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ABSTRACT

Offshore steel jacket structures consist prilpaof tubular members and associated
joints. Tubular memberfiave been widely used due to their excellent propenties
respect ofresistancan compression, tension, bending and torsion foroegsomputer
analysis, connections between the elementsassamed to be rigid, which means that
there would be no axial rotational or deflection at the end of the secondary member
agai nst the main member’s axi saremakableer t h
amount of flexibility in theelasteplastic range. Designingthese structures based on
realistic conditions is important due to the high costs of design and constrGetianal
studies based on numerical and experimental work have been done on tubular joints in
2-Dimensional states. In this study, fmitelement (FE) modkng of tubular
connections iscarried out in 3imensiors, to account for the actual platform

perfamance.

In this study &-D modelof afixed steel platfornexisting in the PersiaGulf has been
modelled usinga nonlinear finite elment programThe joints and platform members
aremodelledusing aSHELL element and PIPE elemergspectivelythrough ANSYS
software. Moreover, to investigate the effect of joint flexibility on these mptieds
analysis of rigid and flexible models tfe platform and comparison of their static and
dynamicbehaviars are presented. In additiopysh-over analyses were carried dat
several joints with and withoulointcans and alsa comparison ofM - g curvesin

these two conditionis reported

The result of the netinear static analysis shows that the static response of the structure
changedconsiderablywith respectto the joints flexibility in the nonlinear rangélhe
modal features of the structure with flexible joints havgnificant differences



compared to thegid joints structureln addition performing the dynamitme-history
analysis and investigating the exact effect of flexibiltgsed orthe flexible model
shows that base shear values are redbgebout 30% comared to the rigid model. It
is proven that local joint restraint has considerable effeabn the nonlinear static rad

dynamic behavior of offshorestructures.



ABSTRAK

Struktur keluli untuk pelantar luar pesisir terdiri daripada anggota keratan tiub dan
sambungan. Anggota keratan tiub telah digunakan secara meluas kerairayarg
cemerlang seperti rintangan dalam mampatan, ketegangan, daya lenturan dan kilasan.
Dalam analisis komputer, kebiasaannya sambungan di antara elemen diandaikan sebagai
tega, iaitu tidak akan ada putaran paksi atau pesongan pada hujung anggota sekunder
terhadap paksi anggota utama. Walau bagaimanapun, sambungan tiub mempunyai
fleksibiliti yang luar biasa dalam julat elagastik. Merekabentuk struktur ini
berasaskan kepad@adaan yang realistik adalah penting kerana kos yang tinggi bagi
rekabentuk dan pembinaan. Beberapa kajian yang berdasarkan kajian berangka dan
eksperimen telah dilakukan pada sambungan tiub datdiménsi. Dalam kajian ini,
kaedah unsur terhingga (FBagi sambungan tiub dijalankan dalandifiensi, bagi

mengambil kira prestasi platform yang sebenar.

Didalam kajian ini sebuah mod@iD telah di bangunkan bagi pelantar keluli tegar yang

telah sedia ada di Teluk Parsi menggunakan analisis tak terhingg#ineak.
Sambungan dan anggota platform dimodelkan oleh unsur SHELL dan elemen PAIP
masingmasing melalui perisian ANSY &elain itu, untuk menyiasat kesan fleksibiliti

sendi pada model ini, analisis model tegar dan fleksibel bagi platform dan perbandingan
tingkah laku mereka secara statik dan dinamik dibentangkan. Di samping itu, analisis
pushover telah dijalankan bagi b e bcearna’ p ad aunn

juga perbandingan lengkund - g dalam kedualua keadaan dilaporkan

Hasil bagi analisis statik tak linear menunjukkan bahawa sambutan statik struktur jauh
berubah disebabkan oleh kesan fleksibiliti sendi dalam julat tak lineaciCiagaman
struktur dengan sendi fleksibel mempunyai perbezaan yang signifikan bedpandi

dengan sendi struktur tegar. She bsa goaiy ' t a

\"



kajian ke atas kesan fleksibiliti sendi menunjukkan bahawa nilai ricih asas bagi model
fleksibel berkurangan kirkira 30% berbanding dengan model tegar. la membuktikan
bahawa kekangan pada sendi tempatan mempunyai kesan yang besar ke atas tingkah

laku statik dan dinamik tak linear bagi struktur luar pesisir.

Vi
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CHAPTER |

INTRODUCTION

1.1 Introduction

Oil production in the offshore fields has a long history. The oil industry started with
drilling the first oil well from a wooden dock infshore shallow waters in 192&hdhas
developed rapidly since then. The first steel offshore platform was built in the Gulf of
Mexico in 1947 and soon this kind of offshore platform started to be used around the

world.

Tubular elements have many applicatoin engineering structureklements with
rounded and rectangular sections are used in onshore and offshore structures, space
trusses, telecommunication and power transmission tower&ad carrying structure

of cranes, and steel elevated tanks. Tlmiliar sections are very economical and are
considered superior to other sections for different reassunsh ashigh rotational
strength (resistance), symmetry of section propertiespossibility of welding their
connections, simplicity of shape, re@dcpainting areagood appearancand reduction

of the area exposed to corrosion. Moreover, the tubular sections show the best

behaviouragainst hydrodynamic and drag forces compared to other existing sections.

The rounded (circular) sections not only héwgh torsional stiffness, they also show a
similar buckling strength in all section axes, and frsatructural point of view are the

most appropriate sections to form the spatial frame elements.

After World War Il and the expansion difie oil industry dfshore, the need to use

tubular sectionswhich arethe best option in building offshore platfornhssincreased.



At that time no knowledgeexisted about the role and performance of welded tubes as a
structural connectionThus, severastudies were caed out on tubular structures and
their connections, most of which were based on offshore platform design requirements.
Meanwhile, one of the aspedtsatwastaken into consideration was the flexibility of

tubular joints.

In the computer analyses of atitures with tubular elementge offshore oil platforms,

the connections between the elememése considered rigid usingnalyticalmethods.

The ideal approaciior making tubular joints is fulpenetration welding the tubular
elements, which causéheresulting joint to be classified as a rigid jothatis subject

to axial loads as well as bending moments. This implies that the angle betweeen
platform elements does not change after the structypladedunder loadingHowever,

in real conditionssome local deflections are created in¢banecting areaf the main
member under the imposed loads from the secondary member. This indicates that the
tubular joints havea remarkable amount ofiexibility in the elasteplastic range.
Thereforethe reslts of analyses based on joint rigidness differ to a great extent from
the actualbehaviourof the structure. These differences are observable in structure
deformation, distribution of inner forceshe buckling forces of the members, and also

the naturafrequency of a strcture, especially ithe case of3-D structures. Therefore,

taking the flexibility effects into accouappearsrucial interms ofthe overall analysis

of a structure. As the high effect of joint flexibility on the results of tubsiiarcture
analysis was specified, it attracted the attention of many researchers and various studies
and tests were carried out on tubular joints. The results obtained from the research
studies can be generally categed into two types. The first categas the formula and
empirical equations obtained from the tests and observations, and the second one is the

method formodellingthe joints so that the flexibility effect is taken into account. These



methods can be divided into two main groupsodelling the joint as a structural

member, omodellingby thefinite element method.

1.2 Problem Statement

Generally, the tubular joints of a platform are considered rigid in offshore platform
analyses and it is often assumed that the member deformations in thetiognaesas
are similar to each other. However, in actual conditions, the connecting points in
members have significaetastoplasticflexibility . Thereforeif a platform ismodelled
with rigid connections (joints),he results will be unrealistic. Howayea finer
estimation of the internal forces in a jacket type platform can be achieved by

incorporating the flexibility of joints in the analysis.

Although several studies and experiments have been done on pipe connection platforms
in 2-Dimensional statesmodelling in 3-D is deemed important to obtain accurate

resuls.

On the other hand, the development of offshore structures in deep watehe high

costs of designing and construgfithese structureare furthemreasos for the needo
design thesetmictures based on realistic conditions. With regard to the fact that Iran is
an oitrich country and the significant role of offshore platforms in the oil industry,

studying thebehaviourof offshore platforms seems necessary.

1.30bjectives

This study aimedat investigating thdehaviourof offshore platformaising the finite
element methodFEM) by considering the effect ahe connections flexibility in 3-

dimensional state3 he specifioobjectives are:



a) To investigate the effect of Joinan on joint flexility by comparingM - g

graphsusing static analysis.

b) To perform nonlinear static analysis on a modelled platform considering joint

flexibility and compare it with the rigid joints model.

c) To investigate the effect of joiritexibility on the two modelled platforms by

performingmodal analysis.

d) To carry out nonlinear dynamic analysis on a modelled platform considering

joint flexibility and compare it with the rigid joints model.

1.4 Scope ofWork

The purpose of the present stuslyo investigate offshore platforbehaviourin respect
of the flexibility effect of the joints in &-D conditionusing the finite element method
An attemptis made, firdly, to investigate theffect of Jointcan onthe flexibility of
three typs of tubular pints by performing static analysend M - g curvesare drawn

in different conditions for comparison.

Secondly to provide a3-D model of onefixed steel platform existing in the Persian
Gulf in which the jointsare modelledusing he SHELL element and the platform
membersare modelledusing the PIPE element. The deck, piles and the Joamtare
taken into account in thiswodelling Another platbrm is also modelledas 3-D with
rigid joints and themodal, dynamic and statidehaviou of the two platformsare

compared

In the current studyANSYS software version 1is used which operates with finite

element methods tanaly® and design engineering systems.



1.5The Organisation of The Thesis

The present thesis investigates the effecthe flexibility of tubular joints onthe
nonlinear responses of offshore platforms under the effect of earthtpade Itis

dividedinto 5 chapters.

Chapter 1 presents an introduction that provides a brief descriptitre dfistory of

offshore platbrms,and theobjectivesandpurpose of thistudy.

In chapter 2, which includes general information alaftghore platformsandtubular
structures, the previous research on tubular joints andsalse information about

different common analyses and eatbnsiderations in these structureseviewed.

The nodelling of a structure using flexible tubular joints and the analysis of platforms
are explained in chapter. 3n this chapter, the definitions and relationships of finite
elements, and the theoriepplied inmodelling are investigated and the joints of a

platform inthe Persian Gularemodelledwith and withouta Jointcan.

Chapter 4concerns the analysis of rigid and flexible models of the platformaand
comparison of their static and dynamibehaviours. It also obtairs the dynamic
properties andM - gcurves for sveral joints with and without Jointans and

compaestheflexibility of joints in these two conditions.

Finally, in chapter 5the findings of the study are summadzaend suggestions for

future studies are present&hapter 5 thus concludes the study.



CHAPTER Il

LITERATURE REVIEW

2.1Introduction

Offshore platforms are built with the aim of producing oil and natural gas. The
contribution of oil platforms to oil pradttion in 1988 and 2000 was 9% and 24% of the
worl d’s tot,alespercsumetl iyon Today about
energy is supplied through offshore hydrocarbon resources. Using offshore oil and gas
resources has been developirantinually in recent years so that the installation of
offshore platforms in deep waters and adverse environmental conditions is economically

well justified these days.

Historically, the first offshore drilling was performed off the coast of California in 1896
using wooden posts. In the early 19308ooden platforms were used for building
offshore platforms for the first timend in 1947 the first metal (steel) platform was
installed 6metes under water in the Gulf of Mexico. Iran, which is located on the coast
of the Persian Gulf, the Oman Sea and the CaspiaraBdgossesses massive oil and
gas resources in these aredarted to use tlseenergy resources frothe 1960s. Today
the offshore platformsf theoil and gas industries are used for different purpcsesh

as explorationdrilling, productionand accommodation. Regarding the huge codiseof
construction installation and promotion of tke offshore platforms, an attempt has
been underway during recent years to investigate the performance, anadydssagn

of these structures in terms of the lateral loads. Diffasga@s of offshore pl&rm are
shown inFigure 2.1. These platforms can be classified as: 1c@yventional fixed

platforms; 3) compliant tower; 4, 5) vertically moored tension legramittension leg

~
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platform; 6) spar; 7, 8) semsubmersibles; 9) floating production, storage, and

offloading facility;and10) subsea completion and tieackto host facility.

Figure2.1: Types of oil platform and ri¢Boland, 2013)

2.2 Fixed Platforms

Figure2.2 illustrates a fixed extraction plarm used in waters with a medium depth in

the North Sea. These platforms consist of a structure made from steelvibhimdsis

fixed to the sea floor by some piers and the upper part of the platform includes drilling
equipment, extraction, accommodati@nanes and other parts likénelicopter pad and
rescue equipment. The crude oil and natural gas are transmitted to the upper part of the
platform and after initial refinery treatment are transported to the carriers or onshore
refinery or distribution uits via pipes. The main elements can be connected together in
K, T, Y or X shapes and the size (diameter}t@felements can vary in these types of
joint. Some examples of the structsicé such platforms will be shown in the following
sections. The desigr of the offshore platform should take into consideration the many
limitations existing during the life of a platform. The lifespan of a platform includes
different designing stages, building, launching, equipment installation, pile driving, and
finally extraction and promotion stages. These stages usually last from 10 to 25 years
and the platform should be well maintained during this time. Once the promotion stage

has finished, the platform should be remquéds respectinghe natural ecology of the
7



se so that it does not damage the natural environment. The complexity of each stage in

a platform’”s | if es p anitslauvachingbmethod.er cei ved

Figure2.2: An example of a drilling platforn(E.S.D.E.P, 1994)

The recent introduction of huge floating cranesich are of the partiallgubmerged

type and have a high capacityas had a great impact on the common methods of
launching and instafig the platforms. The big size of thesedting devices makes it
possible for the cranes to have a jagkpower of around 1@00 tons. Thereforet is
possible to make many connections related to the construction and installation of the
machinery on land and then install these bulky sections the platform using the
above mentioned cranes. This results in reducing the cost and time of installation and

eventually leads to faster production of oil in the fields.

