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Abstract

During the last decade, wave-in-deck loading on fixed offshatructures has increasingly
been acknowledged as an issue of concern to the offshoracddas industry. Being mainly
an issue for existing structures, the reason is partly thatesoffshore fields experience
seabed subsidence due to reservoir compaction and paatlyhéy data we possess on en-
vironmental conditions indicate that certain extreme &vare not as rare as previously esti-
mated.

This work deals with the dynamic effects of wave-in-decldiog on jacket platforms. Focus
has been on the underlying mechanisms of the global stalatesponse and on dynamic
versus static response in the elastic as well as the plasfionse domain. The evaluation
of different methods for the calculation of wave-in-deckdang, comprising both magnitude
and time variation, came naturally as a part of the work.

Dynamic and static response to external loading has bedredtby carrying out analyses
of jacket models using a simplified model as well as a full idtement model. The simp-
lified model is a single degree of freedom (SDOF) type of mddat utilises results, i.e.
load-displacement or resistance curves, from nonlinedicgbushover analysis to calculate
dynamic response. The SDOF model used herein is not to bessxhfvith e.9g. commonly
used generalised SDOF models. The applicability of the liiegh model to predict dynamic
response of complex structural systems is particularlgstigated.

The application of the SDOF model and development of a matifiedel has contributed
to important understanding of the nature of jacket respomseave-in-deck loading. The
type of SDOF model used in this work is found unsuited for usaraanalysis tool in case
of loading involving a distribution which varies with timkpwever, it is believed to have a
potential for (nonlinear) problems of hon-varying loadtdisition.

The examination of the inherent differences in dynamic aaticsbehaviour by use of the
different analysis methods has made it clear that improestbpmance detected by dynamic
analysis compared to static can mainly be attributed to tjility reserves of the structure
beyond ultimate capacity — as opposed to response redudigsed by inertia of the mass
— and 2) the change in load distribution immediately priodéxk impact. With respect to
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Vi Abstract

the former, the author will recommend explicit attentiorbtopaid to ductile design for new
structures.

Although existing jackets are not explicitly designed teisethe loads generated by wave
impact on deck, this work has shown that ductile North Sekejscmay be able to resist
considerable wave-in-deck loading.

Further, the levels of acceleration detected during thiyaeaidentifies acceleration response
as an important indicator of dynamic performance for jaskstosed to wave-in-deck load-
ing.
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Chapter 1

Introduction

1.1 General

There are more than 9000 fixed offshore platforms around tivdwelated to hydrocarbon
production, the largest numbers of platforms are locategbiuth East Asia, Gulf of Mexico
and the North Sea followed by the coast of India, Nigeria,e&mela and the Mediterranean
Sea. The majority of the worlds platforms have been desigoedrding to the different edi-
tions of Recommended Practice by The American Petroleutitutes(API), which until 1993
have been in Working Stress Design (WSD) format. The 20thoed{i993) was also issued
in Load and Resistance Factor Design (LRFD) format, and wd®997 supplemented with
a section on requalification of offshore structures. Howevem the mid seventies, Norwe-
gian Petroleum Directorate (NPD) and Det Norske Veritas{IPM Norway and Health and
Safety Executive (HSE) in Great Britain developed their @&hof rules, which replaced the
API recommendations relating to design of structures fétnogbeum exploitation in the North
Sea. Pemex / IMP issued their own rules for Mexican Water®8v1 1998 (Pemex / IMP,
1998), including requirements for requalification of strres.

Approximately one third of existing platforms are reachihg end of their design life. De-
sired extension of service life may create a need for refjcation of a structure. Other
circumstances can also necessitate a requalification ggarean earlier stage in the design
life, be it seabed subsidence caused by reservoir compactmeased topside weight or op-
erational loads, revised environmental critériseduced capacity due to damage, corrosion
or deterioration, increased knowledge about material\iebaor new information on soil
properties achieved during driving of piles. A requalifioatprocess may also be needed as
a consequence of structural damage caused by, for instxtoeme weather or boat impact.

‘Requalification’ can be explained as approving a strucfaréats (new) purpose and con-
ditions, including smaller or larger modifications if neddeThe process of requalification

IFollowing Hurricane Katrina in August 2005, updating oteria is again a topic for discussion amongst experts
(Mouawad, 2005)
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of the marine structures in an area often starts with a venplgied evaluation of a larger
number of structures, proceeding to more detailed analgsdbose structures that do not
fulfill relevant code requirements when being subject topdified evaluation methods.

If a structure fails to fulfill the requirements during th@assessment process, there are several
alternatives for mitigation, such as removal of weight frmpside or removal of conductors,
marine growth etc. to reduce environmental loads. The mingbas methods are maybe
those aiming to strengthen the most exposed parts of thetstey e.g. strengthening of joints
by grouting or use of clamps or repair of fatigue cracks int®i Raising of deck level to an
appropriate height, where wave loads onto the deck arealylils another measure that can
be considered as the outcome of a requalification procesinf€stad, 2000). This was done
for several platforms on the Ekofisk field in 1987. To contnagagation of fatigue cracks
that are not yet critical, or to detect new ones, one can imefe inspection and monitoring
as part of the requalification. Complete demanning of ptaifin order to reduce failure
consequences as well as weather dependent demanningl telaxtreme weather hazards
that can be predicted or observed in advance are methodaréhat use in for instance Gulf
of Mexico.

1.2 Extreme weather hazards

The extreme weather environment may have major implicatfon exposed marine struc-
tures.

Local and global damage as well as toppling of fixed strustimehe Gulf of Mexico have

been reported after e.g. hurricanes Hilda in 1964, CammllE969, Carmen in 1974, Andrew
in 1992, Roxanne in 1995 (Bea et al., 2001) and hurricaneilv&d04 (e.g. Sgouros et al.,
2005; Wisch et al., 2005). A number of these incidents cant magbable be attributed to
wave impact on the topside structure.

In late August 2005, Hurricane Katrina made landfall neawNXgleans with disastrous con-
sequences. On it's way through the Gulf of Mexico prior todfatl it passed through areas
with high density of pipelines and fixed and floating instidlas related to hydrocarbon ex-
ploitation. More than 700 platforms and rigs were evacuatéat to the hurricane. At the
time of writing, exact assessments of the consequencesoangencarried out. However,
visual assessments have indicated that 58 installatioresltesen displaced, damaged or lost
(http://www.rigzone.com). Substantial topside damagexglicitly reported for one deep
water tension leg platform (TLP). Based on the preliminasessments of consequences to
the hydrocarbon industry, Hurricane Katrina is expecteldetdhe most expensive hurricane
for this industry in the American history.

There also exists observations of structural damage cduséarge waves to floating and
fixed installations in the North Sea (Kvitrud and Leonhards2001). In January 1995, the
deck of the semisubmersible platform Veslefrikk B was hieldgrge wave from underneath,
resulting in local damage. In the Ekofisk area, of which tlalser now has subsided consid-
erably (in the range of 10 m), there has been several dameigiets since the beginning of
the 1980’s that are known or presumed to have been caused/hitting topside structures.
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When Hurricane Ivan in mid September 2004 travelled acras$thif of Mexico and gen-
erated the largest waves ever recorded in that area, it dadensive seafloor mudflows
(Hooper and Suhayda, 2005). They were initiated at the BEfspi delta front, to which
many of the Gulf of Mexico pipelines are directed. The sizenoidslides implied a major
(temporary) disruption of a significant part of the Unitedt®s’ hydrocarbon supplies. As of
early September 2005, it is not yet clear if Hurricane Katriras caused similar mudslides,
but it will not be surprising if that is the case.

1.3 The wave-in-deck problem

Reservoir compaction and consequently subsidence of #iloseis seen at e.g. the Ekofisk
and Valhall fields (chalk reservoirs) in the Southern Nomta.SThe subsidence of the Ekofisk
field was slightly less than 40 cm / year until 1999 and hasesihen been some 15 cm/ year,
adding up to almost 10 meters (Madland, 2005), whereas tiaNé&eld has subsided about
5 meters (Fjella, 2005). The fixed surface piercing structures on these eigsfare mainly
of the steel space frame type, so-called jackets. Recénligs become clear that also the
Statfjord field (sandstone reservoir) with its concretevigyabase structures (GBS) in the
Northern North Sea might experience some seabed subsiderde extended exploitation
of the hydrocarbon reserves through depletion of the gakarfield’s gas cap (Stansberg
et al., 2004).

Observed or anticipated seabed subsidence and / or revisgdrenental criteria may for
fixed platforms result in a need for taking airgap extinctioninto account, of which one
consequence can be extreme waves impacting the topsia¢uséru This is frequently re-
ferred to aswave-in-deck loading Since seafloor subsidence and an apparent increase in
design wave height in the Gulf of Mexico, which are the maiggers for wave-in-deck
considerations for fixed structures, until recently haverbeelated to hydrocarbon fields of
which the majority of the fixed installations are jacket stures, the issue of wave-in-deck
loading has mainly been investigated in connection witthqulatforms.lIt is the jacket type

of platforms that is dealt with in this thesis.

1.4 Jacket platforms subjected to wave-in-deck loading

A wave-in-deck load itself is preceded by an increasingilogdn the jacket structure below
the topside caused by the approaching wave crest. When tlestrikes the platform deck,
a load that is more or less impulse like, depending on the dewfiguration, will act on deck
level. The remains of the wave crest will pass the jacker dfte initiation of the wave-in-
deck loading, and thus the external loading will remain aigh ftevel for a while or might
even continue to increase also after the peak topside load.

A wave that reaches and strikes the deck may to generatesfexceeding the elastic, static
capacity of the platform. According to static analysis tlyethe consequence may be perma-
nent deformations. State-of-practice for (re)assesswofdired steel platforms subjected to
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extreme wave loading is to usen-linear structural pushover analygis.g. ISO/CD 19902,
2001) to determine the capacity of the load-bearing system @&hole, allowing for local
damages that do not lead to global failure. However, thissgatic approach that ignores
dynamic effects of possible importance such as inertia-camdping response and dynamic
amplification.

Dynamic effects in relation to jacket structures have baeestigated by e.g. Stewart (1992),
Dalane and Haver (1995), Schmucker (1996), Moan et al. (1¥9¥iami Azadi (1998) and

HSE (1998). However, more attention needs to be paid to thardic structural behaviour

of jackets subjected to extreme wave loadinguding wave-in-deck loading with relevant
phasing relative to the wave loading on the jack&his topic is the overall subject of this
thesis. It should be noted that extreme waves may be assdeigth a storm surge reducing
the airgap and it is assumed that this effect is taken intowtiprior to analysis of wave-in-

deck loading.

1.5 The present doctoral work

151 Summary

The aim of the present work is:

* To improve the understanding of tldynamic effects of wave-in-deck loading on the
response of jacket platfornand, based on that, present results on jacket response and
capacity to withstand wave-in-deck loads for the benefithef $tructural engineering
community.

* To evaluate simplified methods for calculationwedve-in-deck load magnitude and time
history, with basis in existing work.

* To investigate the use of a simplified model to predict respdn wave-in-deck loading.
The model is a single degree of freedom (SDOF) type of modal thilises results,
i.e. load-displacement or resistance curves, from noatiséatic pushover analysis to
calculate dynamic response. The SDOF model used hereirt i® @ confused with
e.g. commonly used generalised SDOF models.

In order to investigate the dynamic response, both the atlm@rgioned simplified model and
finite element models are used. The models are subjectedvi® timae histories where an
impulse-like wave-in-deck load history is applied withlisiéc phasing relative to the wave
loading on the jacket structure below. The simplified modetvaluated by comparing the
computed response with the response obtained by use ofdlaiteent computations.

Although not being the main subject of this work, the SDOF eiadquires some explicit
attention. The model was originally intended for use duregssessment eiisting jacket
structuressubjected to wave-in-deck loading, a loading conditionclhinay imply non-
linear response. The basis for the model is therefore (neaf) structural propertigbat
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are normally a part of the existing jacket documentatitivat is to say the nonlinear load-
displacement curves aesistance curvesorresponding to a given (wave) load scenario, as
obtained from static pushover analysis.

It is emphasised that the SDOF model presented herein istrireeeepresent an approxima-
tion of the dynamic response. The complexity of includbwagh variation in load distribu-
tion and plastic behaviour in an exact calculation model would netify the description
‘simplified’ model. Note that in simplified analysis of puyedlastic problems, varying load
distribution can be handled by use of e.g. a generalised S@fel or modal analysis.

The following limitations apply:

* The magnitude and time variation of wave-in-deck loadingased on interpretation of
existing work.

* The wave loading is based on the use of regular waves.
* Vertical loads are not attended to in the structural analyse
* Damping is not included in the structural analyses.

The main contributions from this work are:

* An improved understanding of the dynamic response meadmsniliring wave-in-deck
loading.

* ldentification of the main causes of improved dynamic penfamce compared to static
when exposed to wave-in-deck loading, being the variatidoad distribution immedi-
ately prior to wave impact on deck and the ductility reseb@gond ultimate capacity of
the structure.

* Itis shown that ductile North Sea jackets may be able totresissiderable wave-in-deck
loading although initially not designed for that.

* Since we cannot change the nature of the wave loading, i ia,c@nsequence-reducing
measure in the case of wave-in-deck loading, strongly recended to pay explicit at-
tention to ductile behaviour in the design and reassessofigentket structures.

* Based on the acceleration levels revealed during the dynanalyses, acceleration re-
sponse is identified as an important indicator of the dynameidormance of jackets
under wave-in-deck loading.

* The examination of the applicability of a simplified modetatevelopment of a modi-
fication to this model has contributed significantly to thelerstanding of the dynamic
response versus the static response. In the course of this ivbas become clear that
the model is unsuited for problems involving wave loadingg db the significant varia-
tion of the spatial load distribution with time. The model limwever, believed to have
a potential for problems of non-varying load distributiohlthough found unsuited for
wave problems, in fact just due to the nature of the discreipanthe model has provided
valuable insight into the mechanisms that for ductile $tmes lead to a higher tolerance
for wave-in-deck loading than indicated by static nonlina@alysis.
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1.5.2 Organisation of the work

The work is divided into 8 chapters, of which the present tdajs the first. Chapter 2
represents an overview of topics related to wave-in-deakilgy on jacket structures, with
a main focus on the performance of the structural system asodew— structural system

performance Chapter 3 briefly outlines the principles of the computexgpam used to carry
out nonlinear finite element analyses in this work.

In Chapter 4, the focus is on the magnitude and time variatiothe wave-in-deck load.
Chapter 5 comprises time domain analyses of two jacket matktoted ‘DS’ and ‘DE’,
respectively.

Chapter 6 treats issues related to dynamic behaviour, arnidyarly addresses the differ-
ences between dynamic and static behaviour. Further, difedpmodel to calculate re-
sponse of complex structural systems is presented. In €hapthe simplified model is used
to calculate response of jacket model ‘DS’.

Chapter 8 comprises the conclusions of this work as well easmenendations for further
work.



Chapter 2

State of the art

2.1 Introduction

This chapter represents a summary of a literature revieviecbout to explore the most im-
portant technical areas relevant for reassessment oftjsitketures, seen from the viewpoint
of a structural engineer. During the process, particuldréywave-in-deck issue as well as
the dynamic response to loads caused by such captured ¢heshof the undersigned.

Parts of this chapter have been published previously (Hesaisé Gudmestad, 2001) as a part
of the present doctoral studies.

This chapter starts with an introduction to the coveragea$sessment of offshore structures
in regulations and recommendations, Section 2.2. Sect®is2levoted to the environmen-
tal conditions and loading, with emphasis on wave-in-deading. Section 2.4 deals with
system performance in general. Three approaches to theatizal of system performance,
being static analysis, dynamic analysis and structurabity analysis, are explicitly dealt
with in Sections 2.5 to 2.7. The contribution from structwamponents to system perfor-
mance is treated separately in Section 2.8.

2.2 Reassessment in regulations

The main contributors to standardisation of the design fshafre structures have been the
American Petroleum Institut@\Pl) through their Recommended Practices (RP),Nbewe-
gian Petroleum DirectoratéNPD) — presently the Petroleum Safety Authority (PSA), the
British Health and Safety Executi(eISE) andDet Norske VeritagDNV). It is anticipated
that all petroleum activities in the future will be based ba tnternational standards devel-
oped by the International Organization for StandardizatiSO (the new 1SO standard series
for offshore structures, 1ISO 19 900, is currently being ttgwed). However, the North Sea

7
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conditions and the Norwegian safety policy require certairendments to the international
standards, being the reason for the existence of the NOR$®Idards for activities on the
Norwegian Shelf. NORSOK has substituted the NPD regulatiam detail level. In US
waters the recommendations by API apply, just as the HSHatgus are relevant for UK
waters.

Old North Sea platforms are designed according to the ARImagendations valid at the
time of design, and are therefore normally, at least in firstance, re-evaluated based on
API recommended practice.

The first explicit advice relating to reassessment of offgtgiructures came with the sup-
plementary Section 17 to the API RP 2A in 1997. Section 17 \ates fully incorporated
into the 21st edition of RP 2A-WSD, whereas still being a sappnt to RP 2A-LRFD.
Currently, provisions for reassessment of offshore simest are included in both the draft
ISO/CD 19902 (2001) and NORSOK N-004 (2004).

Reassessment of offshore structures is an inherent pattuaftural integrity management
(SIM) — an ‘ongoing lifecycle process for ensuring the continued firfes-purpose of off-
shores structurégO’Connor et al., 2005). Provisions relating to structunéegrity manage-
ment are included in the current version of API RP 2A and indtadt ISO 19902. APl RP
2Ais in the future intended split into two parts; one paratielg to design of new structures,
and one comprising the process of structural integrity rgameent of existing structures in-
cluding reassessment of structures.

2.3 Environmental conditions and loading

2.3.1 Waves and hydrodynamic loads

Several theories for the description of the shape and kitiesnaf reqular wavesxists. Reg-
ular wave theories used for calculation of wave forces ordfodéshore structures are based
on the three parameters water depth (vave height ) and wave period() as obtained
from wave measurements adapted to different statisticdietso

The simplest regular wave theory is the linear small amgéitwave theory (Airy theory),
which gives symmetric waves having the form of a sine fumctibout the still water level.
The linear wave theory is well suited for simplified calcidas, but more important: it com-
prises the basis for the descriptioniwégular waves

Nonlinear theories used for design purposes are Stokesthigtier wave theories and Stream
function theory for waves in deep water and cnoidal waveriesdor shallow water. These
theories give an asymmetric wave form about the still water Wwith high crests compared
to more shallow, wide troughs.

Wave forces on individual structural elements can be catedl using Morison equation,

based on hydrodynamic drag- and mass coefficigrifs (,) and particle acceleration and
velocity obtained by the chosen wave theory. For drag domchstructures, defined as struc-
tures consisting of structural members of small diametenpgared to the wave length, the
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particle velocity is the governing factor, and thus the wenest is of importance Jackets
are in the design wave condition normally categorised ag dominated structures.

2.3.2 Wave-in-deck loading
General

Research has indicated that for North Sea structures dadlue to extreme environmental
conditions probably only can be associated with wave impadbpside (Dalane and Haver,
1995; Haver, 1995). A vertical distance between the extreuréace elevation (including
tide and storm surge) and the underside of the lowest deckirgamp, of 1.5 meters has been
widely recognised as a minimum requirement for fixed offehstructures. The extreme
surface elevation refers to the worst combination of tidegs and wave height. It is evident
that the 1.5 meter requirement leads to an inconsistentdéveliability, following different
probability of airgap extinction, between structures tedain different areas of the world
having different environmental conditions.

Fixed offshore platforms are traditionally not designediihstand the large forces generated
by wave-in-deck loads. If a wave yet strikes the deck, th& diegs, which are not sized to

transfer shear forces of this magnitude from the deck ingojticket, may be excessively
loaded. In addition, large (up and) downwards acting vart@ads may be introduced in the
structure, further reducing the deck legs’ capacity toyctmansverse load. The latter may
also apply to the jacket legs. Thus, other failure modes thase considered during design
can be governing for platforms exposed to wave-in-deckdoad

The probability that a wave hits the deck of a structure imftgs the structural reliability
significantly. Bolt and Marley (1999) have shown that thesefffof wave-in-deck loads on
the system reliability depends more upon whether the loatclsaded at all than on which

load model one actually has chosen. With respect to airgaft, @d Marley anticipate

that the future requirements will be based on reliabilithgiderations rather than explicit
requirements regarding size of the gap.

Properties of the wave such as crest height, wave steepigmpn et al., 1999) and water
pressure (Tgrum, 1989) are determining for the size of theevirzdeck forces. Estimation of
crest height should preferably be carried out based orsstati data, since small variations in
the crest height may imply large relative differences inkdeandation. Tgrum (1989) found
that the water pressure was largest at a distadc€g below the wave crest elevation and
zero at a distance?, /2g above the wave crest, wheng, andg are maximum crest particle
velocity and acceleration due to gravity, respectivelye Same trend was pointed out earlier
by e.g. Bea and Lai (1978).

1For mass dominated structures, i.e. those being large comjpettegiwave length, the partickecelerationwill
be of interest. Since the particle acceleration is large#ie still water level, assumptions regarding wave crest and
crest elevation will not be as important as for drag dominatedttires
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Methods for calculation of wave-in-deck loads

So far there is no generally agreed engineering practic@arttimodel impact loading from

waves on topside structures. Several methods are preyiosst for this task, some verified
against experimental data and some not. They can roughlptegarised into two groups,
that is ‘detailed’ or ‘global’, the latter also denoted fsuette approach’.

The ‘detailed’ methods require a detailed deck model arahalbr calculation of wave-in-
deck loads on component level. They are presented by tlenfioly references:

*

Kaplan et al. (1995)

Finnigan and Petrauskas (1997)
Pawsey et al. (1998)

* Grgnbech et al. (2001)

*

*

‘Global’ implies that no detailed deck model is needed, aoihgrises the following refer-
ences:

API formulation (APl LRFD, 2003; APl WSD, 2002)

* 1SO formulation (ISO/CD 19902, 2001) — directly adoptedré\PI
* the DNV slamming formulation (Det Norske Veritas, 1991)

* the Shell model (HSE, 1997b)

the MSL model (HSE, 2001, 2003)

*

*

Wave-in-deck load models are discussed in detail in Sedtidn

2.3.3 Some historical issues regarding calculation of wava-deck loads

A method for estimation of wave-in-deck loads for reassesgrof jacket structures was first
suggested through Supplement 1 to the existing API reguiain 1997. At present, identical
recommendations are also included in the draft ISO stand@@/CD 19902, 2001).

A modified version of the APl method has been suggested by Bak @999, 2001). The
modifications have so far not been implemented, but are suiseadsas follows:

*

larger directional spreading

*

omitting hurricane current

*

modifying assumptions regarding surface elevation to aetfor wave ‘runup’

*

introducing drag coefficientg)y) that varies with depth
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The basis for these suggested modifications were, amortgatsppbserved in-field perfor-
mance of platforms in Bay of Campeche that experienced desle wnundation following
from hurricanes. The performance of several structuresasasssed using the simplified
ULSLEA technique (see Section 2.4.2) and the modified APt@dore. The results were
validated against observed performance during hurricatilea in 1964, Camille in 1969,
Carmen in 1974 and Andrew in 1992.

In the early days, seen from a wave-in-deck point of view, difference in phase angle

between the wave hitting the jacket and the wave hitting #ukdvas not taken into account.
Effectively, the wave load on the jacket and the wave-inkdead were assumed to have their
maxima simultaneously. This issue is obviously important] was pointed out by Pawsey
et al. (1998) who, to the author’'s knowledge, first presemtadethod that integrated the
calculation of wave loads on the jacket and wave loads onebk.d

DHI have recently presented the results from a JIP in whiahafrthe aims has been to de-
velop a method for calculation of wave-in-deck loads, amwtlide it in their inhouse nonlinear
finite element program.

2.3.4 Combination of environmental loads for structural aralysis

The conventional way of establishing design load for jagkethe ultimate limit state (ULS)
is to add load effects from 100-years / 1 minute gust windy&&ks current and 100-years
wave height on top of 100-years still water level (Dalane Hagler, 1995). However, since
the probability that these events will occur simultanepuisimuch smaller than 1:100 per
year, structures that are designed according to such atismsiave an inherent reserve
capacity.

To avoid some of the conservatism in the above mentioned adetiie extreme surface
elevation can be estimated by use of a joint probabilityritistion of tide surge and crests as
proposed by e.g. Olagnon et al. (1999).

In the accidental limit state (ALS) analyses it is importemtecognise the phase difference
between the maxima for wave-in-deck load and wave load ojatiket structure.

2.4 System performance

2.4.1 General

Conventional design analyses of jackets presupposes kteestic behaviour for all relevant
analysis limit states as well as perfectly rigid joints. M®ers are validated against formulae
based on linear-elastic theory, and no yield or bucklingaeptted. This applies both to
the ULS analysis using the design wave and to the ALS analysigy a wave with a lower
probability of exceedance. Load effects, i.e. member enckfy are used for local check of
joints according to formulae that are developed on the brackgl of experiments. Interaction
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ratio, IR, is defined as component load effect divided by congmt capacity, and failure is
defined to occur when component IR exceeds 1.0.

This conventional methodology disregards the structurdisrent capability to redistribute
forces in case of one or more component failures. Each meamkjoint has been designed
to resist the actual load effects from the loads acting orsylséem. Structures that are con-
figured in a manner that permitsdistribution of forcesn case of component failure may
perform relatively well for load scenarios considerablyrenonerous than those correspond-
ing to first component failure. Such structures are said teedandant Both the draft ISO
standard, the NORSOK regulations and the API recommendaggplicitly require redun-
dant structures (ISO/CD 19902, 2001; NORSOK N-001, 2004RSOK N-004, 2004; API
WSD, 2002; API LRFD, 2003).

During the last decade extensive research (see Sectid®?) dr the topicsystem capacity

as opposed tcomponent capacitiias been conducted, confirming the need to take — and
benefit from taking — into account the behaviour of the congodtructure as a system rather
than the strength of every single component.

Moan et al. (1997), for example, distinguish between fouyave investigatestructural
system performance

1. Scaling of the design wave load (normally the 100-yeaas!)awith constant wave
height, static analysis (Section 2.5.1).

2. Scaling of wave height, static analysis (Section 2.5.1).
3. Cyclic approach based on incrementing the wave heighticeppossible damage ac-
cumulation or cyclic degradation, (quasi-)static analyse. dynamic effects are not

incorporated (Section 2.5.2).

4. Full dynamic time history approach (Section 2.6).

The author considers the results from structural relighéihalysis as a performance measure,
and therefore distinguishes between the following threenrapproaches to system perfor-
mance analysis:

1. Static analysis, incorporating pushover analysis acticcgnalysis.
2. Dynamic (time history) analysis.

3. Structural reliability analysis (requires results fretatic or dynamic analysis).

These different approaches are attended to in Sections 2.3t
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2.4.2 Background
Structural capacity

During the years 1990 to 1996, SINTEF conducted a joint itrgugsearch project on re-
assessment of marine structures. The results were prdsestveral papers that were issued
during this period (Hellan et al., 1991; Stewart et al., I3®8wart and Tromans, 1993; Eberg
et al., 1993; Hellan et al., 1993; Eide et al., 1995; Amdalalgtl995). The main objective
was to develop an extended ULS design methodology in wiimbal collapse of the system,
contrary to first component failure, determines the capeaitthe structureThis work forms
the basis for the nonlinear finite element program USFOSchvisi used later in this thesis.

Work on the topic of system capacity has also been condudtEkhigersity of California,
Berkeley (Bea, 1993; Bea and Mortazavi, 1996). The work baslted in proposed screen-
ing procedures for requalification of larger number of mlatis, calibrated to Gulf of Mexico
conditions, as well as a simplified assessment method adrsystrength called ULSLEA —
Ultimate Limit State Limit Equilibrium Analysis (Bea and Mazavi, 1996). The idea behind
ULSLEA is that a depth profile of shear capacity for the stutetbased on simplified con-
siderations is established and compared to a storm loadofiep The ULSLEA technique
is incorporated into available software (Bea et al., 2000).

In the context of the ULSLEA technique, it is interesting ttine that e.g. HSE (1997a)
has shown that shear and overturning moment capacity atsedre not necessarily good
indicators of structural integrity. Better indicationsresed from shear force and moment vs.
the respective capacities at tlewel where the failure occursThis supports the ULSLEA
idea.

System capacity was also addressed by Vannan et al. (188d)gh the Simplified Ultimate
Strength approach (SUS), which is a linear procedure. Thkagjlultimate capacity of the
structure is defined as the base shear at which first comp{oant member, pile-soil bear-
ing capacity or pile steel strength) reaches its ultimafeacty. Ultimate capacity for the
different component classes is calculated based on API LRBB3). It was pointed out that
the procedure leads to faulty indications of joint and sailufre compared to the pushover
analyses.

A study in which the SUS approach was compared to the ULSLEAageh and to nonlinear
static pushover analyses was reported by Stear and Bea)(I98three analysis approaches
were also compared to historical observations of platfoemiggmance. Both ULSLEA and
SUS were found to give reasonable and reliable predictibukimate capacity. One purpose
of the study was to validate the SUS approach for use in rdapadion for structures not
passing the ULSLEA analysis. It was concluded in the refeggraper that SUS is suited
for this task. The author of this thesis, however, questthissconclusion since SUS seems
in general to yield lower ultimate capacity than ULSLEA, mieg that in general platforms
that do not pass ULSLEA will neither pass SUS. Also, resuiimed by SUS have larger
spreading compared to pushover analyses than those abtaindl SLEA. These issues are
not discussed by Stear and Bea.
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System behaviour has already for some time been considersshnection with requalifi-
cation of jackets, see e.g. Ersdal (2005), in particularmiheomes to wave-in-deck loads
because of the large horisontal loads. However, comporesgdodesign is still the state
of practice for design of new structures. A procedure forigtesf new jackets to meet a
particular target reliability level was proposed by Maneehl. (1998). Thestructural sys-
tem capacityis explicitly addressed as a performance measure duringebign process, a
significant difference compared to todays design practice.

Procedures focusing on system capacity, ensuring reduaddrductile structural behaviour,
are beneficial because they focus on optimal design of steEtwith respect to distribu-
tion of capacity throughout the structure — no bottlenecksis-well as robustness against
component failure.

Structural reliability

The previously mentioned work by Manuel et al. (1998) oatiran iterative procedure to
design of (new) jackets to a given targgtuctural reliability?. The procedure distinguishes
betweendesign levelvave height andiltimate levelwave height. The design level wave is
initially used for a conventional linear elastic designlgsiz, of which the purpose is to size
members and perform IR unity checks. The ultimate level wasight is used as input to
nonlinear pushover analysis in order to establish the alincapacity and subsequently the
probability of failure. If the failure probability does noteet the target probability, structural
members that are critical to the capacity is redesignethvield by a new pushover analysis
and calculation of failure probability. If necessary, slmtal redesign can be done several
times until the target structural reliability is obtained.

A limited amount of work has been conducted on the effects afeain-deck loads on the
structural reliability. Dalane and Haver (1995) carried aueliability study of an existing
jacket structure in the North Sea exposed to different fesbseabed subsidence. Not surpris-
ingly, it was found that the annual probability of failureieases with increasing subsidence
level and thus larger probability of airgap extinction. Esvalso stated that the description of
extreme waves is the most important part of the assessment.

A HSE-study reported by Bolt and Marley (1999) illustrateattsystem reliability is signifi-
cantly influenced by wave-in-deck load, and, as mentiondiaeahat the determining factor
is whether the load on the deck is included or not, rather tigich model is being used for
load calculation.

Manzocchi et al. (1999) also emphasise the significance adfidimg wave-in-deck loads,
based on a study of a platform situated in the central North Smaller failure probabil-
ity is yielded by wave force incrementation compared to ltesderived from wave height
incrementation (see Section 2.5.1).

2Existing design codes aim at designing structures to vétitsa load scenario having a given probability of
occurrence. In this context it must be emphasised that theapility of occurrence of a given load scenario is not
equal to the probability of structural failure induced bwttload scenario.
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Sgrensen et al. (2004) performed reliability analyses @xample jacket for the Danish part
of the North Sea using the model correction factor methotl§izen and Arnbjerg-Nielsen,
1994), and emphasise that if a wave scenario leads to aisgeqeteon, this (probabilistic)
method gives better indications of the structural perforcesthan the RSR alone.

2.4.3 Large scale testing

To the author’s knowledge only one project which includegdascale testing of space frames
has been reported — the FRAMES project (Bolt and Billingte®00). The observations

from the tests confirm the significant force redistributiastgmtial within steel structures,

but also emphasise that the presence of imperfectiongblarsystem properties and initial
stress conditions in the structure are important to theesygterformance and should be
further investigated.

2.5 Static system analysis

2.5.1 Pushover analysis

State-of-practice for system performance analysis otieggackets is to use so-callgaish-
over analyses— nonlinear (quasi-) static finite element analyses with atonically increas-
ing load. Permanent loads and variable functional loadsapptied first, followed by the
(hydrodynamic) load for which one wants to obtain ultimaa@acity. This load with its as-
sociated distribution is applied by increasing its magiétstepwise until global collapse of
the structure is reached. A measure of the capacity of atsteiwith reference to one par-
ticular load scenario is thus obtained. This measure isnaefdo ageserve strength ratie-
RSR.

Rult

RSR =
FE(hn) +Fd(hn) + It (+FW)

2.1)

Here, Ry is the ultimate static capacity of the structure for the gil@ad scenariok,, is
the n-year wave height;() andF4() are wave load on jacket and deck, respectivelyis
current load and+,, is wind load. The wind load is frequently omitted from the d&ifon of
RSR. Current design practice is to refer the RSR to the 1@@syenvironmental load condi-
tion, for which wave-in-deck load normally will be irrelava However, during reassessment
of offshore structures, it will also be relevant to obtainRR&lative to the 10 000-years
environmental load.

The RSR is dependent upon the load predictions and calenlafi system capacity. RSR
is a quasi-deterministic measure, since design loads gratites are taken as deterministic
values, although based on statistical interpretation efsueed data with inherent variability.

The procedure with pure scaling of the wave load intensitjyelteeping the load distribution
constant yields a measure of reserve capacity for a giver waly, it does not indicate to
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what extent the wave height can increase without leadingge of structural integrity. A
relevant question is therefore whether to increment theewaad (intensity) only or the
wave height. Wave height incrementation, which requiregrsg pushover analyses using
wave load incrementation, has a clearer physical meaniregeenting the wave height can
lead to other failure modes than those arising from pureementation of the wave load for
onegiven wave scenario, particularly in the case where the wea&ehes the cellar deck or
main decks (e.g. Manzocchi et al., 1999; HSE, 1997a). It leas Ishown that wave height
incrementation gives a slightly smaller ultimate capatiiign wave load incrementation in
terms of total global load / base shear (Emami Azadi, 1998paMet al. (1997) reports
similar results, and emphasise that this is mainly due towthee encountering the deck
structure before collapse load is reached and then the lnad=ase rapidly as the wave is
increased.

Clearly, if waves with crests lower than the underside ofdhek are not alone enough to
cause collapse of the platform, obtaining RSR based on waekihcrementation with wetted
surface limited to the jacket (disregarding the deck) mag gistorted results. This problem
is attended to by Ersdal (2005), through introduction ofithaltal parameters to describe
system strength; @serve freeboard ratiRFR) and anew failure modeparameter (NFM).
The combination of RSR and these two parameters provides@ complete evaluation of
static system strength.

2.5.2 Cyclic analysis

The major difference between pushover analysis and cychtyais is that in the latter case
the applied load vector is reversed several times. Cycpaciy is defined as the largest load
intensity at which the structushakes dow(Stewart et al., 1993). A structure is said to shake
down when a load scenario with magnitude large enough taecpEamanent displacements
will, when repeated with the same or smaller magnituder afime cycles only lead to elastic
deformations in the structure. The mathematical exprassio theorems that describe this
behaviour are briefly outlined in e.g. Hellan et al. (1991).

If the magnitude of the load exceeds the cyclic capacity, thedstructure is subjected to
repeated action, the result will be either incrementalagse or low cycle fatigue (alternat-
ing plasticity). When repeated loading results in steadibréasing plastic deformation, the
structure will sooner or later reach a state where the defthams are larger than what can be
accepted out of practical reasons, or the structure becanstable. This is callemshcremen-
tal collapse During the process of reaching shakedown or incrementialpse, the structure
may fail locally due taalternating plasticity/ low cycle fatigueesulting in fatigue fractures.
This may prevent shakedown and accelerate the incremeniihse.

As a part of the project ‘Reassessment of Marine Structuaesl based on short- and long-
term statistics, Stewart and Tromans (1993) have develapamhlinear load history model
for nonlinear cyclic analysis.



2.6 Dynamic system analysis 17

2.6 Dynamic system analysis

2.6.1 Design provisions

The draft ISO standard (ISO/CD 19902, 2001, Section 1Bpdtates that dynamic analyses
can be performed in one of the following two ways:

1. Full transient dynamic non-linear analysis in which theieonmental action is simu-
lated in time.

2. Quasi-static, in which static non-linear analysis pchres are used in combination
with the environmental load set augmented with an inertahjgonent.

Both API LRFD (2003) Section C.3.3.2.1 and NORSOK N-004 @Bection K.4.2 say ‘...
Time history methods using random waves are preferred.uerexy domain methods may
be used for the global dynamic analysis (...), provided ithegkisation of the drag force can
be justified’.

2.6.2 Dynamic effects

The first period of vibration of a jacket platform (in not toeap water) is typically 1-3
seconds. The load duration for the jacket (as opposed toedbk) ds typically the period
during which the crest part of a wave forms, i.e. half the wayae. The part of the wave
that enters the deck will have a shorter duration, SchmuakdrCornell (1994) assume 2
- 3 seconds for a wave witl, = 12 s, when considering the time it takes from the point
of contact, to travel through the deck and finally loose cointan the opposite side. An
open deck configuration having smooth surfaces allows the watravel through the deck,
whereas for a closed configuration, e.g. a solid wall, theaventact will result in an impact
of more impulsive character. The exposed area of the forsmmnaller, and presumably also
the peak force.

The load on the deck during impact from a large wave is undmiiptof dynamic nature,
and that will influence the response from the structuralesystThe response is governed by
parameters such as the peak load value, load duration aratigbility in time and the struc-
ture’s stiffness, mass distribution, ultimate capacitgtdity and post-collapse behaviour. In
certain situations, a dynamic load with a limited duratiam &e advantageous compared to
a static load with the same value as the peak value of the dgriaad history (see Section
5.3). Damping and inertial resistance, the latter mainkgdeined by the deck weight, may
lead to a higher tolerance for lateral forces, generallytardretically spoken. It is evident
that if the load exceeds the static capacity, static equilib cannot be obtained. Dynamic
equilibrium can and will, however, always be obtained frdra &nalysts point of view; the
question only turns into how large displacements, velesiind accelerations that can be
accepted. Also from the mathematical formulation of dyr@egjuilibrium, in this case for a
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single degree of freedom (SDOF) system, it is clear thatliguim can be obtained also for
external forced', (t) that exceed the static capaciy,;, = Rymax:

Run(t) + Ra(t) + Re(t) = Fu(t) 2.2)

Here, R, (t), Ra(t) and R,(t) are inertia-, damping- and stiffness induced responses, re
spectively. For structures that possess a certain dyciititl post-collapse capacity, one can
easily imagine that this equation also is valid for resperbat exceed the yield limit of the
structure. Transient (accidental) loads may in that casdtran considerable but acceptable
permanent deformations of the structure while not regglitina complete loss of structural
integrity.

The studies by Stewart (1992), Dalane and Haver (1995), 8cken (1996), Moan et al.

(1997), Emami Azadi (1998) and HSE (1998) demonstrate thtfes structures with certain

qualities may be able to remain (damaged but) intact wheasegto a dynamic load history
with peak load exceeding the static capacity, provided ¢l lpeak is of limited duration.

Note that the opposite might as well be the situation; thatiynmamic effect results in a lower
resistance to a peak applied load than for a static load. TBwanpeters commonly used to
quantify the dynamic effects on the structural responseleseribed in the following. In this

respect one distinguishes between transient and harnwadmnly:

The dynamic magnification factor (DMF) is the relation between the dynamic response
(displacement) caused by a peak applied load and the stsfionse for the same
load. The DMF is illustrated in Figure 2.1 for different impe shapes.
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Figure 2.1: DMF as a function of impulse duration relativestaicture natural periodl” is

the structure’s natural periotl, is the impulse duration. (Bergan et al., 1981)

The dynamic amplification factor (DAF) is normally associated with harmonic loading,
as opposed to transient loading, and is defined as the melatween the dynamic re-
sponse amplitude and the static response displacememt. tRi® definition it is clear
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that for a brittle structural system that behaves lineagytai collapse, the dynamic
overload ratio (see Equation 2.7) is

1
TV = W (23)
The DAF can be calculated as follows (Clough and Penzier3)199
1
DAF = (2.4)

V(1= 8%)% + (26¢)

where( is the ratio of applied loading frequency to the natural fiengy of the struc-
ture and is the ratio of the given damping to the critical damping ealkor a typical
jacket, the damping is 1.5 - 2% of critical damping. Figur2 #lustrates how the
DAF varies with the frequency ratig, for 2% damping ratio, i.e. fof = 0.02. As
the load period approaches the natural period of the steidtive dynamic amplifica-
tion increases rapidly and reaches its maximum value of 2&nvwhe load period and
the natural period are equal.

