates for the anchor resistance.

Such an approach would greatly simplify probabilistic analysis of anchor installations, as the
deterministic predicted anchor resistance (installation resistance + consolidation effects from
DIGIN + cyclic effects) may be combined directly with the estimated distribution for the annual
extreme line tension.

If a more accurate, but still simplified, approach is desired, the deterministically derived post
installation effect may be associated with a CoV of around 30%. The annual failure probability
may be estimated only having one single stochastic variable for the anchor resistance.

However, further studies should be carried out prior to simplifying the probabilistic approaches
for obtaining the annual failure probabilities for anchor installations.
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9 DESIGN PROCEDURE

9.1 General

In the following, an initial proposed design equation with selected characteristic values 1s
presented. A set corresponding partial safety factors for the characteristic anchor resistance and
the characteristic loading is evaluated with respect to the corresponding reliability level for the
design case studied.

9.2 Design Equation

The anchor resistance is defined as the resistance of the embedded anchor plus the embedded
part of the anchor line. The design equation should be defined in such 2 way that it results in
comparable safety levels for different designs based on the same design equation.

The characteristic anchor resistance of the line is defined as,
Repar = Rdz’p + ARccms + ARcy (9 1)
where

Rap  is the installation anchor resistance, being the measured part of the anchor resistance at
the dip-down point, equal to the target installation load Fa;, at the same point,

AReons is the consolidation effect, being the predicted contribution to the anchor resistance from
the effect of soil consolidation

AR, is the eyclic load effect, being the predicted contribution to the anchor resistance from the
effect of cyclic loading.

The most significant line loads from an anchor design point of view are:

Fup  the target installation load, being the horizontal component of the line tension at dip-
down point during anchor installation.

F.r the maximum calculated line tension at the fouch-down point.

If no line is lying on the seabed during at target installation load and during extreme loading the
touch-down point coincides with the dip-down point,

The design anchor resistance is defined as,

Ra=Raip + [ARcons + ARey} ¥ (9.2)
and the design line tension is defined as,

Fa= ¥ Fenar (9.3)
where
Yon is the partial safety factor (material factor), accounting for the prediction uncertainty in

the determination of the consolidation effect and the cyclic load effect.

¥ is the partial safety factor {/oad factor), accounting for the prediction uncertainty in the
maximum calculated line tension.
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The selection of partial safety factors is directly linked to the procedure for obtaining
characteristic values for the consolidation effect, the cyclic loading effect and the maximum line
tension.

9.3 Characteristic Values

The characteristic values should be defined such that comparable safety levels are obtained for
different designs based on the same design equation.

In the following, the characteristic values for the installation anchor resistance, the consolidation
effect and the cyclic load effect are based on best estimates for these effects.

The installation anchor resistance is defined from the minimum target installation load, assumed
to be controlled during installation,

Ry = Fyp (9.4)

The consolidation effect is the predicted increase in the anchor resistance after installation based
on DIGIN calculations using the intact (consolidated) undrained shear strength s.. Based on best
estimates for the shear strength parameters (frend lines), the consolidated anchor resistance Roons
was found to be 1.69 times the installation resistance Ry, (= the installation load Fup), see Figure
0 1 The increase in the anchor resistance due to consolidation is then 69% for the soil condition
considered, and the consolidation effect expressed as a function of the target installation load is,

AR, =069 R, =0.69-F,, (9.5)

The cyclic loading effect is derived from predicted equivalent number of cycles to failure for
two-way cyclic loading, Ne,. The corresponding cyclic loading effect for catenary one-way
cyclic loading is based on the results from the study of the Drammen clay, modified of these data
to estimated equivalent results for the Troll clay has been made. For equivalent number of cycles
Ny = 4 (conservative best estimate) and an average shear stress level 7,/s, for one-way catenary
loading equal to 0.7, the predicted anchor resistance accounting from cyclic effects is found from
equations 6.26 and 6.27 to be 1.34. The increase in the anchor resistance due to cyclic effects
expressed as a function of the target installation load is then,

AR, =034-(R,, + AR, )=034-1.69-R,, =057 R,, =0.57-F,, (9.6)

The characteristic anchor resistance for the maximum calculated line tension is based on the
most likely occurring line load having 100 years extreme environmental description. Final
procedures for establishing the characteristic value for the maximum line tension is, however,
still to be defined in the DEEPMOOR project. In the present project, the characteristic value for
the line load was derived to be

F, =4900kN (9.7)

char
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9.4 Partial Safety Factors

The set of partial safety factors for the anchor resistance and the line loading is linked directly to
the shape of the design equation and the selection of the characteristic values. The partial safety
factors are to be selected such that comparable safety levels with known reliability 1s obtained
for different designs. At present, these partial safety factors have not been defined. However, a
parameter study is carried out in order to investigate the obtained safety level, defined through
the annual failure probability, for different selections of safety factors for the case studied.