The use of fixed production platforms in deep waters and adverse sea conditions

requirestheinspection and probable repairtbe underwater parts of the platform. The

b



inspection and repairs are very costly and should be performed by spedaln

equipmen{E.S.D.E.P, 1994)

The fixed platforms are usualigstalled in shallow waters. Todaglthoughthis type of
platform hasalsobeen installect adepth of 315.5netes, it is usually useatdepths of
about 100metres. The nomination of the platform astemplate is because tlegs of

the platform are el as templates for installing the piles. This type of platform is also
referred to aa‘ | a c k et , whithaststowrn inFigure 2.3, and consists of the

following sections:

a. The deck 6 the platform: the deck is &D space truss on which all the
equipment and instruments above the surface of the water are installed

b. The jacketof the platform: the jackeis a 3-D space truss consisting of steel
(usually tubular) elements (members) under water. The main function of this
section is to receive and trangrtie environmental loads (such as waves and
sea streams) to the foundation system, also as a template for conducting and
covering the piles during pile driving, and sometirf@sdirect conducting and
transmitting the deck loads to the foundation systétheostructure.

c. The piles: the piles in fact form the foundation system of the platform. All deck
and environmental loads imposed on the platform are finally transmitted to the
ground through the piles. The foundation of the base (pier) of the platform i
built using tubular steel piles that are open on one end andhlibameterof up
to 2metes. The piles are rammed (driven)-80 metes and in some cases up to

120meftesinto theseabed
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Figure2.3: Jacket type platformectiongArnold, 2007)

Most of the oil platforms are a@he steel jacketype with piles in which the steel deck is
installed on the jacket. The fixed offshore platforms possess a special advantage. The
cost of installation of this type of platform is relatively low, they agble and the
drilling, production and other opations can be performed on them in the samethaty

they are done on lar{@érnold, 2007)

The development of the drilling fleet around the world has been compatible with the
increasing depths of water in which drilling has been carried out. This is depicted in

Figure2.4. In Figure 2.4, the first graphshows the maxinmm deptls for drilling from

10



1940to 2009 It can be seen that from 1964 to 200% achieved depths have ieased
rapidly, reaching from 10éh to 3047.9m. Of course there have been some drillings in

very deep waters just for geological study purposes.

Worldwide Progression of Water Depth Capabilities for Offshore Drilling & Production (As of March 2009)
12,000 il (@6574m)
|
11,000 [Lovne: Plaﬂoannn::r:;t:"( o e i \ ! I (33526 m)
10,011“3‘051 m)
Subsea e US GOM, AC 951 4
10,000 —*{ Denotes Current Worid Record Y Rig: Transocean's AOAN Az} ( (3,047.9m)
et oty
9,000 : oA ) g?a?suz;:zﬂm;m - (27431 m)
| S
E 8,000 P - (24383 m)
=1 AADDSADALOLD
7,000 . d - (21335m)
£ :
..% 6’000 B I I)rsey:pe"sltﬂ I;ldn:::;' Ficilny [Fidain
a - b ity L (153.9m)
5 5,000 : am;‘n ‘Anadarko hatis
= 4,000 ! b (1,2194 m)
3,000 | I o14.4m)
|
2,000 : — (609.6 m)
I
1,000 : t (304.8 m)
0 3 0 5 R 2V 2 G 5 Vo 57 5 ) ] 2 P [ o 21 5 725 P 2 0
1940 1950 1960 1970 1980 1990 2000 2010 2020
Note: Shell's Silvertip is installed. First oil is scheduled for 2010. Year COURTESY: MUSTANG ENGINEERING

Figure 2.4: Worldwide progression of water depth capabilities for offshore drilling and

production(Carlyle, 2012)

The depth of waters in which drilling has been performed indicates the needs of oil
producton in thefuture. The oil platforms should be capable of developing drilling and
separating crude oil from gas, water and sand and also in cases where there is
insufficient pressure in the reservoir (tank) to push up (jack up) the crude oil, a gas jack
up is needed. Water injection might also be necessary to increase the pressure in the
reservoir and produce more oil. Wittne creaton of side wells (slanting/inclined), it is
possible for platforms to use a bigger reservoir. All these issues and othezmesis

make the equipment installed on a platform so complex that we can regard it as a small
scale refinery. Therefore, the production depth is always slightly lesshidnllable

depth. Finally, because of the need for installing modern engngedgvices on the
platforms in deeper areas, the exiafite depths have not increased as fasttlees

drillable dephs. This can be seen Figure 2.5, which illustrates the evolution of oil

11



platforms. These types of fixed platform are called jacket plago TheFigure also

shows the development of extralsledepths from 1947 to 1978.

1947. 1955 1956-691 1970
7
1m wd. .
B0t 30Smwd
2180t
628 m wd
1380t 8659 mwd .
4540t 103.6 m wd
5910t
1445 m wd
24,2401
vwd = water depth

Figure2.5: The evolution of oil platform§Arnold, 2007)

2.3 Selectingan Appropriate Platform to be Installedin the Persian Gulf

Basically, the depth of water in the Persi@ulf is relatively low and the water column

in which the platforms are currently installed is fraandepth of 25metes to a
maximum of 72metes. Overall the average water depth in the Persian Gulf is about 45
metes. This is about 70netes in the deeger areas and strimnd even deeper areas

mostly with depths of about 8@etes hardly exist.

The fixedtype platforms have been recoggd as the most appropriate platforms to be

used in the Persian Gulf for the following reasons

1 Availability of the tehnology for their construction, transportation and
installation
1 Cost effective installation idepthsof less than 100 m

12



1 Low cost of installation

1 Stability against the waves and no significant displacement or vibration in the
deck duringhe productionperiod

1 Capability of being maintained well regarding the atmospheric and water
conditions in the Persian Gulf

1 Platform manufacturing sites in the area

2.4Tubular Elements

Tubular elements have many applications in different structilesients with circula

and rectangular sections are used in coastal and offshore structures, space trusses,
telecommunication and power transmission towers, thedeadng structure in cranes,

and circular recreational structures in parks, etc. Tubes are very economicaieand
superior to other existing sections for different reassnsh astheir high rotational
resistance (strength), symmetry of section properties, welding capability of the joints,
simple shape, lesareato paint, more attractive appearance, and lesa axposed to
corrosion. Moreover, tubular elements show the bekiaviouragainst hydrodynamic

and drag forces compared to other sections. The rounded (circular) sections, besides
having high torsional stiffness, have an equal axial flexural strengtogiwot the

whole section and are structurally the most appropriate sections to be used as space

frame elements.

Such elements with circular (rounded) sections are usually used in coastal structures,
especially in offshore platforms. These kinds of platfare utilsed for different oil
production purposes. Their applications range from oil exploration and production to
personnel housing in the oil industry. Otype of platform is called the fixed steel
platform, which is extensively used by Iran and atleulf States in oil production

facilities in the Persian Gulf.

13



This fixed platform is composed of three major parts. The first waith is built at the

top of the structuras known as the deck of the platform. The second part is the jacket
or the bae which is composed of tubular elements arwdind brace (bracing). The last
part of the platform is the piles through which the imposed load to the platform is

transferred into the ground.

Tubular joints are used in singlend doubleplate forms in dferent structures. Tubular

joints refer to the connections in which the elements and the imposed loads are placed
on the same platand multiplate joints are the connections in which the connection
elements and imposed loads are not located on the gkatee In the joints, those
elementshatar e connected are referred to as s
mai n member @g's. cA$ |Fgde2 hhese foihteare categsed for

any kind of loading based on the shape of the secgpnidamber and the loading

pattern.

For instance, in a K joint the punching force in a secondary member must be in balance
with the loads of the other secondary memlogr the same plate and the same point of
the connectionln addition in the T and Y joirts, the punching forces must be equal to

the shearing force in the main member. In the X joints, the shearing force is transferred
from one part of the main member to a secondary member on the other side of the joint.

These joints can also be combineddmt other joint{API, 2000)

14
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Figure2.6: Different types of tubular joint(API, 2000

Dimensionless parametersvhich are specified and calculated according to the
geometry of the jointplay an important role in the calculation of joint strength

(resistance) andpecifications. These parameters include(diameter coefficient) g

(member slenderness rati@),(Thickness coefficient) As illustrated inFigure2.7, the
parameters for rounded (ciramn) and tube sections depend on the geometric properties
such as D (main member diameter), d (secondary member diameter), T (main member
thickness), t (secondary member thickpesg (the angle between the main and
secondary member)(length of secondary member), L (length of main member), and g

(the gap between the main and secondary member).
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Figure2.7: Geometric parameters specifying tubular joints: K jgi®Rl, 2000)

Tubular joints are classified into four categories as follQWsG, 1984)

1) Simple welded joints,

2) Complex welded joints,

3) Cast steel joints, and

4) Composite joints.

This classification is not firm, but is generally accepted. Simple joints are those without
any giffener, gusset plate, diaphragm or groutmalti-braced simple joints the braces
do not overlap. To strengthen a simple joint, the chord section is typically thickened in

the connection zone. This section whiilgher strength is nameide Joint-can.

The term complex is assigned to the following joints:

1) Joints with uniplanar or multiplanar overlapping brace members,

2) Joints with internal stiffeners or diaphragms, and

3) Joints with external stiffeners.
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Simple joints have lower strength and stiffness thanpex joints. Some examples of

comple joints are shown ifrigure2.8.

|

|

|
]

"

i

|

|

 —

View A-A

Figure2.8: Complex joint example8JEG, 1984)

Cast joints are nte by a casting process in which the brace and chord are cast together.
Therefore, there is no welded connection between the brace and chord, creating better

shapes of fillet. Cast joints are potentially stronger than the welddd jo

Composite joints & those filled fully or partially between the leg and the pile passing
through the leg, with concrete. A doudkin grout reinforced jointwhich is placed in

the latter group of grouted joints is showrFigure2.9.
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Figure2.9: Concrete grouted joiftUEG, 1984)

2.5Tubular Joint Failure

Since tubular joints used are of geometrically various types, their responses to axial
loads and bendinghomentsalsovary to a great extent. In fact, the form of the joint
failure depends on the joint typie geometric parameters specifying that joint, el

loading conditions.

As shown inFigure 2.10, the tested joints are very simple ones, i.e. T Riidtypes

only. In addition althoughthe loads arenly imposed axially (tensile and compressive),

the joints respond differently to different loads. The typical trend of failure of a tubular

j oint under tensile | oadi n garound tbd secorelaxy t h e
membey and finally, the deflection of member sectio(Skallerud & Amdahl, 2002)

(Skallerud et al.2002)

Imposinga tensile load on the joint brings about stress in the joint section. As the load
increases, the first crack is caused on the host,psimth, eventually results in the

total separation of the main member from the secondary member.
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Falure under compressive loadings in Yjdints and also inthe Y/DT joints usually
happens in the form of buckling and deflection in the plasttb®main member walls.
The stiffness and capacity tife DT/X joints are less than those tbfe Y/T joints hut

the deflection form is similar in all these joir{&kallerud & Amdahl, 2002)

P[kN]
e ' excessive
F’ = Al MEa r-b deformation
. { P ! B ax
140 mm 2, |
: i|defl.
<l 320mm15 ‘ 3 ’
4.5 mm Ii
! elastic possible
| branch 1st crack
20- i
[ P Paax

possible }

- Istemck “

109

& 10 ! . 30
axial joint deformation [ mm ]

Figure2.10: Tubular joint response to axial loa(®kallerud & Amdahl, 2002)

The failure mechanism of K joints under axial loadiag one secondary member is
under tension and the other one is comprestsukends mostly on theag between the

two secondary members. tine case of large gaps, each member acts as two simple Y/T
joints. As the gap becomes smaller, the joint resistance increases because the flexural

stiffness of the main member in the gap between the two secondanpemsalso

increases.
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Plastic deflection and failure in the main member resulting from the punching shear are

the two main types of failure in these kinds of joilor high 6 values the main

member section failure (shear failurednctake place in the gap between the two
secondary membe(Skallerud & Amdahl, 2002)However the punching shear clause

has been removddom API since 2007 (APR007).

Overall, in different joints under flexural loading inside the plate, failure is caused by
the rupture othemai n member ' s wal | in the section

member, plastic bending and buckling in the wallha&fmain member under press.

The form of joint behaviourand failure differ under different loading patterns as
reported byr'he European Steel Design Education Progrartiir®.D.E.P, 1994 andis

givenas follows:

1. Plasticfailure in the main member g&m: in this case the section is broken on

the plastic hings or yielding linesKigure2.11).

2. Failureas a result otheplastceat i on of the main membe]
type joint when one member is under pressure while the otteris under

tenson (Figure2.12 Mode A).

3. Punching shear failure on 2MaeBnai n me.

4. Secondary member failure on the welded point (Figur2 Rldde Q.

5. Failure caused by local buckling of the compressive secondary member (Figure

2.12 Mode D.

6. Shearfailure of the chordRigure 2.2 Mode B.

7. Failure caused by the vyieldi2ModeRf t he
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8. Failure as a result of the main member buckling close to the secondary member

under tension (Figure 21Mode Q.

Failure type2 is the most common mode of failure in K joints with low to medium

b values wherethe b6 value ranges from 0.6 to 0.8. Failure type 9 is common in

overlap joints. Failure type 5 usually occurs in K joints witte 6 value

approximating unity (1). Failure typ8 and 4 are common in K joints that have

bigger width ratio compared to their thickness (hi%‘hortt)—o). Failure type 1
0 0

usually occurs in routed sections.

p
p/2  pl2
b |
\A‘L
hy
A A
—>
by
p/2 p/2
P

Figure2.11: Failure in the plastic part of the main mem@eiS.D.E.P, 1994)
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Mode A: Flexural failure of the
chord face

Mode C: Tension failure of the
bracing member

Mode E: Overall shear failure
of the chord
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Section view

Mode G: Local buckling of the
chord face
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_'JF'_'_\_'_'_'_jI
Section view

Mode B: Local punching shear
failure of the chord face

Mode D: Local buckling of the

bracing member

Mode F: Local buckling of the
chord walls

Figure2.12: Failuremodes for K and Nype connection§E.S.D.E.P, 1994)

22




2.6 Codes on Ultimate Resistanceand Designing Tubular Joints

The findings of the tests carried out on the failure in tubular joints indicate that a joint
collapses under a force several timegger than the force causing yielding in the first
point. Regarding this, the ultimate resistance equations have been discussefiRh
(2008) DNV (1977) AWS (1996) CIDECT (Kurobane et al., 2004odes and HSE
(1999)report.In the static strength method, the permissible loads are obtained based on
interpreting he result othe ultimate load test and considering a sufficient safety factor.
According to these codes, the imposed loads should not exceed the maximum
permissible load. In the following section, the API code will be described. For a detailed

descriptionof the other design codes, souAtel 2A-WSD is recommended.