25
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Figure 2.2: DAF as a function of frequency ratip = 0.02

Sometimes it may also be relevant to analyse dynamic angildit resulting from a particu-
lar (irregular) load history, comparing the maximum dynaneisponse to the given load time
history to the ‘static’ response, i.e. response excludiggtia and damping effects, to the
same load history.

Further, it is assumed that the load - deformation curveaioéd from static extreme wave
analysis, frequently called resistance curve, may giverination about dynamic perfor-
mancé. Related to this assumption, some parameters of the neséstzurve are defined
(symbols are illustrated in Figure 2.3):

3The discussion regarding the validity of this statement s airthe main subjects of this thesis.
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Figure 2.3: Resistance curve, system capacity properties

The ductility ratio ( 1) characterises the structure’s ability to deform in the podtapse
area:

M= Ucap/uel (25)

Note that the expressiatuctility demandrequently is used in the literature. It refers
to the ductility required for a structure to remain (damabet) intact after exposure
to a given load history.

The residual resistance ratio ¢,) does, together with the ductility ratio, describe the per-
formance of the structural system in the post-collapsegang

Ty = chs/Rult (26)

Schmucker (1996) investigated the influence of the shapgsedstatic resistance curve on the
dynamic response, focusing on the following charactegipiroperties of the curve:

* A secondary stiffness (as opposed to the initial elastinsss) that describes the slope
of the resistance curve betweBpg andR,; .

* A post ultimate stiffness which describes the transiti@mfi?,,;; 10 R,cs.
* The previously described residual resistance ratio

The load history subject to investigation had a squaredssidal shape, and was meant to
represent the complete crest part of a wave. Hansen (2002)ared the results from this
load history to the results from a more impulse like loaddrigimeant to represent a wave-
in-deck force impulse. For the conclusions from both stsidieference is made to the source
documents.

SINTEF (1998) characterises post-collapse behaviourlmsvig
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Ductile r. > 0.9 and w>1
Brittle r. < 0.7 or TESA|
Semi-ductile 0.7<r <0.9 and w>1

2.6.3 Simplified dynamic analysis

Full dynamic time history analyses, which can reveal (digyatageous structural behaviour
compared to traditional static pushover analyses, arensigee and time consuming, and
several analyses are necessary in order to cover a reasalwabdin of relevant wave heights.
One has therefore sought to find SDOF models that can estthedgnamic overload ratio
(the structure’s capability to resist dynamic loading tietato the resistance to static loading)
as a function of the post-collapse behaviour observed blyques analyses:

Ty = Fe,max/Rult (27)

Simplified expressions for the dynamic overload ratio waresented by Bea and Young
(1993) on the form

r, = fp) and r, = f(p,rr) (2.8)

for seismic loading, i.e. load durations typically shottgan the natural period of the struc-
tural system.

Schmucker (1996) included more parameters when presesdimations for wave loading:
Th

r, = f(DMF, t—,u,rr) (2.9)
d

The parameter$,, andty are the natural period of structure and the load duratiguigajly
half a wave cycle), respectively. This relation is an EPBg@ perfectly-plastic) or bi-linear
EPP approach to the complex behaviour of a structural sysdech does thus not account
for gradual yielding or reduction in load bearing capacity dlisplacements beyond those
related to the static ultimate capacity. In order to incltleffect of gradual yielding for an
elasto-plastic system with post-peak degradation EmaradiA@1998) in addition included
a parameter denoteg8icomprising residual strength and gradual stiffness degi@adin his
attempt to obtain an expression for the dynamic overload:rat

ry = f(DMF, 1y, %u,ﬁ) (2.10)

In the above equatiori’ denotes wave period. Note thatis a ‘degradation parameter’,
expressed as

T,
B=1—r where Teg = 27

2.11
Teff eff ( )



22 2 State of the art

T Is an effective, dynamic period near collapse, but is neitiesame as the natural period
of the static system near collapse nor equal to the initialnahperiod.k. can be expressed
as a fraction of the initial stiffneds, i.e.

kot = otk (2.12)

wherea can be taken in the range @fl —0.001. k.¢ = 0.1k; represents a very highly inertia
effective system, whilé.s = 0.001k; represents a very low mass dominated system (Emami
Azadi, 1998).

Moan et al. (1997) reported a comparison between a MDOF m&déimucker’'s approach
and an expression given on the fdrm

r, = f(DMF,u, B) (2.13)

for one single platform for end-on and broad-side loadiddgg the parameter defined in
Equation 2.11). The discrepancies between the resultsnebtaising MDOF model and
Equation 2.13 are found to be small, generally less than 5¢hm8cker's model yields
slightly lower dynamic overload ratios, and it is arguedtttiee reason for this is that the
model does not account for the change in natural period asttheture softens in the post-
collapse range.

An analytical cantilever model for calculation of dynamésponse of a jacket structure is
presented by HSE (1998). The mathematical formulation ésgmted, however, it seems
unclear from the description whether information aboutstinectural properties such as stiff-
ness and wave loading needs to be generated by some exfaritaklement) software with
a detailed structural model. The simplified model is repbite calculate results in good
agreement with results from nonlinear dynamic finite elenagmalyses for the structure in-
vestigated in the report.

2.6.4 Acceleration levels

NORSOK S-002 (2004) provides acceleration limits for (hajnexposure to continuous
vibrations from machinery during a 12 hours working day fdsration frequencies 1 Hz
and above. The relevance of these recommendations is eoagicharginal particularly due
to the frequency range considered, but also due to the fatt(ttansient) environmental
loading resulting from wave impact on the platform topsidk e perceived differently than
continuous vibrations during a working day.

NS 4931 (1985) gives recommendations related to the sahsitif human beings to low
frequency horisontal vibrations with duration exceedifgninutes in (buildings and) fixed
offshore installations for the frequency range 0.063 Hzlttz1 For durations shorter than 10
minutes, no recommendations are given. The human readtiaifferent acceleration levels
are categorised as follows:

4The expression is referred to be originating from Emami Azabif.Ing. thesis ‘to be published’, however in
the published thesis the expression is extended to be owtimegiven in Equation 2.10.
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a) Threshold levels - perception or noticing of vibratiotige(two lower curves in Figure
2.4).

b) Anxiety or fear leading to significant complaints, relevas basis for criteria for on-
shore building vibrations generated by storms.

c) Disturbance to activity (the upper curve in Figure 2.4).

Important for the human reactions will be how often one elgpees such vibration incidents
and how long they last. Values relevant for fixed offshorealstions are shown in Figure
2.4. The three curves in the figure represent from above: Gtepaable acceleration level of
the structure when performing non-routine or exacting wtr limit acceleration which an
average human being will feel and the threshold value beltwehvnobody will notice the
vibrations.

10°

Acceleration effctive value [n?ljs

Fixed offshore installations, sugg. limit:
Mean value, human sensibility '
——————— Threshold value, human sensibility

10—1 0
Frequency [Hz]

Figure 2.4: Acceleration limit values, fixed offshore inlstdons (NS 4931, 1985)

2.6.5 Relative velocity vs. absolute water particle veloty

It has been shown that accounting for the relative veloogvieen water particle velocity

and structural members reduces the wave load effect significand thereby increases the
dynamic performance of a structure for a given wave sceff@dbmucker, 1996; Moan et al.,

1997; Emami Azadi, 1998).

HSE (2003) reported similar results from analysis of a japkdg.
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However, NORSOK N-003 (1999) recommends relative veldoitye included only for slen-
der members with motion amplitude larger than the membaenelier, in order not to overes-
timate hydrodynamic damping for structures during smaltions.

2.6.6 Representative load histories

Based on analyses of time histories from three hurricanea,@d Young (1993) reported
that the largest response amplitudes were caused by a feas\pasceding and following the
peak wave amplitude in these time histories.

Stewart (1992) suggested a load history comprising threes wgcles, where the force is
gradually increased over the first two cycles in order to jpl®a ‘start-up’ condition for the
system response. This is identical to the recommendativan tater by SINTEF (1998).

A linear envelope increasing over 3 wave cycles, being emsiver 2 cycles and decreasing
over 3 cycles is suggested by Moan et al. (1997).

These approaches are essentially the same: a few waves liefomax-wave are needed in
order to start motion of the structure, and thus to get a sgmtative inertia effect.

HSE (2003) shows that the response status, with respecsptadement and its derivatives,

of a jack-up rig prior to exposure to an extreme wave which thie deck does not influence

the resulting maximum response significantly. It is notbdugh, that the largest deck dis-

placement occurs if the wave hits the hull when it has theelstrdisplacement in the direction

opposite to the wave heading direction, i.e. at the time thiehas the largest acceleration in

the direction of the wave heading. The effect on the vertieattions in the legs is, however,

significant in the way that tension, i.e. deck lift off, is éeted for some response conditions
prior to wave impact.

2.7 Structural reliability analysis

2.7.1 General

Reliability methods are increasingly recognised as tamisfipporting decisions in the petro-
leum industry. Related to reassessment of structuresyéralbgoal is to keep the safety level
above the minimum requirements of the inherent safety lefde relevant design code.

Briefly, reliability methods in structural design and resssnent are structural analysis mod-
els incorporating available information about unceriasin loads and resistances. There
are mainly two types of uncertainties:

* inherent (aleatory / type I) uncertainty — cannot be redumethore knowledge

* modeling (epistemic / type Il) uncertainty — can be reducgadllecting more infor-
mation
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Currently, use oftructural reliability analysis(SRA) is in practice mostly limited to cal-
ibration/udating of load factors in design codes. Systelabiity approaches are so far
only applied to offshore structures where very simplifieddels serve the purpose (Moan,
1998a).Quantitative reliability analysi§QRA), however, has a wide area of application. The
difference might not be obvious to the reader:

SRA Structural reliability analysis, for estimating probatyilof structural failure by taking
into account the inherent variability of loads and the utaiety due to lack of knowledge.
Is being used for ultimate strength assessment and fatigiabitity evaluations (Moan,
1998a,b).

QRA Quantitative reliability analysis, the purpose of whichtasdetermine likelihood of
fatalities. Failure probabilities yielded by use of SRA damincluded in QRA. For ALS
evaluation, QRA will implicitly be used to find represemtatioad (-combinations) or like-
lihood of e.g. fire or explosion, whereas SRA can be applietbtermine the probability of
structural collapse based on these loading events (Mo&8al).

2.7.2 Jacket structural reliability analysis in practice

The ultimate capacity for the structure must be establigbediifferent loading scenarios
including, if relevant, different levels of subsidence. rf@mt practice is to use nonlinear
finite element analyses for this task. Both load and systqraaity is frequently represented
in terms of base sheafMoan, 1998a). The load will be a function of wave heights and
wave directions, while the ultimate capacity of the systemeiatively independent of the
variability in the (wave-)load, see e.g. Sigurdsson et1#194).

The dominating uncertainty parameters in the reliabilaicualations are those related to de-
scription of the sea state, this will be even more pronouffieedaves large enough to hit the
deck.

It is important that joint behaviour is represented in thédirlement model, see Section
2.8.1.

The basic principle for calculation of the probability ofifaie is summarised in the following.
The safety margir¥ is a stochastic variable. This quantity is simply the défeze between
capacity / resistanceR) and load / load effecty). If Z is negative, the structure fails, and
positive Z indicates a safe structur£.is in principle given on the format:

Z = AR — (\S; + AaSa + AeSe + Ay Sy) (2.14)

where\ denotes uncertaintyy denotes structural capacity,is load effect and indiceg, d,
¢, andw refers to wave-on-jacket, wave-in-deck, current and wexpectively.

Lognormally distributed resistance R and load effect S eequently assumed. Based on
the failure margin, thannual probability of failureP; is calculated. The failure probability

5Note the difference betweamllapse base sheandshear capacity at the base
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depends upon expected values and inherent uncertaintigsllaas uncertainties in the sta-
tistical model, in load predictions, responses, membeaatips and material properties;
is given by

Pr =@ (-f) (2.15)

where® () is the cumulative standard normal distribution (with zeream and unit standard
deviation) and3 is calledreliability index ( is given by

g=Hte (2.16)

Oz

The quantities:, ando, are the mean value and standard deviation for the safetyimrg

It should be noted that while there is an explicit connecbetweens and P, a givenP;
does not reflect a certain RSR and opposite.

2.8 Components contribution to system behaviour

2.8.1 Tubular joints

The behaviour of tubular joints has been a topic subjectetsiderable research over the
last three decades. Increasing knowledge has improvedtinestes of capacities and fatigue
resistance of the joints, and the knowledge is to some ekteatporated in tools for system
analysis.

Formulae for calculating the strength of tubular joints ergeneral derived on the basis
of experiments, where failure involves significant straifibe refined formulae in the latest
edition (22nd) of API RP2A, however, are calibrated aganastiinear finite element analyses
as well as physical experiments.

The behaviour of the joint will be determining for the dibtrtion of forces throughout the
structural system, and therefore for the developed failuoee. Consequently, the joint be-
haviour will be of importance for theverall system performanee- and thus the reliability
— of the structure. This is demonstrated by e.g. Morin etl#198), whose objective was to
investigate the influence of the joint behaviour on the dV/behaviour of jacket structures. It
is, amongst others, reported that the assumption of rigidganay lead to non-conservative
estimates of system capacity.

Conventional design of new structures does not include@xpiodeling of joint behaviour,
the joints are assumed to be perfectly rigid, meaning thamhemds and forces are distributed
according to nominal member stiffness. In nonlinear staticyclic analyses, which are
often used for reassessment purposes, methods such asergjrg joint behaviour by linear
(joint flexibility) or nonlinear (joint capacity) springs@used (Moan, 1998a). Other ways to
represent joints can be the use of beam elements with cegzagétermined on the basis of
tubular joint capacity formulae from recognised designesyar to model joint behaviour by
a plastic potential, taking interaction between axial add moments into account.
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2.8.2 Tubular members

Experience has revealed that there is a considerable eestrngth in many convention-
ally designed jackets. As opposed to assumptions regaadivey structural details in such
structures, which often result in an non-conservative -gvediction of system capacity, as-
sumptions regarding members often lead to systematic texli#nation of capacity. This

is mainly caused by use of conservative buckling lengths efnivers. The API-regulations
recommend an effective length factor of 0.8 to 0.9 for jadketces, while NORSOK N-004

(2004) and ISO/CD 19902 (2001) recommend 0.7 to 0.8. In akksdahe recommendations
come to use if buckling lengths are not explicitly deterndifey appropriate analyses. Hel-
lan et al. (1994) and Grenda et al. (1988) demonstrated thadra realistic estimate of the
effective length factor for braces might be 0.60 - 0.65.

2.8.3 Pile/ soil interaction

Failure modes that are considered in jacket pile foundatammprise pile pull-out or plung-
ing, or plastic hinge formation (lateral pile failure). Aalestructure might experience a
combination of these failure modes.

Methods in use to model pile/soil interaction comprise dinand nonlinear concentrated
springs, springs distributed along the piles and finite el@ngontinuum models. Moan et al.
(1997) demonstrated that the choice of pile/soil modelirgghod can affect the load distri-
bution and failure mode in the structural model. Emami AZ4908) has, however, shown
that the use of linear springs to represent foundation inesoases can lead to significant
overestimation of the jacket-pile-soil system capacity.

HSE (1998) concludes that for one ductile jacket structmadysed, the inclusion of non-
linear foundation model results in a significant increas¢heflateral displacement of the
deck. The effect on the capacity to carry lateral load is,dwe@x, small.
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Chapter 3

Finite element software - basis and
application

3.1 Introduction

The finite element computations in this document have beemedaout using USFOS, a

nonlinear finite element program developed by SINTEF Cindl &nvironmental engineer-

ing. USFOS is originally intended for offshore (space) feastructures. The formulation is

based on the displacement method using @mlgfinite element per physical element in the
structure and includes nonlinear material properties amiimear geometry / large displace-
ments.

The objective of this chapter is to give an introduction te thethodology that is the basis
for USFOS. The main references for this chapter are USFO8ryidanual (Sagreide et al.,
1993), USFOS Getting Started (SINTEF GROUP, 2001) and &kelland Amdahl (2002).

3.2 Basic continuum mechanics applied to beam elements

3.2.1 Strain and stress

The USFOS formulation is based on uséséen strainF, which, to the difference from the
traditionalengineering strainis valid for any magnitude of displacement and rotatione Th
stretching of an element due to transverse displacemenr ims$tance captured by Green
strain formulation, but not by engineering strain formigdat Green strain will be denoted
herein.

The axial strain can be expressed as follows:

1 2 1 2 1 2
Ex = Vg g + §’Ux7x + Q’Uy’x + 51}2_’1 (31)

29
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Figure 3.1: Definition of local element displacements

wherewv,, v, andv, are displacements in, y andz directions at any location within the
beam, and subscript: denotes differentiation once with respectitoFor moderate element
deflections, Equation 3.1 simplifies to:

1 1
Eg = Vg gz + 51)12/@ + 51}3,9: (3.2)

The stress measure that is energy conjugate to the Greém isttae 2nd Piola-Kirchhoff
stress,S. Herein, the notationr will be used instead of. For small strains, the 2nd

Piola-Kirchhoff stress approaches the Cauchy stress,hnikithe energy conjugate to the
engineering strain.

3.2.2 Potential energy

Potential energy considerations are used to establiskldsi€) stiffness matrix. The internal
strain energy is

U = 1/ 0,dV
2 )y

1 1 1 ? 1
=3 /l EA (vm + 51)5@ + 2@%) dz + 3 /l (ELV, ., + ELY? ,,)dz (3.3)

where FA and E are axial and bending stiffness, respectively, subscriptdenotes dif-
ferentiation twice with respect te, o, is the 2nd Piola-Kirchhoff stress in x-direction ahd
is the length of the element. The internal strain energy hascontribution from axial load-

ing which includes axial displacement, and one from bending, which includes the lateral
displacements, andv,, .
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The potential of the external loads reads

H=- ZFivi — /quwdx — /quydx — /qzvzdx (3.4)
! 1 1

whereF; andv; are the concentrated loads and the resulting displacemeddss distributed
load. The total potential for an (elastic) element is the sfinmternal strain energy and the
potential of the external loads:

nN=U+H (3.5)
The first variation of the total potential
0Il =0U + 6H (3.6)

with respect to displacements expresses the state of lequiti in the body. The require-
mentdll = 0 is the basis for equilibrium corrections, ensuring thatititernal stress state
corresponds to the external force situation.

Further, the relation between two close configurationsvsrgby the variation of increment
in the total potential:

SAIL = 6AU + 6AH (3.7)

3.3 Finite element formulation

So far, we have considered the beam element as a contingugriables not restricted to
certain locations or nodes. The functiongz), v,(z) andv,(z) denote the displacements
in the three directions of the longitudinal neutral axis loé theam. In the following, the
behaviour of the element will instead be represented by étaviour at chosen locations,
called nodes.

3.3.1 Shape functions

Generating a finite element model of a structure involvesvaion or discretisation of the
structure into elements with a given number of nddé&he displacementv} of any point

10One major feature of USFOS is the formulation which allows fa tise of only one element per physical
element in the frame structure. The element formulation is dapEbmodeling beam-column behaviour including
buckling and large deflections. The default beam column elefmentwo nodes with three translational and three
rotational degrees of freedom each.
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located at the element neutral axis is described by theatispient of the nodgs/n } com-
bined with theshapeor interpolation functiong®];

{v}=[®]" {vn} (3.8)

For a two node beam element, which is the basic element in I$SH@ displacements can
be expressed in the following way:

(@) = {da} {va}
vy(x) = {¢y}T{Vy} (3.9)
v (z) = {d)z}T{Vz}

By substituting these expressions iq(x), v, (z) andv, (z) in the functional$II andd Al
the problem of finding stationary value of the functionalueeks to finding the solution of a
set of algebraic equations where nodal displacemepts, andv, are the unknowns.

3.3.2 Stiffness matrix

The elastic tangent stiffness matfiKr] is derived by substituting Equation 3.9 into the
expression fos AU and arranging the terms in the ordey, v, andv ., on the form

{S} = [Kr] { vz } (3.10)

Vz

wheresS is the vector of force components.

3.3.3 Nonlinear material model

The inclusion of nonlinear material behaviour comprisesfdliowing elements:

*

A yield condition — defines when yield occurs
* A flow rule — relates the plastic strain increment to the stissrement
* A hardening rule — description of change in stress duringtjddlow

*

A bounding surface — the surface that defines the outer lifrtii@yield surface

*

A loading condition — identifies elastic (un)loading or glagoading
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Theyield conditionis represented by a yield surface or yield functignon the form

Si — Bi

Spi Zy

Fy(Si,Spi,ﬁi,Zy) :Fy ( ) :O, i=1,...,6 (311)

where
S =[N,V,, Vo, My, M, M.]" and S, = [Ny, Vi, Voo, Mpa, My, M) (3.12)

S; is the vector of force components, whifg,; is the vector of the plastic capacities for all
force components. The factey describes the extension of the yield surface relative to the
bounding surface, and; describes transition of the yield surface from initial gi¢b full
plastification of the cross section. The yield surface disithe force space into an elastic
force statd’, < 0 and a plastic force stale, = 0. A force state’y > 0 is in principle not
allowed.

For tubular members, when neglecting torsion, shear faaoésstrain hardening, the yield
condition simplifies to:

=0 (3.13)

T (N=p) V(My — B5)% + (M. — Bs)?
Fy_COb(E Np zy )_ : M, zy

The total strain, and consequently the total displacenigaissumed to consist of an elastic
and a plastic part. Thigbow rule, also called the normality criterion, states that the ptakis-
placement vector must be normal to a defined plastic potepti&or ductile steel materials,
the yield function can be taken as the plastic potential,thod the flow rule reads

P __ _ | 81 0 A>\1
AvP = GAX = [0 gJ {Mz} (3.14)

whereg; is the surface normal at nogewhich, for an elastic-perfectly-plastic material, is
given by:

(3.15)

T
g Oy _[OTy 9Ty 0Ty oy or, o,
J 0S ON’ 9V, oV, OM, oM, OM,’

J

Index j refers to nodes 1 and 2. The paramelex is a scalar, yet unknown, which will be
zero during elastic unloading and positive during plastading.

Thehardening ruledescribes the transition from one plastic state to anottedening can
be one of the two following types, or a combination of the two:

* Kinematic hardening the yield surface moves but doesn’t change shape or extend.
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* Isotropic hardening the yield surface extends with increasing plastic defaiona, but
doesn’t change shape or move.

The current version of USFOS includes only kinematic hairgrHardening is implemented
according to théounding surfaceconcept, meaning that in addition to the yield surfage

a bounding surface, denoted alig, is used. The bounding surface is the outer limit of the
expansion / translation of the yield surface, and indicatikplastification:

° gi — &
Fb(Sivspi7aivzb):Fy ( S - > :O7 221776 (316)
pi b

S is the conjugate point having a surface norgahat points in the same direction as the
surface normag to the force stat& on the yielding surface. The bounding surface extension
parameter, is 1. The vectorr describes the translation of the bounding surface due to
kinematic hardening.

When the cross section is loaded, the force vector moves fraigin@utwards in some di-
rection, and when it reaches the yielding surfget corresponds to yielding of the extreme
fibre in the cross section. Further loading of the cross esectiakes the yield surface trans-
late, while the force vector remains on the yield surfacgkiliematic) strain hardening is
accounted for in the structural model, the bounding surfacalso translates, however at a
smaller rate. If the load state is increasing, the yieldasgfwill finally contact the bounding
surface, meaning that the cross section is fully plastifiedm this state on, the force vector
will remain on the bounding surfadsg,.

Whether a load increment implies plastic straining or eta@thloading) straining, is deter-
mined by doading condition During a load increment that moves the force vector from one
plastic state to another, the force vector must remain ogithé surface. This is obtained by
the following requirement, which is called the consisteagterion:

r
mgz%gAsngszo (3.17)

Elastic (un)loading implies that the following is true:

AT, <0 (3.18)

The consistency criterion for an elastic-perfectly-ptastaterial reads:

_an, ory ory ory
ALy = G AN+ AV, + G AV. + GrrAM,
ory or
AM, Y AM, = 1
a1 MMy + G AM: =0 (3.19)

The consistency criterion is further used to determine the ef A\ and to establish the
elasto-plastic tangent stiffness matrix, using the assiomphat the displacement increment
consists of an elastic and a plastic part together with iffaess relation for the element.
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3.3.4 Analysis using USFOS

The equation system is by default solved by use of a purernmengal solution procedure,
however, the analyst may specify the use of equilibriunatiens.

Static pushover analysis

The load is applied in steps, implying that a full linear as& is run at each load step. The
structural geometry and state based on the introductiotasfip hinges is updated after each
load step. If a plastic hinge is introduced during a load stepload step is scaled to coincide
exactly with the load level for the occurrence of the plaktigge.

The analyst specifies the load history to be used. Normadlympnent design loads are
applied first during a few load steps. Thereafter, the loadvitich one seeks to obtain the
static capacity is applied stepwise until global collapseuns.

The major outcome of a static pushover analysis is a logulatisment curve — a resistance
curve — for a given load scenario. The resistance curve geniaformation about the
global collapse load or capacity as well as insight into then(inear) behaviour in the pre-
and post-collapse domain.

Dynamic analysis

Load specification for dynamic (nonlinear) analysis cosgsithe load magnitude and spatial
distribution as well as the time variation in the form of alsaafactor that is time dependent.
Node and element loads as well as gravity loads, for exanapéespecified by a reference
numerical value and a time history. A wave load time historythe other hand, is specified
by wave height, period, water depth and direction and a phagte for the start of the
analysis. This information comprises both the spatialithistion and the time variation.

The time step size used in the analysis must be determinesidesimg the nature of the load
history, the natural period of the structure and the amo@iptastic behaviour experienced
by the structure due to the load history.

The HHT-« method (Hilber et al., 1977) for numeric time integratioraopted (Sgreide
et al., 1993). This method can be considered as an extenEitre dNewmark3-method,
which is used for the simplified analyses in Chapters 6 andh@.algorithm includes the three
parametersy, 3 and~, which in combination control accuracy, stability and hfgéquency
damping. The method is unconditionally stable if the follogvconditions are satisfied:

1
—-—<a<0
3 «
_ Ll
T3
1
f=70-a?
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The results from a dynamic nonlinear analysis comprisearesptime histories of e.g. nodal
displacements, velocities and accelerations as well aes histories of element forces and
reaction forces. In general, the nonlinear performancaionétl for a specific load history is
relevant for this single load history only.



Chapter 4

Environment and forces

4.1 Introduction

4.1.1 Chapter outline

This chapter comprises considerations related to wawkeak-force time histories.

This first section is a summary of the chapter and is followgd lborief introduction and
motivation.

Typical characteristics for the North Sea environment ameraarised in Section 4.2, whereas
some considerations regarding wave time history and waa@its are presented in Section
4.3. Modelling of the wave forces on a jacket structure isfbyiexplained in Section 4.4,

Section 4.5 presents the most commonly used methods ane@matlal formulations for
wave-in-deck forces. The methods are divided into two maougs, namely component
models and global or silhouette models. The silhouette iBagle again subdivided into
two groups, those based on drag formulation and those baskd®of-momentum formu-
lation. The difference between these two types of silheurtbdels is particularly addressed
in Section 4.5.3.

In Section 4.6 it is demonstrated how to analytically cadtellwave-in-deck force histories
based on linear wave theory. Further, it is described howcanaise Stokes 5th order theory
in a computer program to calculate simplified force timedrist.

Forces calculated by the simplified methods described itic®ed.6 are compared to each
other in Section 4.7.1, and to computational results iniSeet.7.2. Results from wave tank
experiments on wave-in-deck forces are presented andsdisdun Section 4.8.

Vertical wave-in-deck forces are briefly discussed in ®&c.9.
Section 4.10 deals with the relevance of the load time higidor to the extreme wave event.

A conclusion of the chapter including a recommended formfa&alculating wave-in-deck
loads is presented in Section 4.11.

37
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4.1.2 Motivation

For a dynamic analysis of fixed offshore jacket structurgmegd to wave-in-deck loading,
it is not evident which wave (-history) to use. In a staticlgsia, a worst case scenario is
used, e.g. a 100 years wave (ULS situation) or a 10 000 years (#d_S situation) with
corresponding periods. This single wave represents allsnveaves. In a dynamic analysis,
a smaller wave with a period that could cause dynamic amalfifio could theoretically be
more onerous, resulting in higher load effects. For an irhjmad, the form and duration of
the load impulse are of main importance (Biggs, 1964). Thd kistory prior to the extreme
wave may also influences the dynamic response.

4.2 Environment
Wind

Wind loads on fixed offshore structures must be calculatedrasiuded in the structural ana-
lyses in accordance with relevant regulations for the ptaiflocation. Wind forces represent
a relatively small part of the total environmental loadinglare normally not a point of
concern for the load bearing capacity of a conventionalgackhe topic of wind forces will
not be further addressed herein. However, for major stratparts, such as for instance flare
towers, wind has to be considered particularly with resfmeebrtex shedding and subsequent
fatigue damage.

Current

NORSOK N-003 (1999) states that current for design purpsiseald be based on measure-
ments at the actual and adjacent sites, in addition to hgtdmadictions of wind induced
currents, theoretical considerations and other inforomedibout tidal and coastal currents. In
order to limit the present work, current has not been a topienestigation. However, a
surface current of 1 m/s is included in the structural aresdys

Waves

Typical wave heights and periods for return periods of 10 Hh 000 years in the southern
and northern North Sea respectively can be as follows (Bi852NORSOK N-003, 1999):

Southern North Sea Northern North Sea
higo = 26 M Tipo =155 —-16s hi0o = 28 M Tioo = 15.58
thOOO =33m Tiggoo =16 —16.5S thOOO =35m Tiggoo = 16.3 S

Other combinations of wave heights and periods, which dieesame probability of occur-
rence, can be obtained in the form of contour diagrams anddlaéso be taken into account
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(NORSOK N-003, 1999). Contour diagrams provide a valuahkfor decision on rele-
vant combinations of wave height and period, see Haver aaivét (2004) wherein contour
diagrams for significant wave height and spectral peak peridd, are given. Because the
dynamic load effect depends upon the relation between tedoef the loading and the natu-
ral period of the structure, it might for dynamic problemsdtition be necessary to consider
combinations of, andT" giving a different probability of occurrence.

Waves of these heights are steep, irregular waves. For endeistic approach such waves
are normally described by Stokes wave theory or Streamifumtheory. Both theories ac-
count for higher crest heights than trough depths. Howédineiar wave theory with Wheeler
stretching of wave kinematics to the surface (see e.g. Gudmestad, T@9®8) be used due
to the possibility of analytical representation of the laawle history. Generating force time
histories using Stokes or Stream function wave theory reguiomputer tools.

4.3 Wave time history and wave kinematics

Reanalysis of offshore structures, in particular whereasiavdeck loads are expected to be
a problem, should include simulation of dynamic structoeaponse in storm situations with
irregular waves. Under such conditions, there might be emearye waves that bring the re-
sponse into the non-linear domain. There are these sihsttiat need special considerations,
i.e. non-linear dynamic analysis. Using the waves thateaosicern in the linear simula-
tions, including a few wave cycles prior to the extreme wavidl,be an obvious approach.
If the software used for non-linear analysis is not capablenalysing irregular waves, the
wave history may be approximated by a sequence of regulagsvav

Linear Airy wave theory with extrapolation or Wheeler sttety of wave kinematics to the
surface has a relatively simple analytical formulation ethin turn permits an analytical
representation of the force time history. However, lindsaory does not to a satisfactory
degree describe real ocean waves.

State-of-practice for mathematical representation ofttN&ea waves is to use Stokes 5th
order wave theory. As mentioned, computer software is requio calculate force time
histories based on Stokes or Stream function wave theory.

4.4 \Wave load on jacket structure

In accordance with state-of-practice, Morison equatiag.(Ehakrabarti, 1987) is used to
calculate wave forces on the jacket structure below dead.lev

1other commonly used methods are Delta stretching and vertitralplation of wave kinematics (Gudmestad,
1993; ISO/CD 19902, 2001; NORSOK N-003, 1999).
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45 Wave-in-deck load models

There is no general consensus on which method to use to awoulve loads on platform
decks. Several approaches exist, some verified againstimeoeal data, some not. The
methods can be divided into two main groups; firstly the gldbsilhouette approaches,
which use an effective deck area combined with pressurecadiy the water particles,
and secondly the detailed component approaches whereati@mioeach single members is
calculated separately.

Unless the deck is extremely simple and lightly equipped, uke of component methods
is relatively resource consuming. The use of such modelppsopriate for (re)analysis of

specific structures, whereas the silhouette approachesidiable for e.g. sensitivity studies
and general studies on structural behaviour.

The British Health and Safety Executive has conducted a eoatipe study of wave-in-deck
load models (HSE, 1997b), comprising the API model, DNV stang, Shell-, Amoco-,
Kaplan- and Chevron models. They are, together with somer afbproaches, attended to in
the following.

4.5.1 Component approaches

In the component approaches one seeks to estimate wavadoamleach deck member and
all equipment separately. Interaction between differémictural components can be taken
into account by using shielding or blocking factors, whielmbe determined by experiments
(see e.g. Sterndorff, 2002) or computational fluid dynani@BD) technique. Obviously,
when using this kind of approach, the deck must be modeledtaild The amount of equip-
ment and members in a normal platform deck necessitateprdotical purposes, computer
software to carry out the calculations. Software based emghommendations by dr. Kap-
lan (Kaplan et al., 1995) is commercially available. Furtiiénnigan and Petrauskas (1997)
have given recommendations for how to calculate maximurm faem wave on deck.

Other references in general outline the principles the lzgoplied in specific studies, rather
than presenting a method to be used by others.

More detailed information about the different methods i&giin the following.

Company internal models Amoco (now part of BP) has a company internal wave-in-deck
load model, which was made available to HSE for comparisapgaes (HSE, 1997b). It
requires a detailed deck model.

Kaplan et al.'s (1995) model uses stretched (Wheeler, 1970) linear wave theory @nd r
quires a detailed deck model. The model includes drag,iinenid impact loads as well as
buoyancy. The formulation handles both horisontal andicadrforces and includes time
variation.
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Finnigan and Petrauskas’ (1997) model, which is denoted ‘Chevron model’ in the com-
parative study conducted by HSE (1997b), is based on re§tleam function wave theory
and Morison equation, with direction- and equipment dgndépendent drag and inertia
coefficients. Only horisontal loads are addressed. The addthcalibrated against tests
reported in the reference document. Focus is on maximuns)caw load variation with
time is not addressed. The procedure cannot just like thaktemded to include variation
in time.

Pawsey et al. (1998)developed a procedure based on Kaplans recommendationsdiit
fied to use Stream function wave theory. Modeling of densé& degas is somewhat simpli-
fied. The procedure was calibrated to Kaplans software. fiegiation of the wave-in-deck
load module into the wave-load generator in the analysisveo€, thus including the phase
difference for load on deck and load on jacket, is emphasi$ai eliminates the conser-
vatism in adding maximum load on the deck to maximum load enjabket, which has been
state-of-practice for static analyses.

DHI WavelnDeck(DHIWID) (Grgnbech et al., 2001) This is commercially available-soft
ware that computes time domain wave-in-deck forces on commtolevel, based on the
recommendations given by Kaplan (1992). The program harntdkzmost commonly used
wave kinematics models as well as deterministic and sttichasves. The program is
based on the concept of change in momentum, and includedraig@and buoyancy forces.

45.2 Silhouette models

The silhouette models are of two kinds; those based on dragufation and those based on
momentum formulation. The notation is illustrated in Figdr1.

¢, wave celerity

Figure 4.1: Notation for simplified wave-in-deck force farfations
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Drag formulation

The drag based silhouette wave-in-deck models have in cantineatypical drag formulation
known from Morison equation. The absolute value of the Igagiven by

1

F, = 5pAcdufv (4.1)

wherep is sea water density,, is the water particle velocityd = sq - b is the exposed
area,sq Is the inundation (height) antdthe width of the inundated area. The drag factor
Cq (sometimes called slamming factor and denaf&dlis chosen to account for different
loading scenarios. These models are typically intendeddtmulation of maximum load, but
the simple formulation makes them also easy to apply for tlor@ain analyses, noting that
the particle velocityu,, and the inundated are4 are time dependent variables. However,
time variation has not been addressed for any of the pratentelels. Accordingly the
models have not been subject to time domain comparison vgtmeore detailed methods or
experiments.

The wave-in-deck force models in this group are briefly pneein the following.

In the APl model (APIWSD, 2002; API LRFD, 2003; Finnigan and Petrauskas, 18997

is varied between 1.2 and 2.5 according to the wave dire@mhthe equipment den-
sity on the deck. The water particle velocity, contains a sum of current velocity and
wave induced particle velocity, as well as a current bloekiagtor and a wave kinemat-
ics factor. The method is validated against model testsatgateported by Finnigan and
Petrauskas (1997). The wave induced particle velocityl siealaken as the highest ve-
locity at the crest (or the top of the exposed area if the wasst@xtends above the deck
silhouette).

The ISO procedure (ISO/CD 19902, 2001) is directly adopted from API (see above

Det Norske Veritas (1991) has the following formulation, similar to the well known Mer
son equation, for slamming forces:

F, = %pACsufv (4.2)

This formulation is used by Dalane and Haver (1995) and HEM@95) to calculate ho-
risontal wave-in-deck loads, and is referred to as the d8tatethod’ in the comparative
study conducted by HSE (1997b). The formulation is simitatite API formulation
presented above. The deck is assumed to be solid, i.e. tiaéngtact area is used with
no modifications related to equipment density. Water partielocity is taken to be the
velocity ‘at a representative height with respect to theoseg area’, e.g. in the center
of the exposed area, and Det Norske Veritas (DNV) requiresstamming coefficient
C; (corresponding to API's drag coefficient) not to be less tBah A is the exposed
area,p is sea water density and, is the water particle velocity. Only horisontal loads
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are included. In the latest edition DNV (Det Norske Verita800) suggest the use of
C, = 27 for vertical on bottom slamming.

The formulation was basically intended for vertical loadsorisontal cylinders (braces),
for wedge entry into water and flat bottom slamming. Cleatthg validity related to
calculation of wave in deck forces can be questioned. Tbigeidras been addressed by
Vinje (2002). The conclusion is that the identification ofrager slamming coefficient is
a problem and that this drag type formulation is unsuitatme#élculation of wave-in-deck
forces.

Momentum formulation

This type of formulation is based on the assumption of coteptesss of momentum at impact,
which in a general manner can be expressed as

dm
Fu(t) = /A I ACULE (4.3)

wheredm/dt is the net mass flow imparted onto the structure per unit tinteumit area and
Uy, IS the water particle velocityA is the exposed area, which is a function of the surface
elevatiom, which again is a function of time. The formulation make®latively convenient

to calculate load as a function of time. This type of formiglatloes not include any empirical
factors, such as slamming- or drag factors, and in prin@pleappropriate wave theory can
be used. It is assumed that the water particles that hit tblewd#l be ‘thrown away’ having

no further influence on the deck, and that the presence ofdbk does not influence the
particle movement before the particle hits the deck.

Shell To the author’'s knowledge there exists no open detailechéiret reference for this
method. A few sentences about the background for the Stetthad is roughly outlined by
Tromans and van de Graaf (1992). The present informationtahe Shell method is taken
from the comparative study conducted by HSE (1997b).

Although not explicitly stated in the reference, it is imgeated from the text that the ho-
risontal water particle velocity is to be taken as the vejoaf the water surface = 7. Thus

1 must be substituted forin Equation 4.3. Horisontal forces as a function of time axe ¢
culated on front wall and during passage of the wave undedébk as the wave enters the
deck from beneath. The net mass flow to be substituted intatitgqu4.3 for wave impact
on the front wall is expressed as

dm

E = puw(n7t) (4.4)

wherep is the sea water density. The horisontal force at the frort iwaexpressed as
follows:

F(t) = p //;(t)(uw(mt))Q aA .5)
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The net mass flow onto the deck as the wave passes under this d@an as

d
(TT = pow(n,t) (4.6)
wherev,, (1, t) is theverticalwater particle velocity. The horisontal force as the wavgspa
under the deck is given as:

F(t) = p/A(t)vW(n,t)uw(n,t) dA 4.7)

Although not included in the description of the procedurgéelsion to include vertical loads
is possible by using the same principle as for horisontaldd&SE, 1997b).

MSL (HSE, 2001, 2003) The MSL method is developed from the ptshodescribed Shell
model, and is intended for the closed hull-type of decks ébon jack-up platforms. The
procedure comprises horisontal slamming force on the fnail, vertical hydrodynamic
force and buoyancy, all as a function of time.

Vinje (2001) expresses the net mass flow dependent upon the wave celetiti/T', not
the water particle velocity:

(L—T =pcdA (4.8)

In the expression for the celeritythe wave length. can be calculated from

T2
L=""tanhkd (4.9)
2T

by use of an iterative procedure, sirice- 27/ L. Vinje has only addressed the impact force
at the front wall, and the total expression for the force asnation of time is:

F(t) = pc/A(t) Uy (z,1) dA (4.10)

4.5.3 Comments to the silhouette approaches

The two types of formulation of the silhouette approacheshe-drag formulation and the
momentum formulation — differ in nature. The drag formwatis only defined for slam-
ming forces from waves at the deck front wall.

The drag factoiCy is in its original form meant to be a global representatiorpissure
caused by the local flow phenomena summarised around a lopiyntiple it is not incorrect
to let the drag factor represent the sum of local flow inducesggure at wave inundation.
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However, it is likely that the global effect of the pressunensnarised over the inundated area
might differ for different inundation levels. A givefiy might therefore be representative for
a given inundation level, but not for another. Followingsthit is likely that theCy, in order

to be representative, should change as the inundatioreiseseand then decreases during the
wave passage past the front wall of the deck.

