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Abstract

Drag embedment anchaaisdburied subsea pipelinese two important elements of the offshore
field developments that are used for statt@eping of floating facilities and transferring the
hydrocarbons, respectively. The lateral soil resistance against the drag anchors ares @pelin
mobilized in a similar fashion with identical conventional design equations. This is fundamentally
caused by similar lateral projection of the anchor and pipe geom@&tnieseliability assessment

of the drag embedment anchors as a key componembafing systems, and the lateral response

of trenched pipelines as crucial structural elements are significantly important due to a range of
uncertainties involved ithe design proces®espite the similar design equations for lateral soll
resistance agast the moving anchor and pipe, these elements are subjected to differsrafkind
loadings and uncertainties that are expected to affect their reliability indices. In this study, the
reliability of drag embedment anchoasd laterally displaced pipelinegere conducted and
compared to investigate tle&tentof similar fashions irthelateral response of these two elements

to large displacements. Botimiform and nonrhomogeneous soil domains werensidered and
compared to evaluate the impact of more stalidesign scenariosMacro spreadshesetwere
developedor iterative limit state and kinematic analysesd obtaining the holding capacity of
drag embedment anchors. The lateral fatigplacement responses of the buried pipelines were
extracted from published centrifuge model tests and incorporated into finite element models in
ABAQUS. Automation Python sgits were developed to perforaancomprehensive series of
numerical analyses and pgmsbcess the outputs to construct the requdathbases. Response
surfaces were developedand probabilisticanalyses were conducted by using flist order

reliability method (FORM)to obtain the reliability indices and failure probabilities.



Comparative stués were conducted tabtain arequivalentannual probability of failure between

the pipelines and drag anchord’he study showed that the similar conventional amtres for
modeling of the anchors and pipelines lateral displacement might be acceptabladégeneous

soil domains. However, the reliability indices were significantly affected by defining non
homogenous soil domaink was observed thahe magnitude @ the reliability indicesin the
layeredsoil strata and trenched/backfillednditiors auld be significantly reduced. This, in turn,
revealedhe need for improving the current design cagegscorporate more realistic conditions
Theproposedrobabilstic approachvas found robudb optimizethe subsea configuration of the
anchors and pipelines and improve the reliability indices. The study revealed several important
trends in anchors and pipeliseabed interactions and provided aw@pth insightnto its impact

on reliability assessment and a safe emsteffectivedesign.
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Chapter 1. Introduction

1.1 Background and Motivation
Offshore field developments requiddag embedment anchors ascritical component ofthe
mooring system and buried subsea pipelif@sstationkeepng the floating structures, and
hydrocarbons transportatio8imilar lateral projection of the anchor and pipe geometries results
in the similarity between the lateral soil resistance against the drag anchors and pipelines, which
are organized using conventional design equaiibickin, 1994 Ng, 1994) The broad range of
uncertainties involved in the dga process imposes the reliability assessment of crucial structural
elements such as the drag embedment anchors and the lateral response of trenched pipelines. These
structural elements encounter different types of loadings and uncertainties, whic¢hthadfiec
reliability indices. In the current study, the reliability of drag embedment anchors and laterally
displaced pipelines were explored and compared intmtiogeneouand norhomogenousoil
to investigate the similarity extent of lateral respon$ethese two elements under large
displacements. The following sections provide a brief introduction about the drag embedment

anchors and buried pipelines:

1.1.1 Drag EmbedmentAnchors
Floatingfacilities such as operation vessels, sesmbmersibles, Spars, aR@POs, etcare used
to extraction and production dfydrocarbon fronoffshore reserve3 heideal solution for station
keeping of floating facilities is usingatenary mooring systems combined with seabed anchors.
Different types of anchormsould be use@ith mooring systemilike suction anchors, pile anchors,
screwin anchors, plate anchors, deadweight anclamddrag embedment anchors. Nevertheless,
the drag embedment anchareconsideredo bethe mostattractive method due to thaiheap
and straghtforward installation procedureand could be used for temporary and permanent

1



mooring systemsDespite convenient installationhe evaluation of holding capacity in drag
embedment anchors is challengidge to th& complex geometryand uncertain interaction

between the seabed and anchors

In order to have safe floating faciliti@sd offshore environments,is essential to fuifiing the
reliability of the mooring and anchoring systerfihis requirement has increased by expanding
offshore exploration and extraction toward the deep waters and harsh envirotagrgsd high
capacity anchors and high strength componenteamooring system. On the other hand, the
complex behavior of seabedth theanchorand environmental loa@ddong withtheunavailability

to inspect, mairin and, monitorof drag anchorshighlights the importance of reliability

assessments to reduce the philits of failure in the system as much as possible.

The reliability assessment of drag embedment anchor families is dramatically less developed
compared to other anchoypes, e.g, suction anchors.nl the literaturgthere are numerous of
studies focusd on the reliability assessment of various and¢jpeesincluding suction anchors
(Choi, 2007 Valle-molina et al., 2008Clukey et al., 201.3Silva-Gonzalez et al., 2013/ontes
Iturrizaga and Heredidavoni, 2016 RendorConde and Heredidavoni, 2016) However due

to complicated interaction between the seabed and anchors, limited access to holding capacity
databases, and the difficulties associated p&Horming computational analyses to estiniage
reliability of drag embedmeranchor families(Moharrami and Shiri, 201&fudied the reliability

of drag embedment anchors in ¢layt therearenoreliability investigationsn the sand or layered
seabedFor estimation of holding capacjtthere are some design codesyy.,API RP 2SK, 2008)

which only recommend a unique procedure for homogenous (clay or sand) and layeredrseabed.
thelayered seabedhis simplification will dramatically affect the reliability ¢iesystemand the

level of risk will not beappropriately estimated



1.1.2 SubseaPipelines
Buriedpipelines considered as ookthe most attractive ways for transportation of hydrocarbons
and oher contentsn onshore and offshore environments. In Canada, as stated by the Canadian
Energy Pipeline Association (CEPA)30,000 km of underground transportation pipelines operate
dalyt o transmit 97 percent of Caralgadfaothproduations u mp t

plants to markets across North Ameriean{v.cepa.coi Both offshore and onshorburied

pipelines pass through different types of soils wheréntegrity of pipesmaybethreateedby a
variety of subseageohazardand theresultedground movementsvhich could caussignificant
damages antkading to theiffailure. European Gas pipeline Incident data Group (EGIG) stated
the fourth primary reasonfor pipeline failures is ground movementnd pipe rupture is the
consequence of almost half of these incidéBtSIG, 2005) Ground movements initiate relative
lateral movementbetween soil and pipat maycauseextraloading on the buried pipeks.In
designing subsea pipelines, understanding the behaviourifd pipelinesunder loading is an

important engineering consideration.

Trenching the buried pipelines & known and commonconstruction practice during the
installationof subseaipes. Due to excavation @upplyingtherequiredsoil insidethe trenctrom
other areas with different geotechnical properttes backfill material which fills the trenatwould
not havethe same propeigs as the native trench soil hagherefore, the soil around the buried
pipelines is not homogenowymoreand comprised of backfill and native saithich have
different soil resistance against the pipgingdifferent phases of pipe movement throughstbié
From the state of design point of viewhée current design guidelinesilize discrete nonlinear
springs for each orthogonal loadiagis (x, y, and zjor represenhg the soil resistancen the

axial, vertical and lateral directiaon buried pipelhes(ASCE, 1984 PRCI, 2009 ALA, 2005;


http://www.cepa.com/

DNV, 2007. In the most design guidelines exc&RCI (2009, the surrounding soil is assumed
to be homogenous and the effectr@trench is neglected.nEre are some studies in the literature
which covers thempact of thetrench and backfill on the lateral interaction of gopein clay (C-
CORE, 2003Phillips et al., 2004)The results of those studies are incorporated iRR@1(2009
design guidelinewhich could help to have a better understating and calculatitatesélforce-

displacement ratkionsin clay.