In order to obtain a corresponding set of characteristic values and partial safety factor resulting in
comparable safety levels for different designs applying the design equation, a calibration study
involving a relevant set of design cases (environmental conditions, depth, anchor geometry, etc.)
must be considered. Such a calibration study has been proposed for Part 3 of this project.

9.5 Target Installation Load

The target installation load F, at the dip-down point is the minimum installation load Fioycs at
the touch-down point minus the line sliding resistance along between the two points, see the
Glossary in Chapter 2 for details. Since the case studied here assumes that no line is lying on the
seabed during installation or extreme loading the Fy, = Fiouen. This again means that the ULS and
PLS requirements are to be satisfied in the dip-down point, meaning that design anchor
resistance Ry shall be equal to the design line tension 7, i.e.

R, =F, (9.9)

Rdiﬁ + (ARCO"S + ARG)’)TYi— = .}’f ) F{:har (9 10)

F,, +{0.57F,, +0.69F, =7, F,., ©11)
Yo

The target installation load is now defined directly as a function of the set of partial safety factors
for given characteristic line tension,

Yr ¥m
e F 9.12
dip Ym +126 char ( )

where 1.26 is the increase in the installation anchor resistance due to consolidation and cyclic
loading effects. By playing around with the safety factors, it is found that the target installation
load increases from 44% of the characteristic line tension to 71% of the characteristic line

tension when the safety factors increase from 1.0toe.g »= 13 and 5, = 1.5
In Figure 9.2, the target installation load is given as a function of different combinations of load
yrand material factors y..

9.6 Annual Failure Probability

The choice of partial safety factors, for given characteristic values, will greatly affect the safety
level of the design. In Figure 9.3, the estimated annual failure probability for the evaluated
design case is presented for different choices of partial safety factors for the anchor resistance
and the line load.
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Figure 9.3 shows that by increasing the load factor yfrom 1.0 to 1.3 and the material factor y»
from 1.0 to 1.5, the estimated annual failure probability decreases from 107 to approximately

6-107.
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10 SUMMARY AND DISCUSSION

A probabilistic formulation of the reliability of a fluke anchor installation against drag has been
defined as a function of the anchor installation load F,. The anchor resistance as a function of
the installation load has been defined through a response surface applying computed values from
DIGIN. The consolidation and cyclic loading effects have been accounted for. The line tension is
expressed through the annual extreme line tension.

The majority of uncertainty associated with the modelling of the distribution of the anchor
resistance was from the residuals around the trend lines in the description of the shear strength
for intact and remoulded soil (85 %).

The modelling of the annual failure probability showed that the majority of the uncertainty
contribution (90 %) came from the modelling of the annual extreme line tension. The uncertainty
contribution from the anchor resistance was 10 %, dominated by the contribution from the
residual shear strength (7%).

The uncertainty modelling associated with the anchor resistance has considerably less
importance than the uncertainty on the annual extreme line tension in the evaluation of the
annual failure probability. This is because the consolidated anchor resistance is defined directly
from a specified installation load and not the penetration depth, which would have resulted in a
larger uncertainty with respect to the modelling of the consolidated anchor resistance. The
uncertainty in the cyclic loading factor was also low for the considered soil study.

It should be mentioned that the uncertainty in the anchor resistance in the analysed case is
'favourably' low, partly due to the rather homogeneous clay used (low COV on s, and s..), but
mainly due to the assumption that the clay considered is well documented by cyclic strain
contour and cyclic strength diagrams, which is rarely the case in 'real life".

In the present case, the Troll clay behaviour for one-way cyclic loading (7, # 0) was 'predicted’
by combining available Troll cyclic loading clay data for two-way cyclic loading with more
complete data for Drammen clay as shown in Figures 6.1 and 6.2. After completion of the
reliability analysis cyclic loading data for the Troll field was obtained, which allows for a
comparison between the predicted and reported behaviour of the Troll clay.