The ratio of a general drag formulation (subscript ‘dr’) be tShell or MSL type of formula-
tion (subscript ‘mo’) is constant throughout the wave cycle

Fu(t)  Ca
FH‘[O(t) B 7 (411)

This means that a drag formulation with an equivalent dratpfaCy . = 2 will give the
same result as a momentum formulation with /dt = p u,.

Now comparing a general drag formulation with the Vinje @uipt ‘Vi') approach:

Fy 050 pfA(t)(uw(z,t))Q dA

Fy; pcfA(t) Uw(z,t) dA
Cy fA(t)(uW(z,t))Q dA

2¢ fA(t) U (2,t)dA
Cd Uw,max fA(t)uW(Z’ f) dA
2c Jaqy tw(z,t)dA

Cd Uw ,max
2¢c

IN

IN

(4.12)

Clearly the relation between the two methods will vary tlylowa wave cycle. Based on
Equation 4.12, a lower bound for an equivalent drag / slargrfantor (e.g. for use in finite
element software when generating wave loads with drag flation) can be found:

2c

Cdeq > (4.13)

umax

Examples of how’y . may vary with time will be given in later sections in this clep

4.5.4 A practical approach to the use of drag formulation in te time
domain

The method outlined in the following only takes the horigbpressure on the upstream deck
wall into account. It is assumed that the water particle moyets are not disturbed prior
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to the contact with the deck wall, and that the top of the wavkeing ‘shaved’ off at the
lower edge of the deck. The forces are calculated using afdragulation combined with
the exposed area and the particle velocity at the actuahhefn appropriate value for the
drag factorCy must be used. By use of cylindrical vertical elements at tiwation of the
deck front wall for the actual wave heading, the wave loackthistories can be generated
separately or together with the wave load on the jacket byFEgoftware that includes a
wave load generator, for any wave theory that is includeténsbftware.

This approach yields an approximation for the wave-in-deekling and makes the calcu-
lations very convenient. The choséfy may calibrate the (maximum) force to e.g. other
silhouette models.

4.6 Calculation of simplified load time histories for the load
onto the deck

Analytical calculation of load time histories is relatiyedimple when combining the silhou-

ette methods with Airy theory. If using Stokes or Stream Fianctheory, the approach

described in Section 4.5.4 can be used, alternatively ctanpools that serve the purpose
are required.

In the following, derivation of expressions for force timistbries will be given based on
a general drag formulation and the Vinje formulation usimgédr Airy theory. The use of
Stokes 5th order wave theory for the same task is attendegparately. The notation used
is illustrated in Figure 4.2. Note that the drag formulatimed includes the variation in time
and space for the water particle velocity.

2d

-
I \ | SWL

Seabed

I

Figure 4.2: Nomenclature for calculation of force impulse
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4.6.1 Derivation of deck force time history using drag formudation and
Airy theory

Horisontal particle velocity according to Airy theory ((nabarti, 1987) including Wheeler
stretching of kinematics to the surface is given as

yoTh cosh ((d+ 2) %)
w(z1) = 7 sinh kd

sin ¢ (4.14)

wheref = kx — wt is the phase angle of the wave. Substituting Equation 4.0.4.foin
Equation 4.2, assuming that the wave does not break at thafjpact, yields:

1

Fu(t) = 50Cs /A NCOIRY

1

n(t) 9
= 7pcgb/ (UW(Z,t)) dZ
2 La

1 b n(t)

d

1pCsbn? h? sin 6 /’7“) ) ( d )
= - h? (k(d+z)——— )d
2 Tembikd L, @42 )

1pCsbm?h? [z d+n(t) . d n 9
—_——— | = h( 2k(d _— 0
272 soihd |2 T ke (PO AT o

24

2
. d
[ﬂ cosh (k(d + 2) d+17(t)) sin 9] &

T sinh kd

1 ; 212
_ 1pGibm b7 [n(t) — 24+ d+n(t) sinh (2kd)

472 sinh® kd 2kd
d+mn(t) . d 9
d sinh 2k(d+zd)d+n(t) sin“ 6 (4.15)
Substituting;(t) = 2 sin ¢:
1pCsbn®h? [h d+ Lsing
Fo(t) = - 2227 = | Zging — — 127" inh (2kd
o) = 2 ganZ g |20 TRt Ty S (2Rd)
d+ 2sing d )
—— 2% " inh | 2k(d — || sin?6 4.16
okd ( ( +Zd)d+gsin9>}sm (419

Using this expression, time histories for wave forces gobin the topside can be established.
These time histories can now, dependent on the size of tHealechang, be phased differ-
ently compared to the wave forces acting on the load beatingtare, i.e. the jacket.
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4.6.2 Derivation of deck force time history using Vinje mettod and Airy
theory

Horisontal particle velocity. (2, t) according to Airy theory as given in Equation 4.14 is
substituted in Equation 4.10, giving:

F.(t) = pc/ uw(z,t) dA
A(t)

n(t)
= pcb/ Uy (z,1)dz

Zd

n(t) cosh (k(d + 2) %~
= pcb/ [ﬂ ( dﬂm) sinf| dz
2a

T sinh kd
pcbmh sin@/”(t) d
_ poymh smY h
Tsinhkd ), Kd+2) )4
n(t)
pcbmh [d+n(t) . d -
= sinh | k(d 0
T sinh kd [ g Snb (KA +2) a7 Lo
_ pcbmh  d+n(t)
T sinhkd kd
. {Sinh (kd) — sinh (k(d + zd)d —l—dn(t))] sin 0 (4.17)
Substitutingy(t) = h/2sin 6:
Fi(t) = pebrh (¥ seind
T sinh kd kd
d
2

This is the expression for deck wave force variation withetinhgain, this time history can
be phased differently compared to the wave forces actindherjacket in order to model
different deck overhang.

4.6.3 Deck force time history using Stokes 5th order theoryrd drag or
Vinje formulation

For the more complicated formulation of Stokes 5th orderenteory, numerical integration,
i.e. a computer program, is required for calculation of winsdeck load time histories. The
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program must calculate the depth profile for the particl@sity and acceleration for one
given phase angle (coordinate relative to wave length)s Thist be repeated for every time
step in order to create a velocity / acceleration time hjstd8ummarising the velocities
over the deck height and using the drag or the Vinje approadalculated forces yields a
corresponding force time history (for the deck only).

4.7 Comparison of load estimates

4.7.1 Comparison of loads established using simplified metkls

The different formulations given in Sections 4.6.1 to 4.6r8 compared using unit deck
width:

* Airy theory / drag formulation(y = 5.54

* Airy theory / Vinje formulation

* Stokes 5th theory / drag formulatiofiy = 4.02
* Stokes 5th theory / Vinje formulation

The drag factorg’y for the drag formulations are chosen deliberately in ordeatibrate the
maximum force obtained by drag formulation to the maximumnecdoobtained by Vinje for-
mulation (for Airy- and Stokes waves, respectively). Ndtattthese drag factors are consid-
erably larger than the minimum requirement for cylindergggsted in the previous version
of Class Note 30.5 by DNV (Det Norske Veritas, 1991). The retwersion (Det Norske
Veritas, 2000), however, suggest a valu@of which is more in line with th&'y values con-
sidered above. A wave with = 33 m andT = 15 s is used, in a water depth éf= 75 m.

A wave with these properties has a crest height,of, = 16.5 m according to linear theory.
However, according to Stokes 5th order theory the cresthésg20.98 m. In order to do a
relevant comparison, the deck freeboagds chosen to give a deck inundation of 0.5 m for
both wave theories. The surface profiles are illustratedgnre 4.3.

Linear (Airy)
4444444 Stokes 5th

Surface elevatiom [m]
o

Time [s]

Figure 4.3: Surface elevation
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The results are shown in Figure 4.4. Note that for each waseryhrespectively, the Vinje
approach does not differ notably from the drag formulationthe choserCy’s. For the
Airy theory, the differences between the Vinje and the dagiuilation vary from 0 to 2.7%
through the time history, and for the Stokes theory the difiees are 0 to 2%, see Figure 4.5.

1501
Airy / drag
Airy / Vinje
N 2 - Stokes 5th / drag
Z 100 x  Stokes 5th / Vinje
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Figure 4.4: Comparison of simplified wave-in-deck caldolas, wave-in-deck impact force
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Figure 4.5: Drag force divided by Vinje force

Although the chosety; is smaller when using Stokes 5th order theory, the maximuoefis
considerably larger than for Airy theory. This is due to tighler crest velocity. On the other
hand, because of the steeper crest, the Stokes case hatea Islsting load impact history.

Equivalent drag factor as a function of time can be obtaingddiving Fyy, = Fy; with
respect taC4. The result is shown for Airy theory and Stokes 5th order theespectively

in Figure 4.6. Using Airy theorn(q o4 Varies between 5.54 and 5.69, whereas for Stokes 5th
order theoryCy ¢4 Vvaries from 4.02 to 4.10.

With the small differences between the drag and the Vinje@ggh in mind, the question
of which formulation to use — drag or momentum — becomes legmitant. Instead, the
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Figure 4.6: Equivalent drag factors for drag formulations

relevant question becomes which drag factor to use, atteehawhich definition of rate of
mass to uselm/dt = puy, ordm/dt = pe.

4.7.2 Simplified methods compared to computational resultseported
by lwanowski et al. (2002)

This section documents comparison of force time histori#ained by the simplified meth-
ods described in Section 4.6 with reported force time hissazomputed with more advanced
methods. Note that the methods in Section 4.6 include fayneke front wall only.

Only Stokes 5th order theory will be used, since linear (Atheory is not really applicable
for the waves relevant for wave-in-deck forces. Based ordimelusion in the last paragraph
of Section 4.7.1, it is chosen to calculate the wave-in-deate time history in two different
ways:

* Traditional momentum approach widhn /dt = p u,, (identical to drag formulation with
Cq = 2), in the following denoted/om, + Stokes 5th order theory

* Momentum formulation withdm/dt = p ¢ (Vinje approach), in the following denoted
Mom-Vinje + Stokes 5th order theory

Iwanowski et al. (2002) presented and compared wave-ik-ldecl time histories calculated
by use of different software. Three programs, of two diffetypes, were used :

* Analytical methodologies; PLATFORM program by Dr.Kaplailising momentum dis-
placement and Morison equation

* Computational fluid dynamics (CFD) technique; FSWL-2D andW-3D programs
using finite difference algorithms to solve the Navier-&®lequation and volume of
fluid (VOF) method to describe the free surface flow.
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The results from the PLATFORM program were used as refergaltees when comparing
the different methods.

The calculations were carried out for a 100 years design @vthe Ekofisk field in the

North Sea with the characteristibs= 24.3 m,T" = 14.5 s andd = 80 m. The crest height
is, using Stokes 5th order theory, calculated tghg, = 14.32 m. Calculations were carried
out for both Airy and Stokes 5th order waves with FSWL-2D an@©®-3D, as well as by the
PLATFORM program, which is based on Airy waves modified by Wéestretching. The

Airy waves used in FSWL-2D and FLOW-3D programs are not madiifig e.g. Wheeler
stretching, and therefore give unrealistically large ipbatvelocities in the crest. Only the
results arising from the use of Stokes 5th order wave themrg@nsidered herein.

The three cases reported by Iwanowski et al. are used forutpope of comparison, com-
prising two different deck layouts; one simple box and onelehof the deck of Ekofisk 2/4
C platform. The simple box is analysed for two inundatiorelesy2 m and 4 m, whereas the
2/4 C deck is analysed for 1.5 m inundation.

Simple box, 2 m inundation

The wave forces were calculated for a simple box being 30 neJrmal to the wave
propagation direction) with wave inundation 2 m (lwanowskal., 2002). The Iwanowski
force histories are compared to the force histories caiedlan the present project in Figure
4.7,

:Stokes3D: FLOW-3D

“Mom/ —Stdk—es ————————

Force [MN]

— Mom=Vinje /. Sto,kesi

6 7 8

Figure 4.7: Comparison of simplified load calculations amdriowski results for simple box,
inundation 2 m

The forces calculated by Iwanowski et al. for the Stokes v&nav all quite similar trends.
The start and end time for the forces are essentially the sachéhe maximum values range
from 2.8 MN to 3.5 MN. The maximum force calculated by PLATFRRgrees well with
the maximum force calculated using CFD technique, but thd history has a considerably
longer duration due to the longer crest for Airy wave. Thej&iformulation yields a maxi-
mum total of 10.14 MN. This is considerably larger than thieiga computed by lwanowski
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et al..The explanation could be that Vinje’s formula asssithat the horisontal water momen-
tum is being stopped by the deck while some water particlgsantice are being distorted
upon impact with the deck. The ‘Mom’ formulation, howeveasha maximum force of 3.4
MN which agrees well with the lwanowski results. The shap¢hefimpulses are similar,
however the CFD-results are somewhat skewed towards tttista, while the simplified
approaches by their nature produce symmetric force héstori

Simple box, 4 m inundation

For an inundation of 4 m, the lwanowski force histories amnpared to the force histories
calculated in the present project in Figure 4.8.
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Figure 4.8: Comparison of simplified load calculations amdriowski results for simple box,
inundation 4 m

The trends are the same as for an inundation of 2 m, excepththdbrce magnitudes are
larger. Again, the Vinje approach overestimates the maxirfarce (19.9 MN) considerably
compared to the CFD-results (7-9 MN for FLOW-3D and FSWL-2E356MN for PLAT-
FORM) and the drag formulation (6.5 MN).

Simplified 2/4 C deck

Iwanowski et al. calculated the wave loads for a simple demhksisting of a lower box

measuring 42.6 m x 30 m x 1.5 m centrally attached to an uppenteasuring 53.1 m x 42
m x 10 m (all measures given as length x width x height, wherdiiwis measured normal to
the wave heading). The wave inundation is 1.5 m, i.e. readhith not entering the ‘floor’ of

the upper box. A deck width of 30 m is therefore used for calibah of loads by simplified

methods.

The PLATFORM program and drag formulation wi@y = 2 seem to agree well for the
maximum force value, but PLATFORM yields again a much loniggoulse duration, see
Figure 4.9. The CFD methods compute larger peak forces,hadjgees better with the
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Figure 4.9: Comparison of simplified load calculations amdriowski results for simplified
2/4 C deck, inundation 1.5 m

Vinje formulation. The CFD techniques are able to compugdabal fluid flow in the corner
between the lower and the upper box more accurately. Wateapped in this corner, with
the high peak as a result. The simplified methods used in #sept project are, as already
mentioned, only able to predict symmetric force historieghe front wall.

A sharp peak characterises the CFD results, where the Ighthwialf a second rapidly in-
creases from zero to maximum and decreases to about 1/5 migtkienum force. Thereafter
the force further decreases more slowly within about hak@ord to zero, or temporarily
somewhat below zero.

Summary

Clearly, if using the CFD results reported by Iwanowski et ak a basis for validation,
the simplified methods presented herein are not able to atstypredict wave-in-deck load
histories. However, a representative load history for gptenhull or box type of deck can
probably be produced, see Figures 4.7 and 4.8. It is, howalveslys important to consider
the objective of the analyses. For detailed (re-)analyssantrto document the performance
of actual structures, simplified methods are not adequate.

4.8 Available experimental data for wave-in-deck loading

4.8.1 Introduction

Wave-in-deck forces are sensitive to the size of the wavedation, i.e. crest height. During
experiments with regular waves, the crest height of medswares may vary much more
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than the wave height (Sterndorff, 2002). When comparing oredsand numerically pre-
dicted data, it is therefore important to pay explicit ati@m to crest heights, not only the
wave heights.

‘Gulf of Mexico related’ experiments reported by FinnigardéPetrauskas (1997) have been
used to calibrate the API procedure and the Chevron proeedeck loads are reported at
only one time instant per experiment, assumed to be the tinieeomaximum load. This
coincides well with the fact that the API and the Chevron pthaes aim at estimating max-
imum forces for static structural analysis. Due to lack dbimation on time variation,
the results from these experiments are considered unkuftabvalidation of the simplified
methods described in the present work (however, maximumesatalculated by use of API
formulation are given in Table 4.3).

Results from experiments carried out at the Large Wave Gdder Grosse Wellenkanght
Forschungszentrumikéte in Hannover are published by Sterndorff (2002). Thegrgents
comprise wave force time histories on typical offshore delements, both single elements
and element groups, and focus has been on the details of ddendpprocess. However,
since no results are published for complete deck modelsethédts are not considered in the
present work.

Early in 2002, model tests at scale 1:54 were carried out airlték in Trondheim in connec-
tion with a possible late life production scenario for the&atform Statfjord A (Stansberg
et al., 2004). Global deck loads and local slamming loadewemongst others, measured.
The results from the model tests have been interpreted imfidemtial report from Marine
Technology Consulting AS to Statoil (Statoil, 2002), ancor@mendations are given regard-
ing which time histories to use for wave-in-deck slammingdavhen carrying out structural
analyses of Statfjord A in case of seabed subsidence ppssibsed by reduced reservoir
pressure. The recommendations from these experiments@need to in the following.

4.8.2 Experiments at Marintek for Statfjord A (Statoil, 2002)

The Statfjord A experiments were carried out for two wateptds: 150.1 and 151.6 m,
corresponding to 0.5 and 2.0 m inundation for the 10 000 yea&st of 21.7 m. The impact
forces relating to this crest in these two water depths wstiemated to be 75 MN and 105
MN respectively. These values were recommended for resissed of Statfjord A.

In order to determine a representative load time historg|ection of measured time histories
was investigated. For 150.1 m water depth, only measured fone histories with maximum
force between 50 and 100 MN were considered, in total 31 tisteties. In the same manner,
only time histories having maximum forces ranging from 80286 MN were investigated for
a water depth of 151.6 m, this left 22 time histories.

In Table 4.1, the recommended horisontal maximum fofGes.x and the force at the kink

Fx (see Figure 4.12) from the Statfjord experiments are shtwggther with the computed

results from Iwanowski et al. (2002, note that only the ressabtained by Stokes wave and
FLOW-3D program in 3D mode are shown).
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Table 4.1: Reported horisontal wave-in-deck loads

Reference Iwanowski Statoil Statoil

Type of results CFD 2/4 Cdeck Experiments Experiments
Wave 100 years 10 000 years 10000 years
Inundation 15m 0.5m* 2.0m*

Deck width 30m 83.6m 83.6m

F4 max 5.4 MN 75 MN 105 MN
Pressure due t6 max*™  0.12 MN/m? 1.79 MN/n?  0.63 MN/n?

Fi N/A 30 MN 35MN

*Note that the inundation is calculated framdisturbedvave crest height
**On the inundated area

Besides the fact that neither the inundation level nor thek @e@dth are the same, there are
several reasons that the numbers in Table 4.1 cannot belgicempared:

1. Statfjord A is a GBS platform with a huge base supportimgdadiameter columns.

Both the presence of the base as well as the reflection of vitlraghe columns result
in amplification of the incoming wave. Stansberg et al. (906dicate approximately
20% amplification of the wave height compared to a (undigtdylvegular 30 m wave
with periods of some 16.5 s. Wave-in-deck loads are repasetfunction of the crest
height for theundisturbed wavehowever they are actually generated byaamplified
wave As a consequence of this, the real inundation is greatarttieavalue reported by
Statoil (2002) or the above Table 4.1. In fact, some wavesrthandisturbed condition
do not enter the deck do also, due to amplification over the,lzgenerate loads.

This may explain the small increase in load, and the corredipg reduced water pres-
sure on the inundated area, for the 2.0 m inundation caseeilstitoil experiments

compared to the 0.5 inundation case. Now considering thedse in load caused by
the increased inundation; the 1.5 m increase in inundatioresponds to the load be-
ing increased by 30 MN. The pressure cause by this incre@¢ (.5 - 83.6) MN/m?

= 0.24 MN/n?. This measure might be a better indication of the water pressaused

by a wave that is not subject to amplification, which is theectas waves acting on

jacket platforms.

Ekofisk 2/4 C (which is the structure investigated by Ilwankivet al.) is a jacket
platform, for which the wave amplification due to the pregeatthe structure itself is
negligible. Obviously, the load generated by the amplifiedvevcrest for Statfjord A
cannot therefore directly be compared to the load on the dettle jacket platform.

. The lwanowski results are obtained fot@0 years wavewhereas the Statoil experi-

ments were carried out in order to find the force time historyaf10 000 years wave
The former has smaller particle velocity in the crest, arnsl ithobviously reflected in
the calculated forces. NORSOK N-003 (1999) recommends @h@0D year design
wave height to be 25% larger than the 100 year wave heighst [€hads to, for south-
ern North Sea conditions (see Section 4.2), an increaseeigrdst particle velocity
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of some 35%. Assuming that the particle velocity enters mgjirgto the load, a 10
000 years Ekofisk wave is estimated to give a pressure on timglited area of 0.22
MN/m?2. This value corresponds well with the pressure calculatétin 1.

3. The definition ofcrest front steepneassed during interpretation of the Statfjord ex-
periments iSs = Nmax/(c + (0.25 T)) = 4nmax/L. For the 100 years wave used
by lwanowski this steepness formulation gives= 0.18. From the waves generated
during the Statfjord experiments, about 3/4 have crest fst@epness larger than 0.3.
Thus the majority of the waves forming the background foreébmate of wave-in-
deck force for Statfjord A are considerably steeper thamténe used by lwanowski.

The general trend for the global deck load is that the nosedltime history for the horison-
tal slamming load consists of three lines as shown in Figut8.4lt is characterised by a
steep linear rise to maximum force, a steep linear decressledut 0.4 times the maximum
value, and finally a less steep but still linear decrease tto. Z€he durations for the three
phases are 0.54 s, approximately 0.5 s and 2.1 seconds tieslyecThese duration values
are representative for the two water depths and correspgrdiindation levels reported by
Statoil (2002).

1_2 """ttt cTTTTTTTTTTmnT Tt o o i
1.0k : : Statfjord A recommendatign:

08 Iwanowski 3D FLOW-3D

0.6 [ : : : : :
oaf N S— S— S— |
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Figure 4.10: Normalised horisontal wave-in-deck loaddrigttrend from experiments (Sta-
toil, 2002) and computational results (lwanowski et alQ20

It should be noted that this force time history representsnaber of experiments in which the
numerical values of both force and duration differ consatdéy. However, the three-line-trend
is seen in most of the experiments. A single experimentakviaxdeck force time history

reported by Grgnbech et al. (2001) supports this findings Tihie history was recorded at
the deck during model tests of Ekofisk 2/4 C. The three-lreed is also seen in Iwanowski
et al. (2002) where CFD technique is used to calculate wandetk forces on a simplified

platform deck, see Section 4.7.2 and Figure 4.10.
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4.9 \Vertical loads

Till now, only horisontal forces have been considered. Hmwea few of the previously
referred publications have treated vertical force timeahniss as well, that is to say Statoil
(2002) and Iwanowski et al. (2002).

In the Statfjord A wave tank experiment, vertical forces evereasured and interpreted (Sta-
toil, 2002). Recommendations for wave-in-deck forces aftrm of reference forces (max.
and min.) and time history shape for reassessment of Sth§j@&BS were given.

The recommended design values for maximum positive véfticees for water depthd =
150.1 m andd = 151.6 m are 67 and 80 MN, respectively, i.e. somewhat smaller than t
horisontal forces (referred in Section 4.8.2). The mininfaroe, which is negative (suction),
is about 50 - 60% of the value of the maximum force. Note thesétvalues relate to a deck
width of 83.6 m. There is however, considerable uncertaiakgted to these numbers, and
they should only be regarded a rough but indeed representaitline of the observed wave-
in-deck force. These recommended forces for design arersimowable 4.2 together with
the forces from the CFD results reported by Iwanowski etal 30 m deck width. Note that
only the CFD results obtained by Stokes 3D FLOW-3D are used.

Table 4.2: Reported vertical wave-in-deck forces

Reference Iwanowski Statoil Statoil

Type of results CFD 2/4 C deck Experiments Experiments
Inundation 15m 0.5m 20m

Deck width 30m 83.6 m 83.6 m

Fy max 41 MN 67 MN 80 MN

Fy min -22 MN -35 MN -50 MN

The time history for vertical forces recommended for thenedygsis of Statfjord A, which
originates from the Statoil experiments, is charactertsed linear rise from zero to maxi-
mum, with a duration of about 0.5 seconds, thereafter adidiexp to minimum force, which
is negative, in about 1 second. Finally, the force increlisearly from its minimum to zero
in about 3.5 seconds. This recommendation is given on baakgrof 31 measured load his-
tories, to which a representative load time history wasfitte means of least square method.
The Statoil recommendation is compared to the Iwanowski @&dilts for the simplified
2/4 C deck in Figure 4.11. Both time histories are normalsgainst their respective max-
imum force. The time variation of the vertical force is es&ly the same for these two
independent studies, of which one is theoretical and therathe experimental.

It can be seen that vertical wave-in-deck forces are of demable magnitude, and act both
upwards and downwards. They result in deck uplift loads, teg give additional com-
pressive forces in platform legs which can lead to diffefailttire modes than the platform
originally was designed to sustain.

Vertical forces should therefore be considered duringsessment of offshore platformis
order to limit the present work, vertical loads are not indéd in this study It is stated,
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Figure 4.11: Normalised vertical wave-in-deck force higttrend from experiments (Statoil,
2002) and computational results (lIwanowski et al., 2002)

though, that vertical forces are important in the furthedgtof structural response to wave-
in-deck forces.

4.10 Representative load histories

A number of authors have given recommendations for the jstedy duration to be included
in the wave time history prior to the extreme wave, see thagraph on this matter on page
24,

4.11 Discussion

Time history for horisontal wave-in-deck loading

It is concluded that most support is found for the trilinggoet of (load) time history referred
to in Section 4.8 and Figure 4.10.is chosen to use this load history in the present prgject
however, for practical reasons the start time is roundedamearest 1/10 (Figure 4.12).

The load time history is described in full by this time histand a reference load, taken as
the maximum load'y 1.« corresponding to the inundation level in question.

The validity range of the time history in terms of inundatisruncertain. In the reference
report Statoil (2002) this type of time history is reportedoe representative for inundation
levels 0.5 m and 2.0 m. However, these levels are calculasedon an undisturbed wave,
whereas the real inundation will be larger due to amplifaratif the incoming wave over the
gravity base. It is therefore anticipated that the timednisis more representative for larger
inundations, and less for smaller inundations. HoweveriHe reason of simplification and
due to the limited amount of data, the time history is useangigss of inundation level in

this work.
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Figure 4.12: Time history to be used in analyses in the ptegerk

Reference loadFg, max for horisontal wave-in-deck loading

It should be noted that the load level for an actual wavedokdituation depends on the local
geometry of the deck, which is unknown in the present projéet, however, decided to use
the regression curves obtained from the experimental datiagithe Statfjord A experiments
as a basis. The reported experimental datd fer151.6 m are split into 3 differentrest front
steepnesgnges. The linear regression curve for steepresd).3 is used (Stansberg et al.,
2004, Figure 9) herein, since the Stokes 5th order wavegamid¢or the present study will
belong to this range (note that crest front steepness esgiiess = 7pax/(c - (0.25T)) =
dnmax/ L is defined different than traditional wave steepness). Rtenuppermost subfigure
of Figure 9 in the given reference, the variation of wavelétk force with inundation is
found to be 10.9 MN/m. Dividing by the deck width of 83.6 m leav0.1304 MN/r. In
order to ommit the influence of the wave amplification overgraity base, the load is set to
zero for a wave crest that just reaches the underside of ttie Harger wave crests generate
forces that are proportional to the inundation with a factiod.13 MN per m inundation for
unit deck width:

Fd,max =0.13 Sd b [MN] (419)

This equation is related to a 10 000 years wave at the Statfield in the northern North
Sea, with a corresponding crest particle velocity. It isuassd that the particle velocity
enters square into the equation for the force. This is trudo@th a drag formulation and
a general momentum formulation (but not for the Vinje foratidn). In order to allow for
adjustment of the force to represent the actual wave andthoda current, Equation 4.19 is
modified as follows:

, 2
Pt = 0.13 54 b (e el g (4.20)
u

ref

whereu, is the water particle velocity at the wave crest, is the current velocity and,..¢
is the particle velocity representing the 10 000 years watleesStatfjord field, which by use
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of Stokes 5th order theory is found to be 9.8 m/s. In Table HeX¢ference (i.e. maximum)
values for the deck-force calculated by this method for shdifferent scenarios are listed.
Also included is the maximum force calculated by Iwanowskile(2002) for the simplified
Ekofisk 2/4 C deck, as well as force values calculated acegitdi the Vinje formulation and
the drag formulation recommended in the API regulation Wit = 2.0 (API recommends
a drag factor between 1.2 and 2.5, where 2.0 correspondsitorenr broadside loading of
moderately equipped deck). The forces are calculated fach didthb = 30 m and an
inundationsq = 1.5 m.

Table 4.3:Wave-in-deck forces for a case with = 1.5 m andb = 30 m

h T d c Ucs Uce Fd,max
Reference  Wave type [m  [s] [m] [m/s] [m/s] [m/s] [MN]
Statfjord A 10.000 yr., measured (basis) 36.5 15.8 150 9.80 0 5.87
Statfjord A 100 yr., Eq. 4.20 29.0 14.4 150 8.25 0 4.16
Statfjord A 10.000 yr., API ** 36.5 15.8 150 9.80 0 4.43
Statfjord A 10.000 yr., Vinje formulation 36.5 15.8 150 26.17 9.80 0 .831
Statfjord A 10.000 yr. + curr., Eq. 4.20 36.5 15.8 150 9.80 1 7.13
Statfjord A 10.000 yr. + curr., API * 36.5 15.8 150 9.80 1 5.38
Iwanowski 100 yr., calc. lwanowski**  24.3 145 80 N/A N/A 5.40
Iwanowski 100 yr., Eq. 4.20 243 145 80 7.57 0 3.50
Iwanowski 100 yr., API * 243 145 80 7.57 0 2.64
Iwanowski 100 yr., Vinje formulation 243 145 80 2222 757 0 7.76
SNS*** 100 yr., Eq. 4.20 26.0 155 75 8.17 0 4.08
SNS 100 yr., APl * 26.0 155 75 8.17 0 3.08
SNS 10.000 yr., Eq. 4.20 33.0 16.0 75 11.28 0 7.77
SNS 10.000 yr., API * 33.0 16.0 75 11.28 0 5.87
SNS 10.000 yr., Vinje formulation 33.0 16.0 75 23.75 11.28 0 12.36
SNS 10.000 yr. + curr., Eq. 420 33.0 160 75 11.28 1 9.21
SNS 10.000 yr. + curr., API * 33.0 16.0 75 11.28 1 6.96

* using Cd = 2.0, corresponding to moderately equipped dewkom / broad side loading
** Calculated by use of CFD methods (lwanowski et al., 2002)
*** SNS denotes a location in the southern North Sea

Table 4.3 illustrates that the API recommendations With= 2.0 in general yields lower
forces than Equation 4.20. The fraction is about 75%. Iféasing the” to 2.5 (end-on or
broadside loading of heavily equipped / solid deck), thetfom would be 75%2.5/2.0 =
94%, i.e. Equation 4.20 would still yield conservative forcesnpared to the API regulations.

It can be shown that the API formulation wifty = 2.65 yields the same result fdty max as
Equation 4.20 (API formulation is given by Equation 4.1 With = w(1max) = Ues + Uce )-

The Vinje formulations yields larger forces compared to ditteer methods. The explana-
tion could be that the formulation is based on the consematssumption ofotal loss of
momentum at impact.
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The maximum force calculated according to Equation 4.2GHerlwanowski wave is 3.50
MN. This is considerably smaller than the value calculatethe reference paper for this
deck (5.4 MN). However, the API formulation yields even siexalorces — only about 50%
of the value calculated by lwanowski et al.

Conclusion

The above discussion is considered to support EquationBeR® a rough but reasonable
estimate for horisontal wave force on deck for an examplkejastructure. This equation
together with the force history given in Figure 4.12 is sidint to establish wave-in-deck
load histories for analyses of (jacket) structures subpbtt wave-in-deck loads.



Chapter 5

Time domain analyses

5.1 Introduction

This chapter comprises the static and dynamic analyses afltfferent jacket platforms,
denoted ‘DS’ and ‘DE’, subjected to extreme wave loadindudmng wave-in-deck loading.
The analyses are carried out using the nonlinear finite elepregram USFOS.

The objective is to investigate the dynamic effect of wawaeck loading, and to compare the
resulting dynamic performance with that obtained usingicstfaushover analysis, the latter
being state-of-art for (re)assessment of jacket strustu&tatic behaviour is in general a
simplification of a dynamic behaviour — a simplification tikanhnot always be justified, and
of which knowing the implications is essential.

General information relevant for both analysed structanabels is given in Section 5.2,
whereas the finite element analyses of jacket models ‘DS*"REd are treated in Sections
5.3 and 5.4, respectively. Section 5.5 deals with respooseleration levels and acceptable
acceleration values, and Section 5.6 comprises a discussited to the results obtained in
this chapter.

5.2 General

5.2.1 Limitations

In order to simplify, damping is not included in the calcidas in the present doctoral thesis,
and all initial values of displacement, velocity and accagien are set to zero. These matters
are discussed at the end of this chapter.

Relative velocity of the structure compared to the watetiglarvelocity is not accounted for
in the calculations of drag forces. NORSOK N-003 (1999) necnds that for structures

63
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experiencing small motions — i.e. motion amplitudes noteexting the member diameters
— hydrodynamic damping should be included in the form of amedent viscous damping
rather than by using relative velocity. The draft ISO/CD 0®92001) states that relative
velocity shall not be included for fixed structures, but thgtirodynamic damping may be
included through a viscous damping term in the dynamic dauiin equation. Since (vis-
cous) damping is not included in the analyses herein, nodayeiamic damping is included.
The consequence is an overestimation of the response ulthef referred to the discussion
regarding the omission of damping in Section 5.6.

5.2.2 Integration of the equation of motion

In USFOS the HHTa method (Hilber et al., 1977) for numeric time integratioradopted
(Sereide et al., 1993). Predictor-Corrector time domaiegration is used with integration
parameters controlling high frequency dampimg= —0.3, 5 = 0.423 and~y = 0.800.
Convergence criterion for iterations is set to®10

5.2.3 Analyses

For each model and its respective load scenarios threesmsadye carried out:

1) Traditional static pushover analysis — the state-of-art method used to assess the in-
tegrity of existing structures. Pushover analysis provithe static load deformation curve,
also called resistance curvBy), including initial elastic stiffness and ultimate caggdor
the load pattern corresponding to the given wave data andrwiapth. Note that this is
the type of analysis referred to as static analysis in tHevahg, as opposed to dynamic
analysis.

2) Time domain analysis without effects of inertia and dampig, elastic — an elastic
static time simulation, in the following denoted quasttistanalysis or static time domain
simulation. The purpose of this analysis is to know the &lasttic displacement of the
reference point at the deck at any time, i.e. for varying ldetribution and intensity. This
has obviously no meaning anymore if / when the (static) waad Feaches and exceeds the
static capacity.

3) Full dynamic time domain analysis — providing response time histories of e.g. dis-
placement, velocity and acceleration as well as base shdanerturning moment.

5.2.4 Loading - general

In order to set the structure in deformed equilibrium positcorresponding to permanent
static loads (self weight, weight of equipment and live batt.), these load must be applied
in a static manner — i.e. without dynamic effects — beforedjyi@amic analysis is initiated.

It is chosen to apply the permanent loads without dynamicesfduring one second before
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the dynamic analysis is initiated. Thereafter, the dynam& environmental, loads are
applied and the dynamic effects (inertia, and damping iided) are ‘switched on’. In this
way, structural motion arising from loads that by naturestiagic is avoided. This first ‘static’
second is not included in any of the presented results irctiapter.

Details of loading that are unique to the different modeésdiscribed in connection with the
description of the actual structural model. All detailsiué structural models are given in the
input files attached in Appendix C.

Self weight

The self weight of all members is generated automaticaltyaddition, a number of node
masses representing e.g. deck weight and weight of equipaneapplied.

Wind

No wind loads are included in the analyses.

Hydrodynamic loads

Wave load on jacket structure The wave load is specified by wave theory, wave height (
period (1), direction, phase and water dept).(The wave load histories are generated by
USFOS. Stoke 5th order theory (Skjelbreia and Hendrick&860) is used, and the structure
is subjected to one wave cycle. The load histories are basen wave with and annual
probability of exceedance of 10(a 10 000 years wave), and the water depth is varied in
order to represent different levels of subsidence. Tide stotn surge is assumed to be
included in the different water depths.

Wave load on deck structure The topic of wave-in-deck forces is thoroughly discussed in
Chapter 4. The wave-in-deck loads are applied in accordaithehe conclusions from that
chapter. The time history is repeated in Figure 5.1. Thereefee force value$y . are
given under the section of each structural model, respygtiv

The peak horisontal wave in deck load is assumed to occur \Wiewave crest is at the
deck front wall. The deck force is applied to the top of theldegs and distributed equally,
meaning 1/4 to each leg.

Current The current speed at thsdill water levelis set to 1.0 m/s, and there is further
provided a depth profile of current velocity for each analysedel, see Sections 5.3.3 and
5.4.3. Since the depth profiles do not extend above the stilemievel, current velocity
values in the wave crest are extrapolated by USFOS. Thidtsesue.g. varying surface
current through the wave period for both analysis models @@ ‘DE’.
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Figure 5.1: Time history for wave load on topside structureuise in analyses in the present
work

Buoyancy The jacketlegs, pile sleeves, risers and caissons are fidede Appendix C for
details). Buoyancy will be calculated for non-flooded elatséf submerged. The buoyancy
loads are included in the self weight load case, which megaissaipplied as a permanent,
static load.

5.3 Jacket ‘DS’ - description and analyses

5.3.1 General

The model jacket ‘DS’ is based on a static linear analysisehoflan existing North Sea

jacket, provided by Statoil. The jacket from which the as@ymodel originates is a four

legged jacket, supported by sixteen g 1.828 m (72 inch) pifeen to approximately 76

m below the seabed. It has a K-brace configuration, five risedsfour caissons. The area
between the deck legs is 22 m x 22 m. The water depth at the §€10 meters. See e.g.
Figures 5.3 and 5.8.

The model supplied by Statoil consisted of input files to bedus FE analysis program
SESAM. This model was converted to UFO-format, which candasirby USFOS. During
the conversion, the model was somewhat simplified:

* The deck structure was replaced by a simple but stiff dumnek d&ucture.

* For simplicity, the platform legs were fixed to the seabedalbsix degrees of freedom.

In the analysis model, the lowest deck is located at zq4 = 95.5 m. The model coordinate
system is right-handed and has its origin at the seabed.der ¢o simulate subsidence of
seabed and the structure, thealue of the sea surface is set differently from one analysi
(load) scenario to another.

Sl-units are used in the analyses (s, m and kg).
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The deck is assumed to be 47 m x 47 m. The model structure has adiural period?, of
1.60s.

All input files for the structural analyses can be found in Apgix C. These include all
information in detail.

5.3.2 Materials and cross sections
Two different materials have been used, one typical ste&mahand one dummy material

with higher stiffness but very small density. The latters$ed for the deck dummy structure,
and the former for the rest of the structure. The yield sti®855 N/mng.

A number of different circular cross sections are used,Hadiameters ranging from 0.457
m to 3 m and wall thickness from 0.020 m to 0.095 m. For detsés, Appendix C.

5.3.3 Loads
Self weight
The generated weight of all members sums up to 31 kg. In addition, a node mass of

11 - 10° kg representing the deck weight and weight of equipment @msomnel is applied
at node 40041 (which is located in the center of gravity ofdbek structure).

Hydrodynamic loads

The reference force values for the wave-in-deck force arengin Table 5.1.

Table 5.1: Model ‘DS’; wave-in-deck forces to be used in gsial
Water depthd  Crestnmax  Deckinund.sq  Famax [MN]  Fi [MN]

[m] [m] [m] (Fig.5.1)  (Fig. 5.1)
75.0 20.75 0.25 2.406 0.9623
76.0 20.68 1.18 11.15 4.461
77.0 20.62 2.12 19.71 7.884
78.0 20.56 3.06 28.03 11.21
79.0 20.50 4.00 36.09 14.43
80.0 20.44 4.94 43.89 17.56
81.0 20.38 5.88 51.45 20.58

Note that ford = 75 — 77 m the maximum total force will occur at approximately= 5 s
— i.e. not simultaneously with the peak wave-in-deck load at 4.1s — due to the small
magnitude of the wave-in-deck load (see also Figure 5.2thénfollowing, the maximum
total load and the maximum static displacement for thesemddpths are referred to the
maximum values occurring aroumd= 5 s.
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The hydrodynamic load histories including wave-in-decd@nd current load are shown in
Figure 5.2 for the different analysed water depths. The veagst is at the deck front wall
att = 4.1 s. The force peaks at this time instant represent the wadedk forces, which
increase in size as the water depth and the correspondikgrdewation increase.

1251
100
75
50
25
0

-25
0 2 4 6 8 10 12 14 16
Time [t]

d=75m

Wave force [MN]

Figure 5.2: Hydrodynamic load history generated for moB®&™for wave height,» = 33 m
and wave period” = 16 s for different water depths

If ignoring the wave-in-deck force, there are only minoriations in the magnitude of the
horisontal wave load as the water depth increases.

The load histories are based on a 33 m high (10 000 years-) witlvex period of 16 s. The

water depth is varied in order to represent different leeélsubsidenced = 75, 76, - - -, 81
m.