The geometry and thgeotechnical properties tfebackfill and native soil of the trench directly
affects the lateral foredisplacement of trenched pipelin@sereforejn order to have a safe and
costeffective trenched pipeline desigt the same time it is required to perform reliability
analysis to find out thenost optimum and reliablgench geometrand see the effect afsing
guidelineswhich neglectconsideation oftrench effectsagainst moreadvaned methodologies

(covering the trench effeqten the reliability of the system

1.2 ResearchObjectives
The research objectives were set to fill some of the key knowledge gags.obfectives were

successfully achieved throughout the study

1 Develop nurerical and analytical models to obtain the holding capacity of anchors and the
dynamic mooring line tensions as the input parameters for the probabilistic modeling and
reliability assessment of drag embedment anchors in sand. There was no study in the
literature to have considered the sand seabed.

1 Extend the developed reliability analysis model to study the effect of complex layered

seabed soil strata.



1 Developathreedimensional finite elememhodel integrated with probabilistic model for
reliability assessment of the fadihduced lateral pipe/soil interactidn homogeneous
seabedstratum

1 Extend the developed model to capture the effect of trenaickfilling on lateral pipe
response to the ground movement.

1 Compare the reliabilities of the drag eedment anchors and the laterally displaced

pipelines with the effect of mshomogeneous seabed solil strata.

1.3 ThesisOrganization
Thethesiswas prepareth apaperbased format. The outcomes are presented thisinghapters.
Chapter describes the background, motivation, objectives, and organization of theGimegiter
2 includesa critical literature reviewlt is worth mentioning thataeh chapter is manuscript and
has its independent literature review. Howet@facilitate reading the thesthge literature review
of various chapters wengroperly integrated and presented in ChapteCBRapter3 presentsa
journal paper publmes lEend iirm nfim&anft estoy (iSmpr Extgree ) .
the reliability assessment of drag embedment anchors in sand that has never been done in the past.
Chaptert isa comprehensive conference paper accepted for oral presentatied3f{ Canadian
GeotetinicalConference (Gdoalgary2020). Thepaper presents theliability assessment of drag
embedment anchors in complex layered seabed soil stratum. In this ctiegpteliability indices
of the anchors in layered seabed was compared with the sand teabeaxbtigate the effect of
nornthomogemrous soil conditionsChapter5 is a journal manuscript that disses developinga
threedimensional FE model to capture the pipe/soil interactiontiwéncorporatiorof thetrench
effects A platform was develped in this chapteto conducta probabilisticmodel| assess the

reliability of buried pipelines irclay, andinvestigatethe optimum trench geometrhapter6



summarizeshe key findings and observations made throughout the studg.cdémparative
reliability of drag embedment anchors and subsea pipelirge also discussed. Moreover,

recommendatioswere providedor futurestudies.



Chapter 2. Literature Review

2.1 Mooring and Anchoring System
The floating facilities were emerged during thecent years by developments of offshore
hydrocarbon discoveries toward deeper watéhe advancemenbf floating facilities such as
semisubmersible platformdloating production, storageind offloading (FSPO) facilities has
resulted inthe explorationand production of hydrocarbon fields located in water deeper than 400
m. As stated by U.S. Energy Information Administration (www.eia.gov), offshore oil resources
provide nearly 30 percent of global oil productiBefore these developments, the fixedistures,
including monopods, concrete gravity structure (C@8) steel jackets structures were able to
discover and exploit the resources limited to 300 m water defit® N e i |. Differen? dif<h@reg

structure representation isfingure2-1.
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Semi-submersible Floating production
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Less than 300 m depth Less than 1000 m depth More than 1000 m depth

Figure2-1. Different offshore structures



Two distinct groups of mooring systemiscluding the catenary mooring lines and the taut line
mooring are employed for anchoring of floating structur€se depth of water defines which
mooring system group would lesed. The floating structure should be surrounded by groups of
mooring linesfor station keeping of the floating structuiiéhe cateary mooring linesystem is
suitable br the shallow to deewater depth(less than 1000 m)n this alignment,he catenary
lines arrive at the seabed horizontally and only subjected to horizontal lf@keuld bepointed
outthat the weight ofhe mooring line beconea design limitatiorby increasing the water depth.
Thereforethe taut line mooring systemisedfor deep to very deep waters (more than 1500
Taut lines arrive seabed at an angle aadise horizontal andextical forces athe same time

( O6 Ne i I Aschemdlidobcatenary mooring lines and taut lines are indisatédure2-2.

/ Mooring lines \

Catenary mooring system Taut line system

Figure2-2. Different mooring system

There are different types of anchoring choices such as gravity (deadweight), pile, plate, suction,

and drag embedment anchors that could be integratethwitiooring system to keep the floating



facilities in their position. Some of the concerns that nieetle considered for selectirige

anchoring solution are summarized below:

1 The nature and size of the floating structure

1 The magnitude and nature of environmental loads (waves, winds, currents) on the structure
1 The type of the mooring line system whisha function of water depth

1 Thestandard toleranocaf position movemerfor the structure during the desigifetime

1 Theproperties of the seabed

1 Any particularconcern related ttheinstallation and handling of the anchoring system

The dag embedment rchors have some features which make thand@al anchoring optign

some of these qualities are mentioned here:

1 Costeffective and straightforwardstallation procedure

1 Ability to retrieveand reinstall make them ideal for anchorofgsystemswith short or
mediumterm floating structures such as drilling rigs, sesubmersible exploration,
construction barges and subsea pipeline laying barges

1 Having high holding capacity and weight efficiency (the ratio of holding capacity to dry

weight ofanchor)

In addition toall those featureghere are some minor disadvantages related to drag embedment
anchors. They are only suitable ftire catenary mooring system as they have low vertical
resistanceThe drag embedment ancharginappropriatdor use in hard or rocky seabed due to
their nature and installation procedure addition tothese minor issues, thimcredidy

complicated geometry of drag embedment anchors ntiakethard to have an accurate prediction



of anchor behavior through the sa@hdestimationof ther real holding capacity isomplicated

(O6Neil.l, 2000)

2.1.1 Drag Anchor Behaviors
As mentioneckarlier drag embedment anchors are integrated agtitenary mooring line to resist
the applied load on the floating facilityhereforeto have a precise interpretation of drag anchor
behavior it is required to consider thefluenceof the connected chain to theehavior ofanchor
(Fulton and Stewart, 1994€raig, 1994) A fully installed drag anchor with chain system is
presented ifrigure2-3 which d; is the anchor padeye depthjgdfluketip depth,b is fluke angle
to horizontal— is chain and anchor padeye attachment angle to horizOwitsl the line tension

at padeyes— and”Y are the chain angle to horizontal and chain tension at mudline.

§ / Semisubmersible platform
,___.-/’\\__‘

W

Figure2-3. The typicalarrangementf drag anchor and chain
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2.1.2 Anchor Chain

Threecritical points in the anchor chain behavior that sho@atnsidered are presented here:

1 The line tension angle—{ at the padeyewhich definesthe relative magnitude of
horizontal to verticatomponents of applied force on the anchor. The line tension angle
(— need to be kept agnallas possible in dggns as the drag anchors are supposed to
have a significant horizontal resistance compardbduwertical one.

1 The frictional capacity ofheburied chaimeeddo bethorouglly analyzedas the anchor
capacity produced at anchor padeye is strongly dependén¢ frictional capacity othe
buried chainDegenkamp ah Dutta, 1989)

1 The diameter otthe chain has a direct relationship with the frictional capacity, and

consequentlythe holding capacity of anchor.