In Figure 10.1 the contour lines for N, = 1, 3, 6 and 10 have been plotted for Drammen clay,
Troll Unit I, Troll Unit 11 and the predicted Troll Unit (I + II). It may be seen that the prediction
for Troll Unit (I+11) compares fairly well with the reported results for Troll clay, the match
improving with increasing N.,. The cyclic shear strength versus average shear stress for
Drammen clay {Andersen and Lauritzen, 1988) has a much steeper shape for N, = 1 than that
reported for the Troll clay, which has influenced the shape of the predicted curves for the Troll
clay. As N,, increases the effect of this decreases, however. From a practical design and
reliability analysis point of view it would be possible to estimate how much uncertainty that has
to be accounted for and to investigate how much this would influence the annual failure
probability for the anchor.

The uncertainty increases also as a result of the additional uncertainty attached to the influence
of the overconsolidation ratio OCR. As an example of this effect, Figure 10.2 for Drammen clay
is shown. The figure, which is from Andersen and Lauritzen (1988), shows that the cyclic shear
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strength decreases with increasing OCR. However, if the cyclic shear strength in Figure 10.2 is
normalised is with respect to the intact undrained shear strength it may be seen that the effect of
OCR decreases with increasing average shear stress level.

Another uncertainty is that the N, for one-way cyclic loading may be higher than for two-way
cyclic loading, but this is also an effect which can be estimated and accounted for.

There will also be some uncertainty in the cyclic shear strength for a given OCR due to the
limited data base from different types of clay. The cyclic shear strength for a given N, and OCR
may likely be different for different types of clay. These uncertainties should be looked further
into in Part 3 of this project.

However, preliminary calculations indicate that the annual failure probability for the anchor
analysed in this study will not change significantly if the 10 % contribution from the anchor
resistance shown in Figure 8.5 is increased moderately, see Figure 8.6. This means that rather
large uncertainties can be accepted in the predicted anchor resistance without changing much of
the picture that is drawn based on this pilot study due to the large uncertainties that are
associated with the description and modelling of the annual extreme line tension.

The large uncertainty associated with the annual extreme line tension indicates that in order to
increase the reliability of the fluke anchor, focus should be on a more precise description and
modelling of the annual extreme line tension. The annual extreme line tension is at present
expressed through a single variable, accounting for the pre-tension contribution, the mean
loading contribution, the low-frequency contribution and wave-frequency induced contribution
to the annual extreme line tension. A splitting of these load contributions could result in a more
exact description of the annual extreme line tension. These aspects are evaluated in
DEEPMOOR.

The proposed design equation should be calibrated to a series of design cases in order to assure
that a satisfactory safety level is reached for different realistic design conditions. The set of
characteristic values with corresponding partial safety factors should be selected to assure
uniform safety levels for different design based on the same formulation of the design code.

A more detailed modelling of the characteristic line tension should be introduced, such that
different partial safety factors could be applied for the load contribution from the pre-tension and
line-tension due to mean offset, and the load contribution from the low-frequency and wave-
frequency line tension. The relative influence of the pre-tension and the mean tension increases
with increasing water depth. As the uncertainties associated with the pre-tension and mean
tension is lower than for the combined LF and WF tension, a calibration of the design rules for
moderate water depths will result in conservative designs for deeper waters applying only one
partial safety factors for the design tension.
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Figure 6.1 Cyclic shear strength data for Drammen clay, OCR = 1.
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Figure 6.2 'Predicted’ cyclic shear strength behaviour of Troll clay for 7, # 0 based on
Drammen clay data, see Figure 6.1.
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Figure 6.3 Effect of increasing uplift angle from installation to operation.
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Figure 6.4 DIGIN model for increasing uplift angle.
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Figure 7.2

Shear strength model for single-layer soil.
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Shear strength model for double-layer soil.
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Distribution of Cyclic Shear Strength for Different Ave rage Stress Levels
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Figure 7.3 Estimated cyclic shear strength ratio dependent on average stress level.
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Figure 7.4 DIGIN computations of required installation load and anchor resistance for
different penetration depths, based on best-estimates of intact and remoulded
shear strength and zero uplift angle.
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Figure 7.5  Distribution of annual extreme line tension for the probabilistic analysis together
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Figure 8.1  Cumulative distribution of estimated holding capacity for different target
installation loads. The cumulative distribution function defines the probability that
the holding capacity is equal to or less than the considered value.
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Figure 8.2  Importance of uncertainty contributions from the different uncertain variables in