2.6.1 The API Codeon Tubular Joints

According to these regulations, designing tubular joints is done basédedarce

values and the moments that exist in the bracing and main mgndoenecting

point. The tubular joint resistance formula presented in this code is based on an
interpolation oftheultimate resistance test results that are eventually an estimation
of the minimum extremdn the 18" publication of APl n 1989, the joint members
were designed according to the permissible stresses and in "tipb®@ation in

1993,thedesignbased ol.RFD was alsoauthorsed (API, 1993)
The geometric parameters affecting a simple tubular gsgghown inFigure2.13

A) According to API(1993) a joint should be controlled by either punching shear or

nominal loads. ey are calculated as followstnching shear:
The imposegbunchingshear can be calculated by the following equation:
VP={f sing 2.1)
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in which f is the nominal axial tension andplate and oubf-plate bending
tensionin the secondary member. The permissible punching shear tension (stress) in

the main membés wall is obtained through the Ifmhing equation:

Foe

VP = QqOf.

This is a factor depending on the type of loading and geometry jofrthélhe

value of ths parameter is given ifiable2.1, butit is also obtained as follows:

Qf =1.0-/ ng (23)

In which / in the case of axial tension abdnding in— and out of plae equals 0.03,

0.045, and 0.02Xespectively.

- \/.'?AX2 + flliB + fOZPB
0.6F,

(2.4)

So that fopg, fes. faare the isplane and ouplare nominal axial tensions and bending

tensions in the main member in the conditioralsb having a combination of bending

and axial tensions in the secondary membéerefore, the following equation will

apply:

o ~2 o ~
aVP 0 155+8YP 8yppe10

C Pa- (o} Pa- (2_5)
o ~2 o ~2

VPl 2 arcsin|2YP 8 1pe+ &P 8 oPBe 1.0

VPa, p cVPa+ 95Pa+

(2.6)

B) The Nominal loads
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The permissible capacity of a joint in terms dfe existing nominal loads is

calculated as follow

2

FooT
Pa=Qu.Qf.

1.7Sing (2.7)
F.T?
Mu = Qu.Qf.—*(0.8d)
1.7Sing (2.8)

Wherepa is the permissible capacitytbe secondary member under thaaxorce.
Mu is the permissible capacity ftire secondary member under the bending force.
Qu is the ultimate resistance factwhich depends on the type of the joint.

The Quvalue has been given fable2.2. A safety factor (coefficient of safetyjjeal
to 1.7 for the joint static failure condition and 1.2&oefficient of safety) inthe
excessive loading condition have been considered. One example is the stolimtload,;
caseof having a combination of axial and bending loads on the secondaryeneind
following equation will apply:

%\%g |PB+%\'\Ai8 OPB¢1.0

(2.9)

(2.10)
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Figure2.13. Parameters needed for designing AF393)

Table 21: Calculation of @ facto(API, 1993)

0.3

Q,=18-01 g/T fory =20

Q;=18—-4 g/T fory =20

=1.0 = 0.6
Q'E forf but in no case shéflg be taken as less than 1.
TYPE OF LOAD IN BRACE MEMBER

> Axial Axial In-Plane Out-of-Plane

P_: Tension Compression | Bending Bending
©

S Overlap 1.8 plus see 4.3.2 - _

O | K e o

o Gap (1.10 +40.2 N .

o3 +

ElT&Y (1.10 + 0. ~ .

— N~

S _ o

S| wio diaphragms (1.10 + 0.20 ® -

@ | CROSS 0.20/B) QB ~ _

& | w/ diaphragms per

|_

2.5.5c.4 (1.10 + 0.
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Table 22: Calculation of Qu factofAP1,1993)

TYPE OF LOAD IN BRACE MEMBER
Axial Axial In-Plane Out-of-Plane
Tension Compression Bending Bending
< K (3.4 + 198
S >
cElTay (3.4 + 190
= LW .
% % w/o diaphragms . 2
9 Q| cross Pa=QuQf —*_— (3.4 | (3.4 +
o O | w/ diaphragms pe| (3 FS Sing
e 4.3.4 (2.10). 4 + 19B)
13B) QB
(3.4 + 198

2.6.2 Changes inAPI (2007)

According to API (2007)tubular joints withoutthe overlap of principal braces and
having no gussets, diaphragms, grout or stiffersrsuld be designed using the

following guidelines

2

FoeT
Pa=QuQf —

FS Sing (2.1
Ma = Qu.Qf FyeT (2.12)
a=Qu. s .
FS Sing

where: Pa = allowableapacity for brace axial load, Maallowable capacity for brace
bending moment,

Fyc = the yield stress of the chord member at the joint (or 0.8 oétisde strength, if

less), ksi (MPa),

FS = safety factor = 1.60. For joints with thickened cans, Pa shall not exceed the
capacity limits defined in 4.3.5. For axially loaded braces with a classification that is a
mixture of K, Y and X joints, take a weigtt average of Pa based on the portion of
each in the total load.

The update for Chord Load Factor Qf is:
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e a 0 &aFSMm._ 0 2

Qf = dl+ Clafs_ﬁ):_o_ C,2— Q. C,A%
&ep O £ M 0]

e ¢y ¢ T = 4 (2.13)
The parameter A is defined as follows:

% 2 R ~2g0.5
a=&foR g (SFSM.Gy

£7 2 Em, O

u (2.149

Where Pc and Mc are the nominal axial load and bending resultant in the chord, Py is
the yield axial capacity of the chord, Mp is thiastic moment capacity of the chord,
and C1, C2 and C3 are coefficients dependingherjoint and load type as given in

Table 2.3 and FS = 1.20.

Table 23: Values for C1, C2, CBAPI, 2007)

Joint Type C1 C2 C3
K joints under bace axial loading 0.2 0.2 0.3
T/Y joints under brace axial loading 0.3 0 0.8
X joints under brace axial loading*
B<O 0.2 0 0.5
B=1 -0.2 0 0.2
All joints under brace moment loading 0.2 0 0.4
*Linearly interpol at e d1.0farlXjpiatsundeebravesdah |

loading.

API (2007) has considered a new Qu valudeich is given in Table 2.4.

Table 24: Values for Qu (API, 2007)

Joint Brace Load
Classification Axial Axial In-Plane | Out-of-Plane
Tension Compression Bending, Bending

>
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2.7 Flexibility of Tubul ar Joints

In the conputer analysesf the structures withtubularelements in traditional methods,
the connections between ethelements are considered rigith fact the joint is
considerech dimensionless point on which the elementsrigidly connectedand it is
notmoddled as a structural element. This assumption implies that there is no rotational
or axial deformation at thend ofthe secondary member against the primary memlzer
axis. In reality, however, some local deflections ocaurthe circular section of the
primary member under the forces exerted by the secondary menhieisuggests that
tubular joints havea remarkable levelof flexibility in the elastoplastic range.
Therefore, the results of analyses basedhemigid-joint assumption are differemd a
great extentfrom the actuabehaviourof the structurewhich is obviousin instances
such as strctural deflectionsdistributionof internalforces the buckling forces of the
elements, as well as the natural structure frequeespecially in the casef B-D
structuresHence taking into consideration the flexibility effects in the overall structure
analysis is very significanMany researchers have been attracted to sigdlye effects

of joint flexibility on structural analysis results as the effdtave been shown to be
high. Severaresearchstudes and tests have been conducted on tubular joints so far,

the results of which can be classified as follows:

1) Analytical methods,

2) Experimental and sergixperimental methods, and

3) Numerical methods.

Each & the above approaches has some advantages and deficiencies, however
experimental techniques can produce the most accurate results provided theutest set
is made according to the assumptions adopted for the Tés&tsxperimentalaccuracy

and realisatin of actual conditions are very important for interpreting the experimental
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results. Analytical methods based on plate and shell theory become very complicated
when dealing with tubular joints. They can, however, produce fast and relatively

accurate resudtwhere applicable.

Numerical methods are those proceduhegattempt to reach the solution of a problem

by somehow discretizing the domain of the function being studied. It is tried here to
differentiate between an analytical and a numerical methodyta# procedures are
based on the theories of continuum mechanics and aim at the exact solution. However,
numerical methods approximate the exact solution. The Finite Element method is one of
the most powerful numerical methods for studying the behavajustructures.
However, the complicated behaviour of tubular joints creates some inaccuracy and

difficulty when the Finite Element method is applied to the joints.

2.7.1 Analytical Methods

Different researchers have proposed equationshiflexibility coefficient of joints,

through conducting tés on different types of joint, whicdrepresented below.

It must be noted that tubular joints vary significantly in termghefir geometrical
parameters and loading patterns, thus it is very difficult to obtairrieaigquations for
thesejoints and it would be costly to do sbherefore researchers havtried to solve
the ssue by applying simplifying assumptions for various loading casesthend

presenteequations are specifically for simple tubular joints.

Kellogg (1956) replaced the brace load with an equivalent distributed load shown in
Figure2.14. Based on the theory of beamn an elastic foundation, Kellogg derived the
maximum stress under the equivalérdd. This methodnly considersthe axial load
and/or inplane bending moment on the brace. It gives approximate stress values for the

chord and does notkie any reference to the brat#G, 1984)
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Figure2.14: Kellogg's tubular jointnodels(UEG, 1984)

Another example of this type @&nalysis is Bijlaed's method(1955) which used a

double Fourier series to show thiksplacement field of a cylinder subjected to a
rectanglar distributed load. Although the moment and deflections were computed for
point O in the model shown IRigure2.15, equations were introduced for obtaining the
moments at the edges of the loaded area. The method needs to take into account a large
numberof terms in the Fourier series to give a relatively accuratdtrésor example
Rodabaugh(1980) used 21 terms in the hoop direction and 81 terms in the axial

direction to determine the behaviour of¢ints (UEG, 1984)
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Figure2.15: Cylindrical vessemodelused by BijlaarqUEG, 1984)

Despite the agreement between experimental data and Bijlaard's results, the method is
too simplified for tubular jmts. It may, however, be appliedo t he | oi nt s w

ratio for preliminary design purposes.

Dundrova (1965) presented one of the most complete theoretical studies. She analysed a
T-joint under axial load based on the classical theory of cylindrical shells. Her solution
finds the dstribution of the forces acting on the chord wall by imposimgmpatibility
condition betweelthe brace axial displacement and chord wall deformation. However,
brace bending stiffness is not considered in Dundrova's solution. She was the first one

who @nsidered the brace explicitly in the analy&i&€G, 1984)

Tubular joint flexibility was studied in a report by Holmas et (4985) using he

cl assical shell t heory. The range of B ¢
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Donnell form was used to express the forces and moments on a shell gbsvstwn

in Figure2.16. The kendingmoment and axial force in the brace were replacethéy

equivalent forcesasshown inFigure2.17.

Figure2.16. Shell element used by HolmgsHo | mas et al ., 19
f -
Leg surface “extra” nodes for
brace attachment
et

Figure2.17. Extra DOF to express local joint behaviour used by Holfnéso | ma s

1985)

It seemsthat the model by Holmas is similar to Dundrova's model that it
recommendshree extra degrees of freedom for every brace attashrwhich are one

translatimal, and two irplane and ouplane bending degrees of freedom. The report
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shows the variation of the axial and IPB stiffness of-pifit for various D/T ratios and
B v al ue swassAggesteddog Holmas for considering thgh axial stiffness of
the brace based on the collocation method, but the bending stiffness of thedsraoe

taken into account in this model.

B. Chen et al.(1990) investigated the local joint flexibility of sin T, Y and
symmetrical Kjoints for axial and irplane bending loads. They used the classical
theory of thin shells and the Finite Element method to analyse tubular joints with the
chord and braces treated as substructures of thin shells while thecinberseirve
between any two substructures is discretized into finite elements. Chen et al. (1990)
recommended a formula for the stiffness matrix of a symmetrical simjyen They
reached a good agreement with other formulae by DNV (1977), Fessler @886

Ueda (1990) and some experimental results by Tebbett (1982).

T. Chen et al(1990)introduced a similar analytical method to the method by B. Chen
(1990), using the two models by Holmas (198&)d Ueda & Rashed(1986) for
definition of joint flexibility. These two modelwere based orthe solutions of shell
equations and Finit&€lement analysis, respectively. The model by T. Chen has the
features ofsimple computations and low OPtime. T. Chen studiethe axial and in

plane bending flexibility of T, Y and T¥joints.

2.7.2 Experimental and SemiExperimental Methods
2.7.2.1Experimental Methods

The theories of structures and continuous media are not used in these procedures. A
physical modelwhich can range from small to full scale in simetested under the
conditions similar to the real structure. The model can represent the whole starciur

componenthereof.
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In the study of tubular jointsthe test specimens selected earlier were from steel.
Synthetic materialssuch as acrylic and epoxy reswere used later as substitutes for

steel since they are cheaper, easier to handle andfleralde. Experiments are usually
carried out by loading the joints through static forces and measuring the desired
quantity, which can be a strain in any direction or displacement of a location with
respect to a datum. Test specimens from synthetic ralsteare on a small scale,
whereas those from steel could be the same scale as the prototype. Numerical methods
are usually employed for curve fittirgf the test results, whergenerally an equation

or formula is established to be used for analysis asilgd. Parametric formulae for
stress concentration factois a popular example of the application of experimental

methods to tubular joints.

The photoelasticity method is also an experimental technique involved in the
experimental stress analysis of tldwu joints, where threedimensional stress
distribution can be determined. The method is restricted to stress aregsismless a
relationship between flexibility and stress is employed, it cannot be used for the study of

joint flexibility.