A lot of researchers haveeen conducte@dn developing a method to anagyanchorchain
behavior The pocedure proposed Bivatrat et al (1982 andprodued byDegenkamp and Dutta
(1989) has beenutilized and employed in a series of drag embedment anchor software such as
Stewart Technology Associat@995, DNV (2000) Subsequentlythe proposedmnethod vas
utilized byNeubecker and Randolgh995 1996) as a initial stepfor a theoretical study related

to anchofchain behavioin homogenous soil and developed(byD & N e i | for the l2yéréd0 )

seabed

2.1.3 Theoretical Anchor Models
During the last ninety yeara lot of studies and investigations have been done to understand the
behavior of drag anchors and holding capacity in different seabed ciiteose studies have been

categorizd into three main groups to haeebetterunderstanding of what b&#eendonebefore

11



The first group isdrag anchor behavior througixperimental investigationthe second group is

developed drag anchor theotiaad the last one is design and modelowd for drag anchors.

a) Drag Anchor Behavior Through Experimentall nvestigations

The experimental investigations have been dortbehaboratory or feld tests. The purpose of
those investigations wa® find a relation between the holding capacity of anchors and the
geometrical properties of anchonsdifferent soilsby the constructionof theempirical database.
For examplethe NCEL 1987is oneof the most popular fiel@ests and its results were largely
used in industry as a standatesign NCEL (1987)has design charthat correlate the holding

capacity against the anchor weight.

By introducing the geotechnical centrifuge teatsthe start of the 905 a new method of
experimental testespecially for drag embedment aoncs wasntroduced as they need long drag
lengths to reach their maximum holding capacity. The results of these tests were utilibed for
evaluation and developmeaot theoreticalmethods for understanding drag anchbehavior in
different seabed catia.For instanceNeubeckef1995)andO & N €2000)jconducted a series of

centrifuge drag anchor tests in clay and layered soils, respectively.

b) Development oDrag Anchor Theories

Drag anchor theories related to cohesive,-ommesive soils are developed differerdlyd have
different applications. In comparison between anchors in cohesive artbhesive soils, if all
other factors are kefttesame, the drag anchors in cohesnmi¢achieve higher embedment depth
compared to nowohesive soils. It indicates that failure mechanisms in cohesive(clays are
fully limited and locako the anchar Still, non-cohesive soilgsand) have an active soil wedge

failure mechanisnthatgoesto the seabed surfacéhereforethe geotechnical forces applied to

12



the anchorinclay soilarenaf uncti on of anchor orientation

bearing and shear resistances, and the local undrained shear strength of clay.

Stewart(1992) proposed a theoretical method for drag anchor behavior inwlagh had two

main phases. The first part is a calculation procedure that estimates the major force components
on thefluke and shank of thanchor to determine the net moment on the anchor based on the
center of each force. The second part is related to determining the kinematic of thebasedor

on the calculated net moment and the assumption that the anchor always moves parallédo its flu
which is supported bypunnavant and Kwarf1993) Based on this studyther researchers
developed the drag anchor theory to calculate the ultimate holding capacity and trajectory of
anchor in clay sojle.g, Neubecker and Randolgi996), Thorne(1998) andO6 Ne i | | et

(2003)

The generalprocedure proposed for modeling the drag anchor behavithreisand ismostly
similar to the clay methqgdvhich comprised of static and kinematic analysis to calculate the
geotechnical forces on the anchor components and incremental displacements t® ¢benpu
embedmenpathof theanchor.On the other hand, in nesohesive soilsgeotechnical forces are
higher, penetration depth is lower and, the failure mechanism is extendeeldoil surface
Becausethe governing geotechnical theory fdre calculation of acting forces in narohesive

soils completely differs from the cohesis@ils.

Saurwalt{1974)proposed the firghodelto identify the static forces on the drag anchdhasand
by idealizing the drag anchor withburied inclined plateTabatabae¢1980)andLeLievre and
Tabatabaed1981) improved the Saurwdit svork to come up with a procedure to accurately
estimatethe holding capacity of anchor fa given depth and orientation the sand. The first

complete kinematic model of anchor trajectory in sand uaingnimum work approach was

13
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developed byNeubecker and Randolgh996b) Using thestatic and kinematic of drag anchors in
the sand Neubecker and Randol{h996¢1996b)formed the modl to describe the behavior of

drag anchain sand.

Despite drag anchor behavior in homogenous soils, therene studies related ttve behavior
of anchor in layered soils befotke O 6 N eapproachO 6 N g2000) developed the theory of
anchor behavior ithelayered seabed (uncemented sand over cemented sand and clay @ver san

using the procedures in clay only and sand only.

c) Design and ModellingToolsfor Drag Anchors

All methods abovare utilized to come up with some convenient toolsHeprediction of anchor
behavior in different criteria. These methods are categbiito three different groups. The first

one is design chartavhich predict the holding capacity versus anchor weight in different soils.
ForinstanceNCEL, Vryhof Stevpris, IFP charts. The second one is design codewhiek have

some recommendatienfor designing the drag anchor in different critereag, American
Petroleum Institute's (API) aridet Norske Veritas (DNV). The last one is softwdesigns which

able to predict the behavior of anchors in different soil media and are available commercially such

as, STAAnchor, DIGIN, UWA-Anchor.

2.2 Buried Subsea Pipelines
As indicated irFigure2-4, buried subsea pipelines are subjected to movements of seafloor caused
by gravity forces, hydraulic forces, tectonic activity, mudslides, and slun{pioglos, 1988
Audibert et al., 1979)These movementsould cause instability in the soil surrounditige
pipeling which may result in rapid ansignificantdisplacement ofdjacentsoil. The resultant

stresses of soil movement depend on different parameters swchl &ge,the geometry of

14



pipeline, the existence of trenenound the pipetrench geometry, and native soil and backfill
properties The scholars have been workitg achiee a better understanding of tkeil-pipe
interaction and these studies dividedariwo broad groups. The firgiroup includsinvestigations
thatconsider the soil around the pipeline as a homogenous field. The ggoapdontainsstudies

thatcoverthe effect ofatrench on the pipsoil interactions.

Buried Pipeline

e

Ground movement

Figure2-4. Buried pipeline subjected to ground movement

2.3 Lateral Pipeline Soil Interaction
There are a large numbermiysical model tests and numerical studies which focus on the lateral
interaction of buried pipes with the surrounding soilthe sand. The physical studies try to
understand the lateral resistance of pipeline using the centrifuge or other experimémaklsme
and obtain soil failure mechanism using diffetexchnique such as the particle image velocimetry
(PIV). Some of these studies are mentioned fiefer aut mann an dDaanRtaly r k e ,
2011, Almahakeri et al., 203,38urnett,2015) Besides physical models, the numerical studies in

the literature use different constitutive modelad finite element softwar®® make a better

15



understanding of this complex problgi¥imsiri et al., 2004 Guo and Stolle, 200%/imsiri and

Soga, 2006Xie et al., 2013Jung et al., 2013)

Despite studies related to pipe soil interactioth@sand, therareonly a few theoretical and
experimentapieces of researdo find out the lateral resistanoé pipeline in clay. As pipelines

have some mutual behavioral characteristics with plate anchors and pipe, some of the studies
related to pipesoil interaction in clay are developed based on plate anchor or pile théanies.
instance, these studies amnd based on plate anchor the@rgchebotarioff, 1973 uscher et al.,

1979 Rowe and Davis, 198Das et al., 1985Das et al., 198Merifield et al., 2001)and the
following researches are developed using pilescppies(Hansen and Christensel®6], Reese

and Welch, 19738Bhushan et al., 197%lar and Randolph, 2008)

A limited number of studies in clay hapeoposed an independent model to investigate the lateral
interaction between soil and pip&udibert and Nyman, 197 Ng, 1994 Paulin, 19980Oliveira

et al., 2010)

The effect ofatrench on the lateral responsetioé pipe is not well developedaulin(1998) C-
CORE(2003) Phillips et al.(2004) Kianian and Shir{2019)are only researchers that integrated

the effect ofatrench and backfill on thiateralpipe-soil interactionin clay.