The following current profile is used in the analyses:

z[m] Velocity scaling factor

0.0 1.00
-25.0 0.52
-85.0 0.28

Between these specified values of the velocity scaling fdotear interpolation is used.
Above still water levek = 0 m the scaling factor is extrapolated.

5.3.4 Results from analyses

In the dynamic analyses the time steps used range from 0.@06.85 s. This corresponds
t0 0.0037}, and0.03T;,, respectively.

The displacement is recorded at a reference point at deek leade 40041 with coordinates
z = —1.084 m,y = —1.107 m andz = 99.000 m. This is the node at which the mass
representing the weight of deck and equipment is applied.
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Performance based on pushover analysisFigure 5.3 illustrates the different static col-
lapse modes for model ‘DS’ for two different inundation IesveéAs the water depth increases
and the deck load increases accordingly, a larger part dabtaéforce has to be transferred
from the deck through the braces in the upper bay and downtietower part of the jacket
structure. These braces are originally not intended teteatarge wave loads, and will there-
fore represent the ‘bottlenecks’ when the platform is erplds large wave-in-deck loads.

Flastic Utiization
! |
- 06

- 04

0z

(a) Depth 75 m/inundation 0.25 m (b) Depth 81 m/inundation 5.88 m

Figure 5.3: Static collapse modes for different water degthd corresponding inundation
levels

The static ultimate capacity for base shear is 160.2 MN fab 0n deck inundation, while

it is dramatically reduced to 79.8 MN for 5.88 m inundatiorhiSTchange in capacity and
stiffness curve can be seen in Figure 5.4, in which the s¢tiffoess curve is compared for
the load pattern following from different water depths. ther, the clear decrease in initial
elastic stiffness with increasing deck inundation showahbted from the figure. This is due
to the fact that a larger part of the forces acts on the deak,lbaving a larger effect on the
displacement of the reference point in the deck.



70 5 Time domain analyses

Z 2001

=3 d=75m
[ 1 R, —_—

e 150} d=76m
9 ........ d:77m
K2}

§ 100 0 et T - d=78m
R A sy IR d=79m
2 50F d=80m
= d=81m
w 0 1 1 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Displacement [m]

Figure 5.4: Model ‘DS’: Stiffness curves for in terms of babear (BS) for different water
depths

Performance based on time domain analysis The resulting displacement histories for
different water depths (and corresponding inundationl$\aee given in Figure 5.5.

127 Tttt STttt STt T Tt d=75m

Displacement [m]

Figure 5.5: Model ‘DS’: Dynamic displacment response fdfedent water depths / inunda-
tion levels

The displacement response does, as expected, increasaavéhsing subsidence / inunda-
tion. This increase gets more pronounced as the wave loadages and exceeds the static
ultimate capacity. However, where pushover analysesatelia total collapse for the peak in
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the load time history (i.e. the ultimate capacity is excekeatdeast once during the load his-
tory), dynamic time domain simulations compute a large initéd maximum displacement.

All analysed cases have a certain dynamic amplification @fésponse (15% - 54%), even
where the wave load is less than half the static capacityJable 5.2. The dynamic ampli-
fication is calculated by comparing the dynamic maximum easp to thenonlinear static
maximum displacement, as obtained by interpolation of maxn wave load on the resis-
tance curve. An example of dynamic responsealasticstatic response is given in Figure
5.6. For this water depth the elastic static response iappately equal to the real nonlin-
ear static response.

= DAk A T Static elastic respon >é
£ - Dynamic response | :
S : :
g 02
(O]
Q
K]
2 0 —
a)
_02 i i i i i i i J
0 2 4 6 8 10 12 14 16
Time [s]

Figure 5.6: Model ‘DS’: Dynamic and static response respdristory, water depth 78 m /
inundation 3.06 m

In Figure 5.7 time histories of accelerations are giventiog¢ chosen analysis cases, the ones
having smallest and largest water depth and inundation tlem@ne with largest resulting
accelerations.
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Figure 5.7: Acceleration response for different water dgptinundation levels

Ford = 75 m the response is purely elastic, and the accelerationekté/ely small, max-
imum acceleration is 0.23 nf/sThe case withi = 78 m has moderate acceleration during
the first cycle (1.4 mA), but the largest accelerations in the following cyclestisamed for
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this caseji = 2.2 m/<°. During the first cycle, théd = 81 m case has the largest acceleration,
ii = 2.1 m/s?. Thereafter the accelerations for this case are reduceppi@ximately 1.3 -
1.5 m/€. The implications of these levels of acceleration are frtliscussed in Section 5.5.

The reason that accelerations in cycles following the fiystecare reduced for deeper water

than 78 m, is that the larger loads lead to a significant degir@dastic material behaviour
resulting in damping of the motion response.

The term ‘dynamic capacity’ (to sustain transient loads)nca be uniquely defined or in-
terpreted because dynamic response depends on both tbeisttunatural period and the
frequencies of the external load (see Figure 2.1). Intligivone might interpret ‘dynamic
capacity’ as the most onerous load history that the stragtuable to sustain. However, the

fact that the structure can sustain a given load history doegive any information about the
response to other load histories.

For practical purposes, displacement limitelated to one or more given reference points
in the structure may quantify the capacity to withstand dyicaload. If the load history
leads to exceedance of this displacement, the capacitydefinjition exceeded. An absolute
maximum allowable limit for the displacement can be decidenh structural considerations,
e.g. a given fraction of the displacement correspondingtal tollapse. However, there
might be other limitations on the displacement, e.g. sdfatijations. There is little help in
having the platform deformed but standing, if rupture ofgsigould lead to explosions and
subsequent fires. The platform must also, in a deformed Simgghle to withstand subsequent
(large) waves, this is the ALS (accidental limit state) fiegqment in structural standards.

Static pushover performance versus dynamic performance The main results from the
analyses are shown in Table 5.2 in numerical form. Elasta limit and corresponding
displacement are extractedfast yield regardless of the location of the yielding element.

Table 5.2: Model ‘DS’; results from non-linear static anchdynic analyses; =

33m, T =16s

Water Deck Total wave First yield Stat. cap. Maximum displ.
depth inund. loadBS BS u BS v Stat® Stat® Dyn.

[m] [m] [MN] MN] [m] [MN] [m] [m] [m] [m]

75.0°  0.25 73.4 953 0.16 161.1 033 013 013 0.15
76.00 1.18 75.1 90.0 0.20 1650 043 0.17 0.16 0.22
77.08 212 81.7 853 0.22 1437 047 022 022 031
78.0 3.06 90.2 820 0.24 1224 052 027 027 041
79.0 4.00 97.9 76.0 024 1033 049 035 032 054

80.0 4.94 103.9 66.7 0.22 924 048 N/A 036 0.73
81.0 5.88 108.9 59.7 021 839 046 N/A 040 1.03
a8 BS=base shear

Displacement for given load without dynamic effects (intéaped on the resistance curve)
Elastic displacement

Max. total load, subsequent to max. wave-in-deck load, sge p@

b
c
d
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At 0.25 minundation, the total wave load is smaller than thste load limit of the structure.
The dynamic maximum displacement does not exceed the deplkent corresponding to the
elastic load limit, and no yielding is detected during dyi@amalysis for this case. At the
next two inundation levels;g= 1.18 m andsq= 2.12 m, the wave load peak is still smaller
than the elastic load limit, however the elastic limit desgment is exceeded during dynamic
analysis due to dynamic amplification, meaning that theciire experiences some yielding.

At 3.06 m inundation the total wave load exceeds the elas#d limit. At 4.00 m inunda-
tion the dynamic maximum displacement is larger than thplatement corresponding to
static ultimate capacity. Ata= 4.94 m andsq= 5.88 m (corresponding to water depths of
80 m and 81 meters, respectively) the load peak in the dynanatyses exceeds the static
ultimate capacity of the structure. Static displacementh& meaning time domain displace-
ment excluding dynamic effects, is theoretically infinite these last two cases. However,
the displacements estimated from dynamic analyses ar& a7and 1.030 m, respectively.
If these displacements are admissible, the platform canefipidon withstand these load
histories, and thus it can withstand these particular wévaisgenerate loads exceeding the
static ultimate capacity.

Plots of the structure with yielding zones highlighted shibat the collapse modes are similar
during dynamic and pushover analyses for all analysed wafghs respectively. An example
is given in Figure 5.8.

Plastic Ltilization
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(a) Pushover case (b) Dynamic case

Figure 5.8: Structural plastic state at dynamic max. digat@ent, water depth 78 m
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Contribution from stiffness and inertia  In Figure 5.9 the variation of the structural restor-
ing forces and the inertia forces is illustrated. The respas clearly dominated by restoring
forces, but ford = 78 m andd = 81 m it can be seen that around the time of maximum
response the inertia force amplifies the response.
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Figure 5.9: Model ‘DS’: Contributions from structural reghg forces and inertia forces
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Ford = 75 m/sq = 0.25 m, the inertia response is insignificant, a fact that suggbe use
of quasi-static considerations for jackets under regulavenloading not including topside
impact.

5.4 Jacket ‘DE’ - description and analyses

5.4.1 General

This model is based on the dynamic analysis model of an egidtorth Sea jacket, provided
by SINTEF. ‘DE’ is X-braced and has bucket foundations. & #degs and the area between
the deck legs is 20 x 20 meters. The jacket is originally desigfor a water depth of 70
meters.

The lower deck beams are locateccat zq = 25.75 m, and the mudline at = —70 m.

The model coordinate system, which is right-handed, hagriggn 70 m above the seabed.
This elevation corresponds to the sea surface for the desgger depth. Note that the sea
surface will be lifted to positiver-values for the analyses in the present thesis in order to
simulate subsidence of seabed and structure.

Sl-units are used (s, m and kg).

The bucket foundations are modeled by use of linear sporgraund elements, identical to
the original computer model provided by SINTEF.

The received model consisted of an input file for the NIRWAN#mputer program. The
model has been manually converted to UFO-format, i.e. nairyyconversion program. The
following modifications have been done to the structural ehod

* The section names are changed, however every element hsantigesection type

* A minor structural part was removed, this included 3 nodes nhasses applied to these
nodes and 7 elements.

* A dummy deck structure is added to attract wave loading ok.dec

The deck is not modeled in detail in the computer model, bigeaaf 40 x 40 meters is used
for this work. It is assumed that the deck is centered on tlk s with an overhang of 10
m on all sides. The structural model has a first natural pexfdd18 s.

The input files to the structural analyses with detailedrimi@tion can be found in Appendix
C.

5.4.2 Materials and cross sections

A number of different materials have been used. The masaai@ identical to the ones used
in the original NIRWANA model. They include one typical st@eaterial and one dummy
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material with zero density, as well as several steel mdsewdh different densities used to
include contents of piping and risers. The yield stress B8N,

The cross sections that are used are circular with diametaging from 0.215 m to 3.8 m
and wall thickness from 0.005 m to 0.090 m.

For details, see Appendix C.

5.4.3 Loads
Self weight

The generated self weight of all members sums up1e10° kg. In addition, 11 node masses
representing deck weight and a bridge are applied, in tplicimately10 - 10° kg.

Hydrodynamic loads

The reference values for the wave-in-deck forces are givdable 5.3. Note that faf = 76

m the maximum total force will occur at= 5.1 s — i.e. not simultaneously with the peak
wave-in-deck load at = 4.9 s — due to the small magnitude of the wave-in-deck load. The
maximum total load and the maximum static displacementHisrwater depth are referred
to the values at = 5.1 s.

Table 5.3: Model ‘DE’; wave-in-deck forces to be used in gel
Water depthd  Crestnmax Deckinund.sqa  Famax [MN]  Fi [MN]

[m] [m] [m] (Fig.5.1)  (Fig. 5.1)
76.0 20.68 0.93 7.480 2.992
77.0 20.62 1.87 14.80 5.918
78.0 20.56 2.81 25.74 10.29
79.0 20.50 3.75 33.83 13.53
80.0 20.44 4.69 41.67 16.67
81.0 20.38 5.63 49.27 19.71

The hydrodynamic load histories including wave-in-deckd@nd current load are shown in
Figure 5.10 for the different analysed water depths. Thé& pesve in deck load is taken to
occur att = 4.9 s, when the wave crest is at the deck front wall. The force pahkhis time
instant represent the wave-in-deck forces, which incr@aseze as the water depth and the
corresponding deck inundation increase.

If ignoring the wave-in-deck force, there are only minoriations in the magnitude of the
horisontal wave load as the water depth increases.

The load histories are based on a 33 m high (10 000 years-)witlva period of 16 s. Load
scenarios based on water depths 76,77, ---, 81 m are analysed.
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Figure 5.10: Hydrodynamic load history generated for mddEl for H = 33 mandl’ = 16
s for different water depths

The current profile used in the analyses is as follows:

z[m] Velocity scaling factor

0.0 1.0
-50.0 0.3
-67.0 0.0
-70.0 0.0

Values of the scaling factor are extrapolated / interpdlakove / below still water level
z=0m.

5.4.4 Results from analyses

In the dynamic analyses the time steps used range from 0.@0Q.85 s. This corresponds
to 0.00087;, and0.047y,, respectively. The tiny time steps have been necessarytareaall
nonlinear incidents.

The displacement is recorded at a reference point centoaifted at deck level — node 212
— which has coordinates = 30.000 m,y = —6.000 m andz = 25.75 m.

Performance based on pushover analysis The static ultimate capacity for base shear show
only minor variations, ranging from 83.8 MN to 86.3 MN (Figus.11 and Table 5.4). The
largest capacity is found for a water depth of 78 m, corredpanto an inundation of 2.81 m.
Whereas the ultimate capacity does not show any significasitséty to the load distribu-
tion (limited to those distributions analysed herein), ithigal elastic stiffness clearly does.
Similar to model ‘DS’, the latter is attributed to the facatta larger part of the forces act on
the deck level, having a larger effect on the displacemetitefeference point in the deck.
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Figure 5.11: Model ‘DE’: Stiffness curves in terms of baseah(BS) for different water
depths

All analysis cases show the same pre-collapse behavioegielastic displacement followed
by yielding that can be separated into three different stagérstly, a thin piping element
(el. 1313, ca. elevation -42 m) at the bottom of the secondflzay below yields. This

is followed by yielding of a part of a tension brace (el. 112, elevation -45 m) in the

lowest bay. This brace supports a vertical riser, and thieiyig part is located between the
jacket leg and the riser support. These two first yieldingdiects are isolated incidents. The
major part of the nonlinear global behaviour starts at 650% ®f the capacity, the largest
fraction for the smallest inundation (Table 5.4). The ddgtin of the stiffness starts at and
beyond this ‘main yield’, the former for the smaller inuridas and the latter for the larger

inundations. It is thus concluded that the behaviour isectodinear until close to the static
ultimate capacity.

Table 5.4: Model ‘DE’; results from non-linear static arsdgh = 33 m, 7 =16 s

Water Deck Totalwave  Firstyield Sec. yield Main yield Ult. cap.
depth inund. load BS BS® u BS? u BS u BS u
m]  [m] (MN] [MN] [m] [MN] [m] [MN] [m] [MN] [m]

76.00 0.93 41.11 33.77 0.136 48.48 0.196 68.62 0.278 83.83 0.347
77.0 1.87 47.69 25.01 0.114 4471 0.205 67.57 0.310 85.91030.4
78.0 281 58.71 20.03 0.100 41.60 0.210 63.49 0.321 86.31500.4
79.0 3.75 66.18 18.10 0.095 40.06 0.212 61.18 0.325 85.65670.4
80.0 4.69 72.86 16.88 0.092 39.07 0.214 58.90 0.324 85.05820.4
81.0 5.63 79.66 16.06 0.090 38.34 0.216 55.80 0.316 84.5240.4

8 BS = base shear

Max. total load, subsequent to max. wave-in-deck load, sge péa

b

It seems clear that model ‘DE’ has a relatively brittle bébawvwhen exposed to such load
histories. The resistance curves are close to linear umilutimate capacity is reached,
followed by a significant drop in capacity combined with aastic snap-back behaviour.

Figure 5.12 shows the static collapse modes for the smaltesiargest inundation levels.
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The collapse modes are not significantly different from eattler. The compression braces
in the 2nd and 3rd bay are the weak spots of this structurerakehbconfiguration is normally
considered to be redundant, but this presupposes horiswatas at the intersection between
the different X-levels, i.e. at the bottom and top of the Xisaking the complete structure
consisting of (stiff) triangles. With the present layous % configuration is not redundant, as
reflected in the resistance curves.

Plastic Lkilization
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(a) Depth 76 m/ inundation 0.93 m (b) Depth 81 m/inundation 5.63 m

Figure 5.12: Static collapse modes for different water kigpind corresponding inundation
levels

A brittle global behaviour might be acceptable if the stametis designed to a large level of
reserve capacity, as is the case for the present structungeV¢r, one should be aware that
if one of the vital compression braces has reduced or lostaigpor has an initial deflection
caused by some accidental loading, the structure’s uléroapacity might be considerably
reduced compared to the intact condition.

Performance based on time domain analysis The resulting displacement histories for
different water depths (and corresponding inundationl$\ae given in Figure 5.13. It has
not been possible to produce time domain analyses of adeptamerical quality for water
depths from 79.5 m and beyond, due to numerical instabilibye largest depth analysed is
therefore 79 m, corresponding to an inundation of 3.75 m. dHaee configuration of the
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model causes instability for responses resulting fromitgadbove this level.
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Figure 5.13: Model ‘DE’: Dynamic displacment response fiffedent water depths / inun-
dation levels

All dynamic analyses show positive dynamic amplificatiompared to the static nonlinear
displacement, which is interpolated on the resistanceecfowthe maximum external load
(Table 5.5). The amplification is in the range 24% to 46%. Aaregle of dynamic amplifi-
cation of the displacement response compared to the stasticanalysis results, which do
not differ significantly from the static nonlinear resultsedto the linear brittle behaviour of
the structure, is given in Figure 5.14 fér= 78 m.

The brittle nature of the ‘DE’ model results in unstable bébar for load conditions having
a peak exceeding some 80% of the static capacity. To theargnthe ductile ‘DS’ model
is able to remain (damaged but) intact even for wave loadiést that for a limited time
exceed the static capacity.

In Figure 5.15 time histories of accelerations are giverthierfour relevant analysis cases.
Ford = 76 m the response is close to purely elastic and the largesieaatiens are approx-
imately 1.5 m/3. At d = 77 m the acceleration peaks are 3.2 - 3.3%9né®d ford = 78 m

the peaks are rather close to 5.9 fn/She last cased = 79 m, has very irregular acceler-
ations due to many plastic incidents. The largest accéeratlue is negative, and is close
to 6.1 m/é. This negative peak is followed by a positive peak of 4.82m/Bhereafter the
acceleration peaks remain-at2 - 4 m/$, but are decreasing due to material damping. The
implications of this level of acceleration are further dissed in Section 5.5.
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Figure 5.14: Dynamic and static response response histatgr depth 78 m / inundation
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Figure 5.15: Acceleration response for different waterthigpinundation levels

Static pushover performance versus dynamic performance Plots of the structure with
yielding zones highlighted show that the collapse modesiangar during dynamic analysis
and pushover analysis for all analysed water depths withegneption, namely thé = 79

m /sq = 3.75 m case. In this case, the maximum dynamic displacementspmnels to a
post collapse displacement in the pushover analysis. $iéflected by the larger deflections
of individual compression members for the pushover casbuasrated in Figure 5.16. Itis
interesting to notice that a displacement that accordimyshover analysis corresponds to a
post collapse condition and snap back behaviour can benalokaiithout structural instability
during a dynamic analysis.

The main results from the analyses are shown in Table 5.5nmenigal form. Elastic load
limit and corresponding displacement are extractdisityield regardless of location of the
yielding element. Note that all analysed wave conditiossiitan load peaks exceeding the
elastic load limit (first yield) of the structure.

At d = 76 m/sq = 0.93 m the only elements yielding are those corresponding todinst
second yield as given in Table 5.4. The main nonlinear domsaiot entered. The total wave
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(a) Pushover case (b) Dynamic case

Figure 5.16: Structural plastic state at dynamic max. dispinent, water depth 79 m

Table 5.5: Model ‘DE’; results from non-linear static anchdynic analysesh =

33m,T'=16s

Water Deck Total wave First yield Stat. cap. Maximum displ.
depth inund. loadBS BS* BS* w« Stat® Stat® Dyn.
[m] [m] [MN] MN] [m] [MN] [m] [m] [m] [m]
76.0 0.93 41.11 33.77 014 8383 035 017 017 0.21
77.0 1.87 47.69 2501 0.112 8591 040 022 022 0.29

78.0 2.81 58.71 20.03 0.10 86.31 045 030 030 0.42

79.0 3.75 66.18 18.10 0.10 8565 047 035 036 0.1

80.0 4.69 72.86 16.88 0.09 85.05 0.48 0.40 0.41 N/A

81.0 5.63 79.66 16.06 0.09 8452 049 046 0.46 N/A
& BS=base shear

Displacement for given load without dynamic effects (intéaped on the resistance curve)

b
¢ Elastic displacement
4 Max. total load, subsequent to max. wave-in-deck load, sge p&

load is smaller than the load corresponding to ‘second Yyikldng pushover analysis. No
plastic hinges are introduced during the dynamic analysis.

At the next inundation levelj = 77 m/sq = 1.87 m, the wave load peak exceeds the second
yield pushover load, but not the ‘main yield’ load. The sam®alid for the displacement
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response — it does not exceed the main yield displacemeitt liko plastic hinges are
introduced.

Ford = 78 m/ sq = 2.81 m the wave load condition is similar to the previous desdribe
case; the wave load peak exceeds the second yield pushagerdot not the ‘main yield’
load. However, in this case the dynamic displacement resspexceeds the ‘main yield’ dis-
placement limit, and the structure experiences consitkeyaelding — but no plastic hinges.

The load generated fai = 79 m / sq = 3.75 m exceeds the main yield load limit, but not
the ultimate capacity. The structural response entergliomonlinear domain, and includes
considerable yielding and several plastic hinges in thersand third bay.

Contribution from stiffness and inertia

In Figure 5.17 the variation of the structural

restoring forces and the inertia forces is illustrated. drafiodel ‘DS’, the response is domi-
nated by the restoring forces. The inertia forces clearlgldynthe response at its maximum
aroundt = 5.1 s.

Force [MN]
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Figure 5.17: Model ‘DE’: Contributions from structural tegng forces and inertia forces
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5.5 Acceleration levels

NS 4931 (1985) gives recommendations related to the sahsitif human beings to low
frequency horisontal vibrations in buildings and fixed béise installations. For the first
natural vibration frequency for jacket model ‘DS’, which(s63 Hz, the limit acceleration
which an average human being will feel is given as approxtydt.017 m/3. For the same
frequency, 0.0043 nvsis given as a threshold value below which nobody will notice t
vibrations. The acceptable acceleration level of the strecwhen performing non-routine
or exacting work is approximately 0.19 rf/s

NORSOK S-002 (2004) provides acceptable acceleratiomdifoi (human) exposure to con-
tinuous vibrations from machinery during a 12 hours worlkdag. The recommendations are
only given for vibration frequencies 1 Hz and above, thusnmemendations for 1 Hz are con-
sidered herein. For areas that are normally unmanned, 2isrds upper limit of acceptable

acceleration, whereas 0.05 fis acceptable for process, utilities and drilling areas.

The accelerations calculated for model ‘DS’ are considgralger than the ‘comfort levels’
indicated in NS 4931, see Figure 2.4. The magnitude is moegiaement with the upper
acceptable limit for continuous vibrations in normally usmmed areas given in NORSOK
S-002. All limit values are, however, related to operatiitgations, whereas wave-in-deck
slamming is an extreme event. 2 fmécceleration corresponds to accelerating from 0 to
216 km/h in 30 seconds. In a car this is to be considered aaeradile but not excessive
acceleration, being less than half the acceleration retdea the most powerful sports cars.
As ‘structural ground’ acceleration it will, however, slyr&e experienced as a frightening
event. A certain fright should be considered acceptablieinof the fact that wave-in-deck
loading is an accidental event. It is, though, a relevanstjoe if the different equipment
located on the platform is designed to sustain such actielesaand — if required — can
maintain operation. It is known that generators can ‘triggop temporarily) in case of large
accelerations. Such an incident was e.g. observed on 8lefpfor a large wave impact on
the platform legs (Gudmestad, 2005).

The acceleration response of model ‘DE’ is of considerabtyse nature. A maximum of
some 6 m/3 equal to 0 - 648 km/h in 30 s, is three times as much as theeaatien that
‘DS’ experiences. This is an extremely large acceleratimacceptable even for accidental
conditions.

5.6 Discussion

Dynamic performance vs. static

It is important to be aware that the static ultimate capaaity platform does not uniquely

characterise the structural performance, neither doeotitk - displacement curve. The
capacity depends on the load pattern, i.e. the distributf@xternal forces on the structure.
Static ultimate capacity is, however, a unique and infoiveaheasure of nonlinear structural
performancevhen related to a given load distributioBynamic performance should, on the



5.6 Discussion 85

other hand, rather be evaluated against allowable digpleits and accelerations at relevant
locations in the structur®r each single load scenario

All the dynamic analyses carried out in this chapter showadyic amplification compared
to the static analyses. This corresponds to findings in HSBJL The amplification ranges
from some 15% to some 54% (for water depth= 80 m andd = 81 m for model ‘DS’
the term dynamic amplification does not give any meaning,esthe wave load exceeds the
static capacity).

The example model ‘DS’ has shown to be able to respond to dgn@mave-in-deck) loads
with short duration peaks exceeding the static ultimateciypof the structure with only lim-
ited deformations, as opposed to global collapse. In otleedsy for the situations analysed
herein dynamic considerations are beneficial and impqréanthey increase the confidence
in the structural performance compared to static consiides

‘DS’ is a ductile structure, see Figure 5.4. To the contrargdel ‘DE’ can be regarded a
brittle structure (Figure 5.11). Brittle structures amaistures with negligible ductile reserves
beyond the static ultimate capacity. Such structures mhagnvsubjected to dynamic loads,
collapse for load histories with maxima considerably serathan static capacity, due to
dynamic amplification. In that case, dynamic consideratiare even more important than
for ductile structures. The ductility reserves of a stroetis obviously of great importance
when it comes to vulnerability to (accidental) wave-inklémads.

For the structures and loading conditions analysed heiteig clear that it is the ductility
of the structure, as opposed to the inertia of the mass, ibegases the structural ability to
resist external loading when accounting for dynamic effect

A wave-in-deck load history of the nature analysed herelhakivays lead to dynamic am-
plification for a traditional jacket structure with a natuperiod of a few seconds. This is
determined by the relation between the duration of the isglike part of the load history,
in our case the wave-in-deck load, and the natural periodeo$tructure (e.g. Biggs, 1964).

Omission of damping

Damping is notincluded in the presented analyses. Fortates; linear viscous undercritical
damping is normally assumed, i.e. the damping is propatitmthe velocity: ande < 2mw

in the dynamic equilibrium equation for a SDOF system (e.gudfion 6.23). Undercritical
damping implies that the structure will oscillate but thera damping ‘force’ present in the
system which continuously reduces the vibration amplisudie case of a small damping
ratio, this effect is small or negligible during the first kaltion cycles. In this project the
load histories are of a nature implying that the maximum ldisgment and the permanent
displacement are reached during these first oscillatioreming is therefore assumed to
have small or negligible effect on the maximum amplitudemofion resulting from the force
histories used. The inclusion of damping would in the presank firstly be of importance
if including a pre-load history generating a start-up ctiodifor the wave-in-deck loading,
or if analysing load histories with more than one peak.
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In addition to having an explicit effect on the response teal loading, damping also in-
fluences the natural frequency of a structural system. ledbke of undercritical damping the
frequency is reduced. However, within the range of dampag apply to typical structures
this effect is negligible (Biggs, 1964). In this respecsijustifiable to omit damping.

Initial values

In the analyses all initial values of displacement, velpeibd acceleration are set to zero.
In reality, these values will be different from zero at th@eiwhen the analysis is initiated.
The choice of initial values will influence the maximum respe in the way that they will
be determining for where in a vibration cycle the structuii e at deck wave impact, and
it will be determining for the magnitude of the response irdiately prior to wave impact.
HSE (2003) analysed a jack-up rig and showed that the ladgest displacement occurred
if the wave hit the hull when it had the largest displacemarthe direction opposite to the
wave heading direction, i.e. at the time the hull has theslsirgcceleration in the direction of
the wave heading, but that the variation in response causddfbrent phasing is relatively
small.

Reasonable initial values different from zero can only lmduided based on a precondition of
either loading or response. However, one set of initial@slvould lead to reduced maximum
response whereas another set would lead to an increaseullt ¥i@refore be necessary to
analyse the actual extreme wave scenario several timesviar eorepresentative range of
wave or response conditions prior to wave impact and deterriie condition that results
in the largest maximum response. One should in that casethavesults from the above
mentioned HSE study in mind.

Based on the near static nature of jacket response to wagim¢pamplying small accelera-
tions, and the results from the HSE study, it is considetafithat setting the initial values
equal to zero does not imply significant misestimation ofrtfeximum response following
from the response immediately prior to the wave impact. Hawnethe magnitude of the
misestimation can only be revealed by running analysesdiffitrent preconditions, being a
recommended task for the future.

Further use of analysis results

The analyses of model ‘DS’ that are carried out in this chraptitbe used further in Chapter
7, where the results from a simplified method to estimate ahyoaesponse (described in
Chapter 6) will be compared to the response histories givéina present chapter.



Chapter 6

Simplified response analysis

6.1 Introduction

6.1.1 Chapter outline

This chapter comprises the theory and application of a siieglcalculation model for as-
sessment of dynamic response. The calculation model isénes a single degree of freedom
(SDOF) model that utilises information from a static anysf the structure in question to
calculate an approximate dynamic response to a given Iadrini Parts of this chapter has
been published previously (van Raaij and Jakobsen, 200d)past of the present doctoral
studies.

The present section comprises a summary of the chapter &wltbised by a brief introduc-
tion / motivation.

In Section 6.2 general issues regarding dynamic versus staponse to loading are treated.

Section 6.3 presents the theory of the SDOF model, as weNaslightly different calcula-
tion examples.

How to use the SDOF calculation model to calculate dynanspaase of a multi degree of
freedom (MDOF) structure is illustrated in Section 6.4. Atil@ver beam is used as example
structure.

In Section 6.5 a modification to the SDOF model is suggestedoatiined, and response
time histories with and without this modification are corgzhr

A summary of this chapter is given in Section 6.6.

6.1.2 Motivation

The data used for structural reassessment of offshore fsé@eé structures are commonly
those that were used during the design phase, but modifieddicg to the present situa-

87
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tion. Such data often include an FE analysis model which issuéited for static nonlinear
pushover analysis, as well as results (i.e. natural frecjgerand mode shapes) from modal
analysis. Rarely there exists analysis models that can éx fos (nonlinear) dynamic time
domain analyses without putting considerable effort impriovement of the model. This
motivates the development of a very simple calculation rhtu uses information from
pushover analysis and eigenvalue analysis to approximatandic response to given load
histories.

A SDOF system needs 2 out of the 3 variables stiffiegmassm and natural period’, to

be adequately described. The idea is to use the stiffnestsorebbtained by nonlinear static
pushover analysis of the complete MDOF structure, i.e. ¢iséstance function, to describe
the stiffness of the SDOF model. The natural period is takem feigenvalue analysis of the
structure. Thus static pushover analysis and eigenvalalysis yields enough information
to establish a SDOF model of the structure. Of course alewaat load histories are needed
before the analyses can be carried out, this matter is disdua Chapter 4.

SDOF analysis methodology is also recommended by NORSORMN(004) for the pur-
pose of estimating response to explosion loads, for whietaad history normally comprise
one single load peak of impulsive character. The suggegteobach is based on a presup-
posed deflection mode, and is identical to a method expldigd®iggs (1964).

Extreme wave analysis by use of a SDOF model is recommend&tdlierud and Amdahl
(2002) as a screening procedure, of which the purpose istuifg the wave scenarios that
need more accurate analysis. It is further recommendeddblesh a deformation spectrum
(displacement response vs. natural period) for each oétase scenarios in order to obtain
an understanding of the response sensitivity to the napaabd of the structural system.
This is useful and necessary because of the uncertaintyectethto the calculated natural
period of a structure. The application of the suggested SB#&el is in accordance with
that of the model outlined in Section 6.3 of this thesis.

6.2 Dynamic versus static response - resistance to external
loading and inertia forces

When representing a MDOF structural system with an equiv&BX®F model, the structural
response to the actual external loads is typically assumée governed by only one (e.g.
the first) vibration mode. However, this is true only if thdemxal force has a distribution that
is identical to the distribution of inertia forces for thesfivibration mode. In the following,
this will be illustrated. Finite element (matrix) formuila is used to emphasise thpatial
distributionof external and internal forces.

If imagining e.g. a cantilever with only transverse degreéfreedom in one plane (i.e.
a discretisation of the cantilever in Figure 6.1), the intance of the possible difference
in spatial distribution of external forces and inertia fsdecomes evident. The dynamic
equilibrium equation for the MDOF structural system reads:

{Rm} + {Ra} + {Re} = {Fc} (6.1)
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where{R,,} = [m]{ii} is the vector (in the sense single column matrix) of inericés,
{Raq} is the vector of damping forces afiR.} = [k]{u} is the vector of structural restoring
forces, frequently called static resistance forces. Dampill be omitted in the following, in
order to focus on the interplay between the external loadimthe inertia loading. Statically
the force vs. the response is described By} = {F.}, and similarly for the dynamic case
{R:} + {Rm} = {Fc}:

Static{R,} = {F.} Dynamic: {R,} = {F.} — {Rn} (6.2)

The implications of this is that a static and a dynamic loatthwdentical distribution will not
generate restoring forces with identical distributionsi¢ss the external force and the inertia
force have identical distributions).

T, U

}—»
fo(t) .mc

TTITTT

Figure 6.1:Cantilever with concentrated and distributed mass

To illustrate the above (within the elastic domain), thetitewer model shown in Figure 6.1
is used as example. A triangularly distributed lg&d, t), quantified byfy(t) atz = I, is
chosen because it can easily be analysed analytically and kimilar distribution as wave
loading. The expression for the load variation along theileser is thus

1) = fo 6.3)

The total force isF, = fol/2.

Static displacement response to the given external load can belatd using e.g. the
moment-area method, which states that for a cantilever bandisplacement of the free
endis

'M(2) (1 - 2)
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whereM(z) is the value of the moment diagram at locatiorBy use of the above equation
together with the expression for the lo#¢k) (Equation 6.3), the lateral displacement of the
concentrated mass can be shown to be

4
all) = foil (6.5)

120ET1

The relation between the total external forEe and the displacement of the concentrated
mass is thus

_ 60ET

 5.45EI
cTap Y “

u(l) = =—5— u(l) (6.6)

The above is the direct physical relationship between tengexternal load and the structural
displacement at the reference point (the tip). Except ferfdlet that it is defined only in the
elastic domain, it can be seen as analogous to the resistaneeobtained by static pushover
analysis. The stiffness is

_ 5.45EI

ks B

(6.7)

wherek; means stiffness related to external load (subs¢}ipThe reaction shedr equals
the resistance force, since this is a static consideration.

Consideringlynamicbehaviour due to an impulse load (undamped system), thetsiteuwill
respond in a combination of forced and free vibrations ddpenon the external load. The
structure will vibrate freely as long as the external loads(aearly) constant in magnitude
and spatial distribution, or after these loads have becosne. ZThe inertia forces (during
free or forced vibrations) may in general have a differetig distribution than an external
loading, and so the structural stiffness both in the elastit plastic range will differ.

A cantilever with evenly distributed mass and stiffness arabncentrated mass at the free
end has a ‘free vibration stiffness; in the first mode which can be calculated based on
static consideration, applying external forces equal yméiic) inertia forces. In the fol-
lowing, subscriptem anddm refer to concentrated and distributed mass, respectiéig.
‘load’ corresponding to the inertia force is governed bydheeleration along the beam. The
acceleration is proportional to the displacement and theze@assumptions must be made re-
garding the deflected shape, i.e. the first mode shape, ofnaWwéh evenly distributed mass
and a concentrated mass at the free end. A good estimatesfirshmode shape is (Blevins,
1979):

=316

The applied (‘inertia’) force from concentrated mass is

Fopn = mii(l) (6.9)
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and the load from the distributed mass is:

l l
l
Fam = m /u(z)dz — mi(l) /¢(z)dz - %mua) (6.10)
0 0
The static relation between the ‘inertia’ force and the ldispment at the free end is

Fomn + Fam = klu(l) = ki(ucm + udm) (611)

whereu.,, andug,, are the displacements of the free end resulting from théiankrad of
the concentrated mass and the distributed mass, respectifee displacement of the free
end of a cantilever due to a concentrated load can for instbadound from tables, and is in
our case:

 Fnl?
Yem = 50T

(6.12)

The displacementq,, must be calculated using static methods, such as the manesat-
method expressed in Equation 6.4. In the presenteasean be shown to be:

22 Fyml®
=2=d (6.13)

Ydm = 05 ET

Choosingn. = 3.5-10° kg andm = 0.925 - 10° kg/m (these are the values used later in this
chapter), the ‘free vibration stiffness’ can be calculdtedh Equation 6.11.:

o _ Fom + Fam _ 34251
' Uem + Udm ld

(6.14)

The implication of the above is that subjected to a trianglalad distribution, the cantilever
behaves considerably stiffer (réf;, Equation 6.7) than under the action of inertia force / free
vibrations only (refk;, Equation 6.14).

The reaction shedr (¢) has one contribution from external load and one from indatiees,
V(t) = Vi(t) + Vi(t). The contribution from load is straight forward found by au#ibrium
consideration of a purely static system exposed to the mattérad (at an instant in time):

l
Vi(t) = ke - u(l,t) = /Of(z,t) dz = Fu(t) (6.15)

The contribution from inertia forces is found by considgrihe free vibration part of the
response, by integrating the inertia forces over the leafithe cantilever:
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l
Vi(t)=— /Om(z)ii(z, t) dz — meii(l,t) (6.16)
l
__ (m /0¢<z) dz + mc> ii(l, 1) (6.17)
=—myii(l,t) (6.18)

wherem; is an equivalent mass that will be commented upon shortlyte No particular
that if the external forces are zero and the cantilever ispora state of free vibrations, the
following relation is valid:

miii(l,t) + ki u(l ) =0 = V(t) = Vi(t) = ks - u(l,t) = —myii(l, 1) (6.19)

From the above equation it is clear that is an equivalent mass of the cantilever associated
with the free vibration stiffness (Equation 6.14). Accaomgly, a massn¢ can be explicitly
associated with the ‘external load stiffnegg’(Equation 6.7). In case of harmonic vibrations
whereii = —w?u, the relation betweem; and the free vibration stiffneds is equal to the
relation betweemn; andk;:

bk e (6.20)

mji mg

The contribution from inertia forces to reaction forces taums also be expressed by, and
the total reaction force can be calculated as follows:

V(O = Vi(®) + Vi(t) = Fult) = 1,0 (6.21)

Compared to a real SDOF system, where the reaction forcdsethgastiffness term in the
dynamic equilibrium equation, the SDOF simplification of ®®IF structure obviously have
some implications. The effect of the fraction multiplier/k; (< 1) is a reduction of the

magnitude of the inertia term. In the case where both thematéorce and the acceleration
have the same direction, which is the case when a structureass is accelerated from
zero by the force, the consequence is an increase in théaéoice magnitude. This can
be interpreted as a increased stiffness (compared toceHatic stiffness) attributed to the
inertia of the mass. Further it leads to a reduced stiffnesimg free vibrations that follows

after being exposed to a load impulse. Both effects arelgleaen in the example in Section
6.4 (Figures 6.12 and 6.15).
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6.3 SDOF model

The essence of static structural analysis is that the streicannot resist larger external loads
F, than its static maximum resistance or capacity. Howeveendonsidering the dynamic
equilibrium equation for a SDOF system given in Equatior26dhe can see that it is possible
for a structure to withstand loads exceeding the staticagparovided such loads are coun-
teracted by inertia and damping forces. In practice, thig bethe case when the external
force is of limited duration.

Ry (t) + Ra(t) + R (t) = Fo(t) (6.22)

Here,R.,(t) = mii(t), Ra(t) = ca(t) andR,(t) = ku(t) are inertia, damping and internal
restoring forces respectively. Biggs (1964) suggestetititeadynamic equilibrium equation
might be extended into the nonlinear (plastic) region biirigtR, be a predefined, unique
function of the displacement, hereafter denoted®; when explicitly referred to

In the following, the SDOF model based on this assumptiohheloutlined. The intention
is to use this SDOF model to estimate dynamic response fopleonstructural systems, in
the present case jacket platforms.

6.3.1 Model outline

The equation of motion of a SDOF system in the elastic donsagivien by Equation 6.23,
alternatively by Equation 6.22.

mii(t) + cu(t) + ku(t) = Fo(t) (6.23)

The behaviour of the jacket structure, which is sought medibly the SDOF model, is repre-
sented by the behaviour of a centrally located referena# pothe deck The variablesi(t),
u(t) andi(t) in the SDOF equation of motion represent the horisontalaigment, velocity
and acceleration of this reference point. These varialseefuactions of time. Further,m,

¢, k andF,(t) denote mass, damping, stiffness and external load, résplgct

In the following, damping will be omitted.

In order to allow for nonlinear material behaviour prior tadafollowing attainment of ulti-
mate capacity, the stiffness tertmu(t) is replaced by the nonlinear stiffness tefp(u) as
stated introductorily in this section. Thissistance functios(u) for a jacket structure can
be obtained from pushover analysis. Resistance functidhbevdealt with in Section 6.3.2.
The subscript ‘f’ refers to the fact that the resistance fiancis the result of a given external
load.