Fessler etal. (1981) developed a procedure to define and measure the flexibility of
tubular joints. Three loading modes were considered: 1) axial tension;pRnie
bending momentand 3) ouplane bending moment-essler et al. (1981) only
considered T and neoverlapping Y joints by testing 25 joints made of precisiast
epoxy resin tubes. Methods based the experimental results were proposed to
determine the joint flexibiligs of the different deformatianodes. An equivalent brace
length was proposed to consider the flexibility of typical joints when the customary line
modelwas used. A line model is constructed afiedimensionabeam elements being

connected at the joints.
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Fessler & Spooner(;1981) concluded that further work should include an analysis of
simple frames of typical structures. It appears that the experinrmeathbd proposed by
Fessler & Spoone(1981)includes a relativelyime-consumingprocedure and can be
costly in terms of test equipmeriigure 2.18 shows the rig used for loading the test

specimens. Deflections were directly measured at various locations.
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Figure2.18: Test rig used by Fessléfessler & Spooner, 1981)

In arother work, Fessler et dl1986a)developed a set of parametric formulae for IPB,
OPB and axial deformation dlie brace in single brace tubular joints, using the same
method as in the 1981 paper. There were 27 tests on araldite models covering the
common range of parameters in offshos&ructures. In comparison witlihe
experimental resulidessler's formulae overestimatide bending stiffness dhe T-

and Y-joints.

In a companion paper, Fessler et al. (1986) presented a set of equations for the cross
flexibility between any two brasthat may be in any orthogonal plane at a joint. This

work was also based on the same experimental procedures and actually on the same test
specimens as the other paper (1986) by the same authors. The measurements on the end

of fictitious unloaded bracewere determined from the measurements of the single
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brace joint models. In both papers, the effect of the variations in brace wall thickness on
joint flexibility were ignored. For notoverlapping joints, the proposed parametric
equations may overestimatee flexibility by up to 70% compared to the measured data

when the flexibility is significant.

2.7.2.2SemiExperimental Methods

When compared with the experimental methods, s®xperimental procedures also
benefit from the analytical methods of structural asigly In these procedures, a
mathematical model is employed and tuned usivegest resultsThe punchingshear
model, shown inFigure 2.19, is an example of this method. The punching shear

stressy,, is assumed to be uniformly distued. So it can be written as:

N

V, = —
pdt (2.15)

in which N, d and t are the axial force, diameter amntkttess of the brace, respectively.
The axial force in terms of shear stress would be:
N =V, odt (2.16)

Desgn codes give the allowable values of the punching shear stress for different
geometrical parameters. The values have been derived from experiments on various test

models and then stated in the analytical form of punching shear stress formula.
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Figure2.19: Stress distribution assumed in Punching Shear M&peingfield &

Brunair, 1989)

The method used in this study is a sexperimental techniguin which an unknown
analytical parameter is determined by experiment. A work on the support flexibility of
pretensioned cablewascarried out by Springfield and Brunair (1989). The end fixity,

as the main objective, and the bending stiffness (El) aflectrical transmission line

were determined by measurement of the displacements at certain locations of the line
when it was vibrating under a certain natural frequency. The theoretical model used by
Springfield and Brunair (1989) is an axially loadedansversely vibrating beam
supported at the ends through rotational springs. Springfield and Br(ir@8€)
concluded that consideration of effidity leads to a conductor bemdj stress of

approximately on¢hird the value given by assuming a rigid end.

Alanjari et al.(2011)selected two sample tubwitamed structures which is shown in
Figure 220. They studied the impact of joint flexibily and failure on the overall
behaviourof jacket frames. The first frame wamsodelled analytically which was
experimentally tested by Zayas al. (1980) Cyclic inelastic loading was applied and

theresults were presented through hysteretic 3dsar deck idplacement graphs. The
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second frame wasodelledby a plane or space frame having tubular members rigidly
interconnected to each other at nodal points. The element takes advantage of empirical

formulae to model joint flexibility and failure.
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Figure 2.20: Alanjari ample planar offshore framéalanjari et al., 2011)

The element is formulated using the physical interpretation of the chord shell behaviour
in the vicinity of the joint. It is formulated on the basis of the equilibrium of arteae

elementwhich is connected to the lm@and chord uniaxial elements.

Despite its simplicity, the element is capable of simulating fairly well the real response
of the actual tubular connections uptme axial and Inaplane Bending Moment (IBM)
loadings. It should be noted that yielding of tlement is accounted for by using
empirical formulae. Several other empirical formulae and codes recommend various

limit state relationshipswhich vary from one another in terms of joint strength. Even
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so, the presented formulation by Fessler gt1l&86b)and Billington et al(1982)seems
to be in fair agreement with observations from the experimental tests and results of

finite element analysdbattake advantage of sophisticatbdeedimensional models.

Conventional centréo-centre modelling fad to predict the real lateral elastic stiffness
of the structure, since it does not contain local joint flexibility as an inherent

characteristic of tubular joints.

Figure2.21 shows thathe Alanjari model exhibits less stiffness compared tockatre
to-centreand rigid models, due to the presence of joint flexibility. However, all the
structures have almost the same maximum lateraldaaging capacity, showing that

joint yielding has almost no effect on the capacity of the structures.
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Figure 221: Pushover curves comparison between the rigid modelcémreto-centre
model and thélanjari model(Alanjari et al., 2011)

Figure 2.2 describes the comparison between the model platform using the nonlinear

joint element model and the spring model. The spring model containglgxitility
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and yielding in both the axial and-ptane bending directions. It is clear that, in both
models, joint yielding occurs prior to brace bucklingdpich reduces the platform lateral

load-carrying strength by up to 20%.
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Figure 222: Pushover curves comparison between spring Alahjari models having
50% weakened joint@Alanjari et al., 2011)

The buckling of the braces is normally encountered prior to joint failure due to the
significantly greater strength of the joints compared to the critical buckling load of the
braces.This depends greatly on the chord thickness in the vicinity of the joints, which
emphasises the role of tleint-cans. However, in numerous existing platforms, which

were installed several years ago, reassessment programmes have revealed considerable
damage to the joints in the form of fatigue cracks and corrosion. This might lead to
considerable strength loss in the joints, which might have catastrophic consequences for

structural safety.
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The proposed element is fully capable of incorporating axial éamadIBM interactions

in tubular joints. Verification studies emphasise the marked axial streetghorating

role of the IBM in the joints. However, the current element is able to consider this
deterioration regardless of the magnitude of the IBM. la@ tase of an offshore
structure as a whole, a model capable of considering the interaction between the axial
loads and the IBMs can predict the actual latkradl response of the platform whose

joints are vulnerablan comparison with its braces.

2.7.3 Numerical Methods

Numerical and analytical methods were facilitated with the advent of comgputer
resulting in the development of the analysis procedures in the theory of structures. The
Finite Element method, the dynamic deformation method and the flexibilityothetre

some examples. The dynamic deformation method is an improved version of the slope

deflection method where the inertia forcesas® considerel Ko | ou § &8K3) et al

Bouwkamp et al.(1980) developed a new procedure involving a modified three
dimensional Finite Element formulation for the modelling of a tubular joint substructure
and its subsequenngertion into a complete offshore platform computer model. The
substructuring technique used by Bouwkamp allows fast modelling of the tower frame
without having to do finite element modelling of each joint, when the selperent is
available. The technige is based on the results of the Finite Element analysis. There are
also some simplifications to easily model the stgdementFigure2.23shows a typical

substructure of a joint used by Bouwkamp.
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Figure2.23: Model of joint substructure used Bouwkamp(Bouwkamp, 1980)

Efthymiou (1985)reported a Finite Element study on the local stiffness of unstiffened
tubular T, Y and Koints subjected to #plane and ouplane bending. He defined the
local joint stiffnes as the applied moment at the brace divided by the local joint
rotation. The rotation of the brace end due to the joint flexibility was calculated by
deducting the beam type rotation from the total rotation of the brace end. He measured
the rotation at tb end of the bra¢@s shown irFigure2.24 This is different from the

other methods in which the measurements are usually made on the chord wall.
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Figure2.24: Rotations measured for calculation of joint flexibil{gfthymiou, 1985)

The FE program used by Efthymiou (1985) was PMBSHELL, which had a thin shell
element implemented. To verify the performance of PMBSHELL, Eftbyn{iL985)
reanalysed one geometry using another program called SATE, which had a combination
of plate and membrane elements. The results of these two analyses showed very good
agreement. He established a set of parametric formulae based on 24 FE aoallses f

Y-, and Kjoints. Efthymiou's (1985) equations ftiwe T- and Y-joints predict local
stiffness to within 15% of the stiffness values used for curve fitting. The equations for
K-joints are somewhat less accurate. Their predictions are expectedithine30% of

the measured stiffness. The parameters considened Ef t hymi ou (1985)
His equations are inclusive of common joint types used in offshore structures, but the
database that he used to establish the equations does not seem to have adequate data
Furthermore, Efthymiou's (1985) studas only based onthe FE analysis results and

does not have any comparison with experimental findings.

Ueda et al(1986) developed a model for tubular joints. The model takes account of
joint flexibility in elastic as well as elastjgastic ranges based on elastic feplgstic
load-displacement relationship. It is stated by Ueda that the geometripudatyoints
makes it difficult to obtain closed form analytical solutions to evaluate load
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displacement relationships. In this respect, the metthatds chosen in this thesis has a
highly theoretical base. It determines the natural frequency of a tybiafrom the
measurement and then employs it in the analytical model to produce a relationship

between load and displacement.

Ueda has proposed line elements for modelling the joint local behaviour, as shown in
Figure 2.25 Elements 'c' represents tlaxal behaviour of the chord wall in Ueda's
model. The stiffness matrices for the elements are taken from another reference by the

same authors. The method is used for both elastic as well as plastic zones (Ueda et al.

1986)
] l
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Figure2.25: Joint model proposed hyeda(Ueda & Rashed, 1986)

The proposed method by Ueda for considering local joéiaviour is computationally
simple and does not need a great deal of computer memory. However, it is still based on
preliminary analysis by the Finite Element method to obtain the stiffness of the joints.
The method actually implements the stiffness ltesef a finite element analysis into a
simpler line modelin addition the computational nature of the method allows no
modification in the joint model due to imperfections and other complicating factors

involved in manufacturing and fabrication. Such ability could remove the
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approximations introduced by the Finite Element and generally correct the FE model

using experimental daf@eda & Rashed, 1986)

In another paper, Ueda et al. (1990) developed a set of formuldesfiiffness ofthe
T- and Y-joints. The database used for establighine formulae was taken fronEF
analysis and included 11 samples for IPB mod# Asamples for axial deformation of

brace.

The relationships between the stiffness efald Y-joints used by Ueda et al. (1990),
especially axial stiffness, do not appear to be consistent with the results of others. For

example Fessler (19863howedthat:

K, (axial) = K, Sin**°g _and Kv(IPB)=K.Sin 120 2.17)

in which K, and K; are the stiffness of YandT-j oi nt s, respectivel

angle in a Yjoint. Efthymiou obtained the following relation:
K, (IPB) =K, sin"***¥ g 2.18)

Whereas, Ueal used the same axial stiffness fioe T- and Y-joints. To determine the
IPB stiffness of a Yoint, Ueda used the stiffness value of 4 i nt di vi ded

where 06 i dhedidgeallaracg | e of

Souissi(1990) carried out a study on the flexibility of tubulafjdints using the Finite
Element Method. He established a suglement to model a joint and attributed its
property to the fictitious centre nodes that were at the end of each tube, chord and brace

(Figure2.26).
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Figure2.26: Joint superelement used by Souissi (1990)

Souissi (1990) comdered inrplane bending, oyblane bending and axial loadingnd
performed 18 analyses for each case. His results showed good agreement with
Efthymiou's (1985) results. He recommended that corrective factarlsl be applied

for each loadingcasetocodser t he effects of 1T on joint

2.8Joint Flexibility Models Basedon Finite Element Methods

In finite-element methodsubstructues are usedo model the whole structure so that
structural elements are divided into smaller componehiss the dight changes in

movement of different pointsanbe easilyobserved.

The use of finite element methods makes it possiblensarethe correctness of the
work done without relying on the results of experimemmtsaddition these methods are
not cost effetive and they musbnly be used for limited research purposes #rel

precision assessmenitthemethods thamodel the joints with structural elements.

A great deal of research has been done in this area, somhbiasf will be briefly
discussed herélebbett (1982) showed the effectiveness of grouting the legs of fixed

jacket offshore platformsvhich has become important with regard to the reappraisal of
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steel jacket structures. To do so, he placed emphasis on considering the flexibility of
tubular joints in the analysis of the jacket structures. Tebbett (1982) concluded that the
effects of local joinflexibility can be significant andf possible,shouldbe included in

the structural analysis during the reappraisal of jacket structures. Furthermore, if
grouting is being considered, the reduced local joint flexibility should be accounted for
in the analysis.Kawashima & Fujimotg(1984) checked their model by testing an L
frame and a portal frame. Kawashimdyostudied theeffectsof flexibility on the mode
shapes and natural frequencies by conducting dynamic analysis. They obtained a good
agreement between the analytical results of the joint model and experimental results,
especially for the lower natural fieencies. The effect of flexibility consideration on

the natural frequencies showed a variation fr@%% to 0% between the calculated
results. The-25% change occurred for the first natural frequency of the portal frame.
Joint stiffness introduced a maxim change of 10% to the calculated natural
frequencies of the dframe. Matsui et al(1984) studied the behaviour of truss beam
columns caposed of tubular sections. Matsui considered the effect of joint flexibility
on the buckling behaviour of the web members waitlarge diametethickness ratio.