2.4 Reliability Assessment
Geotechnical engineering always deaith risk and deision making under uncertainty. Even
beforethe development of any geotechnical discipling® people who were dealing with soils,
rocks, and geological phenonaanere aware of tisi fact. Any geotechnical engineering project
comprised of three phasdbe first step is site exploratiorithe second step is the required soil
testing to define the material properties, and the last onealgzarg the response of soil/rock

mass under the applied loathe uncertainty about loads and uncertainty related to foundation
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response arevo significantuncertainies thatcould be arisein our geotechnical projects during

all these three phases

Therisked based design and using reliability methodspgsaaticalapproach to deal with those
uncertainties and having a more realistic eatiom of the real problemTherisk and reliability
methodsare used more broadly in offshore structures comparezhsboreonesdue to the
following reasonshigher constiction costs in offshorehe lower ability for mainénance and
service of the structure, amachigher level of uncéainty in offshore due texistence of dynamic

loads (wave, wind, current).

A short review of the utilized reliability toolssed in this study ipresented in the following

sections.

2.5 Reliability Analysis Methods
The goal of a probabilistic study is to findt howtheuncertainty ofnput parameters problems
affects the outputslThe first step of performing probabilistiesearchis developing a model to
solve the problem and calculating the required outpdtsr generang the solving modeh limit
state function will be defined based on the ¢tons of the problem to separate the failure and
the safe zone. Selecting a favorable reliability tool among the existing ones (Monte Carlo
simulation, first and secorarder reliability method) will behe next step to cayr out the
probabilistic studylt should be mentioned that & particular geotechnical problethere are a
large number of parameteisathave uncertainty and could be evaluategrobabilisticstudies
Eventhoughbased on the purpose of each sfisdyne of them are selected ahelir uncertainties
will be quantifiedto see how they will affect the outputs of the probldime FORM method

which considers as ord the mostcrucialreliability tools will be discussed in the next section.
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2.5.1 First Order Reliability Method ( FORM)
In areliability study assumeéd & hd B X represerga set oluncertain parameters involved
in the problem wheré ity 8 i are the probability density function efich parameteand
"Q& denoteghejoint probability function ofd. The limit stde functionin which distinct safe and
failure regionsareindicated byO® and the failure happens whenel@rtw is lessthanor equal
to zero. Based on these defions, the probability of failure could be definedeagiation2-1:

0 01 €@ O QO d X (2-1)
0

Due to dificulties inthecalculation of this integral different approximation approaches have been
developedMadsen et al., 19860ne of the most consistent computational methdthe first

order relialdity method (FORM)(Bjerager, 1991)

As stated in equation-2, the limit state functioflO® , could be exprssed as a function ol @

and"Y® which are stands fdoadandcapacity
0O YO Yo (2-2)

The probability of failure could be calculated using the approximations difihestatefunction
"Gwhich is a function oY and"Y "O'YR'Y. The procedure dhe FORM method consists of three

stepg(Bjerager, 1991)

l.  Transformingimit statefunction"O'YRY into the standard normal space
lI.  Approximating thenodified function in the standard normal space
lll.  Computing the corresponding probability of failure to the approximate transformed

function
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In the first stepfor staticdly independent varidés () the Rosenblatt transformatioeg(iation2-
3) is being usetbr convering thelimit statefunction"O'YR'Y to standard nand spac€06 o

which the vector'YR'Y is transferred to6 o . Where,F Is theinverse of thecumulative
standard normal fution and 'O i ,"O i are the cumulative distribution functions of tbad

and capacity.
6 F Oi B F TOi (2-3)

In the second step, the transfertedit state function to standard normal spa@®06 b is
approximatedo O 6 [ using the firstorder Taylor series expansiodore deta about this
transformation could be found the following literature¢Hasofer and Lind, 197#iessler et al.,
1979 Ditlevsen, 1981 Hohenbichler and Rackwitz, 1981The expansion pointd( for the
Taylor series statelé point on the limit state function that has the minimum distance to the origin
of reduced vaables which represents the most probable failure poiflhere are different
algorithms or finding the most probable poiri“( in the literature and the comparisbetween

these methodss provided byLiu and Der Kiureghiar1991)

Thelast step is computing the reliabiliof the fitted limit state functiofO ¢ o . For this goal
it is required to evaluate the probabiliyntent thatorrespondto the region outside thesssumed
failure surfacéO 6 O (Zhao and Ono, 1999)n the FORM methogdthe reliability index is
defined as the distance between the origin of reduced space and mabtepaiint 6°). Finally,
the probability of failure could be calculated using equa®ah which correlates thérst order

reliability indexto thelikelihood of failure:
0o F 1 (2-1)

Figure2-5 shows a graphical view of the reliability index atite abovementioned three steps.
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Limit state function G (ug,us) = 0

Most probable
pointu* ¥

. G'(ug, ug) using FORM

Ugp

Failure region: G(ug, us) <0

Figure2-5. The graphicainterpretatiorof thereliability index and three steps ftire FORM calculation method

2.5.2 Response Surface Method

Sometimesn engineering problemshe function that relates the uncertain input parameters to
outputs of our problem is not easy to develop or implicitly knownirfsdance, assume tbetputs

of a problemareextracted from #argefinite element modelvhich eachruntakesa long time and

it is not possible to havenoughruns for developing the functio®r there is a limited experiment
resultthatrelates the inputs and outputs without any explicit funcfioa reliability study needs

to be done irthese casesn which there is no explicit function between inputs and outphés,
response surface methoould help to develop@lationship between inputs and outputs based on
the limited available data resourcés.the eighties the response surface method was started to
utilize the reliability assessments of engineering probléReckwitz, 1982 Felix and Wong,

1985 Lucia Faravelli, 1990)Subsequentlyalarge number o$tudieshave been done around the
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response surface methods afitferent procedurewere developedor applyingit to various

engineering problems
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Abstract

The reliability of drag embedment anchors in sandy seabed was assessed for catenary mooring
systems. The anchor holding capacity was obtained by perfornsiegesof iterative limit state

and kinematic analyses through developing an advanced macro spreadsheet. Series of coupled
dynamic mooring analyses were conducted for a semisubmersible platform using OrcaFlex
software. The dynamic mooring line tensions wereinbthby incorporation of the uncertainties

in environmental loadsnetocearvariables, and stress distribution along the catenary mooring
lines into the response surface. A probabilistic model was developed for hcdgiagityof the

selected drag anchor&n iterative procedure was performed by adopting the first order reliability
method (FORM) to calculate the failure probabilities. The study showed significant dependence
of the anchoring system reliability on geometrical configuration of the seleatbdraiamilies,

the seabed soil properties, and the environmental loads. It was observed that the rblseitity
development of ifiled testing procedures proposed by design codes can have significant
contribution to achieving a more cesffective andsafer design.

Keywords: Reliability analysis; Drag embedment anchor; Catenary mooring; Response surface;

Numerical method; Sand seabed
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3.1 Introduction
Drag embedment anchors are widely used as eetiestive solution for temporary and permeant
station leeping of floating structures. By growing offshore exploration and productions, the
number of incidents in floating facilities induced by tladure of mooring system has been
increased, subsequenfiyWang et al., 201,Duggal et al., 2013)This has caused the industoy
further emphasize on reliability assessment of the mooring systems and their key components in
various types of seabed sediments. Drag embedment anchors are amongst the crucial components

of the mooring systems that are used with catenary and taublegng systems.