1This is in accordance with current practice for establishroéresistance curve by use of pushover analysis
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The nonlinear equation of motion for the model thus reads

meti + Re(u) = Fo(t) (6.24)

wherem; isthe mass associated with the stiffnésselevant for the spatial distribution of the
given external loadThe model is illustrated in Figure 6.2. The spring stifn@wdicated in
the model is the secant stiffness, and is related to thet@esis function by:(u) = Re(u)/u.

Global load level

A
Rult """"""" :
Rel """ [ :
kW) Rye|--f e e R
: : . I ;
. I/
m . I
. . /A
e : Y
‘ f. EElastic rebound 3
l ¢ : ‘ | ‘ ‘
Fu(t) Displacement

-

Uel Uult Ures Um Ucap
Figure 6.2: SDOF model

The nonlinear resistance curig(u) obviously must be known prior to solving the equation
of motion. This is hardly a problem because of the importatd resistance curves play in
documentation of the static performance of a jacket strectit is evident that resistance
curves differ for different distribution of the externakld, and thus the resistance function
must be obtained for the load distribution in question. Cacepresentative resistance func-
tion is available, it can be used either ‘as is’ or approxegdaby a few straight lines. The
latter is convenient if the curve is not distinct (see fotamge Figure 6.3), and the reason for
this is mathematical circumstances during establishmigthiearesistance curve.

As already mentioned, the response of the reference poiteickt level is taken to represent
the structural behaviour.

6.3.2 Resistance functions

Relevant static characteristics of a jacket structure segd®o wave loading include nonlinear
resistance curves (static load - displacement curvesptdé(u). The resistance curve
illustrates the structural restoring force or resistaficas a function of the displacement

of a reference point of the structure, and thus gives inftionabout the structures stiffness
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Figure 6.3: Load - deformation relationship

characteristics. Resistance curves are established yf B&eanalyses subjecting the struc-
ture to all relevant wave scenarios. They are basically tsddcument the inherent reserves
of the structure when exposed to a given load scenario.

A typical resistance curve for a North Sea jacket subjeatdtbtisontal wave load is shown
in Figure 6.3. The displacement is measured horisontatigyrmonly at deck level. The
global load level represents (static) resistance agdiesivave load, and is often normalised
against the design load in order to give the reserve strematjth RSR. An approximation of
the resistance curve with 4 straight lines is also indicatetie figure, in order to illustrate
the possibility for analytical representation of the curve

6.3.3 Numerical solution
Solving Equation 6.24 foii yields:

i = - (R(0) — Re(u) (6.25)

In this equationy is not known, and the differential equation must be solvedhenically.
The load valueF, (t) for every time step must be known, aRgd must be an unique function
of u. Having a prescribed value for the displacement start vaithe i:(>) can be calculated
from Equation 6.24 foR; = R¢(u = u(?)). Next step is to estimate”), and having this
value,ii(!) can be calculated. The procedure must then be repeatedsfdesiired number of
time steps. There are several methods for estimatifig") from previous values of andii.
In this work the 2. central difference, which is a specialecasthe Newmarks integration
equations (see Section A.1 in Appendix A), is used.

The 2. central difference method has several advantagespiN@mus (numerical) damping
is involved, and the solution becomes exacts— 0. It is explicit (only information from
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present and previous time intervals is needed to estimaidisplacement at the next interval)
and thus requires a minimum of computation time at each tirrezval.

The method has two disadvantages of which the consequeanesasily be avoided by se-
lecting the time interval properly. One is that the resgititisplacement time history includes
a negative period error and thus a shortening of the peribd.pEriod error increases rapidly
as the relatiom\¢/T,, increases and approaches the stability limit which will Rpl@ned
shortly. Using e.gAt < 0.057;, ensures that the period shortening is not larger than approx
imately 0.5% (Newmark, 1959). The second disadvantageaishie 2. central difference is
only conditionally stableAt < (1/x) - T,, = 0.318T;, being the criterion for stability. Se-
lecting the time interval as indicated above to minimisegggod error, the stability criterion

is automatically fulfilled. The 2. central difference reads

WD Z 24) _ (=) 4 53 (Ag)? (6.26)

This expression leaves'!) a problem since no value af*~!) is known. For this special
case Biggs (1964) suggests to use

W — %uw) (A1) (6.27)
or
O é (271(0) " ﬂu)) (A1) (6.28)

of which the former corresponds to assuming the acceler&itoe constant during the first
time step. The latter corresponds to assuming that theexatiein varies linearly through
the first time step, and must be solved by trial and error sifitedepends uponV. If the
acceleration is zero at first time step, Equation 6.28 musisieel, in order not to have zero
acceleration also at the second time step, since if a loaplpiéeal, the acceleration will be
different from zero at the second time step.

For a given structure, if and wheaboundoccurs depends on the of the load history. Pro-
vided the load history is such that the displacement is setbbefore the ductility limit of the
structure {..p) is reached, the structure will rebound, in first instaneestitally. The max-
imum value of the displacement,,, is not known in advance, but has to be found during
the calculations: at first occurrencewf™) < (%), u,, is set equal ta,*). The resistance
R¢(u) is further expressed by

Re(u) = ke(u — up) (6.29)
which means that elastic rebound is a general elastic wioraroblem but with a different
neutral axisu, equal to the permanent displacement. The governing equafionotion

during elastic rebound is

meti + ke(u — up) = Fe(t) (6.30)
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The permanent displacemeny can be derived by compatibility considerations at maximum
displacement; = w,,:

meti + Re(um) = meth + ke(u — up) = Fe(t) (6.31)
When solved with respect tg, Equation 6.31 reads

R (um i I
up:um—¥ or upzum—l—% at u=uy (6.32)
f f

If the external force is constant from the time where- u,,, the amplitude in the following
free vibration is—mygii/kf = um — up — Fe(t)/ke. The last term vanishes if the force is zero.

6.3.4 Example

As an example, the outlined mathematical model is appliedgenuine SDOF structural sys-
tem. It will be illustrated how two different resistance @tions result in different response.

The first part of the example is identical to the example orey- 26 in Biggs (1964, note

that Biggs uses British units Ib and feet, these units ai@ @ed in the present example in
order to simiplify comparison). The example model and lostbiny are illustrated in Figure

6.4, and the displacement response is sought. The massrusesiexample isn = 2 Ib -

& | ft. The resistance function (Figure 6.5(a)) to be usedaste perfectly plastic, with the

break point ati,] = uy; = 0.055 ftand Ry = Ry = 110 Ib. This yields an elastic stiffness
of k = 2000 Ib/ft.

k(u) 100
)
)
o
m o 50
L
u 0 — :
0 0.10 0.14 0.50
F.(t) Time [s]
(a) SDOF model (b) External force history

Figure 6.4: Example model layout

The natural period i€, = 0.199 s. In Biggs book, a time step d&t¢ = 0.02 is used. How-
ever, in order to reduce the period error a time steg\of= 0.01 s is used herein. The
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resulting displacement response history is given in Figub¢b). The maximum displace-
ment isu,, = 0.099 ft and the permanent setis = 0.044 ft. The amplitude of the residual
vibrations is 0.030 ft.
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Displacement [ft] Time [s]
(a) Resistance function (b) Displacement response history

Figure 6.5: Resistance function and displacement respetasic perfectly plastic case

Now look at an example where the resistance function is sdratehanged, see Figure
6.6(a). The initial elastic stiffness is kept unchanged,atw = u. = 0.045 ft / the elastic
limit is reached corresponding to a resistancé&ict R, = 90 Ib, and the plastic domain is
entered. The ultimate capacity is reached whea u,; = 0.075 ftandR = Ry, = 110 Ib.

Thereafter the capacity drops linearly®.; = 85 Ib atu = 0.090 ft. The residual capacity
is thus= 85 Ib.
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(a) Resistance function (b) Displacement response history
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Figure 6.6: Resistance function and displacement respetasto-plastic case

The maximum displacement is 0.126 ft, some 27% increasegamd to the first example,
and the permanent set is 0.084 ft has thus increased by a édietionost 2. This is attributed
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to the change in the resistance curve. In general, redueediader the resistance curve will
give increased maximum- and permanent displacement ifttrer parameters are kept.

6.4 Application of the SDOF model to a real structural sys-
tem

Skallerud and Amdahl (2002) and Hansen (2002) have attehtpissess dynamic response
of a jacket platform by use of a nonlinear SDOF model as desdrpreviously. In both
references it is assumed that(¢) is the total external load, and that a representative resis-
tance functionR; (u) for fixed offshore platforms can be established by use oftstanlinear
pushover analysis, subjecting the structure to the saneerettioad (-distribution) that is to

be used during the dynamic analysis. The resistance funictielated to the displacement

at some reference point, normally at the deck level of thdquia.

Under these assumptions, the SDOF model of the structurgsisdbon the relationship be-
tween the reaction force (base shear or overturning monaedtjhe displacement of the top
of the structure due to external loading. The inertia foinesuch a SDOF model then have
to be ‘tuned’ to the spatial distribution of the studied emte loading. That means that an
equivalent mass for the SDOF model has to be adopted acgdaing = k;/w?, wherekg

is the stiffness, i.e. the first derivative & (u) with respect to displacement in the elastic
domain. The circular frequeneyis obtained from eigenvalue analysis of the structure. Note
that the equivalent mass is neither the physical mass atedjpver the span nor a generalised
mass in the traditional sense.

In this section, the cantilever model from Section 6.2 wdlused as an example:

T,u

fo(t) .mc

TT7TTT
Figure 6.7:Cantilever with concentrated and distributed mass

The cantilevetr has a heighi = 5 m, and a circular cross section with outer diameter
D = 400 mm and wall thickness,, = 150 mm. Youngs modulus i€.1 - 10'* N/m?.

2Note that the structure properties should not be takeralieto represent a cantilever structure.
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The concentrated and distributed massesrare- 3.500 - 106 kg andm = 0.925 - 10° kg/m,
respectively. The first natural period is 5.4 s. The extelwad has a triangular distribution,
and is quantified by} (¢). The loaddistributionin itself is time-invariant.

f(zt) = fo(t)

~lw

(6.33)
The total force isF,.(t) = fo(t)l/2.

The finite element analysis in this section are carried oumgudSFOS (Hellan et al., 1998).
6.4.1 Static analysis

The objective of the static FE analysis is to establish tlsestance curvei; to be used in
dynamic SDOF analysis of the structure. The given triangold distribution is used. The
resistance curve is illustrated in Figure 6.8.

1.4r

=
N

¢ =
®_©

Resistance [MN]
o o
o)

0.4 e ‘— FE analysis triang. load|
J/ -- Analytical triang. load

0.2 /7 -~ FE analysis inertia load
) - Analytical inertia load

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Displacement [m]

Figure 6.8:Finite element analysis, static resistance

The resistance function extends into the nonlinear regidras a stiffness in the elastic
domain ofk; = 11.4 MN/m. First yield occurs at. = 78 mm, at a load level of 0.883 MN.
The cross section is fully plastified at= 112 mm, at load level 1.121 MN.

The resistance curv®; obtained when inertia of the mass is applied as static loalss

included in Figure 6.8. The inertia load is calculated basedhe deflected shape used in
Section 6.2, which is

-3 16

Exposed to this load, first yield occursitat= 90 mm, at a load level of 0.648 MN. This corre-
sponds to an elastic stiffness/igf= 7.2 MN/m. Note that this represents the stiffness during
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free vibrations. Full plastification is reached at a loactlexf 0.821 MN, corresponding to a
displacement of, = 125 mm.

The resistances arising from Equations 6.6 and 6.14, whkiofesent the analytical approach,
are also illustrated. The calculated elastic stiffnesse&@a= 11.47 MN/m andk; = 7.19
MN/m, respectively.

6.4.2 Dynamic analysis

A load time history is created by defining the time variatidnfg(t). The normalised time
variation used in this example is illustrated in Figure 6l8e load starts at zero, maximum
load occurs at = 0.5 s and the returns to zero agairntat 1.0 s.

0,max

OV

0 2 4 6 8 10 12 14
Time [s]

Figure 6.9:Scaling factor for external load

The dynamic displacement response history is calculategseyf SDOF model described in

Section 6.3, with the resistance function obtained by FHyarsa(see previous section), and
with massm¢ = k¢/w?. The circular frequency is obtained from eigenvalue analysis of the
structure using FE analysis. The results are compared ptadsments calculated at the free
end of the cantilever model by use of finite element analysis.

The reaction base shear is calculated according to Equatinand compared to reaction
base shear obtained by FE analysis.

Results, elastic case

A total maximum loadF,(t = 0.5s) = 1 MN is obtained by choosingy(t = 0.5s) =
0.4 MN/m. The resulting displacement calculated by the SDOF ehadd finite element
analysis, respectively, is given in Figure 6.10. The maxmuisplacement for the SDOF
model is 0.0499 m. The corresponding value for the finite elmmodel is exactly the same,
0.0499 m. From the figure, one can see the excellent agredratmeen the displacement
response for this case.



102 6 Simplified response analysis

0.06r
0.04
0.02

-0.02

-0.04

-0.06
0

Displacement [m]
o

Time [s]

Figure 6.10:Displacement of free end of cantilever
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Figure 6.11Restoring forces in dynamic analysis over 2 s vs. pushover analysis

In Figure 6.11 the structural resistan& obtained from static finite element analysis is
plotted together with the (dynamic) reaction forces fronthbfinite element analysis and
SDOF computation. The solid - dotted line is the supporttieadorce vs. the displacement
of the free end in the dynamic finite element analysis plottedach 0.025 s of the first 2
seconds of simulation. From= 0 (atu = R¢(u) = 0) to¢ = 0.5 s the reaction force
increases rapidly, analogous to a very stiff response. iSlige time needed to accelerate the
mass. Shortly thereafter (approximately at 0.6 s) the maximum reaction force is reached.
Further, the reaction force decreases and increases anfiew tintil maximum displacement
is reached at = 1.85 s. These variations indicate that higher order vibratiordesoare
excited. The reaction forces (dash-dotted line) calcdl&tam the SDOF model by Equation
6.21 agrees fairly well with the reaction forces from thetérélement analysis. Of course
the higher order vibrations are not captured.

In Figure 6.12 the reaction forces for all time steps up te 15 s are illustrated, together
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Figure 6.12:Restoring forces in dynamic analysis vs. pushover analysis

with the static structural resistance. One can see how #wioa forces after the initial peak
settles in a new and softer ‘global’ state, and varies alostraight line representing the
free vibration stiffness. The local variations around guofter'global’ state are due to higher
order vibrations. The reaction force from the SDOF modetagwery well during these free
vibrations.

Clearly, it can be seen that the structure behaves softémglénee vibrations than under
(increasing) external forces. The dynamic stiffness dyfiee vibrations is from the figure
taken to be approximately 7.2 MN/m, which agrees well with free vibration stiffness
calculated previously by finite element analysis (7.2 MNAny the analytically obtained
value (7.19 MN/m) — see Section 6.4.1.

Results, plastic case

So far, we have restricted the behaviour to the elastic negidsing a total load of 3 MN
in the dynamic analysis, the displacements enter the plesggion. The response history is
illustrated in Figure 6.13.

The SDOF model predicts slightly larger maximum displaceime 0.163 m — than the

finite element model — 0.155 m. The results from both methad&ate some plastic de-
formation and therefore permanent displacement of thedineeof the cantilever. The SDOF
model computes a permanent displacement caused by plaftimaation of 0.064 m, which

is significantly larger than the permanent displacemenhftbe finite element analysis —
0.03 m (this value cannot be directly extracted from USFQ@®, ia therefore approximated
from Figures 6.13 and 6.15).

This is likely due to the difference between the nonlinedrav&our under inertia forces and
the nonlinear behaviour under external loading alone, &gsmdd in pushover analysis. The
difference can be noticed in Figure 6.8.
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Figure 6.14:Restoring forces in dynamic analysis over 2.25 s vs. pushover amalys

In Figure 6.14, one can see that the course of the reactioe fiotime is similar to the elastic
case (studied in Figures 6.11 and 6.12), except the magnitddch is larger. Maximum
displacement is reached at= 1.99 s. The local variations indicate that higher order vi-
bration modes are excited, like in the elastic case. Theioeaforces calculated from the
SDOF model by Equation 6.21 (dash-dotted line) has an aalkepagreement with the re-
action forces from the finite element analysis in the injlhkhse. However, when settling in
free vibrations, one can clearly see that the SDOF model dmdted in larger permanent
displacements.

A ‘global’ free vibration stiffness of 7.2 MN/m seems to beepresentative estimation also
in this case, according to Figure 6.15 which shows struttaeation force for all time steps.

It is expected that the difference between the displacewntaained by the SDOF model and
finite element analysis will be reduced if the differencenmstn the nonlinear behaviour of
the two ‘load cases’, i.e. inertia forces and external lpaglaccounted for by an adjusted
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Figure 6.15:Restoring forces in dynamic analysis vs. pushover analysis

mass term. This matter is treated in the following.

6.5 A modified mass term

6.5.1 The modification factoro,,
Again the dynamic equilibrium equation for the employed $Dsystem is presented:
me i+ Re(u) = Fe(t) (6.35)

This equation predicts well the displacements that remdthinvthe elastic domain where
R¢(u) = kru, but fails to predict displacements that enter the plastimain. It is likely
that this is because the effect of the nonlinear behaviodeuimertia loading is not captured,
and in the following an attempt is made to include this effactmodifying the inertia force
termmyii. If we look at static equilibrium at an instant in time for tbantilever under free
vibrations and include nonlinear behaviour through thent&: (u) we have

!
Ri(u)=— /Om(z) i(z,t) dz — me (L, t)
g i) (6.36)

whereR; is thestatic resistance curve obtained under a load with the saisteiloution as
inertia loadingas shown in Figure 6.8. While Equation 6.36 defines the ncalibehaviour
under inertia loading, in Equation 6.35 the nonlinear behawnder inertia loading is gov-
erned byR; which however is representative for the external loadinly.dn order to com-
bine them and account for the nonlinear behaviour under bgthand F,, in one equation
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i.e. make them refer to the same stiffness, Equation 6.3tied with a factor¢(u)/ R;(u),
giving

Re(u) = — m; 4(l, 1) (6.37)

The massn; is associated with the stiffness during free vibratiéns the same way as¢
is associated with;:

ke ki 9 ki mg

L R S (6.38)
me mi k’f
Substituting form; from Equation 6.38 into Equation 6.37:
ki Re(u)
R¢(u) = T Ra(w) mye i(l,t) (6.39)

The adjusted mass term in the right hand side of Equationi6.89ed in the SDOF model.
The fraction multiplier is from now on denoted,,:

k‘i Rf(’U,)
m = 7- 4
e e Fx(u) (6.40)
The modified dynamic equilibrium finally reads:
am mg i + Re(u) = Fo(t) (6.41)

anis effectively the normalised (against elastic behavioohlinear behaviour under ex-
ternal load divided by normalised nonlinear behaviour wrdertia loading, and captures
the possible difference in the nonlinear behaviour for the 1oad cases’ external load and
inertia forces.

Applying this modification factor to the mass term, only tHgriamic part’ of the equilibrium
equation is influenced. Thus, if the load has a static natbeeacceleration will be nearly
zero, and the contribution from the mass term and thys negligible.

At each time step during the calculation, there exists argietation betweemn andii, deter-
mined by the dynamic equilibrium equation. This equililbniequation differs for the (possi-
bly non-linear) phase where the displacemeimicreases, and the elastic rebound phase. In
the first phase where the displacement increases, Equadibis@letermining. In the rebound
phase, where,,,by definition is 1.0, Equation 6.42 below is determininggtéxpression for
equilibrium in the rebound phase is identical to the expoesgiven for the non-modified
SDOF model).

my 4+ ke(u — up) = Fe(t) (6.42)
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At the point where the displacement is at its maximum and thetire starts to rebound,
these two equations must both be valid.

The mass modifiet,,, will in case of plastic behaviour be discontinuous:at u,, (unless

if the external loading has identical distribution to thexgeated inertia force). This discon-
tinuity leads to a discontinuity if®; at the same point; the value &% (u,,) picked from the
resistance curve used in Equation 6.41 is different fronvéttee of R (up, ) = ki (um — up)

in Equation 6.42. This sudden change in fhevalue does not really have a physical mean-
ing, but is is a consequence of modifying the mass term in D@®BSmodel, and ensures a
representative prediction of the physical values dispter#, velocity and acceleration.

The simplest way to calculate, is to use Equation 6.42 as a basis. The permanent displace-
ment is thus:

-
Up = U+ % at u=uy (6.43)
i

With this modified SDOF model, the displacement for the presiy described case with
plastic response (Section 6.4.2) is recalculated. Thédtimegulisplacement history is shown
in Figure 6.16, together with the results from the case witlamljusted mass term.

0.2' """"""""""""""" ‘ """"""""""""""""" ‘ """"""""""""""""" ‘

Displacement [m]

0
~- SDOF
S e A el Mod. SDOF
0.1 : o FE analysis
0 5 10 15

Time [s]
Figure 6.16:Displacement of free end of cantilever

The agreement with the finite element analysis is improvadjqularly during the first posi-
tive displacement amplitude. The maximum displacemenitaied by the modified SDOF
model is 0.155 m, and the permanent displacement is 0.040 Ime. nTaximum displace-
ment computed by finite element analysis is 0.155 m, i.e. gneeanent is very good. As
mentioned earlier, the permanent displacement cannot toeceed from USFOS, but was
previously (Section 6.4.2) taken to be approximately 0.03The modified SDOF model
estimates the permanent displacement well.

The reaction force calculated by use of the SDOF model withwithout adjusted mass
term is shown in Figure 6.17, as well as the reaction forceffinite element analysis. The
agreement has clearly improved.
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Figure 6.17:SDOF, restoring forces with / without modified mass term

6.5.2 The implications ofa,,

If Re(u)/Ri(u) > ke/k; for a givenu, thenay, (u) > 1.0 for this value ofu. Opposite,

if Re(u)/Ri(u) < ki/ki , thenay(u) < 1.0. This can be illustrated as shown in Figure
6.18, whereR;, R; and finally R; - k¢ /k; for two different types of stiffness characteristics
are plotted. In cases where the curve Ryr- k¢ /k; lies underneath th&; curve,ay, (u) >

1.0. This, in turn, indicates thak; has a less favourable load (i.e. mass) distribution in the

sense of plastic behaviour thdy. Correspondingly, ifR; - k¢/k; lies above theR; curve,
am(u) < 1.0.
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Figure 6.18: Typical scenarios for stiffness charactesdbor o, < 1 anda,, > 1
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If am(u) = 1.0, meaning thaf?¢(u)/Ri(u) = ke/ki or Re(u)/ks = R;i(u)/k; for the range
of displacements in question, the response is not influeanddhe original SDOF and the
modified SDOF model will give identical results.

am(u) < 1.0 results in increase in the acceleration absolute valuepgrid) > 1.0 corre-
spondingly leads to reduced absolute value of the accearathe influence of this increase
/ reduction on the displacement depends on the directidneoftceleration compared to the
direction of the displacement. In general, a reduction efiteensity of the acceleration leads
to a reduction of the displacement magnitude (comparecetpiine SDOF model).

In practice this means:

i <0 — wudecreases
i >0 — wincreases
<0 —

i >0 — wincreases

am(u) < 1.0 — increasedi

u decreases

am(u) > 1.0 — reduceddii

The sign of the acceleration depends on the relative sizeedstatic resistance and the exter-
nal load, as follows:

a=——i—wam—Rmm (6.44)
am (u) mg

If we assume that plastic deformation happens for positigpla@icement — which is the
condition in the analysed cases in the present project —citederation is negative . (t) <

Rf (u)

For wave loading conditions that lead to significant pladgéormation, the static resistance
R when approaching,,, will normally be constant or decreasing for increasing ldispment
u. Simultaneously, the external load is still considerable] is most likely larger than the
resistance?;. Under such conditions, the real value of the acceleratitikély to be positive.

Loading conditions of highly impulsive nature, e.g. exjpodoading, will lead to a different
behaviour as long as the natural period of the structurensiderably longer than the load
duration, which is only a fraction of a second. As the disptaent approaches its (positive)
maximum, the impulsive load history is already past, thiu&) < R¢(u) and the accelera-
tion is negative. A structural configuration and load disttion givinga,,, (u) < 1.0, such as
the cantilever described previously, will experience arenaegative’ acceleration when sub-
ject to the modified SDOF model, and the (positive) maximuspldicement will be reduced.
This is documented in Section 6.5.1.

6.6 Summary

In this chapter the structural response to external loaghpes®ed to that of inertia forces has
been discussed. It is demonstrated how dynamic considesatincluding the presence of
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mass in a structural system, alter the deflected shape, aiséquently the global stiffness,
obtained by static considerations.

Further, a simplified method to assess structural dynansigorese has been outlined. The
method is a single-degree-of-freedom (SDOF) model basé¢leofollowing structural prop-
erties:

* An equivalent stiffness (nonlinear if relevant) as obtdifrem static methods, e.g. push-
over analysis, subjecting the structure to the relevamt thstribution.

* An equivalent mass which is associated with the initialt@adiffness from the pushover
analysis mentioned above and with the natural period oftifuetsire (as obtained from
eigenvalue analysis).

The application of the SDOF model has been demonstrated antdewer with distributed
and concentrated mass, which can be regarded a strongsateaii of jacket type structures.
The resulting response time histories have been comparegdponse obtained by finite ele-
ment analysis of the cantilever structure.

In the case where the response remains elastic, very goedragnt has been obtained be-
tween SDOF computation and finite element analysis for dtsphent response. There is
also good agreement for the support forces.

For the plastic case there is a deviation both in the caledldisplacement time history,
permanent displacement and support force between SDOFdtedsdfiement analysis. Better
agreement is achieved between the SDOF analyses and tleeeferitent analyses by taking
into account the nonlinear behaviour under pure inertidifga An adjustment of the mass
term in the SDOF equilibrium equation is particularly sustge for this task.

The SDOF model is in the following sought validated againstdielement analyses of a
jacket structure (Chapter 7).



Chapter 7

Simplified response analysis of
jacket structure — model ‘DS’

7.1 Introduction

This chapter comprises simplified dynamic analyses of jagi@lel ‘DS’ using the single
degree of freedom (SDOF) model presented in Chapter 6.3ré&dudts from the simplified
analyses are validated against results from finite elemelyses.

The objective of the chapter is to investigate to what extieatSDOF model can predict dy-
namic response of jacket structures exposed to wave(dk}deading, and further to identify
factors that contribute to discrepancies between thetseshtained using the SDOF model
and those obtained using finite element analysis.

In Section 7.2 information about the model ‘DS’ and its logdtonditions is briefly repeated.
The analysis results are presented in Section 7.3, and autijiordiscussion of the results is
given in Section 7.4.

7.2 Structural model and external loading

The structural model, load scenarios and finite elementyaealare described in detail in
Chapter 5 and in the analysis input files in Appendix C. The ehadshown in Figure 7.1.

The external load time histories are repeated in FigureAhdmportant aspect of these load
histories is the fact that the distribution of the load aldhg jacket varies with time as the
wave travels through the structure. This implies that dacstasistance curvé; calculated

for a particular load scenario (wave height, -period, wdtgsth) is chosen to correspond to
the load at one single instant in time of the wave cycle. Ihexéfore necessary to carefully

111



112 7 Simplified response analysis, model ‘DS’

125
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a1
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Time [t]

Figure 7.2: Model DS, load history generatéfl,= 33 m andT = 16 s for different water
depths

consider at which phase angle the load distribution is meptasentative for the dynamic
response results, and use this distribution to obiin

In this study, the most relevant distribution is taken tousoghen the load at deck level is
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at its maximum, since this load distribution is likely to e tmajor initiator of the dynamic

behaviour. The details of the static analyses carried owrder to obtain the resistance
curvesR; of the model, which are necessary for the simplified assesskne also described

in Chapter 5. For simplicity, the structural resistancevesrare illustrated again in Figure
7.3, together with the resistance curke obtained for a load distribution identical to the
distribution of inertia forces in the first vibration mode.

£ 200

% Re,d=T75m
2 150f o SRR [l Re,d =76m
% r"'.""“—‘ _“_\,_ __________ Pﬂf7 d=T77Tm
2 100k At e Re.d =78 m|-
= /,././.f";‘_ ________________________________ Rf7 d="79m|"
g B Re,d=80m["
E N s Fir.d = S mp

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Displacement [m]

Figure 7.3: Stiffness curves in terms of base shear (BS)iftarent water depths

7.3 SDOF analyses

7.3.1 Summary

SDOF analysis is run for each case that is analysed in Segirin total for 7 cases. The
results, comprising maximum and permanent displacemeatsuammarised in Table 7.1.
For all cases except for water depths= 80 m andd = 81 m the modified SDOF analyses
give maximum displacement,, and permanent displacement identical td or larger than
found using the original SDOF. At water depth= 81 m the SDOF analyses break down due
to excessive displacements. FE analysis in general yiatdsth.,,, than the SDOF methods
where no or only little plasticity is involved, and smalley, in cases with many plasticity
incidents and significant permanent displacement. The aeent displacements calculated
by the FE method are in general smaller than those calculgtéde SDOF methods. The
difference is significant when much plastic deformationrissgnt.

The response time histories generated with the SDOF moddbiw selected cases are,
together with the results from FE analysis, illustratediguFes 7.5 to 7.9. Note that an addi-
tional curve is included in all subfigures of these figuresisTurve represents the response
calculated by use of FE analysis for a case wherelisieibution of the load is kept constant
during the complete load time history, denoted ‘FE c.dd(¢s an abbreviation of ‘constant
distribution’). The value of the total load at each time @mgtis not changed.

1SDOF and modified SDOF giving identical results means thatéhevdour is linear.
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Table 7.1: Results from SDOF analyses of model BS; 33 m, T = 16 s

Water Deck Wave Orig. SDOF Mod. SDOF FE analysis
depth inund. load BS* wun Up Um Up Um Up

(m] [m] [MN] [m] [m] [m] [m] (m]  [m]

75.0 0.25 73.4 0.139 0.000 0.139 0.000 0.147 0.000
76.0 1.18 75.1 0.203 0.000 0.203 0.000 0.221 0.000
77.0 2.12 81.7 0.287 0.001 0.290 0.013 0.314 0.000
78.0 3.06 90.2 0.369 0.031 0.387 0.068 0.407 0.038
79.0 4.00 97.9 0.554 0.224 0.609 0.298 0.537 0.126
80.0 4.94 103.9 2.018 1.782 1890 1.670 0.728 0.324
81.0 5.88 108.9 NA*  NA* NA** NA* 1.030 0.645

*BS = base shear
** Displacement grows unlimited, meaning total collapse

7.3.2 Results, details

The variablea,, (the mass modifier described in Section 6.5) is, when diffefiem 1.0,
positive for all the analysed cases with exception of néglkgvariations around 1.0 due to
minor differences irk; /k; and R;/R;. This is illustrated in Figure 7.4. Fef = 75 m and
d =76 m oy, = 1 because no plastic behaviour is detected by the SDOF models.

1.41

d=75m
.3 i === d=76m
....... d:77m
c ] e d=78m
[ J N T A Y AETEETTETTE d=79m
11p d=80m
1 d=81m

0.9 : : : : : : : :

0 2 4 6 8 10 12 14 16

Time [s]

Figure 7.4: Time histories af,,

If o, eXceeds 1.0, the absolute value of the acceleration witedse. When the maximum
displacement is approached in a case with some (but not @ixepplastic behaviour, the
acceleration is frequently negative, retarding the movenigee Figures 7.6(c) and 7.7(c)).
Areduced retardation (attributeddq,) leads to increased displacement compared to a SDOF
computation disregarding the effect@f,. Thus for the medium water depths analysed and
their corresponding ‘medium’ forces, the modified SDOF niagives larger displacements
than the original SDOF model.
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Water depthsd = 75 mandd = 77 m, see Figures 7.5 and 7.6 The dynamic response
calculated for the case witth = 75 m by both FE analysis and SDOF analyses is purely
elastic, and the original and the modified SDOF therefore glentical results. Faf = 77

m the structure experiences some plastic deformationdtiregin the modified SDOF model
giving slightly larger displacements than the original Sb@odel. The stiffness properties
used for the SDOF analyses are calculated for the loadllisioh when the deck load is at its
maximum at = 4.1 s (see Section 7.2). For these water depths this neitheridemwith the
largest total load on the platform nor is the most unfavolerabith respect to displacement
of the deck.

Ford = 75 m the SDOF models compute displacement-, velocity- andexaten responses
in relatively good agreement with the FE analyses. They rgstienate the maximum dis-
placement by some 6%. Essentially the SDOF results are batthe ‘FE wave’ and ‘FE c.
d. results.

The SDOF models underestimates the maximum displacemestrbg 8 - 9% ford = 77
m, the modified SDOF giving 1% larger displacement than tigiral SDOF. At this water
depth, the SDOF responses clearly follow the responsebddfE constant load distribution
case, whereas the FE variable distribution case has bagarlaelocity and accelerations,
resulting in larger vibration amplitudes following the nirxm displacement. This illustrates
the significance of the variation in load distribution thgbuthe wave cycle, an effect which
is not captured in the SDOF models.

Water depth d = 79 m, see Figure 7.7 The modified SDOF model computes 13% larger
maximum displacement than the ‘FE wave’ analysis, and tiggnal SDOF model results
in 3% overestimation. The modified SDOF gives a value whicalisost 10% larger than
the original SDOF. The displacement response resulting fhe ‘FE c. d.” analysis is of the
same nature as the SDOF analyses, whereas the ‘FE wavesistadye larger ‘residual’ am-
plitudes following the maximum displacement. This is traelioth displacement-, velocity-
and acceleration response.

Water depthsd = 80 m and d = 81 m, see Figures 7.8 and 7.9 Both the ‘FE c.
d. analysis and the SDOF analyses highly overestimatediipgacement compared to the
‘FE wave’ analysis. The effect of the variable distributiohthe load becomes even more
pronounced than in the cases with smaller water depths amdspondingly smaller total
load.

The modified SDOF computes 6% smaller displacement thanrtipima SDOF atd = 80
m.

The SDOF analyses and the ‘FE c. d.” analysis breaks dowrhéd t= 81 m case. The
acceleration grows unlimited, and therefore also the desgghent. However, the ‘FE wave’
analysis with variable load distribution results in lindtenaximum displacement (1.03 m)
and acceleration (2.07 ni)s

Again, the effect of the variation of the load distributiatléwing the variation in sea surface
level is seen to be to a considerable extent determinindnéorésponse.
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7.4 Discussion

Surface elevation

Figures 7.5 to 7.9, in particular the two last ones, illustrelearly that the effect of the
variation in surface elevation through the wave cycle isificant.

The static resistance curyg is based on the load distribution@iechosen instant in time.
The SDOF model is based solely on this resistance curvethus implicitly assumed that
the load distribution at any time instant is identical to digtribution used to establish ttg
curve. This is obviously an assumption with important irogtions.

If neglecting the dynamic effects (damping, if includedd @mertia forces), what remains is a

time depended static displacement. For the SDOF modeldiilacement curve is based on
the stiffness as given by the static resistance curve, asead-E program will compute the

displacements from the instant and true load distributidre displacement response arising
from such a time domain simulation of tde= 79 m case (plasticity is neglected) illustrates
this, see Figure 7.10.

— 03t SDOF
£ FE analysis
£ 02
e
;_'o; 0.1
o
0
[a) 0
_0.1 1 1 1 1 1 1 1 J
0 2 4 6 8 10 12 14 16

Time [s]
Figure 7.10: Example of elastic displacement responseowitimertia effects

Clearly, the effect of the load on the displacement of therexfce point (at the deck level) in
the FE analysis is smaller than in the SDOF analysis, exceptt that time instant where the
FE model is subjected to a load distribution which equalsdik&ibution that characterises
the SDOF model. At all other times, the FE model is subjeabeal lbad distribution which
has less effect on the displacement of the reference point,d load distribution which
makes the structure respond stiffer. We can defiluad effect limited to elastic behaviour,
as follows:

us rE(t) _ Fo(t) ke _ ke
usspor(t)  kre(t) Fe(t)  krr(t)

OéF(t) = (71)

wherekpg(t) = Fo(t)/usrr, i.€. the total force divided by the ‘static’ displacemeifit o
the reference point calculated by FE analysis. Note thatrttéasure is not defined for zero
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displacement. Note also that load effect must be definetivel®a a chosen load distribution,
in our case the distribution relevant at the time for maximwave-in-deck load. For the
above casevr < 1 for all nonzero values ofi, indicating that the real effect of the load
is smaller than it would have been if the load distributiomaéned constant and equal to
the max-load distribution (which is the basis for the SDOFris). The SDOF models are
thus ‘pessimistic’ during most of the simulation time. Ietbhosen load distribution is the
one giving the largest displacement response for the merpoint (i.e. giving the lowest
stiffness), the calculated stiffnesi ) is smaller than the true stiffnegs(¢) arising from
the instant load distribution at all time instants exceptfe time of the maximum loading.

SDOF analyses vs. ‘FE wave’ analyses

The SDOF models compute maximum displacements that areoth@greement with the FE
analysis results for load conditions that give elastic @rredastic response, despite the fact
that the resistance curve is based on a load distributidrigtomly true at one single instant
in time. The general reason for this is that such load cammitimply limited wave-in-deck
loads. With limited wave-in-deck loads the vibration aryadies are accordingly limited, and
the main contribution to the total displacement is the statiastic displacement. l.e. there
will only be limited displacement oscillations around theves given in Figure 7.10, which
have the same values at maximum displacement.

It is, however, clear from the response curves given thaFthanalysis with variable load
distribution (‘FE wave’) differ in nature from both the SD®&sults and the results from the
FE analysis with constant load distribution (‘FE c. d.).

Acceleration for a SDOF model is determined from

U = m (F(t) — Re(u)) (7.2)

If transferring this to the FE model, one must imagine thattdrmF'(t) — R¢(u), is smaller
because of the smaller load effect / larger stiffness whitdcts R;. In other words, the
structural stiffness is greater in ‘real life’ than given By. Smaller load effect leads to
smaller acceleration. But as the time of maximum wave-ickdeading is approached, the
stiffness of the FE model decreases, and the term in pasaglgrows quicker in the FE
model than in the SDOF model. This results in a more rapidem®e in acceleration and
therefore displacement response for the FE model than &08BOF model. Which one of
the models - FE or SDOF - that finally will give the largest (imaxm) displacement depends
on how pronounced the load effect is prior to this, as wellthgiofactors such as degree of
plastic behaviour. The load effect will typically be les®pounced for load conditions that
give small wave-in-deck loads and more pronounced for ¢mmdi that give large wave-in-
deck loads.

For all the analysed cases the ‘FE wave’ analyses give lpaggtive acceleration peak value
around the time for the maximum load than the SDOF models. cbmsequences of this



7.4 Discussion 123

is that the ‘FE wave’ model yields slightly larger displaaamthan the SDOF model, how-
everonly for analysis cases with elastic response or with lichipdastic deformation The
SDOF model will enter the plastic domain earlier in the lodstdry than the ‘FE wave’
model, and the displacements, which obviously grow fastéris domain, will reach a larger
value before the unloading starts. This influences the maxirdisplacement increasingly
for increasing inundation. The SDOF model therefore ovanege maximum displacements
increasingly compared to the ‘FE wave’ analyses as the it and the external load
increase.

Skallerud and Amdahl (2002, Section 9.4) present an exaaf@eplication of their SDOF
modef to an undamped jacket platform with ductile and semi-dedstatic) resistance. The
results are presented in form of ductility spectra and thgimam response for the actual
natural period of the system. The resulting maximum dispizent responses are compared
to results from finite element analysis of the jacket (regbity Stewart (1992)). The SDOF
analyses underpredicted the FE results by some 20 - 30%. greeraent is in the book
characterised as ‘not bad in view of the inaccurate reptasen of the resistance curve and
the load history’. The exact meaning of ‘inaccurate repnesteon of the load history’ is,
however, not clear. It might imply that the load history isudefrom the illustration of the
load in Stewart’s paper, it might comprise the fact that tagation of load distribution for
the jacket cannot be included in the SDOF model, or it mighd bembination of the two. It
is, however, in the opinion of the author of this thesis, isgible to know how much of the
deviation that really can be attributed to inaccurate ialties, and how much is a result of
the simplification of the jacket structure to a SDOF moddi,lon the other hand, clear from
this thesis that the simplification of a MDOF system to a SD@$tesn of the type used in
this thesis in itself leads to a considerable miscalcutatibthe response compared to finite
element analysis. The deviation mainly arises from disiigg the time variation of the
load distribution in the SDOF analysis, and this miscaliotais increased with increasing
permanent plastic deformations.

Modified SDOF vs. original SDOF

The combination of structural configuration and externatlidistribution result imv,, (u) >
1.0 for relevant displacements for all analysed cases. Thisleasmaller acceleration abso-
lute value for the modified SDOF model (for details@g(u) see Section 6.5.2). Compared
to the original SDOF model, the result is a reduction of dispent if the acceleration has
the same sign as the displacement, and an increase of dismat if acceleration and dis-
placement have opposite sign.

The modified SDOF model computes reduced displacementsareahfo the original SDOF
model under loading conditions that lead to a large degrexastic deformation. For load-
ing conditions that result in elastic or near elastic respomthe modified SDOF model will
yield increased displacements. This is in accordance Wwétdescription ofv,,’s manner of

2This SDOF model is formulated identically to the ‘original SB@odel’ presented in this thesis — see Section
6.3.
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operation in Section 6.5.2. However, the differences betwbe two SDOF approaches are
relatively small.