The flexibility analysis of Matsui is based on a spring model fiSakamoto &
Minoshima (1979) The results of Matsui's analysis indicate a maximum of 10%
difference inthe buckling strength of a truss when onhe bending moment is applied

to thechords.Van der Vegte et a[1991) and Cofer & Will (1992) reported several
nontlinear analyses of the ultimate strength of tubular joints and praid@portant
affirmation that the finite element method can accuyaf@kdict thebehaviourof
tubular joints.Van der Vegtg1995) studied the ultimate strength of uniplanar a60d
T-joints, and developed limistate equations through regression analyses over the
results of carefully verifiedinite element models. Dief2005) described the recent

developments that have taken place in offshotailar joint technology. The static
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loading performance of tubular joinia multi-column composite bridge piers was
studied by Leeet al. (2002) Lee and Parry2004) conducted research on strength
prediction for ringstiffened DFjoints in offshore jacket structure®/ang and Chen
(2007) examined the cyclic performance tbfe circular hollow section joints used in
steel tubular structures, and performed qstsic experimental tests to study the
response of eight-joint specimens. Honarvar et §2008)studied the cyclibehaviour

of two smaliscale models, representative of a jacket type offshore platform located in
the Persian Gulf, with two different pileg interactions. They also presented the
analytical modelling of pile-leg interactions as well as brittle joilehaviouy and
concluded that joint rupture is encountered in the grouted model prior to the ungrouted

frame due to the greater stiffness andrggth of grouted legs.

2.8.1 Bouwkamp Model

Bouwkamp et al(1980) summarised the results of a limited study into the effects of
tubuar joint flexibility on the structural behaviour of deep water fixed offshore towers
(Figure 2.27. Bouwkamp produced a model, using Finite Element analysis results, to
incorporate the joint flexibility into the structural analysis. In order to illusttiage
procedures used to assess the effect of flexible jointwpaimensional 330n high
tower frame was analysed under dead and wave loads, using the developed joint model
as well as theo-calledline model. In the latter modehe joint effectswere neglected.

It was concluded that the effects of joint flexibility on the structural behaviour of
offshore towerscould be significant The nature and magnitude of these effects are
dependent not only on the tower height, but also on its geometrical amtustt
configuration. The effects were noted in the higher modes of vibration and in the
deflected shape of the tower under static loads. It was observed that joint flexibility
effects are more pronounced when stiffness of the member intersecting at & joi

relatively high.
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The effect of joint flexibility on the deflected shape was seen to be very small for the
nodes at the top of the tower. However, larger displacements were observed for the joint
model at -170m belowwater leve] with a maximum increse of 50% over the line

model at300m. Regardinthemember forces and moments, Bouwkamp sobw

1) A slight increase in callated leg axial forces (up t8% higher) and a

considerable reduction in calculated brace axial forces (up to 20%);

2) A modified didribution of pile loads withthe load transferredo the piles

throughthemain legs;and
3) An increase of up to fivimld in leg moments.

Joint flexibility consideration in dynamic analysis was shown to lead to lengthening of
the fundamental periods partiady for higher modes, where changes in order of the

mode shapes were also observed.
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Figure2.27. Frame models analysed Bpuwkamp(1980)
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2.8.2 UEG Report, Node Flexibility and its Effects on|Jacket Structures (1984,

UR22)

This report presents an investigation into the effects of chord wall flexibility at brace
connections on the behaviour of oil production jacket structures. It considered the
effects of joint flexibility on the irplane deflections, axial forcebending moments,
brace buckling and natural frequencies of three different mO@ll vertical plane
frames. The overall geometry of the frames is showRigure 2.28 They have been
modelled usingwo-dimensional beam elements with thregplane degreesf freedom

at each end, two translations and one rotation.

X

N2

N4
N4

| |

36.24m 5 63.094m _ ~ 36.240m

o

structure 1 structure 2 structure 3

Figure2.28. Frame models analysed in UR22 report by UEG (1984)

A simple representation of the joints was selected in the study. One nodal point was
provided on thehord and one on each brace at the brace to chord wall intersastion
shown inFigure2.29 The nodal points 2, 3 or 4 were then all connected by a stiffness

matrix derived from the flexibility matrices provided by Fessler (1981).
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-

Figure2.29: Nodal points considered in UR22 Study to represent a(0iBG, 1984)

Two types of analysis were carried out, one incorporated flexibility ofdinésjbased
on Fessler's modeland the other did not consider flexibilitywhich was called

conventional analysjgs the braces were extended to the chord centre lines.

The various joints used were identified by three characters TIN (Type Intersection
Number). Type may be-€Conventional or Mmatrix. T describes the intersection of the
braces and chordsvhich is Rintersect at Point or E as Eccentric. 'N' is the joint
Number corresponding to the geometrical ratios characterising the joint geometry. The

joint numbers of the different geometricarpmeters are shown Trable2.5.

Table2.5: Joint parameters used in URQ2ZEG, 1984)

Joint No. DIT d/D
1 25.3 0.53
2 50.6 0.53
3 25.3 0.33
4 25.3 0.75

For example MP3 refers to the analysis, using matrix formulation for the joints, where
the braces are intersecting at a point having D/T=25.3 and d/D=0.33. Four load cases
were applied to each stture. The first load case was a point load applied at the top of

the frame. The other three were distributed wave load cases derived from a
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representativd 00-year storm wave with different phase angles: 0°, 90°, and 45°. The

following results were obtaed from the analyses:

1) Global Deflections

The introduction of the joint flexibility into the analysis, made differences of up to 13%
to the overall sway of the structures analysed. A comparison of the deflections for the

structures with different joint tygs is given infable2.5.

2) Effect of Flexibility on Axial Forces

This effect was found to be negligible. The biggest change between the conventional

and flexible analysis was 1.5%. The maximum axial stress change wathdess

AN/ mnt.

3) Effect of Flexibility on Bending Moments

The largest change in brace end moment found was in structure 1 with joints MP2,
where a horizontal brace moment increased to about three times the conventional rigid
frame analysis value implying a 200% change. Theektrgariation of bending stress

for structure 2 was 60%. Structure 3 had the largest change of about 50%. These
changes correspond to a combination of the analysis results of load case 2 and load case
3. The bending stress changes for all the variouststegcand joints, under the wave

load with a 45° phee angle, are shown rable2.6. The largest stress changes in the

structures under the same loading were:

Structure 1:30N/mnT,

Structure 2:29N/ mnft,

Structure 3:4N/mn7t.
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Table2.6: Summary of changes from UEG report on joint flexibi(itheG, 1984)

Change from Structure 1 Structure 2 Structure 3
Conventional
Analysis MP1 MP2 MP3 MP4 | MP1L MP2 MP3 MP4 | MP1 MP2 MP3 MP4
(I;)eflectlon change 0 > 1 3 13 5 1 1 5 1 1
Chord | Q 0 0 0 0 0 -- -- 0 0 -- -
Axial stress 45
brace 0 0.5 0 0 0 0 -- -- 0 0 -- --
Change(N 90
e e | 0 0 0|0 0 - |- - - -
Chord | 4 7 7 4 7 14 14 14 5
Bending 45
Stress brace | 15 20 15 15 | 11 -25 -29 13 | 13
Change % 90
9 bace | 44 94 50 22| 8 14 14 6 -- -- -- --
Buckin 45 - - -- - - - - --
oD ace | 4 9 -10 -12
Change % 90 - - - -- - - - - -
J brace - -13 -
1 - 2 - - -- 6 - - - 2 - --
2 - 3 - - - 9 - - - 1 - --
3 - 1 - - - 3 - - - 3 - -
4 - N - - - 26 - - - 82 - --
5 - 3 - - - 3 - - - 13 - --
Natural 6 -- -- -- - - - - - -
frequency 3 4 8
Change % 7 - 1 - - -- 3 - - - 1 - --
(rigid/semi 8 - - - -- - - - - --
rigid) > N 3
9 - 15 - - - 17 - - - 2 - -
10 -- 0 - - - 15 - - - 0 -- -
11 -- N - - - 26 -- -- - N - --
12 -- 6 -- -- - 24 - - - 15 - -
13 -- 4 -- -- -- N -- -- -- N -- --

4) Effect of Joint Flexibility on Brace Buckling

The effect of joint flexibility onthe buckling load of the braces was determined in the
study. Tle results are shown ifable2.6. The buckling load was reded by about 10%
between the conventional CP1 and the most flexible MP2 analysis. This was caused by

the flexible joints increasing the effective length of the brace.

5) Effect of Joint Flexibility on the Vibration Characteristics of Jacket Structures

The firg few natural frequencies and their corresponding mode shapes were calculated
for each structure with the conventional CP1 and the most flexible MP2 joints. The

natural frequencies of similar modéapes were comparebable 2.6 summarises the
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natural fregiencies and reports the proportional changes. The changes in the natural
frequencies of corresponding modes were on average 4%, 12% and 11% for structures
1, 2 and 3, shown iRigure2.28 respectively. The greatest change in natural frequency

of similar nodes was 82% and occurred for mode shape 5 in structure 3.

The study showed that the increase in bending stress caused by incorporating joint
eccentricity of D/4 in the conventional analysis was similar to that caused by joint
flexibility. It was concludedhat the effects of joint eccentricity coupled with those of

joint flexibility could therefore be significant.

Report UR2 indicates the significance of incorporating joint flexibility of tubular joints
into the analysis of offshore towers. This reponty considers one joint modelling
technique that is using the joint stiffness matrices provided by Fessler. Other
simulation techniques could produce different results. Furthermooalyitfocuses on
the different aspects of joint flexibility in the sttural analysis, whereas an analysis of
fatigue life seems to show the significance of joint flexipilconsideration more

clearly.

Ueda Model(Ueda et al., 1986)

Ueda et al(1986) carried out a parametric study on fivebiKaced, fivestoreyed two
dimensional tubulaframes as shown irFigure2.3Q Three horizontal point loads were

considered in Ueda's analyses.
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Figure2.30: K-braced frane analysed by Ueda and its load cdkksla et al., 1986)

Table2.7: Joint specification in Ueda's analygekeda, 1986)

Model Model D T Initial load
NO. type (Kgf)
R15 64 1410000
R20 50 1100000
R30 33 730000
R40 R 1000 25 550000
R50 20 440000
R59 17 374000
R67 15 330000
F15 64 1410®0
F20 50 1100000
F30 33 730000
F40 F 1000 25 550000
F50 20 440000
F30D 33 730000
F40D 25 550000

R:Rigid Joints

F: Flexible Joints

Chord DxT (Table2.2)
Horizontal Brace: 40025 mm
Diagonal Brace: 400x25 mm
Yield Stress: 70kgf/mnt
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Ueda investigated the effects of the joint flexibility and strength on the structural
behaviour and collapse loads of thebkaced frames. It was found that joint flexibility
might only have a little effect on buckling of braceghereagoint strengthmay have a

great influence upothe collapse modes and strength. The lateral stiffness of the K
frame with D/T = 50 decreased by up to 46% when joint stiffness was considered in the
analysis. There was, however, less reduction of lateral stiffness wiven IT ratbs

were assumed in the analyfiseda et al., 1986)

The signifiance of Ueda's study fisat itinvestigaed the effects of tubular joints on the
ultimate strength of tubular framdsowever, he threepoint loads considered by Ueda

in his study do not simulate the loading from waves, current,vetech exist inthe sea
environment. Theaesults of Ueda's study could be more applicable to the offshore

structures if different loadirsgvere useqUeda et al., 1986).

2.8.3 Chen Model(T. Chen et al., 1990)

T. Chen et al(1990)analysed a $storey toweras shown inFigure 2.31, considering
flexible tubular joints basedn the data by Holmas and Ueda. The results of Chen's

aralyses are reported ifable2.8.
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Figure2.31: Tower analysed by TChen (1990)

Table2.8: Effect of flexibility consideration in analysis Then (1990)

Computed resulty Computed resulty Computed result

based on based on based on

Rigid Joints Hol masd6| Udeabds
Umax (cm) 7.198 8.784 8.722
Umax (cm) 0.365 0.389 0.379
Omax (rad) -1.09E3 -1.20E3 -1.21E3
N max (kg) 3.4E5 4.27E5 4.23E5
Qmax (kg) 1.26E5 1.54E5 1.53E5
M max (kg-cm) 1.99E6 1.71E6 1.92E6

Chen's results show good agreement between the two methods by Holmas and Ueda.
The biggestifference was between the maximum bending moments calculated by the
two methods.The model of Holmas produced a 14% change in bending moment

whereas Ueda's modehly caused a 4% change.
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According to Chen's resujtghere was a maximum change of aboufo2inh the
horizontal displacements, a 23% change in axial forces and a 10% change in bending

moments when senmigid joints were employed in the analysis.

Chen's results are due to a loading composed of three point &sadsown irFigure

2.38 This typeof loading does not occur as frequgnas wave loading in the sea
environment. Therefore, the results are not very applicable to the offshore structures.
However,generally Chen's results show the effects of joint stiffness on the behaviour

of structurs.

2.8.4 Soussi Model(Souissi, 1990)

Souissi(1990) also compared the results thie analysisof two frames Figure 2.32),

one with flexible and the other with rigid joints (conventional analysis)
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Figure2.32: The frame analysed by Souissi (1990)
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His results are:

Loading No. 1: H#£0, V = 0

1) 9% to 11% underestimation of displacements for the conventional analysis, and

2) Overestimation of bending moments up to 35% at joints 10 to 12 for the

conventional analysis.

Loading No. 2: H = 0, Vz 0

Overestimation of axial forcap 37% for joint 10 and bending moment up to 23% at

joints 10 to 12 for the conventional analysis.

Souissi (1990) concluded the need of a simple method to assess the flexibility of joints

from analytical or numerical models.

2.8.5 Recho Model(Recho et al., 1990)

Recho et al(1990) investigated the influence of flexibility on the fatigue design of
tubular Tjoints. The joint stiffnessvasdetermined by usinthe Finite Element method
with static condensation technique. This methodtiffhess calculation is the same as
what Souissi (1990) carried out in his study. Threges of curves, based on thE F
analyses, were established for the three load cades irtjoints (IPB, OPB and axial

loading).