Different anchoring solutions might be used to proadeefficient and reliable mooring system

such as suction anchors, propellant embedded anchors,-iscremchors, plate anchors,
deadweight anchors, pile anchors, and drag embedmamniranHowever, the latter one is one of

the most attractive options that are simple and cheap to install but challenging to evaluate the
holding capacityNeubecker and Randolph, B Aubeny and Chi, 2010Jue to complex and

uncertain intera@n with the seabed (ségégure3-1).

Semisubmersible platform

Mudline :

Drag embedment anchor ™.

Figure3-1. Detail of drag embedment anchortive catenary mooring system
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The current practice proposed by design codes, @&RJ.RP 2SK, 200Brecommends unique
procedure for iffield evaluation of the holding capacity of drag embedment anchors in both sand
and clay. This approach magald to aifferentlevel of reliabilities and cost impacts, consequently.
Therefore, to improve the current practice, it is mandatory to perform comparative reliability
studies for thgperformancef drag anchors in both sand and clay. There are seveda&sin the
literature that have considered the reliability assessment of various anchor families such as suction
anchors(Choi, 2007 Valle-molina et al. 2008 Clukey et al., 2013Silva-Gonzalez et al., 2013
Monteslturrizaga and HerediaZavoni, 2016 Rend6nConde and Heredidavoni, 2016)
However, having limited access taofield holding capacity databasdke complicated interaction
between the anchor and the seabed, and the need é&xtémsiveamount of costly computational
analysedaveresulted in limitations to assess the reliability of these important Anchor families.
There is only one study thlaas investigated the reliability of drag anchor in ¢pharrami and

Shiri, 2018) but there is no study in the sand yet.

The current study contributed to filling of this knowledge gap by combining advanced coupled
mooring amlysis and iterative limit state solutions for anchor kinematicsanmdseabed that is

guite common in theffshore region. Comparisons were made between the reliability index
provided bythe samegroup of anchors in sand and clay. In addition, an edtaliz study was

conducted to determine the different group of anchor families in sand and clay that result in an
identical reliability index. The holding capacity of anchors was calculated by developing an Excel
spreadsheet and incorporation of the linigtes analysis proposed INeubecker and Randolph

(1996). There are several studies on predictionof drag anchors capacity by analytical and
empirical solutiongNeubecker and Randolph, 1898horne, 200206 Ne i | | ;Aubeng| . , 2 C

and Chi, 201Q)However, the adopted solutiNeubecker and Randolph, 1@)®enefits from
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several advantages sucls aimplified prediction of the anchor capacity and trajectory,
incorporation of chaksand interaction, and comprehensive validation against the experimental
studieq Neubecker and Randolph, 1296leubecker and Randolph, 1996€b6 Nei | | et al
This model has been widely used in sevetatlies in the literaturéNeubecker and Randolph,
1996k Neubecker and Randolph, 1996x6 Ne i | | )eahd reedmmende? By@&sign codes

(e.g, API RP 2SK, 2008)

The mooring line tensiowasobtained by prforming dynamic mooring analysis using OrcaFelx
software and a generic semisubmersible platform. Reliability assessment was performed by using
first-orderreliability method (FORM) through developing a probability model for anchor holding

capacities thas further explained in the coming sections.

The study provided an excellent insight into the problem and prepared the ground for improving

the current statef-practice from reliability and cosdffectiveness standpoints.

3.2 Methodology
The reliability amlysis was conducted by calculation of Hrehorcapacity against the mooring
line tensions. The model proposedigubecker and Randoligh996awas used to analyze chain
soil and anchesoil interactions in theandand predict thenchorcapacity at thenudline and
shank paekye The anchor model was programmed in an Excel spreadsheet VBA Macro (Visual
Basic Application). OrcaFlex software package was employed to model a generic semisubmersible
platform in the Caspian Sea to obtain the characteristic mean and maximum dynatercsioes
for a 100 years return period sea states. Various key parameters were incorporagstimatien
of anchor capacities including peak friction at the seabed, dilation angle, soil density, fluke and
shank bearing capacity factors, anchor geagstconfigurations, line tension anglematidling

and side friction factor. The response surfavese used to determine the mean and expected
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maximum dynamic line tensions. First order reliability method (FORM) was used to assess the
reliability of andors connected to the catenary mooring line. The DNV design(Eide-RP-
E301, 2012Wwas used to define the partial design factors on the mean and maximum dynamic line

tensions and capacities.

3.3 Modeling Drag Embedment Anchor
Drag embedment anchoase commonly connected to the chain and then the mooring line. The
resistance that soil provides against the anchor and the frictional capacity of the chain is the
primary source of ultimate anchor capacity. Both of these key components were modeled in the

current study to achieve a sufficient level of accuracy irctileulationof total holding capacity.

3.4 Soil-Chain Interaction
Analysis of the embedded anchor chain is vital for two main reasons. First, the frictional capacity
between the chain and the sdiat can significantly contribute to the ultimate anchor capacity.
Second, the angle between the anchor and the chain at the pad eye that has an important effect on
the soitchain interaction. In the present study, a stud chain was considatke methdology
proposed b\Neulecker and Randolpti995)was adopted to implement the chawil interaction.
Figure 3-2 shows the free body diagram of a differential segment othlaén that was adopted
force equilibrium analysi@Neubecker and Randolph995a) Theparametef is the line tension;
d is the inclination from the horizontal ; F i

chain segment.

27



T+dT

Figure3-2. Force equilibrium of chain element

According toFigure3-2, the tangential and normal equilibriums can be written as:

— 0 ©'YQE — (3-)

~

Y= 0 wbéi — (2)

It is possible to describe the normal (Q) and tangential (F) soil resistances acting on the chain as

soil pressures:

U 00Qn (3)
"0 0Q'Q (3)
where d is the nominal chain diametef,aad E are circumference parameters. In fomhesive
soils, the bearing pressure g can be expressed by:

n ora (3-5

where q is bearing pressure;is the standard bearing capacity factoris the effective unit

weight of the soilz is depthThese governing equilibrium equations are-tinear which makes
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difficulties in finding the solution. Therefore, to simplify tequationthe chain was assumed to
be weightlesgNeubecker and Randolph, 1995although it is possible to account for the chain
weight by a secondary effeice., reducing the prolie of normal resistance per unit length by an
amount equal to the chain weight per unit length. HoweNeybecker and Randolgii995)
showed tht the contribution of the chain weight has a minor effect on ultimate capabdy.

governing equilibrium equations for weightless chain now become:

— 0 (B)

Y— 0 (3)

where the relationship between F and Q can be writt@deashecker and Randolph, 1995a)

0 ‘0 (8)

wherep is the frictional coefficient which is between 0.4 and 0.6. By substitution of the equations

3-6 and3-7 into equatior3-8, the governing formula cdme obtained

— % @ (3)

Equation3-9 can be written in the followinprm to give the expression for the load development

along the chain:
YO'YQ (430)
Now substituting equatio®10into equatior8-7 and considering the small valu#g leads to:

—— — _0Q&@ O ab (a1)
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whereQ is the average bearing resistance (per unit length of chain) over the depth range of z to D.
Equation3-11 allows the change in chain angle to larested directlyegardinghe chain tension
at the attachment pointa &nd the average bearing resistance. Since the chain angle is close to the

zero at the seabetihe equatior8-11 canbe simplified as below:

~

— 0D (a2)

Combining equatior8-10 with equation3-12 results in an equation that describes frictional

development along the chain:

7

— Q Q ) (343)
whereT, is chain tension at mudline] & normalized tension that is given by:

vo— (a4)

Assuming a soilayer with bearing capacity proportional to depth, for a surface chain angle equal

to zero,Neubecker and Randolgh995)proposed the following equation for chain profile:

« qQ ! Q (a5)
wherez* and x* are depth and horizontal distance normalized by D, respectively.