Chapter 8

Conclusions and recommendations

8.1 Summary and conclusions

The aim of this doctoral work has been to improve the undedétg of the dynamic effects

of wave-in-deck loading on the response of jacket platforfrigite element analyses have
been used to simulate response time series. In additiorasad inherent part of the work,
simplified methods for calculation of wave-in-deck load miagde and time history have

been evaluated and the use of a simplified model to predipbress to wave-in-deck loading
has been investigated.

In the following, the work carried out is summarised. Theitésts comprise the conclusions
drawn from each part of the work.

Wave-in-deck loading

An overview over existing methods or approaches for theredion of wave-in-deck loading
is given.

Further, formulae for calculation of simplified load timetaries based on linear (Airy) wave
theory combined with drag and two different momentum wansdéck load approaches, de-
notedMomandMom-Vinjg are presented. In addition, these drag and momentum ap@E®a
are used to obtain wave-in-deck load histories with waveikiatics based on Stokes 5th or-
der wave theory.

The formulae mentioned above was compared with reported-ivadeck load time histories
from a study in which computational fluid dynamics (CFD) teiclue was used to calculate
wave-in-deck loading on idealised platform decks.

The findings were:
* The momentum approach denotddmis identical to a drag approach wiy = 2.
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* TheMom-Vinjemomentum approach &pproximatelyequal to a drag approach, however
in our case for an equivalerity of ~ 5.6 for Airy theory and~ 4.1 for Stokes 5th
order theory. The”y needed to match th&om-Vinjeapproach and a drag approach is
dependent on the wave scenario.

* With the two above items in mind, it is concluded that the ¢joesof whether to use drag
or momentum formulation reduces to a question of which daatpf to use, alternatively
which one of of the two momentum approaches to use.

* A simplified formulae are probably adequate for establistinoé wave-in-deck force
histories for a simple hull- or box-like deck geometry.

The main results from wave-in-deck load experiments rdl&tea possible subsidence sce-
nario at the Statfjord field in the northern North Sea arerrete These results are further
evaluated for the purpose of being used as a basis for thelatidn of wave-in-deck load
time histories for the jacket models used in this thesis.

An expression for the estimation of a reference load valupiéion 4.20), which together
with the given time history (Figure 4.12) is sufficient toasdish a ‘rough but reasonable’
load time history for wave-in-deck loading on jacket stues, has been presented. The
method in general, and its validity range in particular,iddide subject to wave tank testing
in order to obtain more data supporting, or possibly updatime method.

The results from the Statfjord experiments also show trevéitical wave-in-deck loads are
of the same magnitude as the horisontal loads. The vertiadihg should be included in any
platform (re)assessment study that includes wave-in-fledes. Vertical loads have been
outside the scope of the present work.

Time domain finite element analyses of jacket structures

Two jacket models with different brace configurations, ameréfore different post collapse
behaviour, are analysed under static and dynamic assumspiging finite element methodo-
logy. The external loading comprises extreme wave loadiagge-in-deck loading as defined
in Chapter 4, current and buoyancy loading. Increasing vimdeck loading is simulated by
increasing the water depth, corresponding to increasialgesesubsidence.

The following conclusions are drawn from the results of thalgses:

* Wave-in-deck forces influence a structure not only by theignitude, which is signifi-
cant compared to the wave load on the jacket itself, but adealse they alter the load
distribution in a manner that introduces high forces in&dtively) weaker parts of the
structure such as the deck legs (immediately below the deck)

* Whereas static ultimate capacity is a unique and informatigasure of nonlinear struc-
tural performancavhen related to a given load distributipthe dynamic performance
should be evaluated against allowable response valudsasutisplacements and accel-
erations, at relevant locations in the structimeeach single load scenatrio
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* Typical jacket structures with a first natural period of a feaconds will experience
dynamic amplification, i.e. increase of response, whenestibjl to wave-in-deck load
histories as the ones used herein. This applies to both siadement response and the
base shear forces.

* Typical jacket structures that can be characterised adlelutay resist dynamic loading
with higher peak load than its static capacity relevant fiersame load distribution. For
load durations typical for wave-in-deck loading, this faxable effect is attributed to the
beyond-ultimate-capacity ductility of the structure apoged to any attenuating effects
of the inertia of the mass (in fact, all analyses show dynamiplification).

On the other hand, brittle jackets may collapse under dynmaiding that is consider-
ably smaller than the static capacity associated with tad fistribution in question.

* In case of wave-in-deck loading, acceptable displacenmatscorrespond to excessive
accelerations. It is therefore important to pay explidiéation to acceleration response
during (re)assessment of structures. In the present stedglerations are considerably
more pronounced for the brittle structural model than fer ductile one, although the
latter has larger displacement response.

The simplified model for response analyses

The nature of structural response to external load as odposhat of inertia forces is dis-
cussed. Thetatic deflected shape of a structural system due to a given loatbdisbn is
used as a basis. It is demonstrated lymamicconsiderations, including the presence of
mass, alter the deflected shape — and consequently the glidbradss — of the structure.

* The mass distribution, which leads to a different distiitmutfor the inertia forces than
for the externally applied load, results during vibrationsa deflected shape differing
from the static deflected shape. During vibration, the deftbshape of the jacket may
be more or less curved (‘softer’ or ‘stiffer’) than the statieflected shape. As a con-
sequence, yielding may be initiated at a different disptaest level and the ultimate
capacity expressed as e.g. base shear may be changeddreatiatic behaviour).

A simplified method to assess structural dynamic responpeesented. The method is a
single-degree-of-freedom (SDOF) model built around dcspatshover analysis with a given
external load distribution. The application of the SDOF ®ldsl demonstrated on a cantilever
with distributed and concentrated mass subjected to aguiany distributed load. The re-
sulting response is compared to response obtained by flaiteeat analysis of the cantilever
structure. The following conclusions are drawn:

* In the case where the response remains elastic, good agreesmabtained between
SDOF computation and finite element analysis for displacgmesponse. There is also
good agreement for the support forces.



128 8 Conclusions and recommendations

* Inthe case where the response is brought into the plastiahdirere is a clear deviation
both in the calculated displacement time history, permad&aplacement and support
force between the SDOF analysis and the finite element d@salys

In lieu of the deviations between the SDOF model and FE aaaljsund when using the
above mentioned (‘original’) SDOF model, a modification b tmass term is suggested.
The modification is based on the stated differences in bebavinder externally applied
loading and inertia ‘loading’. The modification is includeda ‘modified SDOF model’ in

the form of amass term multipliewhich is dependent on the instant displacement, denoted
am(u) wherew is the displacement. This mass term modifier is determinsgdan the
resistance curve under the applied loading in questiontantesistance curve under loading
with the same distribution as the inertia forces in the r@htwibration mode.

Examining the mass multiplier and applying the modified SD®&del to the cantilever
structure it becomes clear that:

* The mass modifietv,, provides a quantification of the differences between thiilis
tion of externally applied load and inertia forces, thedatiorresponding to the vibration
mode in question and the mass distribution, in terms ofngf§ and capacity.

* The mass modifiet,, directly influences the magnitude of the acceleration.

* By taking into account the nonlinear behaviour under puestia loading usingy,, ,
better agreement is achieved between the SDOF analyseksaaRé fanalyses.

The original and the modified SDOF models are further useatapeite the response of a
real jacket, namely the jacket model ‘DS’ which was previpumalysed by use of finite
element technique. The response determined by use of Figsena used to evaluate the
quality of the results computed by the SDOF models. In asidjtanother set of FE analyses
is run for all loading scenarios with a load time history ofigfhthe magnitude is identical to
the wave load time history, but withreon-varying spatial load distributian

The conclusions drawn from this part of the work are:

* Loading conditions that imply limited wave-in-deck loagido lead to elastic or near
elastic response, i.e. to no or only limited plastic defdiores. These loading condi-
tions do only generate limited dynamic response comparéuetguasi-static response.
For the larger levels of inundation and correspondinglgéamave-in-deck loading, the
dynamic part of the response is increasing. The wave-ik-tiding then contributes
significantly to the structural dynamics.

* For loading conditions leading to limited dynamic respgnge conditions with limited
wave-in-deck loading, the SDOF models yields maximum disginent response in good
agreement with the FE analyses.

* As the loading conditions worsens and the inundation angldstic permanent displace-
ment increase the SDOF models overestimate the responsasivgly.
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* The differences between the original and the modified SDO#&efare minor compared
to the deviations from the finite element results for casesliing a certain degree of
plastic deformation.

* The effect of the variation of the load distribution througylvave cycle is considerable,
and is not included in the SDOF models. This effect is the nesior source when
applying the SDOF models to a case that includes varyingdiggtdbution. This should
motivate future investigation of the SDOF models and inipaldr the mass modifiet,,
for loading situations with non-varying load distribut&n

* The miscalculation of the response attributed to the tinmatian of the load distribution
when using any of the SDOF models becomes more pronouncédcfeasing plastic
deformation.

* Within a short time prior to maximum wave-in-deck load, tisaaas the wave crest ap-
proaches the deck front wall and the sea surface elevatiwadsres, the total wave load
distribution changes rapidly in the way that the resultamidontal load vector translates
upwards (in positive z-direction). If relating the extdrtzad to the resulting horisontal
displacement of the topside, the effect corresponds tdfargicket behaviour changing
towards a softer jacket behaviour.

This rapid change in loadistribution prior to maximum load leads to a different devel-
opment of accelerations for real wave-in-deck loading carag to loading with non-
varying distribution. The development of the acceleratarihe real wave-in-deck load-
ing is favourable in the sense that it retards the structamdlon and thereby contributes
to the structural ability to resist large dynamic load ofitex duration.

8.2 Recommendations for further work

Itis further desirable to perform investigations of dynam@sponse under wave-in-deck load-
ing including damping and relevant pre-load histories ying initial values different from
zero.

The effect of using overturning moment instead of base saga measure of loading and
capacity in the SDOF models could be a further step from thegmt work. It would also be
interesting to use a load time history based on the dasheé ofiFigure 7.10 as opposed to
the solid curve (the curves represent displacements, leawleads are given by multiplying
with the elastic stiffness).

Acceleration levels are identified as a point of concern ia #ork, however the effect of
brittle vs. ductile structural behaviour on acceleratievels could be investigated more thor-
oughly.

Waves that are large enough to reach the deck of an offshatfoh generate not only

horisontal but also vertical forces. The vertical forces af considerable magnitude, and
their influence on the dynamic performance of offshore stimes should be subject to further
investigations.
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Validation of the recommendations relating to wave-inkdead time history in Chapter 4
through tank tests of wave-in-deck loading on jacket deakslévbe strongly recommended.
Particularly the validity range in terms of inundation shiblbe examined.
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Appendix A

Mathematical issues

A.1 2. central difference — a special case of the Newmark
B3 method

In this appendix, it will be shown that the Newmaskmethod of humerical integration with
parameterg = 0 andy = 1/2 reduces to the 2. central difference method.

The general governing equations for the Newmankethod are given as follows (Langen
and Sigbprnsson, 1979):
uCTY =4 i AL 4 (172 - B)il®) (At)? + BasHD (Ar)? (A1)

Al = ) 4 (1= )i At 4 yio T A (A-2)

Substitutes = 0 andy = 1/2 into equations A.1 and A.2, respectively:

1
T = o) L aIAL + 511(5)(&)2 (A.3)
2 — o) 4 Lo a4 Ly
i =u\¥ + 5 At + U At (A.4)

If u(*+1) is expressed by equation A.3, theft) is expressed by

1
u(s) _ u(s—l) + u(s—l)At + 51'1'1(3_1) (At)2 (AS)
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140 A Mathematical issues

and accordingly if:(**1) is expressed by equation A.4, théft) is expressed by
2 — g0 4 LAy 4 Lio)
't =1 + U At + U At (A.6)
Now we subtract each side of equationA.5 from A.3:
1
wb D) ) = )~y i AL— D AL+ S (A2 (u<5> - u<8*1>) (A7)

Now we substitute equation A.6 faf*) into equation A.7:

WD () — () (=) =D Ay 4 %(Aty (wsfl) 4 ﬂ<s>)

—uTDAL 4 %(At)z (u<3> - W*l)) (A.8)

Collecting terms:
wlTD = 24 (8) — (5= (At)Qii(s) (A.9)

Equation A.9 is the equation known as the 2. central diffeeermnd facilitates estimation
of the displacement at the following time step based on thelatation at the previous time
step and the displacement at the two previous time steps.



Appendix B

Comments related to the finite
elements analyses

B.1 Using static analysis models for dynamic analysis

An analysis model prepared for static analyses is frequent suited for dynamic analysis

without putting considerable effort into improvement oé tnodel. The reason is that most
equipment, additional attachments, life boat platform etce modeled as forces while in

reality being masses. In a dynamic analysis model the massesquired.

Also, masses that by nature are distributed, such as wditay fit cellar deck, deck members
or legs, grouting in legs etc. are commonly modeled as Higed element forces in static
analyses. In order to establish a representative mass favdBinamic analysis, these must
be converted to masses, evenly distributed over the expmsador lumped to the nearest
node. Today most finite element programs require such mésdmsrepresented by an in-
creased density of the elements in question, alternataglymped masses at the nodes, both
being time consuming processes where the potential to dethimy wrong is considerable.

In the opinion of the author, any finite element program teahiended for both static and
dynamic analyses of frame structures should support inptibress such as distributed and
concentrated mass ahy place of an (beam) element sparaddition to the common option
mass on node. Obviously, a source of error will be avoidedwitd having to calculate total
mass from masses that are distributed by nature. In patidhle upgrading of old (static)
models to dynamic models will be simplified due to such ogtion

Itis also strongly recommended that preparation of inpesfib traditional static FE analyses
should be carried out with focus on mass as opposed to fored cases where external
loading arise from masses. This will facilitate the useonéanalysis model for both static
and dynamic analysis.
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Appendix C

Input files to finite element

analysis

C.1 Model ‘DS’

C.1.1 Structure file stru.fem

HEAD

Node | D
10101
10107
10113
10119
10201
10202
10203
10204
10205
10206
10207
10209
10213
10216
10219
10222
10223
10224
10225
10226
10229
10232
10233
10239
10241
10242
10243

. 000
. 000
. 000
. 000
. 750

. 130
. 750
. 130
. 750
. 750
. 000
. 750
. 750
. 750
. 000
. 390
. 390
. 390
. 390
. 130
. 067
. 067
. 130
. 873
. 067
. 067

-21.

21
-21

-20

000
. 000
. 000
. 000
750

. 620
. 000
. 620
. 620
. 750
. 750
. 750
. 000
. 750
. 750
. 390
. 390
. 390
. 390
. 620
. 620
. 621
. 620
. 873
. 620
. 621

=
ONOONARARAANNNNNNNNNNNNOOOO

e
oo

000
000
000
000
000
000
000
000
000
000
000
000
000
000
884
884
884
884
000
500
500
000

. 020
. 500
. 500

RRrRRO
RPRRRS
RPRPRRPY

=

PR R R<
i)

RPRrRrRPa



144 C Inpuit files to finite element analysis

NCDE 10247 19. 873 19. 873 9. 020
NCDE 10253 -19.873 19. 873 9. 020
NCDE 10259 -19.873 -19.873 9. 020
NCDE 10301 18.500 -18.500 20. 000
NCDE 10302 18. 500 -7.622 20. 000
NCDE 10303 20. 880 -7.620 20. 001
NCDE 10304 18. 500 0. 000 20. 000
NCDE 10305 20. 880 7.620 20.001
NCDE 10306 18. 500 7.622 20. 000
NCDE 10307 18. 500 18. 500 20. 000
NCDE 10309 0. 000 18. 500 20. 000
NCDE 10310 -3.800 18. 500 20. 000
NCDE 10311 -6.100 18. 500 20. 000
NCDE 10312 - 8. 400 18. 500 20. 000
NCDE 10313 -18. 500 18. 500 20. 000
NCDE 10316 -18. 500 0. 000 20. 000
NCDE 10317 -5.500 -13.000 20. 000
NCDE 10319 -18.500 -18.500 20. 000
NCDE 10322 0. 000 -18. 500 20. 000
NCDE 10329 10. 878 -7.622 20. 000
NCDE 10332 19. 630 -7.620 30. 000
NCDE 10333 9.631 -7.619 30. 000
NCDE 10339 10. 878 7.622 20. 000
NCDE 10342 19. 630 7.620 30. 000
NCDE 10343 9.631 7.619 30. 000
NCDE 10401 16. 000 -16. 000 40. 000
NCDE 10402 16. 000 -7.616 40. 000
NCDE 10403 18. 380 -7.620 39. 999
NCDE 10404 16. 000 0. 000 40. 000
NCDE 10405 18. 380 7.620 39. 999
NCDE 10406 16. 000 7.616 40. 000
NCDE 10407 16. 000 16. 000 40. 000
NCDE 10409 0. 000 16. 000 40. 000
NCDE 10412 - 8. 400 16. 000 40. 000
NCDE 10413 -16. 000 16. 000 40. 000
NCDE 10416 -16. 000 0. 000 40. 000
NCDE 10417 -5.500 -10. 500 40. 000
NCDE 10419 -16. 000 -16. 000 40. 000
NCDE 10422 0. 000 -16. 000 40. 000
NCDE 10429 8.384 -7.616 40. 000
NCDE 10432 17. 442 -7.620 47.505
NCDE 10433 7.446 -7.616 47. 505
NCDE 10439 8. 384 7.616 40. 000
NCDE 10442 17. 442 7.620 47.505
NCDE 10443 7.446 7.616 47.505
NCDE 10501 13. 625 -13.625 59. 000
NCDE 10502 13.625 -7.616 59. 000
NCDE 10503 16. 005 -7.620 59. 000
NCDE 10504 13. 625 0. 000 59. 000
NCDE 10505 16. 005 7.620 59. 000
NCDE 10506 13.625 7.616 59. 000
NCDE 10507 13. 625 13. 625 59. 000
NCDE 10509 0. 000 13. 625 59. 000
NCDE 10510 -5.480 13. 625 59. 000
NCDE 10511 -7.780 13. 625 59. 000
NCDE 10512 -10. 080 13. 625 59. 000
NCDE 10513 -13.625 13. 625 59. 000
NCDE 10514 -13.625 10. 325 59. 000
NCDE 10516 -13.625 0. 000 59. 000
NCDE 10517 -5.500 -8.125 59. 000
NCDE 10519 -13.625 -13.625 59. 000
NCDE 10520 -7.153 -13.625 59. 000
NCDE 10521 -3.536 -10. 089 59. 000
NCDE 10522 0. 000 -13.625 59. 000
NCDE 10525 -3.300 10. 325 59. 000
NCDE 10527 0. 000 5. 000 59. 000

NCDE 10528 8. 629 -4.996 59. 000
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NCDE 10529
NODE 10530
NODE 10531
NCDE 10532
NCDE 10533
NCDE 10534
NODE 10535
NCDE 10538
NCDE 10539
NCDE 10540
NCDE 10600
NODE 10601
NCDE 10602
NCDE 10603
NCDE 10604
NODE 10605
NODE 10606
NCDE 10607
NCDE 10608
NCDE 10609
NODE 10610
NODE 10611
NCDE 10612
NCDE 10613
NCDE 10614
NODE 10616
NODE 10617
NCDE 10618
NCDE 10619
NCDE 10620
NODE 10621
NCDE 10622
NCDE 10623
NCDE 10624
NODE 10625
NODE 10626
NCDE 10627
NCDE 10628
NCDE 10629
NODE 10630
NODE 10631
NCDE 10638
NCDE 20621
NCODE 20624
NODE 20631
NODE 20634
NCDE 20641
NCDE 20644
NCDE 20651
NODE 20654
NCDE 20712
NCDE 20715
NCDE 20716
NCDE 20717
NODE 20718
NCDE 20719
NCDE 20732
NCDE 20734
NCDE 20739
NODE 20750
NCDE 20752
NCDE 20760
NCDE 20765
NODE 30210
NODE 30211
NCDE 30212
NCDE 30217

. 009
. 800
. 100
. 400
. 500
. 794
. 089
. 629
. 009
. 064
. 454
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 454
. 000
. 480
. 780
. 080
. 000
. 000
. 000
. 500
. 000
. 000
. 454
. 220
. 000
. 000
. 300
. 498
. 790
. 083
. 800
. 100
. 400
. 750
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 800
. 000
. 400
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 800
. 100
. 400
. 500

. 616
. 940
. 940
. 940
. 325
. 325
. 325
. 996
. 616
. 561
. 000
. 000
. 456
. 204
. 000
. 204
. 456
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 700
. 000

. 454
. 000
. 000
. 000
. 000

000
700
700
700
700
313
313
313
250
000
000

. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 500
. 500
. 500
. 250
. 000
. 000
. 000
. 250

. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 855
. 450
. 855
. 450
. 855
. 450
. 855
. 450
. 500
. 500
. 500
. 500
. 500
. 500
. 500
. 500
. 500
. 500
. 500
. 500
. 500

000
000

. 000
. 000

R Re e

N

oooo

oooo

oooo

oo oo
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NCDE 30421 -3.536 -10. 089 55. 000

NCDE 30427 0. 000 5. 000 58. 000

NCDE 30428 8.626 -5.000 58. 000

NCDE 30438 8. 626 5. 000 58. 000

NCDE 30440 4.063 9. 563 58. 000

’ Elem 1D npl np2 mat eri al geom | coor eccl ecc2

BEAM 11201 10101 10201 10001 10001 10193

BEAM 11202 10107 10207 10001 10001 10194

BEAM 11302 10113 10213 10001 10001 10195

BEAM 11402 10119 10219 10001 10001 10196

BEAM 12103 10219 10222 10001 10010 10197

BEAM 12104 10222 10201 10001 10010 10197

BEAM 12105 10319 10222 10001 10006 10199 10013 0
BEAM 12106 10222 10322 10001 10009 10200

BEAM 12107 10301 10222 10001 10006 10199 10015 0
BEAM 12200 10204 10206 10001 10010 10202

BEAM 12201 10201 10223 10001 10001 10193

BEAM 12202 10207 10224 10001 10001 10194

BEAM 12203 10201 10202 10001 10010 10202

BEAM 12204 10202 10204 10001 10010 10202

BEAM 12205 10301 10204 10001 10006 10207 10015 0
BEAM 12206 10206 10207 10001 10010 10202

BEAM 12207 10307 10204 10001 10006 10209 10029 0
BEAM 12208 10223 10241 10001 10002 10193

BEAM 12209 10224 10247 10001 10002 10194

BEAM 12210 10241 10301 10001 10002 10193

BEAM 12211 10247 10307 10001 10002 10194

BEAM 12302 10213 10225 10001 10001 10195

BEAM 12303 10207 10209 10001 10010 10217

BEAM 12304 10209 10213 10001 10010 10217

BEAM 12305 10307 10209 10001 10006 10219 10029 0
BEAM 12306 10209 10309 10001 10009 10220

BEAM 12307 10313 10209 10001 10006 10219 10031 0
BEAM 12309 10225 10253 10001 10002 10195

BEAM 12311 10253 10313 10001 10002 10195

BEAM 12402 10219 10226 10001 10001 10196

BEAM 12403 10213 10216 10001 10010 10226

BEAM 12404 10216 10219 10001 10010 10226

BEAM 12405 10313 10216 10001 10006 10209 10031 0
BEAM 12406 10216 10316 10001 10009 10229

BEAM 12407 10319 10216 10001 10006 10207 10013 0
BEAM 12409 10226 10259 10001 10002 10196

BEAM 12411 10259 10319 10001 10002 10196

BEAM 12501 10222 10229 10001 10010 10234 10082 0
BEAM 12502 10229 10204 10001 10010 10234 0 10087
BEAM 12503 10204 10239 10001 10010 10234 10079 0
BEAM 12504 10239 10209 10001 10010 10234 0 10082
BEAM 12505 10209 10216 10001 10010 10001 10083 10079
BEAM 12506 10216 10222 10001 10010 10001 10087 10083
BEAM 12507 10202 10229 10001 10011 10234

BEAM 12508 10201 10229 10001 10012 10241

BEAM 12509 10206 10239 10001 10011 10234

BEAM 12510 10207 10239 10001 10012 10243

BEAM 12511 10209 10222 10001 10011 10220

BEAM 12600 10203 10202 10001 10011 10234

BEAM 12601 10203 10233 10001 10020 10246

BEAM 12602 10229 10233 10001 10016 10247

BEAM 12603 10203 10232 10001 10018 10247

BEAM 12604 10232 10233 10001 10020 10234

BEAM 12605 10233 10329 10001 10015 10247

BEAM 12606 10303 10233 10001 10021 10251

BEAM 12607 10232 10303 10001 10019 10247

BEAM 12610 10205 10206 10001 10011 10234

BEAM 12611 10205 10243 10001 10020 10246

BEAM 12612 10239 10243 10001 10016 10247

BEAM 12613 10205 10242 10001 10018 10247
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12614
12615
12616
12617
13103
13104
13105
13107
13200
13201
13202
13203
13204
13205
13206
13207
13302
13303
13305
13307
13321
13322
13323
13324
13402
13403
13404
13405
13407
13500
13501
13502
13503
13504
13505
13506
13507
13508
13509
13510
13511
13600
13601
13602
13603
13604
13605
13606
13607
13610
13611
13612
13613
13614
13615
13616
13617
14103
14104
14105
14107
14200
14201
14202
14203
14204
14205

10242
10243
10305
10242
10319
10322
10319
10301
10304
10301
10307
10301
10302
10301
10306
10307
10313
10307
10307
10313
10309
10310
10311
10312
10319
10313
10316
10313
10319
10317
10322
10329
10304
10339
10309
10316
10302
10301
10306
10307
10309
10303
10329
10329
10303
10332
10333
10333
10332
10305
10339
10339
10305
10342
10343
10343
10342
10419
10422
10419
10401
10404
10401
10407
10401
10402
10401

10243
10339
10243
10305
10322
10301
10422
10422
10306
10401
10407
10302
10304
10404
10307
10404
10413
10309
10409
10409
10310
10311
10312
10313
10419
10316
10319
10416
10416
10322
10329
10304
10339
10309
10316
10317
10329
10329
10339
10339
10322
10302
10332
10333
10332
10333
10429
10403
10403
10306
10342
10343
10342
10343
10439
10405
10405
10422
10401
10522
10522
10406
10501
10507
10402
10404
10504

10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001

10020
10015
10021
10019
10013
10034
10007
10007
10013
10003
10003
10013
10013
10007
10013
10007
10003
10034
10007
10007
10038
10038
10038
10013
10003
10013
10013
10007
10007
10010
10013
10010
10010
10013
10010
10010
10010
10012
10010
10012
10012
10010
10013
10014
10018
10012
10014
10020
10017
10010
10013
10014
10018
10012
10014
10020
10017
10014
10031
10007
10007
10014
10004
10004
10014
10014
10007

10234
10247
10251
10247
10197
10197
10263
10263
10202
10113
10133
10202
10202
10268
10202
10270
10153
10217
10272
10272
10217
10217
10217
10217
10173
10226
10226
10270
10268
10001
10234
10234
10234
10234
10001
10001
10234
10290
10234
10292
10220
10234
10295
10247
10247
10234
10247
10300
10247
10234
10295
10247
10247
10234
10247
10300
10247
10197
10197
10263
10263
10202
10193
10194
10202
10202
10319

10005
10007

10007

10010
10012

10042

10044

10012
10010

10044
10042
10083
10087

10082
10079

10006
10008

10038



148 C Inpuit files to finite element analysis

BEAM 14206 10406 10407 10001 10014 10202
BEAM 14207 10407 10504 10001 10007 10321 10021 10040
BEAM 14302 10413 10513 10001 10004 10195
BEAM 14303 10407 10409 10001 10031 10217
BEAM 14305 10407 10509 10001 10007 10272 10021 10008
BEAM 14307 10413 10509 10001 10007 10272 10023 10006
BEAM 14322 10409 10412 10001 10036 10217
BEAM 14324 10412 10413 10001 10014 10217
BEAM 14402 10419 10519 10001 10004 10196
BEAM 14403 10413 10416 10001 10014 10226
BEAM 14404 10416 10419 10001 10014 10226
BEAM 14405 10413 10516 10001 10007 10321 10023 10040
BEAM 14407 10419 10516 10001 10007 10319 10005 10038
BEAM 14500 10417 10422 10001 10010 10001 0 10083
BEAM 14501 10422 10429 10001 10034 10234 10082 0
BEAM 14502 10429 10404 10001 10010 10234 0 10087
BEAM 14503 10404 10439 10001 10010 10234 10079 0
BEAM 14504 10439 10409 10001 10034 10234 0 10082
BEAM 14505 10409 10416 10001 10010 10001 10083 10079
BEAM 14506 10416 10417 10001 10010 10001 10087 0
BEAM 14507 10402 10429 10001 10022 10234
BEAM 14508 10401 10429 10001 10012 10343
BEAM 14509 10406 10439 10001 10022 10234
BEAM 14510 10407 10439 10001 10012 10345
BEAM 14511 10409 10422 10001 10012 10220
BEAM 14600 10403 10402 10001 10022 10234
BEAM 14601 10403 10433 10001 10023 10348
BEAM 14602 10429 10433 10001 10015 10247
BEAM 14603 10403 10432 10001 10018 10350
BEAM 14604 10432 10433 10001 10012 10234
BEAM 14605 10433 10529 10001 10015 10350
BEAM 14606 10433 10503 10001 10012 10353
BEAM 14607 10432 10503 10001 10018 10247
BEAM 14610 10405 10406 10001 10022 10234
BEAM 14611 10405 10443 10001 10023 10348
BEAM 14612 10439 10443 10001 10015 10247
BEAM 14613 10405 10442 10001 10018 10350
BEAM 14614 10442 10443 10001 10012 10234
BEAM 14615 10443 10539 10001 10015 10350
BEAM 14616 10443 10505 10001 10012 10353
BEAM 14617 10442 10505 10001 10018 10247
BEAM 15102 10519 10520 10001 10031 10197
BEAM 15103 10520 10522 10001 10031 10197
BEAM 15104 10522 10501 10001 10031 10197
BEAM 15105 10519 10622 10001 10008 10263 0 10002
BEAM 15107 10501 10622 10001 10008 10263 0 10004
BEAM 15200 10504 10506 10001 10014 10202
BEAM 15201 10501 10601 10001 10005 10193
BEAM 15202 10507 10607 10001 10005 10194
BEAM 15203 10501 10502 10001 10031 10202
BEAM 15204 10502 10504 10001 10014 10202
BEAM 15205 10501 10604 10001 10008 10373 0 10034
BEAM 15206 10506 10507 10001 10031 10202
BEAM 15207 10507 10604 10001 10008 10375 0 10036
BEAM 15302 10513 10613 10001 10005 10195
BEAM 15303 10507 10509 10001 10031 10217
BEAM 15305 10507 10609 10001 10008 10272 0 10004
BEAM 15307 10513 10609 10001 10008 10272 0 10002
BEAM 15321 10509 10510 10001 10036 10217
BEAM 15322 10510 10511 10001 10036 10217
BEAM 15323 10511 10512 10001 10036 10217
BEAM 15324 10512 10513 10001 10036 10217
BEAM 15401 10513 10514 10001 10039 10226
BEAM 15402 10519 10619 10001 10005 10196
BEAM 15403 10514 10516 10001 10039 10226
BEAM 15404 10516 10519 10001 10031 10226

BEAM 15405 10513 10616 10001 10008 10375 0 10036
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15407
15500
15501
15502
15503
15504
15507
15508
15509
15510
15511
15512
15514
15515
15517
15520
15521
15522
15523
15524
15525
15526
15527
15528
15529
15530
15531
15532
15533
15534
15600
15610
16100
16101
16102
16103
16104
16105
16200
16201
16202
16203
16204
16205
16206
16302
16303
16321
16322
16323
16324
16400
16403
16404
16405
16420
16500
16501
16502
16503
16504
16511
16512
16513
16514
16515
16520

10519
10521
10522
10504
10504
10539
10502
10501
10506
10507
10527
10540
10517
10516
10520
10525
10509
10538
10528
10509
10525
10533
10534
10535
10530
10510
10531
10511
10532
10512
10503
10505
10600
10619
10620
10621
10622
10600
10606
10601
10602
10603
10604
10605
10606
10607
10608
10609
10610
10611
10612
10618
10614
10616
10618
10613
10617
10622
10604
10624
10616
10609
10623
10604
10623
10638
10631

10616
10522
10529
10528
10538
10540
10529
10529
10539
10539
10522
10509
10521
10517
10521
10516
10527
10539
10529
10525
10533
10534
10535
10514
10533
10530
10534
10531
10535
10532
10502
10506
10602
10620
10621
10622
10600
10601
10608
10602
10603
10604
10605
10606
10607
10608
10609
10610
10611
10612
10613
10620
10616
10618
10619
10614
10622
10604
10631
10616
10617
10638
10622
10623
10616
10623
10609

10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001

10008
10032
10040
10012
10012
10040
10037
10012
10037
10012
10045
10040
10032
10032
10009
10032
10045
10012
10012
10032
10025
10025
10025
10025
10043
10043
10044
10044
10043
10043
10037
10037
10012
10031
10031
10031
10031
10031
10012
10031
10031
10031
10031
10031
10031
10031
10031
10031
10031
10031
10031
10012
10031
10031
10031
10031
10032
10032
10032
10032
10032
10009
10009
10009
10009
10009
10032

10373
10001
10234
10001
10234
10001
10234
10397
10234
10399
10220
10234
10402
10001
10404
10001
10220
10407
10395
10001
10410
10410
10410
10410
10001
10415
10416
10415
10418
10415
10234
10234
10422
10197
10197
10197
10197
10197
10407
10202
10202
10202
10202
10202
10202
10217
10217
10217
10217
10217
10217
10402
10226
10226
10226
10226
10001
10234
10234
10001
10001
10220
10220
10410
10410
10220
10234

10082
10087
10079

10087

10083

10068
10065

10073

10034
10083

10082

10079

10069
10073

10065

10068
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BEAM 16521 10609 10624 10001 10032 10001 10069 0
BEAM 16522 10624 10625 10001 10025 10234
BEAM 16523 10625 10626 10001 10025 10234
BEAM 16524 10626 10627 10001 10025 10234
BEAM 16525 10627 10614 10001 10025 10234
BEAM 16526 10628 10625 10001 10043 10463
BEAM 16527 10610 10628 10001 10043 10464
BEAM 16528 10629 10626 10001 10044 10465
BEAM 16529 10611 10629 10001 10044 10001
BEAM 16530 10630 10627 10001 10043 10467
BEAM 16531 10612 10630 10001 10043 10464
BEAM 26106 20654 20621 10001 20003 20001
BEAM 26107 10601 20621 10001 10005 10200
BEAM 26109 20621 20624 10001 10005 10200
BEAM 26110 20624 20739 10001 10005 10200
BEAM 26206 20624 20631 10001 20003 20005
BEAM 26301 10607 20631 10001 10005 10220
BEAM 26306 20634 20641 10001 20003 20007
BEAM 26307 10613 20641 10001 10005 10220
BEAM 26309 20641 20644 10001 10005 10220
BEAM 26310 20644 20719 10001 10005 10220
BEAM 26406 20644 20651 10001 20003 20011
BEAM 26601 10619 20651 10001 10005 10200
BEAM 26602 20651 20654 10001 10005 10200
BEAM 26603 20654 20732 10001 10005 10200
BEAM 26604 20631 20634 10001 10005 10220
BEAM 26605 20634 20712 10001 10005 10220
BEAM 30020 30217 10317 10001 30003 10199
BEAM 30021 30210 10310 10001 30001 30002
BEAM 30022 30211 10311 10001 30002 30002
BEAM 30023 30212 10312 10001 30001 30002
BEAM 30030 10317 10417 10001 30003 10199
BEAM 30040 10417 10517 10001 30003 10199
BEAM 30041 10310 10530 10001 30001 30010
BEAM 30042 10311 10531 10001 30002 30010
BEAM 30043 10312 10532 10001 30001 30010
BEAM 30044 30428 10528 10001 30812 30013
BEAM 30045 30438 10538 10001 30812 30014
BEAM 30046 30440 10540 10001 30005 10410
BEAM 30047 30427 10527 10001 30005 10410
BEAM 30049 30421 10521 10001 30006 10410
BEAM 30050 10517 10617 10001 30003 10199
BEAM 30051 10530 10628 10001 30001 10272
BEAM 30052 10531 10629 10001 30002 10272
BEAM 30053 10532 10630 10001 30001 10272
BEAM 30054 10528 10603 10001 30812 30022
BEAM 30055 10538 10605 10001 30812 30023
BEAM 30056 10540 10631 10001 30005 30024
BEAM 30057 10527 10638 10001 30005 10410
BEAM 30059 10521 10621 10001 30006 30026
BEAM 30060 10617 20765 10001 30003 30027
BEAM 30061 10628 20716 10001 30001 30028
BEAM 30062 10629 20717 10001 30002 30029
BEAM 30063 10630 20718 10001 30001 30028
BEAM 30064 10603 20750 10001 30812 30031
BEAM 30065 10605 20752 10001 30812 30032
BEAM 30066 10631 20760 10001 30005 30033
BEAM 30067 10638 20760 10001 30005 30034
BEAM 30069 10621 20734 10001 30006 30035
BEAM 30209 10209 10309 10001 31066 10272
BEAM 30309 10309 10409 10001 31066 10272
BEAM 30409 10409 10509 10001 31066 10272
BEAM 30509 10509 10609 10001 31066 10272
BEAM 30609 10609 20715 10001 31066 10410
’ Ceom | D Do Thi ck Shear _y Shear _z

PI PE 10001 3. 000 0. 050
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’ GENBEAM
GENBEAM

’  GENBEAM

UNI TVEC
" UNI TVEC

UNI TVEC
" UNI TVEC
> UNI TVEC
" UNI TVEC
* UNI TVEC

UNI TVEC
" UNI TVEC
* UNI TVEC
" UNI TVEC

10002
10003
10004
10005
10006
10007
10008
10009
10010
10011
10012
10013
10014
10015
10016
10017
10018
10019
10020
10021
10022
10023
10024
10025
10031
10032
10034
10036
10037
10038
10039
10040
10043
10044
10045
20003
30001
30002
30003
30005
30006
30812
31066

Geom I D
10026

10027

10028

Loc- Coo

10001
10029
10030
10031
10032
10033
10035
10036
10037
10038
10039

RPRRPRRRORR®

000
. 400
400
800
300
300
100
650
000
900
800
000
200
200
200
600
600
600
800
900
100
000
940
800
200
800
000
200
100
000
200
800
560
510
000
750
935
722
780
559
457
813
067

P OOOCOOOOROO0ORPRRERORORPROORRRRERREPROORORRERENNW

. 00000E-
. 00000E-
. 00000E-
. 00000E-
. 00000E-
. 00000E-

02
05
05
02
05
05

. 92000E+00

. 00000E-
. 00000E-

dx
0.0
-0.
-0.
-0.

0
-0.
-0.

0
- 0.
-0.
-0.