Recho analysed two different struets, as shown inFigure 2.33 and calculated the

fatigue life change when the joint flexibility was applied in the analysis.
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Figure2.33. The structures analysed by Re¢Recho et al., 1990)

The results obtained for the forces at joint 2 in the two feaanegiven in Table 2.9

Table2.9: Effect of joint flexibility on internal forces by Recho (1990)

Type No. Rigid joint Flexible joint Difference %
Foia =173N Foa =1762N Foa = +1.3%
Type 1
M pg =37Nm M pg =45Nm M pg =+21.6%
Foa = 763N Foa = 724N Foia =-5.1%
Type 2
M pg =4.4Nm M pg =4.8Nm M ps =+9.1%

Recho et al. (1990) then calctdd the fatigue life of joint 2 using the French Standards
(ARSEM, 1985) and compared the results of the rigid and-sgidi analyses. The
details of the fatigue calculatiosre not given by Recho, however, the influence of
flexibility on the fatigue lifeof the two frames are reported.able 2.10 shows this

influence as the ratio oN; (the number of cycles to failure when connection is
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considered rigid) tdN. (the number of cycles to failure when connection issatered

flexible).

Table2.10: Fatigue life difference N,/ N ) when joint flexibility is considere(Recho

et al., 1990)
Rupture Type 1 Type 2
at the saddle point 1.04 0.85
at the crown point 1.80 1.30

The study does not include a realidbading common to the offshore structures since

the loading inthe sea environment is a distributed load and depends on the wave or
current characteristics, whereas Recho considered one or two point loads in his analysis
examples. Furthermore, when compagrthe fatigue life of rigid and flexible joints in
Table2.10, the location of fatigue rupture is not specifigthe failure of a joint under

fatigue is because of rupture at eittiee saddle or crown locationand isnot likely to

be atboth. Thereforeonly two comparisons out of theur shown inTable 2.10Q,

correspond to the fatigue life of the joints analysed by Recho.

2.8.6 Elnashai Model (Elnashai & Gho, 1992)

Despite the attention paid to the joint flexibilityodels so far, little attention has been

paid to the issue of the joint flexibility effect timeresponsesf thestructure and only a

few researchers have studied the static responses of the structures. In the meantime, the
issuethat has not been givemg attention is the investigation of the joint flexibility

effects in dynamic analyseand especiallyinthenonl i near r ange. EIl
one of the rare studies that have dealt with this issue. It should be noted that in this

modelling, the fle i bi | ity coefficients of the joir
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equation and the interaction between the axial and flexural (bending) deformations of

the joint are neglected

I n El nashai’s modwasdused @rcourambeaimeliements that cao n
determine the response with high precision in large deformations. An interactive curve

Is used for the plastic hinge formation limit and the strain stiffening is neglected. In this
method, a nonlinear model is usehich repesents thdehaviourof the structure in

thel i near and nonlinear range so that the
and pressure. The gravitational force resulting from deck weight and added mass effect

are taken into account and an impeifatiof 1% is considered for all members.

Three analyses are conducted in this method:

a. Rigid joint
b. Flexible joint with linear elastic behaviour

c. Flexible joint with plastic behaviour

The third condition does not take place in this analysis because the faitor is the

buckling of secondary members rather than the flowing of the joint.

It can be observed that the maximum capaaitly decreases 0.14% and the process of

theplastic hinge formation is changead shown in figure 2.34 to figure 2.36
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Figure2.35: The process of plastic joints formation in a struetwith flexible joints
(Elnashai & Gho, 1992)
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Figure2.36. The process of plastic hinge formation in a structure with rigid joints

(Elnashai & Ghp1992)

The dynamic properties are changed as follows:

- Change instructureperiods; the periods of the first, second, third and fourth
modes change 6.9%, 10.5%, 0.4% and Jliégpectively and the changes in
higher modes are higher than 12%.

- Changes in th mode mass contribution; in the first mode, the mode mass
contribution in the flexible condition changes 0.41%b the second modet
increases 5.31%and in higher modesit increases more than 10% compared to

the rigid case.

The record applied to thstructure is the artificial record extracted from the API

spectrum.
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Figure2.37: The extracted recor@Elnashai & Gho, 1992)

The time history of response will change as follows:

~es  Rigid Frame

ssw=n Flexible Frame

'1.01—v--—-—ﬁﬁv_..v--. ------- i
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Figure238The ti me hi st ory o(Elnashhi & Gliv) 18%)f or m’ s
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In addition,the plastic joints formation mechanigar the two platforms have been
shown in figure B9 and 240.:

Figure2.39: The plastic joints formation mechanism in the platform with rigid joints

(Elnashai, 1992)

Figure2.40: The plastic joints formation mechanism in the platform with Béxjoints
(Elnashai, 1992)
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2.8.7 Mirtaheri Model

Mirtaheri et al. (2009) modelled a 2dimensional offshoreplatform using the FE
method.The generalconfiguration and member sizes tbe frameis shown in Figure
2.41. The platform was modelled two states- rigid and flexible— and their dynamic

and static behaviowerecompared

16000

¢ EL1.500
LAT
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v L1 48 500 -

ALELA7 00 edine)

Figure 241: General configuration ahe Mirtaheriframe(Mirtaheri et al., 2009)

The results ohisresearch show that:

a) Considering the effects of connection flexibilthgs a significant effect orthe
platform response and we cannot relinquish the effects of flexibility in the

analyses.
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b) The period of the first mode of factor increases to 12.4% amount in the flexible
model, and considerable changes are observed in the shape \obréteon

modes aneffective modalmasses.

c) The diagramsof pushover analysis in the two models have significant
differences with each other, and the maximdeck displacemeris decreased
by the flexible mode. The peak amount of base sheareducel almost D% in

the flexible model(Figure 2.42.

12000

10000 —e

8000

6000

4000

Bage shear (IKXN)

2000

0 20 40 60 80 100 120
Deck displacement (cin)
| +— Model with rigid jomts === Nlodel with flexible jomnts

Figure 242: Result ofPushover analysigMirtaheri et al., 200)

d) The result of his nonlinear tirri@story analysisusingthe Tabas earthquake is
shown in Figure2.43 It can be seen that the higher base shears indudéé in
model with rigid connections are quite appay@stthe structure is stiffeand

as a comequencgtheinternal forces tend to be greater.
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Figure 243: Results of nonlinear dynamic analysis on both models (Tabas record)
(Mirtaheri et al., 2009)

e) Nonlinear dynamic analysigesults (Figure 2.44) demonstratahat a platform
with flexible connectionshas higher displacements and instorey drifts and

lower base shear duettte lowerstiffness and strength of the jacket structure.
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Figure 244: Maximum interstorey drift ratio of two models subjected to Tabas EQ
record(Mirtaheri et al., 2009)
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CHAPTER 1lI

DEVELOPMENT OF FINITE ELEMENT MODELS

3.1Introduction

In this thesismodellingthe joints is done separatdiyr the joints with Jointcan and
without Jointcan as well as irflexible and inflexible waysusing ANSYS software.
The capabilities and the methodrabdellingin this software will be discussed in this

chapter.

In themodellingand analysis, some assumptions are considered asdgollow

1. The decks, piles anaiht-canaremodelledasa simple model. The effect die
interaction othestructures, piles and soil are considered as an equivalein pile
whichits lengthis eight times its diamet¢EP61-300, 2002)

2. The patform studied ismodelled as grouted with a defined element of

interaction between the pile and the leg.

3. The dfects of added mass are considered as a concentrated mass at the nodes.

Using some simple assiptionslike thosementioned abovean reduce the analysis

time. On the other hand, since this study basically aims to compare the platforms, using

such assumptions does not cause any problems in the wdsaitsed

In this study, the bilinear isotropi@rdening criterion has been used for determining the

behaviourof steel plates and profiles.

3.2 Finite Element Method

The thin shells finite element in tubular joint analysis and the theorthedinite

element in cylinder shells are divided imtidferent sections to investigate thehaviour
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and performance of jointall finite element computer softwapeogramsuse the
stiffness method in which the force and displacensénain of elements are formulated
as theindefinite joint (no@) deflectiondisplacement, with the assumption that the
continuity behaviouris taken into accounsuch as tablestrain, $ablecurvature and
linear changes of strain and curvatuvée cancreateconvergence ithe elements by

considering:

a) Theforce and displacement of an element depend on the displacement of its nodes

b) The compatibility condition in elements that hold the force and deflection of

adjacent elements should only exchange on common .nodes

c) No work or energy should exahge on their common boundary.

A common definition of the intersection line in coordinate systems tinemain

and secondary members is necessaiythout using these programmodelling
becomes so difficult that the cost of asaly finite elemerd may be more than the
cost of theempirical method of measuring strain in stress analysis in an accurate

model of jointdComartin et al., 1996)

3.2.1 3-D Isoperimetric Finite Element

The isoperimetc elements of a polynomial model deflection are assumed along the
element boundaries in an actual element that can be a and/éhe properties of
element stiffness are obtained by numerical integrafidns stepby-step
interpoltion function is used again to obtain the stresses ftweflection
equation thus the name isoperimetric is used. In order to model the range of
shell thicknessand more importantly, the geometry of welding in tbection,
it is necessary to use solid elements. This prevents the contradictory results

sometimes obtained for stresses in semi(half)an of section in applying thin
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shell analysis. The shell theory an&dysand finite elem analysis for thin and
homogeneous thick shells provide a comprehensive plan for stresses in the main
member However, in terms of welding which is the innermost area for critical
points stressmodelling the thick shell seemsmore realistic So, it can be
summarsedthat usingthin shelled elements in tlewnnecthngarea in a joint leads to
some errors in the calculation of stress. Despite many computational calculations,
the best case is the use 3D elements in the whole connecting areapecially

the welded paiComartin et al., 1996

3.2.2 The Inelastic Analysisof Finite Element

The finite element inelastic analysis can overcome some prebtetated to the
use of big permissible local stresses resulting from the elastic analysis and can be
used as the designmasis. The procedud# thefinite element method is explained

stepby-step as follows:

1. It describesthe internal deflection (displacement) of the elements,
assuming a deformation pattern that is relatively continuous and &a
compatibility on element boundarjeand their magnitude is presented for

any degree of freedom thugh thegeneralsation of coordinates.

2. The node deflection (displacement) of inner strains is specified, regarding

the similar general coordinates and deflection models and vice versa.

3. Evaluating the inner stresses from insé&ains is provided by the
properties of the materialghich may have isotropic, orthotropicelastoe

plasticor other specific properties.

4. In thegeneral coordinates method, the virtual interior work is summed

in terms of theinner stresses and strains and the exterior work is
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calculated in terms othenode forces and their displacemeht order to

obtain thestiffness of elemenishe twoequations are solvesimultaneously.

5. Transfer toa stiffnessmatrix of desirable nodes for an elemeértis method

iIs repeated for the whole structure with the aim of buildantptal
stiffness matrix for all elements. As for the linear structures, this method is
performed usinganinverse natrix or numerical calculation methods. Two
other basic methods are wused for -hoear structure frames.e.
incremental and repetitive loadings to asalyE inelastically (for inelastic

FE analysis).

Wherever onlthe nontlinear method is used in terms of the yielding point of
the materigl it is possible to describe the strefmin relationship successively

during the analysis of inner elements virtual work and stiffness.

Although the criteriahave been created in the last 20 years and there are many
usefulcomputer software programs availablehe means for designing the inelastic
analysis of limited elements faces the problems indicatetieimethod in elastic

anaysis.

3.3ElementsUsedin modelling

In the ANSYS software, 11th edition, there are about 175 types of element. In the
modelling of this thesis, three types of elemenSHELL 43, PIPE 20 and MASS21

element- have been used.

3.3.1 PIPE 20Element

PIPE 20 is a uniaal element with the ability to tolerate tension, pressure, bending and

torsion and can considbehaviourin the nonlinear range. This element has six degrees
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of freedom at each node (three transitional degrees of freedom and three rotational

degrees ofreedom).

As shown inFigure 3.1, theoutput of this element can be obtained on the first (i) and

end node (j) in eight points with 45 degree angles from each other oroffssection.

z ®
Pout
\ Q)

« Pint
/ L,

Figure3.1: PIPE 20 elemer(SW ANSYS Academic Teaching, 2011)

3.3.2 SHELL 43 Element

The SHELL 43(Figure 3.2) is an element with four nodes and six degrees of freedom
per node. This element is known #ee plastic shell element and it is tble for
nonlinear studies and flat plates or plates with curvature. This element, which is a thin
shell element, can be used in plastic, creep, stress, hardening, and largetief®rma

issues. This element can also be used as &groups.
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Figure3.2: SHELL 43 elemen(SW ANSYS Academic Teaching, 2011)

3.3.3 MASS21Element

MASS21(Figure3.3) has been used to put the concentrated mass on the platform. This
element which has six transitional degrees of freedom aixdrotational degrees of
freedom around the coordinateeaxis defined by a separate node. The component of
concentrated mass and rotational inertia is applied to this element and the important
property of this element is that it includes different types oflnwegar material and nen

linear geometry.
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Figure3.3: MASS21 elementSW ANSYS Academic Teaching, 2011)

3.4 Material Behaviour Model

The model considered for the further phases of research is the bilinear kinematic
hardeningbehavioual model. This model is Aehavioual model of bilinear stress

strain, based onthe hardenng principle which uses the VoeMissescriterion as the
yield criterion. In thismodel, as shown ifigure 3.4, stress increasédimearly up to d,

with the gradient of Eand therthe slope will be converted to EBdithe curve of stress

— strain continues linearly with the new slope. While unloading it returns with the initial
slope of E and this trend continuesamaximumof 24, after whichthe curve would
continue on a linear reverse gradientE2. Thisbehavioual model is used to express

thebehaviourof materialssuch as steel.
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Figure3.4: Stressstrain diagram of materials in ANSY8odelling

3.4.1 Von-MisesCriterion

The maximum strain eergy hypothesis in shear deformatisrtalled the Huber
Hencky-Von-Mises It was proposed by M. Huber from Poland in 190dnd waghen
extended by R. VoiMisesfrom Germany and H. éhdky. The difference between this
hypothesis and the energy changediklipsis is its assumption that the part of the
deformation energy that causes change in the volume of materials creates no flow and
causes no damage and faillaadonly creates the part of the complexity and angular

energythataffectsthe material failue directly.