Figure 8.3

the determination of the holding capacity being larger than 4900kN for an
installation load of 3500 kN.
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Cumulative distribution of estimated penetration depth for different target
installation loads. The cumulative distribution function defines the probability that
the penetration depth is equal to or less than the considered value.
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Figure 8.4  Estimated annual probability of failure {drag) of the anchor dependent on the
installation load.
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Figure 8.6  Influence of uncertainty associated to the “best guess” predicted post installation
resistance on the estimated annual failure probability. The dashed-solid line
defines the estimated annual failure probability obtained through the complete
probabilistic analysis.
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Figure 9.1  DIGIN computations of relationship between anchor resistance and installation
load for best-estimates of intact and remoulded shear strength and zero uplift
angle. Together with the computed relationship, a fitted linear trend line is
included.
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Figure 9.2 Required target installation load depending on choice of partial safety factors for
proposed initial design equation.
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Figure 9.3  Estimated annual failure probability depending on choice of partial safety factors
for proposed initial design equation.

Page 59

Reference to part of this report which may lead to misinterpretation is not permissible,

77 March 1998, RDa‘dwsereliability-ravl_d doc



DET NORSKE VERITAS

Report No: 98-3034, rev. 01
TECHNICAL REPORT
100 S
D ocess DEAMMEA czay
riy o *mﬂ% _____ — OCR  Se,d
R
o ¢ 9
- 40 37
t?'f (s} J
W 6 HRS. SR
o Cc=4o s M
2§ / | FROM
| Andeesers $ LAVR!
{ Civ§e)
o) I
o) -2 E14) 75 00

T, , kPa

Figure 10.1 'Predicted' cyclic shear strength for Troll compared with reported Troll clay data

(received after the reliability analysis) and Drammen clay data.
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Appendix A: Linear Regression Analysis of Soil Data

In the following, the theoretical background for the development of two correlated linear
regression lines for two sets of data points is described.

Two variables X and Y exhibit variations with the depth z. Here, X and Y denote intact and
remoulded shear strength, respectively, for a clay. Data are given in terms of n triplets (z,x,y)i,
i=1,...n, i.e., there are n pair-wise observations of X and Y, each pair being associated with a
specific depth. Both X and Y are assumed on average to be linear functions of depth,

E[XJ=b1+b2-2 {A.1)

E[Y]=b3+b4.z (A.2)
which leads to two linear models

xi=bl+b2-zitexi, i=1,...n (A3)

yi=b3+b4-zi+eyi, i=1, . .n (A4)

in which the residuals £xi and gyl, i=1,...n, are correlated with coefficient of correlation p, and
c=oy/ox 1s the ratio between the standard deviations of the residuals of Y and X, respectively.
Standard methods of estimation can be used to estimate p, ox, and oy from the data.

A (2n)x(2n) covariance matrix I is established. It consists of four nxn sub-matrices, each of
which contains n identical elements on the diagonal and each of which contains zeroes in all off-
diagonal entries. For n=5, the matrix appears as follows

1

(A.5)

I N ~ - e - =)

o
b=

T2 od Se o o oo
2o o0 - e
mocc“gcaoag
c:oc“,oooc:o-gc:r
© o We oje o8 oo

L
¢ e o eled oo o
Lo oo ol oo o e
. ;

1
o ofRlcoow oo -
B oo o sle oo o e

The two linear models for X and Y with respect to depth z can be combined and expressed on
matrix form

x=ab+e (A.6)

in which x=(x1,x2, . xn,yl.y2,...yn)", b=(b1,b2,b3,b4)", and
e=(exl,ex2,.. exneyl,ey2,. . eyn)T. aisa (2n)x4 matrix defined as follows

12,001

Iz 0 0 (A7)

[
.

e e e T

e oo

v b 2y e
L}

The vector of residuals has a covariance matrix ox2Z, and the sought-after vector b of
coefficients is estimated by

b=(a’2"'a)"a’ L 'x (A.8)
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The covariance matrix for b is
o el i T ]y
C.,=c.(a"Z7'a) (A.9)
from which the standard deviation of b and correlation matrix for b can both be easily derived.

- 000 -

Page A-3

Report No. 98-3034, rev. )

27 March 1998, RDaftr2-5-new_appendices.dos



| DETNORSKE VERITAS .




DET NORSKE VERITAS

Appendix B Analysis of two-way cyclic loading (7, = 0)

Clay subjected to constant-amplitude cyclic loading will respond by development of a cyclically
varying shear strain. Starting from a small value at the initiation of the loading, the amplitude of
this cyclic shear strain will increase as the loading proceeds. A load history may be represented
50 as to consist of a series of blocks of such constant-amplitude cyclic loading. The load history
is for practical purposes arranged as an ordered series of stress blocks of increasing shear stress
amplitude.