05
05

00

014
032
144
011
148
050
011
144
032
014

COOO000000000000000000000000O000000000000000

PP

S

P

075
050
040
040
030
035
035
020
025
025
025
030
030
025
020
045
035
030
020
020
030
020
095
035
035
030

040
025
040
055
040
025
025
045
035
038
033
033
025
025
025
025

. 00000E- 06

. 00000E- 05

. 00000E- 06
. 00000E- 05

. 00000E- 06
. 00000E- 05

ocoooooc000

. 00000E- 06
. 00000E- 02

. 00000E- 06
. 00000E- 02

. 00000E- 06
. 00000E- 05

dz

1. 000
000
989
989
000
988
988
000
989
989
000

rooProORrOOR

. 00000E- 02
. 00000E- 02

. 00000E- 02
. 00000E- 02

. 00000E- 06
. 00000E- 05
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UNI TVEC 10040 -0.050 -0. 148 0. 988
" UNI TVEC 10042 -0.148 -0. 050 0.988
" UNI TVEC 10043 0.014 0.011 1. 000
* UNI TVEC 10044 0.032 -0. 144 0. 989
" UNI TVEC 10045 0. 144 -0.032 0. 989
UNI TVEC 10046 -0.011 -0.014 1. 000
* UNI TVEC 10047 0. 148 -0. 050 0.988
* UNI TVEC 10049 0. 050 -0. 148 0.988
* UNI TVEC 10050 -0.011 0.014 1.000
* UNI TVEC 10051 0. 144 0.032 0. 989
UNI TVEC 10052 0. 032 0. 144 0. 989
" UNI TVEC 10053 0.014 -0.011 1. 000
> UNI TVEC 10054 0. 050 0. 148 0.988
" UNI TVEC 10056 0. 148 0. 050 0.988
UNI TVEC 10113 0. 696 -0.696 0.174
UNI TVEC 10125 0. 948 0. 092 0. 304
" UNI TVEC 10126 0.530 0. 838 0.128
* UNI TVEC 10127 -0.838 -0.530 0.128
" UNI TVEC 10128 -0.092 -0.948 0. 304
* UNI TVEC 10129 -0.224 -0.934 0. 277
UNI TVEC 10130 0. 412 -0.828 0. 380
" UNI TVEC 10131 0.828 -0.412 0. 380
* UNI TVEC 10132 0.934 0.224 0. 277
UNI TVEC 10133 0. 696 0. 696 0.174
* UNI TVEC 10145 -0.092 0.948 0. 304
" UNI TVEC 10146 -0.838 0.530 0.128
" UNI TVEC 10147 0.530 -0.838 0.128
* UNI TVEC 10148 0.948 -0.092 0. 304
" UNI TVEC 10149 0.934 -0.224 0. 277
UNI TVEC 10150 0. 828 0.412 0. 380
" UNI TVEC 10151 0. 412 0. 828 0. 380
> UNI TVEC 10152 -0.224 0.934 0. 277
UNI TVEC 10153 -0.696 0. 696 0.174
" UNI TVEC 10165 -0.948 -0.092 0. 304
UNI TVEC 10166 -0.530 -0.838 0.128
" UNI TVEC 10167 0. 838 0. 530 0.128
* UNI TVEC 10168 0. 092 0.948 0. 304
" UNI TVEC 10169 0.224 0.934 0. 277
" UNI TVEC 10170 -0.412 0. 828 0. 380
UNI TVEC 10171 -0.828 0. 412 0. 380
" UNI TVEC 10172 -0.934 -0.224 0. 277
UNI TVEC 10173 -0.696 -0.696 0.174
" UNI TVEC 10185 0. 092 -0.948 0. 304
* UNI TVEC 10186 0. 838 -0.530 0.128
UNI TVEC 10187 -0.530 0. 838 0.128
" UNI TVEC 10188 -0.948 0.092 0. 304
* UNI TVEC 10189 -0.934 0.224 0. 277
" UNI TVEC 10190 -0.828 -0.412 0. 380
* UNI TVEC 10191 -0.412 -0.828 0. 380
" UNI TVEC 10192 0.224 -0.934 0. 277
UNI TVEC 10193 0.992 0.015 0.122
UNI TVEC 10194 -0.992 0.015 -0.122
UNI TVEC 10195 -0.992 -0.015 0.122
UNI TVEC 10196 0.992 -0.015 -0.122
UNI TVEC 10197 0. 000 -0.124 -0.992
UNI TVEC 10199 0. 000 -0.992 0.124
UNI TVEC 10200 1.000 0. 000 0. 000
UNI TVEC 10202 0.124 0. 000 -0.992
UNI TVEC 10207 0. 000 -0.696 -0.718
UNI TVEC 10209 0. 000 -0.696 0.718
UNI TVEC 10217 0. 000 0.124 -0.992
UNI TVEC 10219 0. 000 -0.992 -0.124
UNI TVEC 10220 -1.000 0. 000 0. 000
UNI TVEC 10226 -0.124 0. 000 -0.992
UNI TVEC 10229 0. 000 -1.000 0. 000
UNI TVEC 10234 0. 000 0. 000 -1.000
UNI TVEC 10241 0. 865 0. 502 0. 000
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UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC
UNI TVEC

ECCENT
ECCENT
ECCENT
ECCENT
ECCENT
ECCENT
ECCENT
ECCENT
ECCENT

10243
10246
10247
10251
10263
10268
10270
10272
10290
10292
10295
10300
10319
10321
10343
10345
10348
10350
10353
10373
10375
10395
10397
10399
10402
10404
10407
10410
10415
10416
10418
10422
10463
10464
10465
10467
20001
20005
20007
20011
30002
30010
30013
30014
30022
30023
30024
30026
30027
30028
30029
30031
30032
30033
30034
30035

Ecc-1D

10002
10004
10005
10006
10007
10008
10010
10012
10013

. 865
. 609
. 992

733
000
000
000
000
819
819
753
753
000
000
740
740
566
992
802
000
000
707
619
619
707

707
000
708
690
691
707
689
709
690
692
496
000
496
000
000
000
588
588
885
885
704
876
831
000
059
000
000
686
000
999

015

. 015
. 026
. 235
. 026
. 235

. 145
. 009

COOOOO0O00000000000000000000OFRO000000000000000O000000000000

Coooo0o000o

502
000
000
000
992
737
737
992
574
574
000
000
767
767
672
672
000
000
000
839
839
707
785
785
707

707
000
706
724
723
707
725
706

722
000
496
000
496
997
978
809
809
449
449
704
474
416
994
992
999
999
686
999
000

Ey

000
000
026
000
026
000
000
000
009

[
o

o

o

oo

o

COOPLOOLLOOOPLPLOOOOOOOLOOLOOOOOLO00LO0OOLOOOOLO00L00R

SRR RS o o

. 000
. 793
.124
. 680
. 124
. 676

676
124
000
000

000
000
000
000
000
000
000
000
000
868
868
868
868
083
209
005
005
126
126
088
091
369
108
108
045
045
243
032
050

000
000
207
000
207
000
000
000
069
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ECCENT 10015 0. 009 -0.009 -0.069
ECCENT 10021 -0.026 -0.026 0. 207
ECCENT 10023 0. 026 -0.026 0. 207
ECCENT 10029 0. 009 0. 009 -0.069
ECCENT 10031 -0. 009 0. 009 -0.069
ECCENT 10034 0. 000 0. 015 0. 000
ECCENT 10036 0. 000 -0.015 0. 000
ECCENT 10038 0. 000 -0.235 0. 000
ECCENT 10040 0. 000 0. 235 0. 000
ECCENT 10042 0. 000 -0.145 0. 000
ECCENT 10044 0. 000 0. 145 0. 000
ECCENT 10065 0. 000 -0.080 0. 000
ECCENT 10068 -0.080 0. 000 0. 000
ECCENT 10069 0. 080 0. 000 0. 000
ECCENT 10073 0. 000 0. 080 0. 000
ECCENT 10079 0. 000 -0. 105 0. 000
ECCENT 10082 -0.105 0. 000 0. 000
ECCENT 10083 0. 105 0. 000 0. 000
ECCENT 10087 0. 000 0. 105 0. 000
Mat ID E- nod Poi ss Density Ther mal

ELASTI C 10001 2. 100E+11 3. 000E-01 7. 850E+03 . 000E+00
ELASTI C 10002 2. 100E+11 3. 000E- 01 5. 760E+02 . 000E+00

' Material specifications

’ Mat ID E- nod Poi ss Yield Density Ther mal
M SO EP 10001 2. 100E+11 0.3 355. OE+6 7. 850E+03 . 000E+00

' M SO EP 10002 2. 100E+11 0.3 355. OE+6 5. 760E+02 . 000E+00

M SO EP 40001 2. 100E+15 0.3 355. OE+6 1. 000E- 05 . 000E+00

Dummy cross section for deck dummy structure

Pl PE 40001 1. 000 0. 100

Extra nodes for dummy structure attracting wave-in-deck | oads

NCDE 40001 11. 000 23. 500 95. 500
NCDE 40002 23.500 11. 000 95. 500
NCDE 40003 23. 500 -11.000 95. 500
NCDE 40004 11. 000 -23.500 95. 500
NCDE 40005 -11.000 -23.500 95. 500
NCDE 40006 -23.500 -11.000 95. 500
NCDE 40007 -23.500 11. 000 95. 500
NCDE 40008 -11. 000 23.500 95. 500
NCDE 40011 11. 000 23. 500 103. 500
NCDE 40012 23.500 11. 000 103. 500
NCDE 40013 23.500 -11.000 103. 500
NCDE 40014 11.000 -23.500 103. 500
NCDE 40015 -11.000 -23.500 103. 500
NCDE 40016 -23.500 -11.000 103. 500
NCDE 40017 -23.500 11. 000 103. 500
NCDE 40018 -11.000 23.500 103. 500
NCDE 40021 0. 000 0. 000 95. 500

NCDE 40041 -1.084 -1.107 99. 000

" Extra elenments for dummy structure attracting wave-in-deck | oads
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Elem|D
BEAM 40001
BEAM 40002
BEAM 40003
BEAM 40004
BEAM 40005
BEAM 40006
BEAM 40007
BEAM 40008
BEAM 40011
BEAM 40012
BEAM 40013
BEAM 40014
BEAM 40015
BEAM 40016
BEAM 40017
BEAM 40018
BEAM 40021
BEAM 40022
BEAM 40023
BEAM 40024
BEAM 40025
BEAM 40026
BEAM 40027
BEAM 40028
BEAM 40029
BEAM 40030
BEAM 40031
BEAM 40032
BEAM 40033
BEAM 40034
BEAM 40035
BEAM 40036
BEAM 40037
BEAM 40038
BEAM 40041
BEAM 40042
BEAM 40043

BEAM 40044

Li near el ements, deck dummy frame (infi

npl
20712
20712
20739
20739
20732
20732
20719
20719
40001
40002
40003
40004
40005
40006
40007
40008
20719
20718
20717
20716
20715
20732
20765
20732
20734
20739
20750
20752
20719
40021
20732
40021
40021
20760
20719
40041
20732
40041

np2
40001
40002
40003
40004
40005
40006
40007
40008
40011
40012
40013
40014
40015
40016
40017
40018
20718
20717
20716
20715
20712
20765
20719
20734
20739
20750
20752
20712
40021
20712
40021
20739
20760
20715
40041
20712
40041
20739

materia
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001

geom
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001
40001

nitely stiff)

Lin_Elem O El em

Nurmber of points for wave cal cul ation

VAVE_INT 81

40021
40025
40029
40033
40037
40041

40022
40026
40030
40034
40038
40042

40023
40027
40031
40035

40043

Node nass representing | oads on topside

and wei ght of topside,

totally 11000 t

NODEMASS 40041 11000E+03

G oup definitions

40024
40028
40032
40036

40044

| coor
10001
10001
10001
10001
10001
10001
10001
10001
10200
10200
10200
10200
10200
10200
10200
10200
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001
10001

40011 40012 40013 40014 40015 40016 40017 40018

eccl

ecc2
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' Risers and appurtenances

GroupbDef 52 Elem 30020 30021 30022 30023 ! Risers:
30030
30040 30041 30042 30043
30050 30051 30052 30053
30060 30061 30062 30063
30209 30309 30409 30509 30609
30044 30045 30046 30047 30049 ! Cai ssons:
30054 30055 30056 30057 30059
30064 30065 30066 30067 30069
" Elements to generate wave | oad on deck
Groupdef 55 Elem 40001 40002 40003 40004 ! Horizontal
40005 40006 40007 40008 ! Horizontal
40011 40012 40013 40014 ! Verti cal
40015 40016 40017 40018 ! Verti cal
' Deck frame
G oupdef 56 Elem 40021 40022 40023 40024
40025 40026 40027 40028
40029 40030 40031 40032
40033 40034 40035 40036
40037 40038
" Pyramid carrying node nmass representing deck weigth
G oupdef 57 Elem 40041 40042 40043 40044
* Launch franes
Groupdef 58 Elem 12507 12600 12601 12602 12603
12604 12605 12606 12607
13507 13600 13601 13602 13603
13604 13605 13606 13607
14507 14600 14601 14602 14603
14604 14605 14606 14607
15507 15600
12509 12610 12611 12612 12613
12614 12615 12616 12617
13509 13610 13611 13612 13613
13614 13615 13616 13617
14509 14610 14611 14612 14613
14614 14615 14616 14617
15509 15610
Definitions of nonstructural elenents

' Group 52 Risers and appurtenances

NonStru Group 52 55
NonStru Visible

Goup 55 Elenents to generate wave | oad on deck



C.1 Model ‘DS’ 157

C.1.2 Load file load.fem

HEAD

Dead wei ght of structural steel and nasses on nodes

’ Load Case Acc_X Acc_Y Acc_Z
GRAVI TY 1 0. 0. -9.81

Wnd | oad positive x-direction (i.e. fromPN), in total 4 MN

Load Case Node ID fx fy fz
’ NODELOAD 5 40041 4. 0E+6 0.0 0.0

Wnd | oad positive y-direction (i.e. fromPW, in total 3 MN

’ Load Case Node ID fx fy fz
* NODELOAD 6 40041 0.0 3. OE+6 0.0

Speci fy cal cul ati on of buoyancy
" (NB! If buoyancy is calculated, flooded nmenbers
" must be correctly given in the load file.)

’ Il1dcs Option
BUOYANCY 1 NoWi te

* Wave | oads

Wave-in-deck | oad (for magnitude see file deckforce_val ues.xls) for deck width 47 m

’ Load Case Node ID fx fy fz
NCODEL CAD 9 20712 FDECKX. 0.0 0.0
NCDELQAD 9 20719 FDECKX. 0.0 0.0
NCDELOAD 9 20732 FDECKX. 0.0 0.0
NCDEL QAD 9 20739 FDECKX. 0.0 0.0

Wave | oad on jacket

’ Il1dcs <type> H Peri od Direction Phase Surf_Lev Depth
WAVEDATA 10  Stoke WAVEH PERI OD 0.0 145  SURFACE  DEPTH

Current profile

I1dcs Speed Direction Surf_Lev Depth [Profile]
CURRENT 10 1.0 0.0 SURFACE DEPTH 0.0 1.00
-25.0 0.52
-85.0 0.28
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Hydr odynani c factors

General depth dependent factors:

' z Cd
Hydro_Cd  4.00 0.65
3.01 0.65
3.00 1.05
-4.00 1.05
-4.01 1.208
-85.0 1.208
' z Cm
Hydro_Cm 3.00 1.6
-4.00 1.6
-4.01 1.2
-85.0 1.2
" Deck dummy structure:
Hyd_CdCm 0.0 0.0 40001 40002 40003 40004
40005 40006 40007 40008
40021 40022 40023 40024
40025 40026 40027 40028
40029 40030 40031 40032
40033 40034 40035 40036
40037 40038
40041 40042 40043 40044
40011 40012 40013 40014
40015 40016 40017 40018

' The dragfactor for (two at the time of) elements 40011 - 40018
is calculated based on Cs = 3 and that they each cover 23.5 m
of the deck wall width.

Hyd_CdCm 70.5 0.0 40011 40018 ! Forces -y direction
' Hyd_CdCm 70.5 40012 40013 ! Forces -x direction
' Hyd_CdCm 70.5 40014 40015 ! Forces +y direction
" Hyd_CdCm 70.5 40016 40017 ! Forces +x direction

coo
coco

' Launch runners (only runners, not conplete frame):
Hyd_CdCm 3.71 2.16 12603 13603 14603

12607 13607 14607
12613 13613 14613
12617 13617 14617

' Marine growth

z Add_Thi ck
M _GROWTH 2.02 0. 00
2.01 0. 00
2.00 0.10
-40. 00 0.10
-40.01 0. 05
-85.00 0. 05

Fl ooded nenbers (for this to take effect, BUOYANCY
must be specified in the control file)

Jacket |egs:

Fl ooded 11201 12201 13201 14201 15201
11202 12202 13202 14202 15202
11302 12302 13302 14302 15302
11402 12402 13402 14402 15402

12208 12209 12210 12211
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Ri sers:
Fl ooded

Cai ssons

Fl ooded

12309
12409

30020
30030
30040
30050
30060
30209

30044
30054
30064

12311
12411

30021

30041
30051
30061
30309

30045
30055
30065

30022

30042
30052
30062
30409

30046
30056
30066

30023

30043
30053
30063
30509

30047
30057
30067

30609

30049
30059
30069

Inertia load 2. node (rotation about y-axis) corr. to 100 MN

NODELOGAD

NCDEL CAD

NODEL CAD

NODELOAD

NCODEL CAD

NODELOAD

NODEL QAD

NODELOAD

NCODEL CAD

NODEL CAD

NODELOAD

NODEL QAD

NODELOAD

NCDEL CAD

NODEL CAD

NCODEL CAD

NCODEL CAD

NODELOAD

NCODEL CAD

NODEL CAD

NCODEL CAD

NODEL CAD

NODELOAD

NODEL QAD

Load Case
11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

Node I D
10201

10202

10203

10204

10205

10206

10207

10209

10213

10216

10219

10222

10223

10224

10225

10226

10229

10232

10233

10239

10241

10242

10243

10247

....................
NN O WR RN R R, NE R R WR AR AR AR AR RR R ORRRENRRRRORRORRON R OR

LOA
. 72058E+03
. 07533E+00
. 84548E+03
18215E+00
35593E+03
68105E+01
25939E+03
12777E+01
55276E+03
85993E+01
63752E+02
. 00291E+01
74754E+03
. 20596E+01
80729E+04
54355E+01
. 58816E+03
. 22714E+01
74958E+04
. 83053E+01
80330E+03
. 00702E+01
95084E+04
31709E+02
70829E+03
. 87969E+01
71628E+03
. 58512E+01
. 48409E+03
. 64524E+01
. 97287E+03
37946E+01
75534E+03
90380E+01
. 60142E+04
20574E+01
64212E+03
25006E+01
79205E+03
78993E+00
. 49303E+04
. 41281E+02
40270E+04
. 86942E+01
. 68462E+03
. 30449E+01
. 42510E+04

D

PNNENWONNOWROWNANAEANARRNONPEOIWAR®OOREN®ROANE R N® =

NTENS

. 35468E+02
. 29358E+01
. 36961E+02

02594E+01
11577E+03
16382E+01
30639E+03
97072E+01
88858E+03
04582E+01
57086E+02

. 12179E+01

51582E+02
31406E+01
29171E+03

. 60345E+02

59551E+02
07695E+01
80026E+03
75713E+02

. 56512E+02

16082E+01
84324E+03
05811E+01

. 71846E+03
. 37514E+01

21800E+03
03715E+01
39095E+03
14430E+01
02738E+03

. 25544E+01

32023E+03
48682E+01
73351E+03
06574E+02
01125E+03
74712E+01

. 43914E+02
. 86194E+01

55258E+03
34423E+02

. 37184E+03
. 17889E+02
. 54620E+03
. 53160E+01
. 08171E+04

TY

-9.
-7.

[ R T T T A
PNRPWONRFPOOWRONN

26136E+02
94597E+00

. 62172E+03
. 63549E+00
. 29511E+04
. 15676E+00
. 31702E+04
. 15385E+01
. 54810E+04
. 57808E+00
. 82029E+03
. 24910E+01
. 15698E+03
. 06246E+00
. 31930E+03
. 11299E+00
. 99791E+02
. 34052E+00

87310E+04

. 18503E+00
. 08379E+03
. 68588E+00

82288E+03

. 66770E+01
. 09591E+03
. 41981E+00
. 90901E+03
. 98933E+00
. 12250E+03
. 98494E+00
. 92014E+03
. 34740E+00
. 41748E+03
. 03688E+01
. 18191E+04
. 47700E+00
. 87128E+03
. 99235E+00
. 48608E+03
. 65921E+01
. 81582E+03
. 78929E+01
. 61252E+04
. 11069E+00
. 48887E+03
. 49598E+00
. 60560E+04
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-1.23179E+02 3. 08976E+02 2. 30313E+01

NODELOAD 11 10253 2. 36934E+04 8. 14520E+03 6. 94018E+03
- 1. 25955E+02 3. 16729E+02 5. 42957E+01

NCDEL CAD 11 10259 2. 55105E+04 9. 65258E+03 1. 61226E+04
-1. 05751E+02 3. 25446E+02 -2.64770E+01

NODEL CAD 11 10301 1. 77812E+05 7.08137E+04 - 2. 76987E+04
-5. 24381E+01 1. 63649E+02 - 6. 83919E+00

NODEL QAD 11 10302 9. 05324E+03 3. 56683E+03 -5.50652E+03
-1. 85105E+01 1. 07932E+01 1. 62054E+00

NODEL CAD 11 10303 3. 19476E+04 1. 27446E+04 - 2. 34687E+04
- 6. 84496E+01 1. 57231E+02 -2.91562E+00

NODELOAD 11 10304 1. 11143E+04 4. 49698E+03 - 8. 58753E+03
-7.14228E+00 2. 13839E+01 1. 95610E+00

NCODEL CAD 11 10305 3. 10169E+04 1. 27350E+04 - 2. 81893E+04
-3.37166E+01 1. 71492E+02 -1.18212E+00

NODELOAD 11 10306 8. 79541E+03 3. 58599E+03 - 6. 70000E+03
1. 02661E+01 1. 16155E+01 1. 23844E+00

NCODELCAD 11 10307 1. 69313E+05 7. 18369E+04 - 6. 59542E+04
-2.94312E+01 1. 54185E+02 2.09711E+01

NODEL CAD 11 10309 3. 00895E+04 1. 17509E+04 - 3. 33467E+03
-4.50365E+01 5. 07801E+01 1. 03411E+02

NODELOAD 11 10310 2. 37468E+03 9. 25581E+02 - 2. 38936E+02
-5.27489E- 02 9. 36830E- 02 -1.60371E-02

NCODEL CAD 11 10311 1. 78983E+03 6. 99578E+02 -1. 76233E+02
-4. 51400E- 02 6. 81394E- 02 -1. 65249E- 02

NODELOAD 11 10312 4. 03318E+03 1. 58066E+03 - 3. 73095E+02
-1.11123E-01 1. 52789E+00 - 6. 39527E- 02

NCODEL CAD 11 10313 1. 64966E+05 6. 08154E+04 2. 78517E+04
- 6. 53305E+01 9. 77040E+01 1. 44076E+01

NODEL CAD 11 10316 2. 66989E+04 9. 70631E+03 7.23429E+03
- 8. 30361E+01 6. 41646E+01 2. 36646E+02

NODELCAD 11 10317 7.49096E+03 2.85872E+03 6. 08944E+02
-3.41369E- 01 -9.80778E-02 1. 50456E+00

NODEL CAD 11 10319 1. 77116E+05 6. 30937E+04 6. 58568E+04
-4.57276E+01 1. 53059E+02 4. 05152E+00

NODELOAD 11 10322 3. 09269E+04 1. 19132E+04 3. 34649E+03
-4. 15652E+01 3.87717E+01 -1. 06607E+02

NCDEL CAD 11 10329 2.52222E+04 9. 85907E+03 -5. 55060E+03
-5. 68943E+01 1.10614E+02 5. 73504E+00

NODELOAD 11 10332 5. 77996E+04 2. 41597E+04 - 2. 65120E+04
- 8. 01639E+01 2.02171E+02 1. 82484E+00

NCODEL CAD 11 10333 1. 98130E+04 7. 75362E+03 -1. 73093E+03
-1. 95125E+01 7.64966E+01 2. 47884E+00

NODEL CAD 11 10339 2. 45600E+04 9. 77166E+03 - 8. 62545E+03
5. 75644E- 01 1. 06755E+02 5. 43095E+00

NODELOAD 11 10342 5. 78692E+04 2.13757E+04 - 3. 20256E+04
-7.16642E+01 2.12153E+02 - 2. 30060E+00

NCODEL CAD 11 10343 1. 98348E+04 7.52673E+03 - 3. 36243E+03
- 2. 68302E+01 7.93189E+01 1. 48370E+00

NODELOAD 11 10401 3. 29482E+05 1. 33247E+05 - 5. 33494E+04
-5. 75436E+03 1. 32291E+04 -2.46092E+03

NCDEL CAD 11 10402 2. 20144E+04 8. 78771E+03 -4.97178E+03
7.19734E+00 1. 77530E+01 1.15231E+01

NCODEL CAD 11 10403 7. 35529E+04 3. 05601E+04 - 2. 29546E+04
- 6. 62249E+01 2. 25247E+02 -1.56762E+00

NCODELCAD 11 10404 8. 17653E+04 3. 23386E+04 -7.43288E+03
4. 05523E+00 1.91161E+02 -1.31378E+01

NODEL CAD 11 10405 7.43283E+04 2.90737E+04 - 2. 79984E+04
-8.99705E+01 2. 27892E+02 -1.29760E+01

NODELQAD 11 10406 2. 22584E+04 8. 85909E+03 - 6. 44434E+03
- 2. 74435E+01 1. 78705E+01 -5. 39653E+00

NCDEL CAD 11 10407 3. 13592E+05 1. 35442E+05 -1. 29452E+05
-4.87722E+03 1. 22722E+04 9. 95937E+02

NODELOAD 11 10409 1. 09950E+05 4. 18560E+04 -4.06637E+03
-1. 06526E+02 5. 05102E+01 2.40307E+02

NCODEL CAD 11 10412 1. 48634E+04 5. 52175E+03 2. 76361E+02
- 3. 86680E- 01 1. 54586E+01 - 3. 75031E+00
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NODEL CAD

NODELOAD

NODEL CAD

NODELOAD

NODEL CAD

NODEL CAD

NCODELCAD

NODEL CAD

NODELOAD

NODEL QAD

NODELOAD

NCODEL CAD

NODEL CAD

NODELOAD

NODEL CAD

NODELOAD

NCODEL CAD

NODELOAD

NCODEL CAD

NODEL CAD

NODELOAD

NODEL QAD

NODELOAD

NCODEL CAD

NODEL CAD

NCODEL CAD

NCODEL CAD

NODELOAD

NCODEL CAD

NODEL CAD

NCDEL CAD

NODEL CAD

NODELOAD

NODEL QAD

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

10413

10416

10417

10419

10422

10429

10432

10433

10439

10442

10443

10501

10502

10503

10504

10505

10506

10507

10509

10510

10511

10512

10513

10514

10516

10517

10519

10520

10521

10522

10525

10527

10528

10529

. 04658E+05
. 06740E+03
. 97830E+04
. 45478E+01
. 32773E+04
. 10216E+00
. 31199E+05
. 37703E+03
. 11129E+05
. 55974E+01
. 17776E+04
. 55820E+01
. 53540E+04
. 17827E+02
. 24930E+04
. 29546E+01
. 23545E+04
. 45961E+01
. 58869E+04
.56761E+01
. 27122E+04
. 22844E+01
. 81691E+05

48372E+02
31784E+04
55150E+00
82129E+04
96544E+01
22476E+05
48395E+01
81588E+04
13604E+02
31479E+04

. 38149E+01

64678E+05

. 12136E+03
. 43502E+05
. 52069E+02

53204E+04

. 99075E-01

49971E+03
13369E-01
19641E+04
24143E-01
34174E+05

. 16049E+02
. 54468E+04
. 26615E+00

60227E+05
25438E+01

. 34950E+04

27769E+00

. 78596E+05

98977E+02

. 63181E+04

63533E+00
01739E+04
03009E+00
71251E+05

. 68935E+01
. 99506E+04
. 56854E+01

42850E+04

. 74180E+01
. 70261E+03
. 86158E+00
. 50712E+04

POOWRE P NP ONA NP P OWORP P RORWOONEONNERPPWNORPWEEENERENONEEPENONP AR P ON® R

. 14859E+05
. 24620E+04
. 70039E+04
. 15585E+02

24539E+03
88609E+00

. 19484E+05

29326E+04

. 46516E+04

00908E+01

. 49265E+04
. 74192E+01

61985E+04
51011E+02
58766E+04
50029E+02

. 80138E+04
. 19636E+01
. 42587E+04
. 50242E+02
. 76602E+04
. 42767E+02

02569E+05

. 86307E+03
. 43074E+04

35172E+01

. 46029E+04

62513E+02
19982E+04
68468E+02
33669E+04

. 43140E+02
. 42573E+04
. 19942E+01

01072E+05
13751E+03
92406E+04
52453E+02
93559E+03
00502E+00

. 63121E+03

33968E+00
55881E+03

. 40279E+00

67582E+05
76605E+03
37663E+04

. 52191E+00
. 08314E+04

04078E+02

. 37697E+03

59754E+00
77492E+05
10437E+03
00332E+04

. 16334E+01

05868E+03
23186E+00
70841E+04
51849E+02
66459E+03
62653E+01

. 76795E+04
. 87832E-01
. 53487E+03
. 95952E+00
. 76802E+04

WOR RPN

NP WRrRPARERLRA~ONO

. 55395E+04
. 28742E+03
. 67793E+03
. 92285E+02
. 45725E+01
. 57676E+00
. 31983E+05
. 08922E+03
. 66327E+03
. 77850E+02
. 71931E+02
. 22084E+00
. 93647E+04
. 10815E+01
. 43944E+02
. 81934E+00
. 38344E+03
. 20918E-01
. 40412E+04
. 27626E+01
. 28275E+03
. 36325E+00
. 64739E+04
. 45958E+02
. 86129E+03
. 26654E+01
. 14771E+04
. 53708E+00
. 49429E+04
. 89489E+00
. 47873E+04
. 65399E+00
. 60804E+03
. 95365E+00
. 57923E+05
. 74202E+02
. 16273E+03
. 44504E+01
. 62690E+01
. 37162E+00
. 84821E+02
. 88837E-02

77631E+02

.54171E-01
. 66427E+04
. 97439E+02
. 01520E+03
. 51692E+00
. 15337E+04
. 58835E+02
. 45487E+02
. 02951E+00
. 60087E+05
. 04497E+02
. 51627E+03

48651E-01

. 60386E+02
.46472E-01

83471E+03

. 04135E+02
. 64706E+00
. 49028E+00
. 42100E+02
. 62919E+01
. 11734E+02
. 99210E+00
. 06660E+03
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-4.59918E+00 6. 93629E+01 7.94512E+00

NODELOAD 11 10530 2. 48051E+03 9. 63558E+02 -1.11082E+01
-1.88742E-01 4. 09326E-01 1.37761E- 01

NCDEL CAD 11 10531 2. 23749E+03 8. 55340E+02 5. 81248E+01
-1.58642E- 01 4.38563E-01 2. 65298E-02

NODEL CAD 11 10532 2. 49479E+03 9. 46603E+02 1. 56934E+02
-1.57124E- 01 5. 56084E- 01 -7.97184E-02

NODEL QAD 11 10533 5. 84273E+03 2.22786E+03 1. 57476E+02
-2.70107E-01 1. 67522E+00 1. 23002E- 01

NODEL CAD 11 10534 5. 81564E+03 2.21372E+03 3. 55122E+02
-2.70784E-01 2. 00201E+00 -1. 75873E- 02

NODELOAD 11 10535 7.21482E+03 2. 75535E+03 7. 24328E+02
-3.15143E-01 3. 62976E+00 -2.23153E-01

NCODEL CAD 11 10538 8. 73773E+03 3. 79689E+03 -1. 98758E+02
3. 77786E+00 4. 04064E+00 -1. 87439E+00

NODELOAD 11 10539 3. 83056E+04 1. 67610E+04 2. 28962E+02
-4. 38310E+01 7.47535E+01 - 2. 28153E+00

NCODELCAD 11 10540 9. 81347E+03 4.24026E+03 -3.56192E+00
-2.30977E+00 -1.96922E+00 3. 18655E+00

NODEL CAD 11 10600 3. 14438E+04 1. 22759E+04 9. 13580E+02
- 4. 15300E+00 5. 40939E+01 7.11683E+00

NODELOAD 11 10601 3. 00945E+05 1. 19453E+05 -2.09723E+04
- 7. 24605E+02 3. 29408E+03 -4.86428E+02

NCODEL CAD 11 10602 1. 59609E+04 6. 44194E+03 -1. 46739E+03
-5. 11045E+00 6. 05895E+00 3. 17693E+00

NODELOAD 11 10603 2. 04068E+04 8. 34753E+03 -1. 94193E+03
1. 29740E+00 2.99181E+00 7. 37588E+00

NCODEL CAD 11 10604 2. 34488E+05 9. 84415E+04 -1. 86298E+04
- 8. 55546E+01 9. 08796E+02 - 3. 57982E+02

NODEL CAD 11 10605 1. 94470E+04 8. 47258E+03 -2.09879E+03
-1. 06109E+01 2.16964E+00 1. 81766E+00

NODELCAD 11 10606 1. 49036E+04 6. 57302E+03 -2.06971E+03
- 3. 52336E+00 2. 65808E+00 7.23875E-01

NODEL CAD 11 10607 2. 73933E+05 1. 22530E+05 -5. 30987E+04
- 1. 42955E+03 2.11729E+03 8. 73938E+01

NODELOAD 11 10608 2. 89842E+04 1. 27279E+04 - 3. 33945E+03
-1. 81264E+00 4.42345E+01 5. 41303E+00

NCDEL CAD 11 10609 2. 05424E+05 8. 37122E+04 -7.57936E+03
- 3. 00357E+02 1.11226E+02 1. 27478E+02

NODELOAD 11 10610 2. 00712E+04 7.49916E+03 -1. 03316E+03
- 9. 24446E- 01 2. 77470E+00 1.17427E+00

NCODEL CAD 11 10611 1. 25782E+04 4.65213E+03 - 3. 79423E+02
-3.49681E-01 4.89773E+00 -4. 47580E- 01

NODEL CAD 11 10612 9. 58142E+03 3. 56978E+03 3. 46425E+02
2. 94588E- 01 7. 04940E+00 -7.74647E-01

NODELOAD 11 10613 2. 86971E+05 1. 07666 E+05 2. 28755E+04
-6.61626E+02 3. 10259E+03 4. 58336E+02

NCODEL CAD 11 10614 2. 73280E+04 1. 04225E+04 2. 82865E+03
-3.61142E+00 4.17357E+00 - 8. 01044E+00

NODELOAD 11 10616 2. 31726E+05 8. 83655E+04 2. 00690E+04
-1. 08457E+02 8. 50257E+02 3. 49282E+02

NCDEL CAD 11 10617 2. 09070E+04 8. 11452E+03 3. 21561E+02
1. 43630E+00 2.07974E+00 3. 53803E+00

NCODEL CAD 11 10618 2.99717E+04 1. 15989E+04 4. 37564E+03
-2.81262E+01 4. 59371E+00 3. 22778E+00

NCODELCAD 11 10619 2. 84509E+05 1. 10518E+05 5. 51529E+04
-1.31516E+03 2.19126E+03 -1. 06502E+02

NODEL CAD 11 10620 1. 77405E+04 6. 91890E+03 2. 04187E+03
-6.63361E-01 1. 03761E+01 4. 23801E-01

NODELQAD 11 10621 2. 00344E+04 7.84879E+03 1. 24149E+03
-1. 10635E+00 9. 33106E+00 4.24627E-01

NCDEL CAD 11 10622 2. 36298E+05 9. 28694E+04 9. 68639E+03
- 3. 61887E+02 1. 20610E+02 - 3. 32465E+02

NODELOAD 11 10623 2. 73770E+04 1. 09378E+04 7.13572E+01
-2.11029E- 01 - 2. 94829E+00 3. 75703E+00

NCODEL CAD 11 10624 2.42614E+04 8. 96399E+03 - 6. 44686E+02
- 3. 40146E+00 3. 59078E+00 5. 88320E+00
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NODEL CAD

NODELOAD

NODEL CAD

NODELOAD

NODEL CAD

NODEL CAD

NCODELCAD

NODEL CAD

NODELOAD

NODEL QAD

NODELOAD

NCODEL CAD

NODEL CAD

NODELOAD

NODEL CAD

NODELOAD

NCODEL CAD

NODELOAD

NCODEL CAD

NODEL CAD

NODELOAD

NODEL QAD

NODELOAD

NCODEL CAD

NODEL CAD

NCODEL CAD

NCODEL CAD

NODELOAD

NCODEL CAD

NODEL CAD

NCDEL CAD

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

10625

10626

10627

10628

10629

10630

10631

10638

20621

20624

20631

20634

20641

20644

20651

20654

20712

20715

20716

20717

20718

20719

20732

20734

20739

20750

20752

20760

20765

40021

40041

. 74185E+03
. 69063E-01
. 72086E+03
. 93483E-01
. 76448E+03
. 16074E- 01
. 63125E+03
. 96003E- 01
. 30990E+03
. 69769E- 01
. 66754E+03
. 84330E-01
. 04964E+04
. 80237E+00
. 89787E+03
. 01592E+00
. 15713E+05
. 31843E+02
. 57515E+05
. 79731E+02
. 98205E+04
. 29650E+02
. 49042E+05
. 42502E+01
. 10899E+05
. 24887E+02
. 51089E+05
. 68632E+02
. 03756E+05
. 83080E+02
. 55313E+05
. 74920E+01
. 07210E+03
.19311E-01
. 22658E- 04
. 56722E- 08
. 58092E- 05
. 74321E-10
. 04533E- 05
.41831E-10
. 48401E- 05
. 79990E- 10
. 07152E+03
. 19700E- 01
. 36884E+03
. 19338E-01
. 51444E- 04
. 02096E- 09
. 36944E+03
. 19726E-01
. 86692E- 04
. 14671E-08
. 82888E- 04
. 14203E- 08
. 21920E- 04
. 85693E- 08
.50171E- 04
. 78551E- 07
. 58453E- 04
. 45675E- 07
. 98900E+07
. 58088E- 07

UWAWRONAWNWNOWNOONONRNRRPREPNRPOOWRAURARARPUOWWORRMRPRORARPWIRRRENRNREPANWORW®

. 21669E+03
. 37074E+00
. 23308E+03
. 50638E+00
. 55358E+03
. 13272E+00
. 35510E+03
. 15344E-01
. 21512E+03
. 39224E-01

34520E+03

. 72632E+00
. 47986E+03

26256E+00
16512E+03

. 68461E- 04
. 32370E+04
. 03084E+03
. 35380E+04
. 67776E+02

72947E+04

. 05458E+02
. 44723E+04
. 91859E+02
. 92117E+04
. T4325E+02
. 72571E+04
. 42566E+02

25671E+04
08638E+02

. 80484E+04
. 02297E+02
. 02105E+03
. 39688E- 01

04276E- 05
28901E- 07

. 62484E- 05
. 81962E- 08

99112E- 05

. 00046E- 08
. 13905E- 05

18180E- 08
72308E+03
39278E- 01

. 72277E+03
. 39713E-01
. 52167E- 05
. 96472E- 07
. 02071E+03

39308E- 01

. 73065E- 05
. 21627E- 09
. 73109E- 05

21719E- 09

. 89988E- 05

13754E-09
29073E- 05
31579E- 09

. 01669E- 04
. 64083E- 07
. 57664E+07
. 19076E- 07

' oo ' [ T T o ' [
POONNRRPRRAOPAPWORPRPFPORPROORMADMNONE

. 59321E+02
. 43427E- 02
. 08899E+01
. 24231E-01
. 65475E+02
.50797E- 01
. 45354E+02
. 93765E- 02
. 26740E+02
. 67918E-01
. 08635E+01
. 71778E-01
. 38955E+02
. 80057E+00
. 39985E+01
. 00900E-01
. 32843E+03
. 25938E+01
. 71574E+03
. 56981E+01
. 85219E+04
. 98130E+02
. 11128E+04
. 64445E+01
. 04125E+03
. 42288E+01
. 62133E+03
. 02537E+01

92286E+04

. 75880E+02
. 20182E+04
. 38915E+00
. 83375E+02
. 04883E- 01

87926E- 06
47945E- 08

. 68154E- 07
. 04998E- 09
. 66192E- 07
. 22654E- 09
. 53066E- 06
. 62976E- 09
. 55621E+02
. 04875E- 01
. 02570E+03
. 04874E-01
. 46102E- 05
. 59554E- 08
. 13346E+02

04873E-01

. 23080E- 05
. 17069E- 08
. 08812E- 05
. 17060E- 08
. 49612E- 06
. 26831E-08
. 21422E-05
. 92659E- 08
. 22144E- 06
. 09467E- 07
. 45959E+06
. 12706E- 07
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C.1.3 Control file to static analysis

Utimate |oad analysis for typical North Sea jacket

Control file to USFGS, file nane: statctr.fem

HEAD Static pushover analysis of jacket based
on Draupner S

’ Units: For ce : Newt on

’ Length . Meters

’ Rot at i on : Rad

’ Files: Control file : statctr.fem
’ Geonetry file : stru.fem

’ Load file : load. fem

’ Result file . statres.fem

1 Per manent | oads (gravity- and live | oads)
5. Wnd +X, in total 3 MN

6. Wnd +Y, in total 3 MN

0 Wave (and current) +X direction

Anal ysis control data

XFOSFULL ! Al available data stored for RAF-file

CSAVE 0 -1 1 ! Saving of data restart, xfos and out-file
CPRINT 1 2 1 ! What to wite on outfile

CMAXSTEP 4000

’ epsol ganstp ifunc pereul ktrnmax dentsw crmax ifysw deters

CPRCPAR 1.0E-20 0.05 2.0 0. 05 10 1 999 0 1

' Displacenent control nodes

’ nodex i dof df act
40041 1 1.0

Load conbi nati ons

ccove 2 9 12

’ nl oads npostp nxpstp nxpdis

CUSFCs 4 450 0.1 0.1

’ | conb | fact nxl d nstep m nstp
1 0.2 1.0 0 0.010

2 0.10 0.5 0 0. 005
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2 0. 05 0.7 0 0.001

2 0.01 1.2 0 0. 001

2 0. 001 3.0 0 0. 0001
’ 11 0.05 0.25 0 0.010 ! For treghetslasten
’ 11 0.005 0.50 0 0.001 ! For treghetslasten

al phal al pha2
" RAYLDAMP 0. 00997 0. 00366

Specify cal culation of relative velocity

' REL_VELO

C.1.4 Control file to quasi-static analysis

Utimate |oad analysis for typical North Sea jacket

Control file to USFCS, file nane: kvasictr.fem

HEAD Static analysis in tine donain of jacket based
on Draupner S

Units: Force : Newt on
’ Lengt h : Meters
’ Rot ati on : Rad
Files: Control file : kvasictr.fem
Geonetry file : stru.fem
’ Load file : load. fem
’ Result file : kvasires.fem

1 Per manent | oads and |ive | oads
’ 5. Wnd +X
! 6. Wnd +Y
’ 10 Wave and current +X direction

' Gdobal results to be saved

DynRes_G Waveload
DynRes_G WaveEl ev
DynRes_G WaveOVTM
DynRes_G ReacBSH
DynRes_G ReacOVTM
DynRes_N Di sp 40041 1
DynRes_N Vel 40041 1
DynRes_N Acc 40041 1
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" Defining all elenents elastic

Anal ysis control data

XFOSFULL ! Al available data stored for RAF-file

CSAVE 0 -10 1 ! Saving of data restart, xfos and out-file
CPRINT 1 2 1 ! What to wite on outfile