1
Ud:E[[Sl' S2]2 +(52' 53)2 +(53' 51)2]:_y

= (s,-5,)+(S,- 5,) +(s5-5,)" =257 (3.1)
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Figure3.5: The VonMises yield criterion

The relationship mentioned above is the equation of an ellgsieh is illustrated in
Figure3.5. Any point within the ellipse indicates the eladiehaviourof materials and

the points on the ellipse indicate the flowing of materials.

3.4.2 Steel Profile

The steel used imodellinghas the following characteristiqg\Pl, 2000

Specifications: ARBL-B (Table 3.1)
Yield Stress36 kg/mn?

- ElasticModule: 2000&kg/mn?

- Poissonhs Ratio: 0.3

- Strainhardening Ratio: 0.0034
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Table 31: Structural Steel Pip@PI, 2007)

Yield Strength Tensile Strength
Group Class Specification & Grade ksi MPa kst MPa

I C  API5L Grade B* 35 240 60 min. 415 min.

ASTM A53 Grade B 35 240 60 min. 415 mun.

ASTM A135 Grade B 35 240 60 min. 415 min.

ASTM A139 Grade B 35 240 60 min. 415 min.

ASTM A500 Grade A (round) 33 230 45 min. 310 min.

(shaped) 39 270 45 min. 310 min.

ASTM A501 36 250 58 min. 400 min

I B ASTM A106 Grade B (normalized) 35 240 60 min. 415 min.

ASTM A524 Grade I (through 3/3 in wit) 35 240 60 mmn. 415 min.

Grade I (over 3/g in. w.t.) 30 205 55-80 380-550

I A ASTM A333 Grade 6 35 240 60 min. 415 min.

ASTM A334 Grade 6 35 240 60 min. 415 mun.

I C  API 5L Grade X42 2% max. cold expansion 42 290 60 min. 415 min.

API 5L Grade X52 2% max. cold expansion 52 360 66 min. 455 min.

ASTM A500 Grade B {round) 42 290 58 mun. 400 mun.

(shaped) 46 320 58 min. 400 min.

ASTM A618 50 345 70 min. 485 min.

o B API 5L Grade X52 with SRS or SR6 52 360 66 mun. 455 mun.
o A See Section 8.22

*Seamless or with longitudinal seam welds.

3.4.3 Grout Profile

Thegroutused in the model has the following characteristics:

- Elastic Module: 12 * 1&kg/ mnt
- Poisson's Ratio: 0.25

- Bond Strength: 15 * 1DPascal

3.5Modelling the joints in the ANSYS software

3.5.1 The Length of Connecting Area

ThePIPE 20 element was used to model members of the jacicethe onnecting area
was modelledusingthe SHELL 43 element. The length of the connecting area of the
element which should bemodelledwith SHELL, depends on several factors. The
length shouldbe longenough so that the connectioonditions ofthe SHELL elemat

to the PIPE element havwe effect ortheflexible behaviourof the joint.
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The connecting length is taken @® minimum length of the Johotan and five times

the diameter of the membgP61-300, 2002)

3.5.2 Connecting SHELL and PIPE Elements

Another important issue is how to connect the shell element to the pipe element. This
connection should be such that no rupture is created along the member. In fact, the
degrees of freedom of point i from the linear element ij should be close to the degrees of
freedom ofthe nodes located on the shell in such a way that the strutteinalviourat

this point is continuous.

In the ANSYS software there is an instructionbiod the degrees of freedom to each
other, according to a clear equation (instructiGp); however, to identify the
relationship between different degrees of freedom is complicated. Another method
adopted in this thesis is using linear elements withadively high hardnes®ach point

on the shell is connected to the node i (or the end node j) so that the linear elements

transfer the shebbehaviourto the node ofhelinear element.

These linear elements create a relatively high stiffness in the alepliate on the
member axis. If the length of thmodelledarea by the shell element, the distance
between this stiff plate anthe connecting areawhich is filled with filling material
betweenthe pile and leg, is not enough, this stiffness can influetiee flexible

behaviourof the joint.

3.5.3 ConnectingthePile to the Leg

Another issue isnodellingthe piles as grouted inside the leg. Connectimgmembers
of theleg and pile in grouted structures is done using a type of grout filling material
which ha been described above. Therefore, members of the ptleedrorizontal levels

of the jacket are connected to the legsutha way that only the displacement in the
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plate perpendicular to the axis of the member of pilethatkg elements bind together,

and the pile is allowed to move iheZ direction (element axis).

There are different methods to model this connectidre Cp command mentioned
above can be used. It should be noted that each of the commands in the ANSYS

software can be defined on theocdinate system.

In somemodelledplatforms, secondary members are attached to the main member by
an offset and secondary members in some joints also overlap. These joints have been

preciselymodelled
3.5.4 Buoyancy dfects

The submerged pipe element in thedtware (pipe 59) does not model the nonlinear
behaviour On the other hand, sintlee PIPE 20 element is not submerged, it does not
consider the hydraulic effects of being submerged. In order to take such effects into

account, the following can be done:

1 A macro is written in the ANSYS software/hich takes intoconsideation the

geometry othetubularcrosssection (diameter and thickness).

1 The effect of structure floatation is taken into account by obtaining a new value for

r . (r =density,r = radius, t = thickness)

r2

r=r_2rm-t? (3.3)

3.6 Determining the Appropriate Dimensionsfor Meshing

To prepare a stablemodel of a tubular connection using the finite element methed,
finite element network must have tfeaturesasgiven inTable3.2 below, according to

thedesign manual.
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Table 3.2: Platform weight based dhedesign manuglSP61-300, 2002)

No Load Definition Weight (kN)
1 Plate Elements °0

2 Member Elements | cemeeeeeeee
3 Member Element Normal Added Mass 10380.260
4 FloodedMember Element Entrapped Fluid 4789.925
5 Load Cases Converted to Weights 62141.826

Several points need to be considered for optimum meshing, which include

a. Since there are severe stress gradients on the junctibie ofain member and
the secondary members, so elements with finer dimensions should be used in
these areas.

b. Near the end ahesecondary and main membgise stress is distributed almost
uniformly so elements with larger dimensions can be used.

c. For the balance (equilibrium) equations to be numerically in the best condition,
finite element form ratios, i.@he ratios of length to widthshould not be too
large or too small; the quadrilateral ebents should therefore be almost square
in shape and triangular elements should be equilateral, Teukength to width
ratio of the elements is very importanthe gpropriate dimensions to reach a
maximum accegable stress distribution is the ratio 8fto 4, and for maximum
displacements it is 10, but to readhoge mentionedatio, it is better to use

smaller ratios.

In nonlinear analyses, the analysis time depends on the number of elements and it

increases with the increase in the number of theseesls. Therefore the joint is
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divided into several areas so that we will have a central area including a fhertnain

and secondary membefhere is a external area includinthe main member with
larger rectangular membenahich uses an intermediaryarea to connect the central
section to the external section with rectangular and triangular elements. It should be
noted here that there should not be much difference between the dimenstbes of
elements of the external and central areas. If thes sizthe elements irthe external

areas are much larger than the siné the elements inthe central area, unlike the
common assumption that we can obtain the desirable answer with less elements, this big
difference in dimensions will create too many eletsen the intermediary area. There
must be a stableratio between the dimensions thie elements in these two areas so
that this ratio is approximately more than 2 to 2.5. Considering this ratio will reduce the
number of elements in the joint, moreovde triangular elements in the central section

of the joint will alsobe reduced.

The parametric finite element model thfe tubular joints has been created usthg
APDL software programming capabilithPDL is an acronym for ANSYS Parametric
Design Langage which is a powerful scripting language that allows the user to

parameterizéhe model and automate common tasks. By using APDk gasier to:

7 Input model dimensions and material properties in terms of parameters rather

than numbers.

i Retrieve infomation from the ANSYS database, such as node location or

maximum stress.

1 Perform mathematical calculations among parameters, including vector and

matrix operations.

1 Define abbreviations for frequently used commands or macros.
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1 Create a macro to execute @wence of tasks, with-thenelse branching, do

loop, anduser pronpts.

Due to the creation of high plastic strain in the interface of the connection of two tubes,
the meshing of this section has baeadefiner thanfor the other parts. SHELL43
elementswith four nodes (each node with six degrees of freedom) and the function type
1, which are suable for analysing the issues related the final displacement and
elastoplastic have been used fanodelling the conection componentd-igure 3.6

depicts aschematic view of the transitional and torsional springs.

In this instance, the main connecting pipe diameter is 1727 mmauhickness of 32

mm, and the secondary pipe diameter and thickness 610 mm and 19.1 mm
respectively, whictarecharacterist of a sample platform connectio/At a distance of

2500 mm from the junction of the axes, the loagppliedas puskover. Since the
members othe connection in the platform model also include axial force, a vertical
stress in different forms of tensiland pressure is imported along the axisthaf
secondary membefthe brace is gradually loaded until the failure strength of the joint is
reached. Due to the axial compressive force and bending moment applied to the brace,
plastificationof the chord sudace occurred irthe vicinity of the joint, and the joint

consequently failed.

3.7Modelling the Connection

First, the effects of platform stiffness were applied by the equivalent springs. The
equivalent stiffness of the joint is obtained using the SAP sodtwad binding the
nodes and applying forces and moments that create similar displacemeuotizéiod of

themembers.
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Figure3.6: Schematic view of the transitional and torsional springs

An example of thenodelledjoints usng the ANSYS software is shown Figures 3.7
to 3.16. These conneains have beemodelledwith the Jointcan and withouthe Joint
can. In the next sectipthe connections will be analgd and theM - g diagrams for
each joint will be btained and the results in both cases will be coethto determine

the effect otheJointcan on the connection.
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TYPEI

Figure3.7: View of tubular joints (TYPE I) with Joirtan and without Joirtan

e

I TYPEII

Figure3.8: View of X tubular joints (TYPE II) with Joiatan and without Jointan
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TYPHII

Figure3.9: Tubular joints (TYPE Ill) with and without Joican

Figure3.10: Groutmodelledusing a type interaction element
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Figure3.11: Samplemodellingof a pile and its equivalent length

Figure3.12: Finite element model and the model efolnt meshing
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Figure3.13: Finite element model and model ofjaint meshing

Figure3.14: Finite element model and moddlJointcan meshing
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A sample of Joirtan glued to the connect

Figure3.15
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Figure3.16. View of Jointcan in Bracing place
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3.8 Modelling the Platform

The platformmodelledin the current stdy is a South Pars Oil and Gas Bi¢bPD7) as
shown in Figures 3.17to 3.19 This platform can bemodelled using the macro
according to thevailablecalculation manual file and the results can be obtaiasd

shown inFigures 3.17 to 3.19

3.8.1 Specifications ofthe Platform

The platform with overall height of 80.50 m, consists of four bases, twioh havea
slight slope of 12.27% on two plates and two other basesyfonkich ison a vertical

(upright) plate, and the other one has a slope of 6,98}ectively.

The jacket section is located betwe€0 m and +4.5 m levels to the LAT. The deck
section has been builh four levels betweerthe +5.30m and +20.5m leveld he
platform is designed othe extreme load conditigiwhich isthedead load plusxtreme

environmental load plus maximum live load

Several points on theodellingconditionareworth mentioning here. Alihe joints on
SPD71 are flexible and the joints on SPD72 are rifick main purpose of this study
to compare the platform withgid and flexible jointsand also obtairM - g diagrams
for different types of joint in flexible modeavithout the Joincan and withthe Joint
can and obtain results for various analyskesthis section, the deck, pile and Jeoatn

are modelledand all their effects on the entire structure are considered.
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Figure3.17: West view of platform SPD7
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Figure3.19: Top view of platform SPD7
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The element PIPE 20 has been used in the rigid model. Each member is divided into
subelements along its length (maximum 20 and minimum 8). diesssection is
divided into sukareas; the number of stdyeas for tubular members is 12 sarba.

The members (tubes) are connected to each other in a rigid manner. In most platform
analysis and design softwathis type of connection is used. In the flexible motied
SHELL 43 elemenwith special mesischeme is used. IRigure 3.20 the platform
modelledwith PIPE and SHELL elements is shown. There gé®Q elements in the

rigid model and128000 elemersin the flexible model. Some dhem are shown in

Figures 3.21 to 3.25

Figure3.20: General view of the platform with PIPE & SHELL elements
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Figure 322: View of secondary Figure3.21: View of intermediate join
me mb eaonsettion to the leg (connection) of the platform

Figure3.24: View of horizontal and Figure3.23: View of the cross
diagonal membetrgonnection to the connection
leg
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Figure3.25: Connection of the deck tbe leg

This platform has beemodelledas a threglimensional model. In the flexible model,
the pile, deck and Jowtian aranodelled The following sections deal witihe analyses

and obtaining the results dfe analyses irthe two cases- with Jointcan and without

Jointcan — and also obtaining the results for the joints in flexible and-frexible
platforms.

Since the platform immodelledthreedimensionally, all the masses in the design manual
are applied to the platform.

3.8.2 Determining the ConvergenceCriteria of Nonlinear Analysis

The ANSYS software provides four criteria including force, moment, displacement and

rotation in order to apply the convergence criteria and control of convergence of the

results.Thereforewe can specify the convergencéamia in each one of the cases, i.e.
force, moment, displacement and rotationit is possible to choose a combination of

the abovementioneditems as the convergence criteria. In addition, for each of the
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abovementionedcases, we can define differenterable convergence limits. The force
convergence criterion should be introduced to the program as one of the convergence

criteria.

3.8.3 Strategies ofConvergent Resultan Nonlinear Analysis

Facing norconvergence of the model, we can apply the followirghod which is

helpful in achievingconvergace ofthe results in the nonlinear analyses.

1 - Automatic Time Step Selection

This feature can be uséd determine the number of subdivision stepghefloading

step. The program is allowed to determinertbenber of loading subteps according to

the number of iterations and its lack of convergence. For this purpose, the maximum
number of suksteps of a loading step should be introduced to the program. It works in
such a way thaf the initial results in tl introduced loading suftepsdo not converge,

the program, according to the maximum number of-deps defined, continues to

reduce the subtep into smaller subtefs until the results converge.