Incorporating the anchor chain weight into the formulation to obtain a higher accuracy for general

tension capacity, the following formulation was obtained:

Y UYQ C0 i (46)

where w is chain seliveight per unit length; and s is the length of chain.
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Figure 3-3 illustrates the validation of the closed form chain profile given in equ&tibé with
the existing experimental resuliBissett, 1993) The proposed equation is in a good agreement

with a real chain profile, where the bearing resistanappsoximately proportional to depth.

-=-Bissett (1993)

—Neubecker (1995)

1.00 -

Figure3-3. Comparisorof chain profile insand

3.5 Anchor Holding Capacity
In the present study, the drag anchor was assumed to move through the soil instatjoasi
condition. Although the anchor has some finite velocity, the magnitude of this velocity is small so
that the inertial considerations che neglectedl o obtain tle anchor holding capacity, the limit
state model proposed Neubecker and Randolgi996a)was adoptedFigure 3-4 shows the

threedimensionailvedge failure mechanism for calcutatiof theanchorcapacity at pad eye U
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Figure3-4. The threedimensional failure wedge in plamdside view and force system of thachor

Using the force equilibrium system shownHigure 3-4, the first step is to calculate the cross

section area of the wedge:

6 (a7)

where H is the depth of fluke tips;ist he back edge of the fluyke; Db

ande i s the failure wedge angle. The | ateral e
o — (438)
where y is the dilation angl e. Now, the mobil

values of X and A:

O 8O- @O (a9)

where W is the mobilized soil mass; B is the width of the flukbe sidefriction (SF) should be

determined to satisfy limit equilibrium formulation:

YO (20)
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wheren is the soil friction agle.

Using the force equilibrium system showrfigure3-4, the shank force could be driven from the

standard bearing capacity as below:

0 B1Q0 (21)

whereFs is the shank force; As the area of the shandi is the average depth of tshank;and

Ngsis the bearing factor for trehank There are still two unknown forces acting on the soil wedge

i.e., the fluke force Fr) and soil raction (R). By considering horizontal and vertical force
equilibrium, theunknownforcescanbe simply determined. Now, using tface equilibrium of

the anchomlone, he unknowrforcesin the back of the flukeHy) and the chain tension {)Tcan

be catulated based on horizontal and vertical force equilibrium. This procedgéteratively
continuedvi t h di fferent values of the failure wedg:

estimate of thanchorholding capacity (3).

It is worth mentbning, the anchor geometry used in analytical solution is an idealized form of the
real anchor geometry, which is quite complex. It was observed during the current study, that
changing the geometry idealization approach might have remarkable impact ohirtize
holding capacity and consequently the reliability index. In the current study, the anchor geometry
was idealized using the methodology proposedNbybecker and Randolfh996a) However,

further studies are needed to propose an idealization methodology with improvedcyaccura

resulting in a closer holding capacity to thdilad tests.

3.6 Anchor Kinematics
The anchor trajectory is a key parameter that can be used for interpretation of the obtained holding

capacities and reliability indesin the later stages. The solution proposedN\i®ubecker and
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Randolph(1996c)for prediction of the anchor trajectory was adopted, where three main conditions
were set to ensure kinematic admissibility of the anchor model. These comgitiboonstraints

on the absolute and relative displacements of the anchor and thedgdand hence are helpful

in defining the kinematics of the system. First, the soil wedge will move dild#imn angle to

the failure surface. Second, displacemathe soil relative to the anchaituss) must be parallel

to the upper face of the flukes. Third, the anchor must maintain contact with the soil behind it by
traveling in a direction parallel to the back of the fluke. The third condition applies wherighe

a force on the rear of the flukes so that when this force becomes zero, the anchor is free to travel
away from the soil behind it and this condition is meaningless. These three conditions for anchor
and soil displacements fully describe the kinensat€ the system so that for a given anchor
displacement the magnitudes and directions of the soil displacement and the relativesaihchor
displacement can be easibalculated. The minimum work approach was appléd the
penetrationYwand rotationY—were considered to obtain the incremental anchor displacements.

Further details of the anchor kinematic model can be fouhkubecker and Randolgh996c)

3.7 Developinglterative Macro for Prediction of Anchor Performance
The static Imit state and kinematic models were coded into an Excel spreadsheet using VBA
macros to calculate the ultimate holding capacity of the andamin system and the anchor
trajectory. The developed spreadsheet performed a series of iterative analyses eattutation

procedure outlined ikigure3-5.
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Figure3-5. Analysis flow chart for embedment history of drag anchors

The proper performance of developed Excel spreadsheevalidated against the published
experimental and analytical studi@deubecker and Randolph, 1996mMd showed a perfect
agreement (seeigure3-6). Also, comparisons were made againstbésign code@NCEL, 1987)

and referenced manufacturers datash@étghof Anchors, 2010jseeFigure3-7).

25 -
_,320 E
2
15 -
%1:12 « Neubecker experimental
210 1 data (1996¢)
% —Neubecker theoretical
i 5 prediction (1996¢)
) = VBA macro
0 T T T T 1
0 2 4 6 8 10

Normalized pad-eye displacement, x,/L¢

Figure3-6. Comparison of results for anchor efficiency
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Figure3-7. Comparison of rests for anchor holding capacity

The input parameters of the validation case study are givEsabile3-1.

Table3-1. Soil and anchor input parameters in the current analysis

Parameter Value
Anchor dry weight, W(kN) 98.06
Fluke length, k.(m) 3.41
Fluke width, Ip(m) 5.99
Fluke thickness,dm) 0.51
Shank length, £(m) 5.55
Shank width, b(m) 2.31
Fluke-Shank anglegss () 32
Effective chain width, b(m) 0.24
Chain selweight, w (KN/m) 2
Chain soil friction coefficientn 0.4
Peak friction anglef,, () 35
Residual friction angld,; (') 25
Dilation angley () 8.5
Effective unit weightg (kN/m3) 10

3.8 Anchors Used in theCurrent Study
Two types of popular anchors that are widely used for temporary and permamening of
floating systems, i.e., Stevpris Mk5 and Mk6, were used in the current study for reliability studies.

These anchors have a fluke length to fluke thickness ratith) (bf 6.67 and 3.09 respectively.
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Figure 3-8 illustrates the plan and side views of these anchors with geometrical properties given
in Table3-2. In addition, theselectionof these anchors enabled making comparisons with earlier

studies that have used similar anci®dsharrami and Shiri, 2018)

MKG6

Figure3-8. Schematic of thenodeledanchor in theoresenstudy

Table3-2. Main dimensions for 12 t anchdpgryhof Anchors, 2010)

MK5 (Ls/ds = 6.67) MK6 (L+/dr = 3.09)

A (mm) 5908 5593

B (mm) 6368 6171

C (L), (mm) 3624 3961

E (mm) 3010 2642

F (d), (mm) 543 1282

H (mm) 2460 2394

S (mm) 150 140

Flukes hank 3 0)g!l e (|32.00 32
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Table3-3 shows the calculated values of the holding capacities or design resistangesi(Rhe

correspondi ng | i atehe paebyes.iTlensoil propgrties for tiieske series of

analyss are selected frofable3-1.