CMAXSTEP 2000

’ epsol gamstp ifunc pereul ktrnax dentsw crmax ifysw deters
CPROPAR 1.0E-20 0.05 2.0 0. 05 10 1 999 0 1

Di spl acenent control nodes

CNODES 1
’ nodex i dof df act
40041 1 1.0

Dynam c anal ysis specification

’ npost p nmxpst p mxpdi s

POSTCOLL 10 1.00 0.10

! End_Ti ne Delta_T Dt _Res Dt_term
Static 17.0 0. 05 0. 05 1.0
Ini_tine 1.0

WavCasel 31 1

! ID <type> Ti me Fact or
TI MEHI ST 51 Poi nts 0.0 .0
1.0 1.0
20.0 1.0

! ID <type> Ti me Fact or
TI MEHI ST 52 Poi nts 0.0 .0
4.6 0.0
5.1 1.0
5.6 0.4
7.7 0.0
20.0 0.0

’ ID <type> Dtinme Factor Start_tine
TI MEH ST 53 Switch 0 1.0 1.0

’ I1dcs Ti m H st

LOADHI ST 1 51
LOADHI ST 9 52

LOADHI ST 10 53

Rayl ei gh danping 1.5 %
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’ al phal al pha2
" RAYLDAMP 0. 00997 0. 00366

Speci fy cal cul ation of relative velocity

' REL_VELO

C.1.5 Control file to dynamic analysis

Utimate |oad analysis for typical North Sea jacket

Control file to USFOS, file nanme: dynctr.fem

HEAD Dynanmi ¢ pushover anal ysis of jacket
based on Draupner S

’ Units: For ce : Newt on

’ Length : Meters
’ Rot ati on : Rad
Files: Control file : dynctr.fem
’ Geonetry file : stru.fem
’ Load file : load.fem
’ Result file : dynres.fem

1 Per manent | oads and |ive | oads
’ 5. Wnd +X
’ 6. Wnd +Y
’ 10 Wave and current +X direction

' dobal results to be saved

DynRes_G Waveload
DynRes_G WaveEl ev
DynRes_G WaveOVTM
DynRes_G ReacBSH

DynRes_G ReacOVTM

DynRes_N Di sp 40041 1

DynRes N Vel 40041 1

DynRes_N Acc 40041 1

Anal ysis control data
XFOSFULL ! Al available data stored for RAF-file
CSAVE 0 -10 1 | Saving of data restart, xfos and out-file
CPRI NT 1 2 1 I What to wite on outfile

CMAXSTEP 2000

CDYNPAR -0.3
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PCOR_ON
’ cmn cneg it max i sol epsit cm nneg
Cl TER 0.0 -2 30 1 0. 00001 -0.0
’ epsol ganstp ifunc pereul ktrmax dentsw crmex ifysw deters
CPROPAR 1.0E-20 0.05 2.0 0. 05 10 1 999 0 1
" Displacement control nodes
CNODES 1
’ nodex i dof df act
40041 1 1.0
* Dynami c anal ysis specification
npost p mxpst p mxpdi s
POSTCOLL 0 1.00 0.10
’ End_Ti ne Delta_T Dt _Res Dt_Term
Static 1.0 0. 05 0. 05 1.0
Dynani ¢ 3.5 0.05 0. 05 1.0
Dynani ¢ 7.0 0. 005 0. 05 1.0
Dynani c 17.0 0.01 0. 05 1.0
Ei genval 0.0
Ini _tine 1.0
’ Scal eFac
' Ei gForce 29798 ! Totalt 100 MN
ID <type> Ti me Fact or
TI MEHI ST 51 Poi nt's 0.0 .0
1.0 1.0
20.0 1.0
ID <type> Ti me Fact or
TI MEHI ST 52 Poi nt's 0.0 .0
4.6 0.0
5.1 1.0
5.6 0.4
7.7 0.0
20.0 0.0
’ ID <type> Dtine Factor Start_tine
TI MEHI ST 53 Switch 0 1.0 1.0
’ Il dcs Ti m Hi st
LOADHI ST 1 51
LQOADHI ST 9 52
LOADHI ST 10 53
Rayl ei gh danping 1.5 %
’ al phal al pha2
0. 00997 0. 00366

" RAYLDAWVP

Speci fy cal cul ati on of

relative velocity
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' REL_VELO

C.1.6 Batch file for analysis run

#!' [/ bin/sh

#

# ] Made by: Katrine Hansen 4 March 2001 |
# ] File nane: go |
# ] Run file for jacket analysis Draupner S ||
# 0] Usage: go Wave_height Period Depth |
#

SURFACE=$3

FdX75=601451
FdX76=2788216
FdX77=4927353
FdX78=7006456
FdX79=9021671
FdX80=10973730
FdX81=12863360

case $3
in
75)
FDECKX=$FdX75
76)
FDECKX=$FdX76
77)
FDECKX=$FdX77
78)
FDECKX=$FdX78
79)
FDECKX=$FdX79
80)
FDECKX=$FdX80

81)
FDECKX=$FdX81

*
)echo "No deck | oad given for chosen water depth’
exit

esac
echo $FDECKX
# Lager resultatkatal og hvis denne ikke eksisterer
if ! test -d /cygdrive/d/ Usf osWork/ dsres/ h$1t $2d$3
. then nkdir /cygdrive/d/ Usf osWor k/ dsres/ h$1t $2d$3

cd /cygdrive/ d/ Usf osWor k/ dsres/ h$1t $2d$3
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cp /cygdrive/ d/ Usf osWor k/ draupner S/ | oad. fem | oad. fem

sed s/ WAVEH $1/g load.fem> | 1. tnp

sed s/PERICD/$2/g I 1.tmp > 1 2.tnp

sed s/DEPTH $3/g | 2.tnp > 3. tnp

sed s/ SURFACE/ $SURFACE/ g |3.tnp > [ 4.tnp
sed s/ FDECKX/ $FDECKX/ g | 4.tnp > | 5.tnp

nv |5.tnp | oad. fem
rml?2.tnp

# Kjrer kvasistatisk usfos

usfos 25 << ECF5

d: / Usf osWor k/ dr aupner S/ kvasi / kvasi ctr
d: / Usf osWor k/ dr aupner S/ stru

| oad

kvasires

EOF5

echo ’'Kvasi static analysis finished

# Kjrer dynam sk usfos

usfos 25 << ECF7

d: / Usf osWor k/ dr aupner S/ dynami ¢/ dynctr
d: / Usf osWor k/ dr aupner S/ stru

| oad

dynres

EOF7

echo ' Dynanmi c anal ysis finished

# Lager tillegg til |oad.fem med pushover-|asten

cp kvasires_wave_| oad. f em pushoverl oad. f em

cp /cygdrive/ d/ Usf osWor k/ draupner S/ vi _konmmandol.liste .
vim-s vi_komandol. | iste pushoverl oad.fem

sed 's/ 113 / 12 /g pushoverload. fem > pushoverl.fem
cat pushoverl.fem >> | oad. fem

rm pushove*. fem

rmvi_konmandol.|iste

# Kirer statisk usfos

usfos 25 << ECF1

d: / Usf osWor k/ dr aupner S/ st atic/statctr

d: / Usf osWor k/ dr aupner S/ stru

| oad

statres

ECF1

echo "Static analysis finished
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C.2

HEAD

Model ‘DE’

Reduci ng subdi vi ded el ements into one el enent.

Node |

. 581
. 600
. 500
. 600
. 600
. 133
. 600
. 156

. 160
. 756
. 900
. 600
.111
. 600
.111
.111
. 778
. 778
. 000
. 889
. 222
. 000
. 910
. 222
. 909
. 630
. 499
. 889
. 570
. 570
. 836
. 370
.111
.501
.111
. 889
. 370

. 000
. 977
. 444
. 510
. 023
. 556
. 490
. 499
. 583

- 806
501

. 023
. 105
. 000
. 977
. 716
. 896
. 750

. 881
. 919
. 500

. 713
. 809
. 713
. 298
. 300
. 900
. 756
. 900
. 489
. 000
. 489
. 489
. 489
. 222
. 222
. 889
. 000
. 222
. 889
. 889
. 222
. 383
. 630
. 499
. 889
. 243
. 728
. 732
. 630
. 889
. 499
. 889
. 889
. 630

.510
. 444
.023
. 000
. 444
.023
. 000
. 499
. 690
.977
. 806
. 499
.977
. 444
. 700
.510
. 444
.513
. 700
. 700

. 381
. 800
. 800
. 000
. 000
. 381
. 800
. 800
. 400
. 400
. 000
. 400
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 999
. 666
. 492
. 000
. 188
.188
. 000
. 666

. 492
. 000
. 000
. 666
. 666
. 596
. 000
. 000
. 596
. 000
. 000
. 596
. 492
. 251
. 000
. 451
. 492
. 000
. 000
. 000
. 596
. 000
. 617
. 000
. 000

111111
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NCDE 72 31. 000 -15.700 -54.000
NODE 73 44.716 -21.713 -45. 617
NODE 75 28. 750 -14.500 -54.000
NCDE 76 12. 667 11.333 -44.000
NCDE 77 47.333 11.333 -44.000
NCDE 78 46. 000 9. 585 -42.194
NODE 79 47.100 11. 100 -41.900
NCDE 80 44.122 7.707 -25.294
NCDE 81 45. 222 9. 222 -25.000
NCDE 82 46. 082 -6.000 -32.745
NCDE 83 46. 022 -5.165 -32.200
NODE 84 30. 835 10. 022 -32.200
NCDE 85 30. 000 10. 082 -32.745
NCDE 86 29. 165 10. 022 -32.200
NCDE 87 13.978 -5.165 -32.200
NODE 89 13.918 -6.000 -32.745
NODE 90 31. 000 -14.500 -54.000
NCDE 91 28. 750 -14.500 -43.100
NCDE 95 42. 947 -16. 947 -20.721
NCDE 96 31. 000 -14.500 -43.100
NODE 97 15. 000 9. 000 -23.000
NODE 100 47.333 -23.333 -44.000
NCDE 101 46. 022 -6.835 -32.200
NCDE 102 12. 668 -23.332 -44.000
NCDE 103 30. 835 -22.022 -32.200
NODE 104 30. 000 -22.082 -32.745
NODE 105 29. 165 -22.022 -32.200
NCDE 106 13.978 -6.835 -32.200
NCDE 107 22.842 -15.698 -32.200
NCDE 108 37.158 -15.698 -32.200
NODE 109 28. 750 -15. 699 -32.200
NCDE 110 31. 000 -15.699 -32.200
NCDE 111 44.725 -16.901 -20.521
NCDE 112 45. 000 9. 000 -23.000
NODE 114 30. 000 7.992 -13.929
NODE 115 28. 750 -14.500 -32.200
NCDE 117 43. 209 7.209 -14.381
NCDE 118 44.022 8.022 -14.200
NCDE 119 43. 467 7.467 -9.200
NODE 120 42. 367 5.952 -9.494
NODE 121 42. 654 6. 654 -9.381
NCDE 122 40. 567 4.152 6. 706
NCDE 123 31. 000 -14.500 -32.200
NCODE 124 45. 000 -21.000 -23.000
NODE 125 42.081 -19. 026 -21.438
NODE 126 42.086 -20.804 -21.238
NCDE 127 15. 000 -21.000 -23.000
NCDE 128 15. 438 -20.562 -19. 061
NCDE 129 44.562 -20.562 -19. 061
NODE 130 40. 566 -19. 282 -7.539
NCDE 131 40. 566 -17.482 -7.539
NCDE 132 43. 349 -15.574 -8.139
NCDE 133 41.574 -15.574 -8.367
NCDE 134 43.992 -6.000 -13.929
NODE 135 34.292 -15.700 -13.929
NCDE 136 30. 000 -19.992 -13.929
NCDE 137 25.708 -15.700 -13.929
NCDE 138 28. 750 -15.700 -13.929
NCDE 139 31. 000 -15.700 -13.929
NODE 140 16. 008 -6.000 -13.929
NCDE 143 39. 456 3.041 16. 706
NCDE 144 38. 900 2.485 21.706
NCDE 145 42.098 6. 098 -4.381
NODE 146 42.278 6.278 1.500
NODE 147 42.911 6.911 -4.200
NCDE 148 41. 465 5. 465 1.319
NCDE 149 40. 854 4.854 6.819
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177
179
180
181
182
183
184
185

187
188
189
190
191
192
194
195

197
198
199
200

. 556
. 556
. 000
. 000
. 444
. 000
. 000
. 000
. 000
. 972
. 444
. 000
. 000
. 867
. 289
. 000
. 750
. 000
. 000
. 000
. 000
. 000
. 000

. 000

'
[uy

PROWNTOWNOOW®WARGO

e
©®whwh

. 000
. 444
. 000
. 500
. 444
. 000
. 000
. 000
. 000

. 000
. 444
. 000
. 867
. 289
. 000
. 500
. 500
. 000
. 000
. 500
. 000
. 000

. 000

=

. 000
. 000
. 819
. 000
. 819
. 819

000
000
000
000
000
000
000
000
000

. 000
. 929
. 000
. 800
. 000

000
000
700
700
700
000
800
000
000
000
000
929
000

. 000

000

. 000
. 750
. 000
. 250
. 000
. 000
. 000
. 000
. 000
. 250
. 000
. 750
. 750
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Elem|D npl np2 mat eri al geom | coor eccl ecc2
BEAM 1001 29 47 15 2 1
BEAM 1002 47 49 15 2 1
BEAM 1003 49 63 15 1 1
BEAM 1004 63 102 15 3 1
BEAM 1005 102 127 15 4 1
BEAM 1006 127 128 15 3 1
BEAM 1007 128 189 15 5 1
BEAM 1008 189 204 15 5 1
BEAM 1009 204 205 15 5 1
BEAM 1010 205 229 15 5 1
BEAM 1011 36 48 15 2 1
BEAM 1012 48 50 15 2 1
BEAM 1013 50 59 15 1 1
BEAM 1014 59 100 15 3 1
BEAM 1015 100 124 15 4 1
BEAM 1016 124 129 15 3 1
BEAM 1017 129 197 15 5 1
BEAM 1018 197 196 15 5 1
BEAM 1019 196 194 15 5 1
BEAM 1020 194 195 15 5 1
BEAM 1022 195 207 15 5 1
BEAM 1024 207 221 15 5 1
BEAM 1026 221 222 15 5 1
BEAM 1027 222 219 15 5 1
BEAM 1028 219 223 15 5 1
BEAM 1029 30 45 15 2 1
BEAM 1030 45 44 15 2 1
BEAM 1031 44 46 15 1 1
BEAM 1032 46 76 15 3 1
BEAM 1033 76 97 15 4 1
BEAM 1037 97 168 15 5 1
BEAM 1039 168 165 15 5 1
BEAM 1041 165 175 15 5 1
BEAM 1042 175 213 15 5 1
BEAM 1043 33 40 15 2 1
BEAM 1044 40 38 15 2 1
BEAM 1045 38 39 15 1 1
BEAM 1046 39 77 15 3 1
BEAM 1047 77 79 15 4 1
BEAM 1048 79 81 15 4 1
BEAM 1049 81 112 15 4 1
BEAM 1051 112 118 15 5 1
BEAM 1052 118 119 15 5 1
BEAM 1053 119 160 15 5 1
BEAM 1054 160 147 15 5 1
BEAM 1055 147 146 15 5 1
BEAM 1056 146 150 15 5 1
BEAM 1057 150 157 15 5 1
BEAM 1058 157 151 15 5 1
BEAM 1059 151 153 15 5 1
BEAM 1060 153 177 15 5 1
BEAM 1061 177 211 15 5 1
BEAM 1062 47 31 1 16 1
BEAM 1063 31 48 1 10 1
BEAM 1064 45 34 1 16 1
BEAM 1065 34 35 1 10 1
BEAM 1066 35 40 1 10 1
BEAM 1067 27 22 1 23 1
BEAM 1068 28 26 1 23 1
BEAM 1069 47 27 1 16 1
BEAM 1071 27 25 1 16 1
BEAM 1073 25 28 1 16 1
BEAM 1074 28 45 1 16 1
BEAM 1075 48 32 1 16 1
BEAM 1076 32 40 1 16 1
BEAM 1077 22 8 1 25 1
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138
139
204
191
216
188
186
165

173
158
204
190
203

207
181
182
215
161
203
203
201

216
214

157
190
203
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BEAM 1149 201 202 1 33 1
BEAM 1150 214 225 1 32 1
BEAM 1152 1 4 9 12 1
BEAM 1154 4 5 9 12 1
BEAM 1157 5 21 9 12 1
BEAM 1159 21 43 9 12 1
BEAM 1160 43 73 9 12 1
BEAM 1161 73 125 9 12 1
BEAM 1162 125 131 9 12 1
BEAM 1163 131 187 10 11 1
BEAM 1164 187 199 10 11 1
BEAM 1165 199 209 9 12 1
BEAM 1166 47 67 1 17 1
BEAM 1167 48 67 1 16 1
BEAM 1168 65 67 1 13 1
BEAM 1169 65 102 1 17 1
BEAM 1170 67 68 1 13 1
BEAM 1171 68 69 1 17 1
BEAM 1172 69 100 1 17 1
BEAM 1173 102 104 1 22 1
BEAM 1174 100 104 1 22 1
BEAM 1175 105 104 1 19 1
BEAM 1176 105 127 1 22 1
BEAM 1177 104 103 1 19 1
BEAM 1178 103 124 1 22 1
BEAM 1179 127 136 1 22 1
BEAM 1180 124 126 1 22 1
BEAM 1181 126 136 1 22 1
BEAM 1182 136 189 1 20 1
BEAM 1183 136 130 1 20 1
BEAM 1184 130 197 1 20 1
BEAM 1185 189 216 1 20 1
BEAM 1186 197 216 1 20 1
BEAM 1187 216 205 1 20 1
BEAM 1188 216 219 1 20 1
BEAM 1189 45 51 1 17 1
BEAM 1190 40 41 1 16 1
BEAM 1191 41 51 1 16 1
BEAM 1192 51 55 1 13 1
BEAM 1193 55 76 1 17 1
BEAM 1194 52 51 1 13 1
BEAM 1195 52 7 1 17 1
BEAM 1196 7 85 1 22 1
BEAM 1197 76 85 1 22 1
BEAM 1198 84 85 1 19 1
BEAM 1199 84 112 1 22 1
BEAM 1200 85 86 1 19 1
BEAM 1201 86 97 1 22 1
BEAM 1202 97 114 1 22 1
BEAM 1203 112 114 1 22 1
BEAM 1205 114 168 1 20 1
BEAM 1206 114 160 1 20 1
BEAM 1208 168 173 1 20 1
BEAM 1209 160 173 1 20 1
BEAM 1211 173 175 1 20 1
BEAM 1212 173 177 1 20 1
BEAM 1213 47 58 1 17 1
BEAM 1214 45 58 1 17 1
BEAM 1215 58 64 1 13 1
BEAM 1216 64 102 1 17 1
BEAM 1217 56 58 1 13 1
BEAM 1219 56 76 1 17 1
BEAM 1220 102 89 1 22 1
BEAM 1222 76 89 1 22 1
BEAM 1223 89 106 1 19 1
BEAM 1224 106 127 1 22 1
BEAM 1225 87 89 1 19 1
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1227
1228
1230
1231
1233
1235
1237
1239
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1274
1276
1277
1278
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1294
1295
1296
1297
1298
1299
1301
1302
1303
1304
1305

225

176
200
202

206
37
78

RPRRPRRRRPRRPRRRPRRPRRRPRRPRRERRRPRRERRERRPRRPRRERERRPRRERRERRPRRPRRERRRPRRERRERRRERRERRER

RPRRPRPRPOUOWWRADDANN

PRRPRPRPRPRPPRPPRPRPRPRPRPRPRPRPRPREPRPREPRPRPRPRPRPRPRPRPREPRPREPRPREPRPRPRPRPREPRPREPRPREPRPREPRPRPRPRPREPRPREPRPREPRPREPRPREPRPRPRERPRERLRER
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BEAM 1306 78 80 1 34 1
BEAM 1307 80 120 1 34 1
BEAM 1308 120 122 1 34 1
BEAM 1309 122 143 1 34 1
BEAM 1310 143 144 1 34 1
BEAM 1311 35 37 1 38 1
BEAM 1312 41 42 1 38 1
BEAM 1313 79 78 1 38 1
BEAM 1314 81 80 1 38 1
BEAM 1315 119 120 1 38 1
BEAM 1316 150 122 1 38 1
BEAM 1317 153 143 1 38 1
BEAM 1318 177 144 1 38 1
BEAM 1319 117 121 1 41 1
BEAM 1320 121 145 1 41 1
BEAM 1321 145 148 1 41 1
BEAM 1322 148 149 1 41 1
BEAM 1323 149 152 1 41 1
BEAM 1324 152 154 1 41 1
BEAM 1325 154 155 1 41 1
BEAM 1326 118 117 1 42 1
BEAM 1327 119 121 1 42 1
BEAM 1328 147 145 1 42 1
BEAM 1329 146 148 1 42 1
BEAM 1330 150 149 1 42 1
BEAM 1331 151 152 1 42 1
BEAM 1332 153 154 1 42 1
BEAM 1333 177 155 1 42 1
BEAM 1334 185 184 1 7 1
BEAM 1335 184 183 1 7 1
BEAM 1336 186 185 1 31 1
BEAM 1337 207 184 1 31 1
BEAM 1338 182 183 1 31 1
BEAM 1339 197 194 1 39 1
BEAM 1340 207 221 1 39 1
BEAM 1341 196 195 1 39 1
BEAM 1342 195 207 1 39 1
BEAM 1343 221 222 1 39 1
BEAM 1344 222 223 1 39 1
BEAM 1346 229 213 14 5 1
BEAM 1348 213 211 14 5 1
BEAM 1350 211 223 14 5 1
BEAM 1351 223 230 14 5 1
BEAM 1352 230 229 14 5 1
BEAM 1353 229 212 14 5 1
BEAM 1354 213 212 14 5 1
BEAM 1355 211 212 14 5 1
BEAM 1356 223 212 14 5 1
BEAM 1366 223 209 14 5 1
BEAM 1367 209 198 14 5 1
BEAM 1368 198 211 14 5 1
BEAM 1369 230 232 14 5 1
BEAM 1370 230 224 14 5 1
BEAM 1404 213 244 14 5 1
BEAM 1405 229 245 14 5 1
BEAM 1414 244 254 14 14 1
BEAM 1415 245 255 14 14 1
Elem|D npl mat eri al | coor eccl

SPRN&GR 1501 29 16

SPRN&ZGR 1502 30 16

SPRNGGR 1503 33 16

SPRN&ZGR 1504 36 16

’ Geom | D Do Thi ck Shear _y Shear _z

Pl PE 1 3. 800 0. 050

PI PE 2 3. 800 0. 060
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PI PE 3
PI PE 4
PI PE 5
Pl PE 6
PI PE 7
PI PE 8
PI PE 9
PI PE 10
PI PE 11
PI PE 12
PI PE 13
PI PE 14
Pl PE 15
PI PE 16
PI PE 17
PI PE 18
PI PE 19
Pl PE 20
PI PE 21
PI PE 22
PI PE 23
PI PE 24
PI PE 25
PI PE 26
PI PE 27
PI PE 28
PI PE 29
Pl PE 30
PI PE 31
PI PE 32
PI PE 33
Pl PE 34
Pl PE 35
PI PE 36
PI PE 37
PI PE 38
Pl PE 39
PI PE 40
PI PE 41
PI PE 42
! Loc- Coo
UNI TVEC 1
Ecc-1D
' Mat I D
M SO EP 1
M SO EP 2
M SO EP 3
M SO EP 4
M SO EP 5
M SO EP 9
M SO EP 10
M SO EP 11
M SO EP 12
M SO EP 13
M SO EP 14
M SO EP 15
' Mat I D
SPRI DI AG 16
’ Node I D
NCODEMASS 29

NODEMASS 30

NENENYNYNYNYSE NS SENEN

750
700
300
250
180
056
048
040
037
025
020
000
000
980
960
900
885
850
850
825
800

775
720
700
700
650
650
650
600
600
515
50000
500
450
420
384
350
219
215

COOLOOO000000000000000000000ORRPERERERERRERRERRERR

dx
0. 000

E- nod
. 100E+11
. 100E+11
100E+11
100E+11
100E+11
100E+11
100E+11
100E+11
100E+11
. 100E+11
. 100E+11
. 100E+11

SPR
2. 67000E+09
1. 16000E+11

. 000E-01
. 000E-01

WWLWLLLLLLL®

. 000E-01

090
040
080
065
015
045
041
080
035
029
050
010
020
030
020
030
050
040
060
020

COOOOOOO0O00000000000000000000000000000000

dy dz
1. 000 1. 000

Ey Ez

Poi ss Yield Density

. 550E+08 . 850E+03
. 550E+08 . 360E+04
550E+08 . 570E+04
550E+08 310E+04
550E+08 180E+04
550E+08 . 740E+03
550E+08 110E+03
550E+08 . 580E+03
550E+08 930E+03
550E+08 840E+03
550E+08 . 000E+00
550E+08 . 850E+03

000E- 01
000E- 01
000E- 01
000E- 01
000E- 01
000E- 01
000E- 01
000E- 01
000E- 01

W00 00 W W W WL W
NOWOWOWWOWWEFERFRFENN

I NG CHAR
2.67000E+09 4. 67000E+09
1. 16000E+11 8. 94000E+10

MAS S

. 50000E+06
. 50000E+06

Ther nX

cooooo000000

. 000E+00
. 000E+00

000E+00
000E+00
000E+00
000E+00
000E+00
000E+00
000E+00
000E+00

. 000E+00
. 000E+00
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NCDEMASS 33 1. 50000E+06
NCDENMASS 36 1. 50000E+06
NCDENMASS 211 7.61200E+05
NODEMASS 212 7.61200E+05
NODEMASS 213 7. 61200E+05
NODEMASS 223 7. 61200E+05
NCDENMASS 229 9. 59200E+05
G oupDef 998 El em ! Elenent Goup no 998
1346 1348 1350
1351 1352 1353 1354 1355 1356
1366 1367
G oupDef 999 Elem ! Elenent Goup no 999
1404 1405 1414 1415
C.2.1 Load file load.fem
HEAD
Dead wei ght of structural steel and nasses on nodes
’ Load Case Acc_X Acc_Y Acc_Z
-9.81

Wnd | oad positive x-direction, in total 3 MN
(is not included in original N RAMNA file)

’ Load Case Node ID fx fy
’ NODELQAD 5 211 6. OE+5 0.0
’ NODELQAD 5 212 6. OE+5 0.0
’ NODELQOAD 5 213 6. OE+5 0.0
NODEL QAD 5 223 6. OE+5 0.0
’ NODELOAD 5 229 6. OE+5 0.0

Wnd | oad positive y-direction, in total 3 M\
" (is not included in original N RMNA file)

Load Case Node ID fx fy
NODEL QAD 6 211 0.0 6. OE+5
’ NODELOAD 6 212 0.0 6. OE+5
’ NCDELOAD 6 213 0.0 6. OE+5
’ NODELQAD 6 223 0.0 6. OE+5
’ NODELQAD 6 229 0.0 6. OE+5

Speci fy cal cul ati on of buoyancy

eocococo
coooo

eceooo
coocoo

" (NB! If buoyancy is calculated, flooded nmenbers

must be correctly given in the load file.)

’ Ildcs Option
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BUOYANCY

Wave | oads

1

NoW i

te

Wave-in-deck | oad (for magnitude see file deckforce_val ues.xls) for deck width 47 m

NCODEL CAD
NODEL CAD
NODEL CAD
NODELOAD

WAVEDATA

Load Case Node ID
9 211
9 213
9 223
9 219
I1dcs <type> H
10 St oke  WAVEH

fx fy fz
FDECKX. 0.0 0.0
FDECKX. 0.0 0.0
FDECKX. 0.0 0.0
FDECKX. 0.0 0.0

Peri od Direction Phase Surf_Lev Depth
PERI CD 0.0 130.0 SURFACE DEPTH

Current profile according to original NITRAMNA input file

dcs
10

Speed Direction Surf_Lev Depth [Profile

1.0

Hydr odynanmi c factors

Hyd_CdCm
Hyd_cdCm

Cd

0.
0.

" Hyd_CdCm 0. 0

' Hyd_cdCm
" Hyd_cdCm
" Hyd_cdCm
" Hyd_cdCm

’ Marine growth

60.
60.
60.
60.

85
0

cococoo

wi dt h
Cm

2.0
0.0

ecese
cooo

0.0

SURFACE  DEPTH 0.0 1
-50.0 O.
-67.0 0.
-70.0 0

The dragfactor for (two at the tine of) elenents 1411 - 1418
is calculated based on Cs = 3 and that they each cover 20 m
of the deck wall

1346 1348 1350 1351 1352
1353 1354 1355 1356
1366 1367 1368 1369 1370
1404 1405 1414 1415

1401 1402 1403 1404 1405 1406 1407 1408
1411 1412 1413 1414 1415 1416 1417 1418

1411 1418
1412 1413
1414 1415
1416 1417

! Forces -x direction
! Forces -y direction
! Forces +x direction
! Forces +y direction

(copied fromEko-file, nodified 'randomy’)

. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000

Add_Thi ck

0.0

©
o

055
053
040
035
028
025

.0
.0

©cooooo00
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" FLOODED 1002 1003 1004 1005 1006 1007 1008 1009 1010
’ 1012 1013 1014 1015 1016 1017 1018 1019 1020
’ 1021 1022 1023 1024 1025 1026 1027 1028 1030
’ 1031 1032 1033 1034 1035 1036 1037 1038 1039 1040

1041 1042 1044 1045 1046 1047 1048 1049 1050

’ 1051 1052 1053 1054 1055 1056 1057 1058 1059 1060
’ 1061 1062 1063 1064 1065 1066 1067 1068 1069 1070
’ 1071 1072 1073 1074 1075 1076 1077 1078 1079 1080
’ 1081 1082 1083 1084 1085 1086 1087 1088 1089 1090
1091 1092 1093 1094 1095 1096 1097 1098 1099 1100
’ 1101 1102 1103 1104 1105 1106 1107 1108 1109 1110
’ 1111 1112 1113 1114 1115 1116 1117 1118 1119 1120
’ 1121 1122 1123 1124 1125 1126 1127 1128 1129 1130
’ 1131 1132 1133 1134 1135 1136 1137 1138 1139 1140
1141 1142 1143 1144 1145 1146 1147 1148 1149 1150
’ 1151 1152 1153 1154 1155 1156 1157 1158 1159 1160
’ 1161 1162 1163 1164 1165 1166 1167 1168 1169 1170
’ 1171 1172 1173 1174 1175 1176 1177 1178 1179 1180
’ 1181 1182 1183 1184 1185 1186 1187 1188 1189 1190
1191 1192 1193 1194 1195 1196 1197 1198 1199 1200
’ 1201 1202 1203 1204 1205 1206 1207 1208 1209 1210
’ 1211 1212 1213 1214 1215 1216 1217 1218 1219 1220
’ 1221 1222 1223 1224 1225 1226 1227 1228 1229 1230
’ 1231 1232 1233 1234 1235 1236 1237 1238 1239 1240
’ 1241 1242 1243 1244 1245 1246 1247 1248 1249 1250
’ 1251 1252 1253 1254 1255 1256 1257 1258 1259 1260
’ 1261 1262 1263 1264 1265 1266 1267 1268 1269 1270
’ 1271 1272 1273 1274 1275 1276 1277 1278 1279 1280
1281 1282 1283 1284 1285 1286 1287 1288 1289 1290
’ 1291 1292 1293 1294 1295 1296 1297 1298 1299 1300
’ 1301 1302 1303 1304 1305 1306 1307 1308 1309 1310
’ 1311 1312 1313 1314 1315 1316 1317 1318 1319 1320
’ 1321 1322 1323 1324 1325 1326 1327 1328 1329 1330
1331 1332 1333 1334 1335 1336 1337 1338 1339 1340
’ 1341 1342 1343 1344

C.2.2 Control file to static analysis

Utimate |oad anal ysis for typical North Sea jacket

Control file to USFGS, file nane: statctr.fem

HEAD Static pushover analysis of jacket nodel DE
Units: Force : Newt on
Lengt h : Meters
’ Rot at i on : Rad
’ Files: Control file : statctr.fem
Geonetry file : stru.fem
Load file : load. fem
’ Result file : statres.fem
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1 Permanent | oads (gravity- and |ive | oads)
5 Wnd +X, intotal 3 MN

! 6. Wnd +Y, intotal 3 W
0 Wave (and current) +X direction

’ Analysis control data

deters
1

XFOSFULL ! All available data stored for RAF-file
CSAVE 0 -1 1 ! Saving of data restart, xfos and out-file
CPRI NT 1 1 1 ! What to wite on outfile
CMAXSTEP 5000

’ epsol gamstp ifunc pereul ktrnax dentsw crmax ifysw
CPROPAR 1. 0E-20 0. 05 2.0 0. 05 10 1 999 0

’ cmin cneg it max i sol epsit cm neg

ClI TER 0. 000 -2.0 20 1 0. 00001 -0.0

Di spl acement control nodes

CNODES 1
’ nodex i dof df act
212 1 1.0

’ nl oads npostp nxpst nxpis
CUSFOS 2 1000 0.50 0.50
’ | comb | fact nxl d nstep m nstp
1 0.2 1.0 0 0.010
2 0.10 0.3 0 0. 005
2 0. 05 0.5 0 0.001
2 0.01 0.7 0 0.001
2 0. 001 3.0 0 0. 0001
’ 11 0.05 0.25 0 0.010 ! For treghetslasten
’ 11 0. 005 0.50 0 0.001 ! For treghetslasten

’ Rayl ei gh danping 1.5 %

’ al phal al pha2
" RAYLDAMP 0. 00997 0. 00366

Specify calculation of relative velocity

" REL_VELO

C.2.3 Control file to quasi-static analysis
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| Utimate |oad anal ysis for typical North Sea jacket |
Sl [
] Control file to USFCS, file nane: kvasictr.fem |
HEAD Quasi static pushover analysis of jacket nodel DE
Uni ts: Force : Newt on
Lengt h : Meters
’ Rot at i on : Rad
’ Files: Control file : kvasictr.fem
Geonetry file : stru.fem
Load file : load. fem
’ Result file : kvasires.fem

d obal r

DynRes_G
DynRes_G
DynRes_G
DynRes_G
DynRes_G

Dynres_N

Def i ni ng

Di spl ace

Dynami c

Per manent | oads and |ive |oads
Wnd +X

Wnd +Y

Wave 28m and current +X direction

esults to be saved

Waveload
WaveEl ev
WaveOVTM
ReacBSH
ReacOVTM

Disp 212 1

all elements elastic

! Al available data stored for RAF-file

1 1 ! Saving of data restart, xfos and out-file

1 1 ! What to wite on outfile
2000
epsol ganmstp ifunc pereul ktrnmax dentsw crmax ifysw deters
1.0E-20 0.05 2.0 0. 05 10 1 999 0 1

ment control nodes

1
nodex i dof df act
212 1 1.0

anal ysi s specification
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Static

Ini _tine

WavCasel

TI MEH ST

TI MEHI ST

TI MEHI ST

LOADHI ST
LOADHI ST
LOADHI ST

End_Ti ne De
17.0 0

1.0

31 1
ID <type>
51 Poi nt's
ID <type>
52 Poi nt's
ID <type>
53 Swi tch

Ita_ T
. 05

=4 ™ =
SCxonumoT O00O0T
cnronrOd

N

Dti me Factor

0

Il dcs Tim Hi st

1 51
9 52
10 53

Rayl ei gh danping 1.5 %

" RAYLDAWP

© (B!

" REL_VELO

al phal
0. 00997

al pha2
0. 00366

Ol—‘Og

1.0

Fact or

=y
coo

Fact or

o o

cooero,
cohroO

Start_tine
1.0

C.2.4 Control file to dynamic analysis

Specify calcul ation of relative velocity and buoyancy
I'f buoyancy is cal cul ated,
be correctly given in the load file.)

fl ooded nenbers nust

Utimte | oad analysis for typical

Control file to USFGS,

file nanme: dynctr.fem

North Sea j acket

Dynami ¢ pushover anal ysis of jacket nodel

Units:

Force
Lengt h
Rot at i on

Newt on
Met er s
Rad

DE
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Files: Control file : dynctr.fem
’ Geonetry file : stru.fem
’ Load file : load. fem
’ Result file : dynres.fem

1 Per manent | oads and |ive | oads
’ 5. Wnd +X
’ 6. Wnd +Y
’ 10 Wave 28m and current +X direction

' Gdobal results to be saved

DynRes_G Waveload
DynRes_G WaveEl ev
DynRes_G WaveOVTM
DynRes_G ReacBSH
DynRes_G ReacOVTM
Dynres_N Disp 212 1

Anal ysis control data

XFOSFULL ! Al available data stored for RAF-file

CPRI NT 1 1 1 ! What to wite on outfile

CMAXSTEP 10000

CDYNPAR -0.3

PCOR_ON

’ cmn cneg it max i sol epsit cm nneg

Cl TER 0.0 -2 30 1 0. 00001 -0.0

’ epsol gamstp ifunc pereul ktrnax dentsw crmax ifysw deters
CPROPAR 1.0E-20 0.05 2.0 0. 05 10 1 999 0 1

Di spl acement control nodes

CNODES 1
nodex i dof df act
212 1 1.0

Dynam c anal ysis specification

End_Ti ne Delta_T Dt _Res Dt _Pri
Static 1.0 0. 05 0. 05 1.0
Dynami ¢ 5.5 0. 05 0. 05 1.0
Dynami ¢ 6.0 0. 025 0. 001 1.0
Dynami ¢ 12.1 0.001 0.001 1.0
Dynani ¢ 17.0 0. 005 0. 005 1.0
Ei genval 0.0
Ini _tine 1.0
ID <type> Ti me Fact or
TI MEHI ST 51  Points 0.0 .0
1.0 1.0
20.0 1.0
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’ ID <type> Ti me Fact or
TI MEHI ST 52  Points 0.0 .0
5.4 0.0
5.9 1.0
6.4 0.4
8.5 0.0
20.0 0.0

ID <type> Dtine Factor Start_tine
TI MEHI ST 53 Switch 0 1.0 1.0

I'1dcs Ti m H st

LOADHI ST 1 51
LOADHI ST 9 52
LOADHI ST 10 53

Rayl ei gh danping 1.5 %

al phal al pha2
" RAYLDAMP 0. 00997 0. 00366

Specify calculation of relative velocity and buoyancy
(NB! |f buoyancy is calculated, flooded nmenbers nust
be correctly given in the load file.)

" REL_VELO

C.2.5 Batch file for analysis run

#!/usr/ bin/sh

| Made by: Katrine Hansen 18 March 2005 |
| Fil e nane: go. ksh |
| Run file for jacket analysis |
| Usage: go.ksh Wave_height Period Depth |

o HH

SURFACE=$3- 70

FdX75=1
FdX76=1870206
FdX77=3698977
FdX78=6434033
FdX79=8457817
FdX795=9437982
FdX80=10418379
FdX81=12316448

case $3
in
75)
FDECKX=$FdX75
76)
FDECKX=$FdX76
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77)

FDECKX=$FdX77
78)

FDECKX=$FdX78
79)

FDECKX=$FdX79
79.5)

FDECKX=$FdX795
80)

FDECKX=$FdX80

81)
FDECKX=$FdX81

S

echo 'No deck | oad given for chosen water depth’

exit
esac

echo $FDECKX

# Lager resultatkatal og hvis denne ikke eksisterer

if ! test -d /cygdrive/d/ UsfosWrk/deres/h$lt $2d$3

then nkdir /cygdrive/ d/ Usf osWor k/ der es/ h$1t $2d$3

fi

cd /cygdrive/ d/ Usf osWor k/ der es/ h$1t $2d$3

cp /cygdrive/ d/ Usf osWor k/ draupner E/ | oad. fem | oad. fem

sed s/ WAVEH $1/g load.fem> | 1.tnp

sed s/PERIOD/ $2/g | 1.tnp > 12.tnp

sed s/DEPTH $3/g 12.tmp > 13.tnp

sed s/ SURFACE/ $SURFACE/g 13.tnp > I 4.tnp
sed s/ FDECKX/ $FDECKX/ g | 4.tnp > |5.tnp

m/ 15.tnp | oad. fem
rml?2.tnp

# Kjrer kvasistatisk usfos

usfos 25 << ECF5

d: / Usf osWor k/ dr aupner E/ kvasi / kvasi ctr
d: / Usf osWor k/ dr aupner E/ stru

| oad

kvasires

EOF5

echo ’'Kvasi static analysis finished

# Kjrer dynam sk usfos

usfos 25 << ECF7

d: / Usf osWor k/ dr aupner E/ dynami c/ dynct r $3
d: / Usf osWor k/ dr aupner E/ stru

| oad

dynres



C.2 Model ‘DE’

189

EOF7
echo 'Dynanic anal ysis finished’

# Lager tillegg til |oad.fem ned pushover-|asten

cp kvasires_wave_| oad. f em pushover. fem

vim"+/ 129" "+:1,.d" "+/| oad case time" "+,

sed 's/ 129 / 12 /g pushover.fem > pushoverl.fem

cat pushoverl.fem >> | oad. fem
rm pushove*. fem

# Kjrer statisk usfos

usfos 25 << ECF1

d: / Usf osWor k/ dr aupner E/ st ati c/statctr$3
d: / Usf osWor k/ dr aupner E/ stru

| oad

statres

EOF1

echo " Static analysis finished

,\ $d”

"

X"

pushover. fem