The instantaneous value of the cumulative shear strain amplitude response at any point in time
proves to be dependent on the current stress level, ie._ it depends on the shear stress amplitude of
the current stress cycle. This is reflected by a static strain increment, which is always added

when the loading shifts from a lower stress level to a higher, such as when the loading from one
stress block is followed by the loading from the next stress block. This static strain increment is
known as the immediate strain. Whenever applied upon the initiation of the cyclic loading at a
new stress level, the static strain increment is always followed by the further cyclic strain
accumulation that is caused by the load cycles that take place at this new stress level.

The more severe the loading — in terms of larger stress amplitudes and higher number of stress
cycles — the larger is the accumulated shear strain during the load history. An upper limit for the
cyclic shear stress amplitude that can be mobilised in clay during the loading is reached at large
such accumulated strains, thus indicating the occurrence of a failure condition. This upper limit
for the shear stress may be interpreted as the available cyclic shear strength of the clay. Failure is
defined to oceur when the accumulated shear strain amplitude y. exceeds a critical level, Yer.
Reasonable choices for the limiting value . ranges from about 3% to as much as 15%
depending on the actual type of clay. As long as a sufficiently high value of y.r is chosen for the
clay in question, the sensitivity to this choice will be small, see Ronold and Madsen (1987). The
check of y; against y.r is performed for the value that ¥ has by the end of the ordered Joad
history.

The strain-contour diagram gives the relation between the number of shear stress cycles N of
constant shear stress amplitude t necessary to reach a cyclic shear strain amplitude y. Figure 5.1
in IR 203 shows an example from NGI (1975) of a strain-contour diagram, based on direct
simple shear (DSS) tests on Drammen clay with an overconsolidation ratio OCR = lie a
normally consolidated clay. For a general introduction to the strain accumulation techniques
reference is made to Foss et al. (1978).

The strain-contour diagram can be represented by the following relationship

7 s
—_— - (B.1)
s, a +(a, +a,log,, N+ a,(log, N) )y

in which a,,...as are coefficients.

This gives a nonlinear model for the strain

- a(r/s,), g (B.2)
1_(7/5,,);(“2'*'93 iogi@ *Ni +a4(10810 Ni)z) 1

i

Mean values of a;,...as can be estimated together with the standard deviation & of the residuals €
by a least-squares regression of ¥ on /s, and N based on data triplets ((t/5.);, MV, v:) from direct
simple shear tests. Their standard deviations and correlation matrix can be estimated bya
resampling technique such as the jackknife and the bootstrap, see Efron and Tibshirani {1993},
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The accumulated strain y. owing to a particular load history can be determined by application of
the strain-contour diagram in conjunction with the strain accumulation method. The stress
history is ordered as a sequence of » blocks of constant amplitude stress with increasing
amplitude. Applying the number of cycles in the first stress block, the cyclic shear strain after
this block is determined directly from the strain-contour diagram. By following a contour of
constant strain in this diagram up to the stress level of the second stress block, an equivalent
number of stress cycles at this stress level, owing to the preceding part of the stress history, is
determined. The effects of the second stress block are now added: Initiation of this stress gives
an immediate increment in the shear strain amplitude, depending on the previous stress level and
the new stress level. The corresponding equivalent number of stress cycles at the stress level of
the new stress block is then determined from the strain-contour diagram. To this number, the
number of cycles in the second stress block is added, and the total accumulated strain after this
block is determined from the strain-contour diagram. This procedure is repeated for the
remaining stress blocks, and the strain determined afier the nth stress block is thus the final
accumulated strain v, due to the entire load history. Note that in this strain accumulation
procedure, an improved calculation of the immediate strain according to a model by Ronold
(1993) may be included when pore pressure measurement data from the direct simple shear tests
are available.

A total of 82 triplets ((t/s,);, V. y;) are available from 15 stress-controlled direct simple shear tests
on test specimens of Troll clay. The four coefficients ai,...ds can be estimated by means of a
nonlinear regression analysis. For this purpose, it is assumed that observations of strain on the
same test specimen are positively correlated, and the intra-specimen coefficient of correlation p
is assumed to be reasonably well represented by a geometric decay model, p=+"", where Av=lyi-yl
with v; and y; being two strain observation