Table3-3. Properties of thenodeleddrag anchors

Anchor type L+/df Lt (mm) dr (mm) Ra,a (kN) da( €)
MKk5 6.67 4297 644 2275 13.0
Mk6 3.09 4534 1468 2267 12.9

3.9 Finite Element Mooring Analysis
A generic semisubmersible platform located in @aspianSea was considered with eight leg
catenary spread mooring system for dynamic mooring analysis-igee= 3-9). Each mooring
line comprised of three different part®., the upper, middle and lowsegmentsThe upper and
lower segments wermade of chainwhile thecentralsegmentvaswire rope. A water depth of
700 m wasassumednda finite element model was developed using OrcaFlex software to obtain
the dynamic line tensions at the touchdown points (TBR.r f or mi ng a t hree hou
simulation the most criticalljjoaded line was detectddr the environmental loads with 100
yearsreturn period (i.e., k£ 9.5 m, 5= 12.8 sandU10= 29 m/s) Figure3-10 shows the adopted

head sea response amplitude operator (RAO) of the platform.
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Figure3-9. Schematic plan view of the mooring line arrangement
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Figure3-10. Generic semisubmersible RAO, the head sea

The key outcome of dynamic mooring analysis is summariz&@alite 3-4 including Ty (design
line tension),qo (line angle atmudling, Tmeanc (Characteristic mean tensip and Tynmaxc

(characteristic mean maximum dynamic tension) that will be used for reliability assessment in the

next section.

Table3-4. Catenary mooring system characteristic

Hs (m) Te(s) Uio (M/s) Tmeanc (KN) Taynmaxc (KN) Td (kN) Q% ()
9.5 12.8 29 846 623 2493 1.3
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3.10 Reliability Analysis
First order reliability method (FORM) was adopted through an iterative procedure to obtain the
probabilistic results by incorporation of uncertainties in seabed soil properties and environmental
loads. The probabilistimodelingof anchor capacity was coacted by using thiemit equilibrium
method proposed byeubecker and Randol§h996a) The embedment profile and the frictional
capacity of the chaiwerealso accounted for in thealculationof ultimate holding capacities. The
response surface approach and appropriate probability density functions were used to take into
consideration the uncertainties of the environmental loadsnatdceanvariables including
significant wave height, spectrgpeak period, wind velocity, and consequently the stress
distribution throughout the catenary lines. A target failure probability of3.@E&s set assuming
a consequence class of 2 as per recommendations made&bRRP-E301(2012) Further details

are provided in theomingsections.

3.11 Limit State Function
In order to establish the limit state function, care should be taken omleonngithe contribution
of the frictional chain capacity and its effect of the complexity of the reliability analysis. If the
limit state functionis formulatedat thepadeye,the statistical dependence between the applied
load and the capacity of the dme mustbe determinedandthe complexity 6 the reliability
analysis will be significantly increase®n the other hand, the current study aims to focus on
uncertainties existed in tlevaluationof anchor capacity rather than the chain capacity. Therefo
an alternative approach that feso beerused by other researchéehoi, 2007; Silva-Gonzalez
et al., 2013was adopted tpreventunnecessary complication in the addility analysis. The limit
state function was formulated rmtudline, butthe chairsoil interaction impactgereconsidered

in thecalculationof the ultimate holding capacity. This approach facilitated the reliability analysis
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by keeping the variablesdependence between the line tension and the capacity afitherat

themudline Therefore, the limit state function was written as foll¢laslV-RP-E301, 2012)

0 Y oY (22)
where R is the design anchor and chain system capacity at mudline.

The design line tension atudline(Tq) was defined aONV-RP-E301, 2012)

"YY o Y o (23)
where4 is the mean line tension due to pretension and mean environmentadloads;

is the dynamic line tension due to low frequency and wave frequency md@igrss the partial
safay factor for the mean line tension; a@lgnc is the partial safety factor for the dynamic line

tension. The values gheanandQhync for consequence class 2 and the dynamic analysis were taken

as 1.40 and 2.10, respectivéDNV-RP-E301, 2012)Both Tmeanc and Tayn,maxc are expressed at
the mudlire as functions of the significant wave heighg)(ideak period (J), and wind velocity

(U1o) representing an extreme sstate. Consequently, the limit state function can be written as:
0 "YAWOh'Yh'Y Y Y o Y o o'l (24)

The anchor capacity and load tensions are evaluated in the direction of the mooring line at the
touchdown point, where the anchor line starts to embed (i.e., atnag } vath thle horizontal

direction). The probability of failurefRluring a given extreme sea state was defined as:

N 00 'YAOR'YRY Tt (25)

By using a Poisson model for the occurrence of extreme sea(8#vesGonzalez et al., 2013)
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the annual probability of failur®@ waswritten as an exponential function of theobability of

failure R::
n P Qaonon (26)
where & i s the exaadnesea statés tatheieobsewatdn eariod dirf years); for

small values of , the annual probability of failure & &l

3.12 Probabilistic Modelling of Anchor Capacity
The crucial factors that were used to construct the anchor capacities dataleiseluding the
peak friction anglef(y), the dilation angley(), and the soil densitygf). The mean value of peak
friction angle {, ) for lognormal distribution was set to 3&ith a coefficient of variation( )
equal to 0.0%o take intoconsideration the uncertainty due to systematic test variations and spatial
variations of the soil propertieBasha and Babu, 200&nchor manual, 2010)A normal
distribution with a mean valug () of 8.49 and a coefficient variance () of 0.28 was adopted
for the sand dilationangl¢y t hat was cal cul ated by using Bo
(Bolton, 1986 Phoon, 1999Simoni and Houlsby, 2006)The soil densityvas representelly a
normal distribution with ameanvalue ¢ ) of 10.07 and a coefficient variancg () of 0.02
(Neubecker, 19992hoon, 1999Simoni and Houlsby, 2006J o construct the capacity database,

5000 simulations were conducted by adopting different valugg gfandg;.

Figure3-11 shows the fitted distribution and the histograms of the anchor capacities at mudline

for MK5 and MK6 anchors with iequal to 3.624 (Left) and 3.961 (Right).
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Figure3-11. Histograms of simulated and fitted capacities at mudline, (a) absolute frequency, (b) Cumulative
frequency

Table 3-5 shows the mean (u), standard deviatién) ¢pefficient of variation j ,)and median

value (m)of anchor capacities at p&ye and mudline for MK5 (with fluke lengths of 2.707, 3.166,

3.41 and 3.624 m) and MK6 (with fluke lengths of 2.958, 3.46, 3.728&&d m). The mean
capacity at mudline is 1:014% higher than the mean capacity at-pgd. Commonly in all anchor
models, when the fluke length and fluke thickness increase, the differences between capacity at
the padeye and mudline increase. The sarnaclusion can be driven for differences between
median capacities at the page and the mudline, but in some anchor models (MK6 with L

3.961m) the difference between median at the mudline andy®mdecreases by an increment of
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fluke length and thikness. The coefficients of variation of the capacity atggadand mudline

are about 227% for all MK5 anchor families and are aboutlI®% for all MK6 anchor families.

Table3-5. Statistical properties @nchor capacitat padeye andnudline

Padeye Mudline

Model | Li/di | Li(m) | Yra ORa MRa UR Or MRa HRrd MR
URa Ur
(KN) (KN) (KN) (KN) (KN) (KN)

MK5 6.67 | 2.707 | 2283.1 | 506.6 | 0.222 | 2419.0| 2650.5| 618.8 | 0.233 | 2801.0| 0.86

MK5 6.67 |3.166 | 3754.2 | 978.8 | 0.260 | 4001.0| 4314.8| 1174.1| 0.272 | 4620.0| 0.87

MKS 6.67 | 3.410 | 4874.1| 1273.2| 0.261 | 5183.5| 5590.7| 1522.7| 0.272 | 5970.0| 0.87

MK5 6.67 | 3.624 | 6093.6 | 1636.5| 0.268 | 6506.0| 6978.8| 1949.2| 0.279 | 7485.0| 0.87

MKG6 3.09 | 2.958 | 2876.4 | 429.2 | 0.150 | 2917.0| 3357.1| 524.4 | 0.156 | 3411.5| 0.86

MKG6 3.09 |3.460 | 5149.2|885.5 | 0.172 | 5246.0| 5983.4| 1070.7| 0.178 | 6095.0| 0.86

MKG6 3.09 | 3.728 | 6702.5| 1101.0| 0.164 | 6822.2| 7768.5| 1327.9| 0.170 | 7434.0| 0.90

MKG6 3.09 |3.961 | 8451.4| 1505.3| 0.178 | 8588.0| 9779.6| 1805.6| 0.184 | 9958.5| 0.86

The variation of the mean and standard deviation of anchor capacity versus the fluke length for the
MK6 anchor family at pagye and mudline are illustrated Figure 3-12 to show the capacity

distribution.
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Figure3-12. The mearand standard deviation of anchor capacity versus fluke length; MK6

3.13 Probabilistic Modelling of Line Tension

The response surfaces were developed using an approach propoSédaityonzalez et al.

(2013) where a Gaussian process was adopted to define tfzndy line tensior($arka and

Eatock Taylor, 2000Choi, 2007) The maximum expected dynamic line tension during the

extreme sea statpresented y

a

random

expressed based on the model proposdddwenpori(1964)
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deviation of the dynamic line tension, respectively. A second order polynomial expansion was

used to represent both the line tensi@ras and the predicted maximum dynamic line tension at

mudlineTayn maxb Yy
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i htweweetsaThe amhde n

following unknown coefficients @ ( x1) and b (r xr) were determined by response analysis.

develop response surfaces, seven key environmental parameters were investigated on the mooring
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system in the SardarJangal gas field in the Caspian Séa database of 8100 different
combinations was built using divergent environmental variablesasgh gni ycant wave
(Hs), thedirectionof the wave (dw), the velocity of wind (Uio), peak period (J), route of wind

(A ), thespeedof surface current (§), and currenpathrelative to wave directiondgc). The

mooring line with the highest loaglas takerinto consideratiorio obtain the response surfaces
Figure3-13illustrates the response surfaces of bm#anand maximum expected dynamic line

tension for the domains of the peak wave peri
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Figure3-13. Response surfaces foneknand Tayn, max

The extreme sea states were identified by using a storm event. A time intendétesmsined
around the peak period using clustering degalustering(tpeax- & clustes tpeak - &l clustey. IN the
defined intervalthe extreme sea state happérnthe sea state dfeax €Xxperiences a significant

wave height higher thamthreshold amount ¢© {¥.

Other environmental variables were considered basegk@nTthe extremecologicalquantities

of the Caspian Seaere determined accordirtg thethreehour time series during a 24 years
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observation periogrovidedby metocearstudies(Private @mmunicationsunpublished resul}s

Using a set of 24 extreme sea states throughout the hindcast time series and psiag tver

threshold method,th@ma r gi n al probabi | istTyUd werdgeneratedthé ons o
magnitude oftheneamta nnual r ate, &, was 3 0nad@mumprobdbilitz 5 per
estimate. The marginal distributions with thestfitting, the maximum probability estimate
parameters; and the correlation coefficients for toraeid environmental variablegre provided

in Table3-6 andTable3-7.

Table3-6. Distribution parameters of environmental variables

Variable | Probability distribution| Distribution parameter

Hs Weibull Scale 9.5351

Shape 10.1552

Tp Lognormal HinT,, 2.4966
AT, 0.1196
Uio Lognormal Hinugo 3.4827

finugg | 0.1095

Table3-7. Estimated correlation coefficients

Hs To Uso
Hs 1.0 0.9728 0.9905
Ty 0.9728 1.0 0.9935
Uso 0.9905 0.9935 1.0

3.14 Results of Reliability Analysis
First order reliability method (FORMyasused to carry out the reliability analyses. In this study

to ignore the convergence problemsFORM method a narrow and appropriately weighted

a7



Gaussian distribution was used to model the finite probabilityaterlbound capacitiMelchers

et al., 2003) The variation of the annual reliability index as a function of dry anchor weight and
puke length are shown Figure3-14, where each point on tipéot (a) corresponds to an equivalent
pointin theplot (b) and vice versa. For instance, point 4 in haattsof Figure3-14 representan

MKS5 anchor with It = 3.961 m and A= 12 t with anannualreliability index of 3.92.

6 -
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4] 3.46 4

25 3 35 4
Fluke length, L; (m)

Bannuar 1 MK6 ’

5 || approaches to /

infinity after
4 ]| weight of 8 t

Anchor weight, W, (t)

(b)

Figure3-14. Annualreliability index versus (a) fluke length, and (b) anchor weight

As shown inFigure 3-14, to achievespecifiedtarget reliability, different anchor families with

different fluke lengths and weights are available. For exampldefired e | i a b i | bodiay |
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= 2, either MK5 with le = 3.46 m and W= 8 t (point 3 or MK6 with L = 2.95 m and W=5t

(point 5) could be usedrigure3-14 shows that for the anchors with tfaérly close magnitude of

fluke length but different weights (from MK5 and MK®6), the corresponding reliability levels are
remarkably different. For instance, the 10 tones MK5 and 8 tones MK6 anchors watlués of

3.41 m (point 3) and 3.46 m (point 6) have a reliability index of 3.2 and 5.08, respectively. This
shows that despite the cl@yioharrani and Shiri, 2018he anchor weight is less influential in the
sand so a lighter MK6 anchor gives higher holding capacity, higher reliability index, and
consequently lower failure probability (reduces from 0.0119 to 1.5% d@mpared with a heavie

MK5 anchor. These ranges of failure probability are commonly used for ultimate limit state design
in offshoresystemgDNV-OS-E-301, 2010 DNV-OSF201, 2010DNVGL-ST-F101,2019). As
observed inFigure 3-14, the fluke length has a significant effect on reliabilityided in both
anchor familiesthe larger fluke length, the higher holding capacity, the higher reliability index,

and the lower pradbility of failure

Figure 3-15 illustrates the logarithmic variation of failure probability (Idé-4) versus anchor

weight and fluke length with Bnearcurve fitfaao MK5 and MKG6. THigurecur ves
3-15 indicate the required increment of anchor weight and fluke length to decrease the annual
probability of failure for one mer of magnitude (by a factor of 10). These results can be used in

a life cycle cosbenefit analysis, where theodelinginitial cost is required as a function of the
probabilityof failure. The initial cost can increase by increasing material massoande; which

are associated with anchor weight and fluke length, and therefore deduction in failure probability.

By observing both curves fgure3-15, the slopes of MK6 areemarkablyhigher than MK5, so

that a small deviation in fluke length and fluke weight resultsdarsiderablehange in failure

probability and reliability index. These required increasing rate of the anchor weight and the fluke
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length for MK5 are 1.8542, 0.2702 and for MK6 are 0.6408, 0.1072, respectively. Therefore, to
improve the reliability index from 2.26 to 3.91, a 24% increaseeightand 9% increase in fluke
length are needed in MK5, and an 8% increaseeightand 4% icrease in fluke length is required

in MK®.

As shown inFigure3-15, in MK6 anchor families, beyond an anchor weight of 8 t and fluke length
of 3.46 m the annual relidlty index and the logarithm of failure probabiligpproaches the

infinity thatis shown by dashed lines.

(a)

(b)

Figure3-15. The logarithmof failure probability versus (a) fluke length, and (b) anchor weight
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