21 Halving the Load Sub-Steps

If the repetitive analytial operations in a st&tep do not lead toonvergenceysing
this feature, that sustep is divided into two halves automatically andamalysis is
repeated to converdberesults. If the results stitlo not converge, the halved load sub
steps are hakd again automatically. This action contiautil the substeps are equal

to the minimum time defined by the user.

3.9CodeConsiderationsin Offshore Platform Analyses

The most important and popular code for the analysis and desigffshore fixed
platforms isthe API-RP-2A Code which was proposed by the American Institute of
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Petroleum. The first edition of the cqdehich was published in 1969, proposed the
UBC code forthe seismic designing of such structures. In this ¢cdd® levels of

earthquake hae been defined for designing offshore fixed platforms:

1 Resistance level earthquake
The probability of its occurrence during the life of a structure (equal to a 100 or
200 year period) is about 20% to 50%. In this c#éise efficiency of allthe
elementsand joints of the platform must be inspected and assured, assuming the
perfectly elasti®ehaviourof the structure.

1 Plasticity level earthquake
The probability of its occurrence during the life of a structure is about 10% to
20% (equal to a 1000 to 20@ear period). In this casi should be showthat
the platform hasuficient capacity to absorb the energy caused by powerful
earthquakes (in addition to resistance against structural damage but without the

total failure of the structure).

A brief degription of the design principle that is currently used inghevementioned

code is as follow

a. The choice of analysis method
The anal ysi s of of fshore pl ang framr ms’
earthquakes should be carried awging well-known mehods like spectral
analysis or history analysis. However, other methods can also be used depending
on the designer’s opinion.

b. Earthquake risk estimation
In areas with a high risk of earthquake, the intensity and other properties of the
earthquakeshould le obtainedas the basis of the design (resistance or plasticity

level), which is done through a separate spesdiistudy.
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c. Seismic zoning
In areas with a lower risk of earthquakle environmental loadingsuch as
waves and windsare more detrimentahan earthquake loadings in the overall
design of the platform. In areas in which the horizontal acceleration of
earthquake resistance level is less than 0.05 g (since environmental loadings
other than earthquakevill definitely govern the designing ressjjt there is no
need for any kind of specific analysis and design against earthquake forces. For
areaswhere the horizontal acceleration of earthquake resistance level ranges
from 0.05 to 0.10 g, we can carry out the seismic analysis and design of the
platorm using the properties cd plasticity level earthquake based on the
proposed method irthe resistibility level earthquake (i.e. linear elasticity
analysis).

d. Designing for resistance level earthquake
In this case, the loadarrying efficiency of allthe elements and joints
(connections) of a structure should be provided through an elasticity analysis
using methods like spectral analysis or history analysis, without imposing any

structural damage to the platform.
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A. Rock—crystalline, conglomerate, or shale-like material
generally having shear wave velocities in excess of 3000
ftlsec (914 m/sec).

B. Shallow Strong Alluvium—competent sands, silts and stiff
clays with shear strengths in excess of about 1500 psf (72
kPa), limited to depths of less than about 200 ft (51 m), and
averlying rock-like materials.

C. Deep Strong Alluvium—competent sands, silts and stiff
clays with thicknesses in excess of about 200 ft (61 m) and
averlying rock-like materials.

Figure3.26. The spectrum proposed by API for designing offshore platfovimsh are
resistant against earthquak@sPl, 2000

The spectrum proposed by the ABshown inFigure3.26. In using this spectrum, the
maximum value of spectral agleration read on this curve should be multiplied by the
value ofthe ratio of maximum earthquake acceleration to gravity acceleration. In this
response spectrum, four different areas have been presentieedpectral acceleration
values, based othe varying values of the main period of structure vibration. This
spectrum has been devised for earthquakes avitbturn period of 200 years arad

damping percentage)(of 5% (API, 2000.

e. Designing for plasticity level earthquakes
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The am of providing special regulations for controlling the plasticity of
platforms in areas witla high risk of earthquakes is &nsurethat there is a
sufficient energy absorption capacitysuch structures withotle total failure

and collapse of thersicture inthe case ofa powerful earthquake.

The properties oé plasticity level earthquake should be determined by special seismic
studiesand earthquake risk analysis in a certain area. In this case, using a nonlinear
elastoplastic analysis, we shodlbe able to show that the total energy created by an
earthquake can easily be absorbed by the elements (members) and connections of a
structure withoutt suffering any total failure or even progressfailures (damages) in

the structure. In investigagnthe load carrying condition of a platform against the
lateral forces caused by a plasticity level earthquake, it should be shown that a structural
system, despite having some degrees of uncertainty, is capable of redistributing and
creating sufficient g@stic deformations before the occurrence of total failurethad

collapse of the whole system.

3.10 General Description of the Analyses Performed inthis Study

The analyses performed on the models includelimear static, modal analysis and

dynamic noHinear analyseswhich are described in the followirsgctions

3.10.1 Nonlinear Static Analysis

In nonlinear analysis, dividing the load into incremental parts is important. The
incremental loads can be applied to several steps or sub steps of a loading. After the
completion of each phase of the analysis process, the program rewrites the stiffness
matrix for entry to the next phase. If the solution is done purely incrementally, it can

cause accumulation errors (Figure 3.27).
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Figure 327: The direct solution in comparison wikewtonRaphsomethod(SW
ANSYS Academic Teaching, 2011)

The ANSYS software will fix these errors usitite NewtonRaphsommethod. Before

each analysis step, the NewtonRaphsonmethod, the amount of ndrmalancedoad
resulting from the difference between internal and external forces is calculated. The
program makes a linear solution and controls the error value with the permissible limit.
If the convergence criteriais not adopted, the unbalanced value is radated andhe
stiffness matrix can be rewritten and a new solution is created. This will continue until

the problem becomes convergent.

Loading is done in different forms in the nonlinear analysis, for example, Figure 3.28
shows the loading history thatdludes three steps. In the first step, we have incremental
loading, in the second step a fixed load,,andhe third stepthe load is removed. Also
dividing the loading steps into different forms is based on the desired model. In Figure
3.29, the firsistep includesive substeps, each aihichis performed with a repetition.

The second step includes a load step with several repetitions.
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Figure 328: Steps of a loadinSW ANSYS Academic Teaching, 2011)
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Figure 329: Dividing load steps into different patSW ANSYS Academic Teaching,
2011)

The ronlinearstatic aalysisprocedures:

1. Loading is applied to thstructure astepby-step

2. The coordinates of nodes are updated in each step.
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3. Structural stiffness at each stage is determined based on the new geometry of the
structure.

4. Each element is controlled to check whetbenotthe stress has exceeded the
plastic stress limit. In the event of this, loading will be scaled in such a way that
the amount of load is exactly the amount needed for the section to be plastic.

5. As the element load reaches the flow level, a plastic hinge (joint) is formed. This
joint will be removed in the case of unloading ahe element entering the
elastic range.

6. In the case of diagnosis of instability in the overall system, unloading will be

performed.

3.10.2 Modal Analysis

In the stage othe structural desigrof industrial components which are subject to
fluctuations due to the loads and vibration stimuli, performing inaahalysis is
necessary because the component should be designed so that it is away from the severe
frequency range as much as possible because the fluctuations in the severe frequency
range increase the oscillatory domand hence the high risk ofthe disintegration of

the component.

Modal analysis is used to determine the value of the natural frequencies and the shape
of its mode in that frequency. The natural frequency value of each structure depends on

its shape, material and its supports.

The ANSYS software provides the user with a variety of numerical methoebrtact

and calculate the modes and characteristioegawhich are:

. Bl ock Lanczos Met hod

e Subspace Met hod
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. Reduced Met hod

* Powerdynamics Met hod

The Block Lanczos Method is a veryieient algorithm to perform a modal analysis for
large models. It is a fast and robust algorithm and used for most applications as the

default solver.

The Subspace Method was popular in earlier years since very little computer resources
were necessary tperform a modal analysis. However, compared with the Block
Lanczos Methodthe Subspace Method is fast for small modelstbeatsolution time

increases as soon as larger models are considered.

The Reduced Method is also an old eigensoléich works withreduced matrices in
order to minimize the number of dynamic degrees of freedom. Master degrees of
freedom have to be chosdhat represent the dynamic response of the system as
accurately as possible. Neither the Subspace Method nor the Reduced Nsethod

popular today.

The Powerdynamics Method is a special algorithm based on the Subspace Method.
During the Subspace Algorithm linear systems of equations have to be solved. For this
purpose, ANSYS provides several equation saelv&ypical solves for problens in
structural mechanics are the Sparse Solver, the Frontal Solver and -tenéitmned
Conjugate Gradient Solver (PC®blver). Each of these equation sob/eas its special
characteristicsin this stagewe focus especially on the Frontal Solver déhd PCG

Solver since both can be used within the Subspace Method. By défauubspace
Method as mentioned aboyeuses the Frontal Solver to obtain the first natural
frequencies of a structure. This solver works efficiently for small models of up to
50,000 active degrees of freedom. However, if models consist mainly of solid elements

with more than 50,000 active degrees of freedom, the Subspace Method combined with
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the PCGSolver should be the preferred solution method. In ANSYS the combination of
the Subspace Method together with the RGGQver is calledthe Powerdynamics
Method. For large models of up to 10,000,000 degrees of freedom, this method
significantly reduceghe solution time. Another characteristic of the Powerdynamics
Method is the lumpedhass matrix formulation. In a lumped mass approach, the mass
matrix is diagonal since the mass is considered concentrated at the nodes. Note that the
Subspace Method is the only eigensolver in ANSYS where the user has the option to

specify the equation beer.

In considering the above informatioce Block Lanczes methods used n the present

study since its sutablefor large deformations and symmetrical shapes.

To perform the modahnalysisin the ANSYS software thdollowing main steps were

carriedout:

1. Input the gometry

2. Definethematerial

3. Generatehemesh

4. Apply loadsby applying constraints to the model

5. Obtainthe solutionby choosing the Modal type of analysis and Block Lanczos

option

6. Reviewtheresultsby listing the natural frequencies andraate the eight mode

shapes

3.10.3 The Transient Dynamic Analysis

One of the important decisions in a structural analysis is assuming the linear or

nonlinearrelationship existing between the forcesear analysis has been used for the
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static or dynamic loads istructual design. The nonlinear analysis method has been
used extensively becaugeerformancebased tips require presentation of nonlinear
response liehaviou). There are two sources of nonlinear respohshdviou). First,

the nonlinear relationship tveeen the force and displacememhich istruein all cases.
Second, the type of nonlinear response caused by entering large displacements in

equilibrium and compatibility equations.

Table 33 : Trends of struiral analysis for designing purposes (API, 2000)

Analysis Force-Deformation Earthquake Analysis
Category Procedure Relationship Displacements  Load Method
Equilibrium  Plastic Analysis Rigid-plastic Small Equivalent Equilibrium
Procedure lateral load analysis
Linear Linear Static Linear Small Equivalent Linear static
Procedure lateral load analysis
Linear Dynamic Linear Small Response Response spectrum
Procedure I spectrum analysis
Linear Dynamic Linear Small Ground motion  Linear response
Procedure II history history analysis
Nonlinear Nonlinear Static Nonlinear Small or large  Equivalent Nonlinear static
Procedure lateral load analysis
Nonlinear Dynamic ~ Nonlinear Small or large  Ground motion  Nonlinear response
Procedure history history analysis

Generally a seismic analysis involvesayity loads andhe presentation of ground
motion in a structure location. The vibrating motion of the ground including the mass of
the structure for creating acceleration, and the history of the created response can be
calculatedusing thedynamic analyis methods. In most designing trendss usual to
perform a dynamic analysis with a response spectrum representing the expected ground

motion in the specified poirfAPI, 2000.

For the seismic analysishe transient dynamic analg used in this studfgy using this
analysis (whichis sometimes called the Time History analysisg can calculate the
dynamic response of a structure under the influence of-ritaged loadings. It is
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possible to calculate displacements, stresajns@ind forces changing with time in a

structure via this analysis.

This analysis is usually more difficult than a static analysis. It requires more hardware

resources for its calculatisand consumes more time to solve any problem.

There are three methsdto perform matrix calculations in the transient dynamic

analysis:

1. Full Method
2. Reduced Method

3. Mode Superposition Method

The Full Method does not reduce the dimension of the considered problem since
original matrices are used to compute the solution. éangequencat is simple to use,

all kinds of nonlinearities may be specified, automatic time stepping is available, all
kinds of loads may be specified, masses are not assumed to be concentrated at the
nodes and finally, all the results are computed ia single calculation. The main
disadvantage of the Full Method is the fact that the required solution time will increase

with the size of thenodelconsidered.

The Reduced Method originates from earlier years. Because of the reduced system
matrices which are used to solve the transient problem, this method has an advantage
when compared with the Full Method with respect to the required solution time.
However, the user has to specifie master degrees of freedpmhich represent the
dynamic behaviour agood as possible. The only nonlineatityat can be specified is
nodeto-node contact via a gap condition. However, automatic time stepping is not
possible. Consequently, this method is not very popular any more since its

disadvantages do not really compate the advantage of lower costs in solution time.
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The Modal Superposition Method usually reduces the dimension of the original problem
as well since the transient analysis is finally performed in the modal subsgack

has the dimension of the numbErmode shapes used for the superposition. The main
advantage is again the reduction of solution time. It turns out that this method is actually
the most efficient one compared with the other two. The accuracy just depends on the
number of mode shapes uged the modal superposition. Even if a few mode shapes
are taken the requested solution time might still be less when compared with the Full
and the Reduced Method. Contact can be applied using the gap condition we mentioned
in the discussion of the Rededt Method. The time step has to be chosen as constant
which means that automatic time stepping is not available for this method. It should also
be noted that a modal analysis has to be performed before the transient problem can be
solved with the modal gerposition technique. Hence, the solution prodesscally
consists of two analyses, the modal analysis and the transient analysis in the modal
subspace. Since for most problems in structural dynamics the natural frequencies of a
structure are of intergghis is not really a disadvantage. Summing up, using the modal
superposition technique for a transient analysis reduces noth@splution time, but

the user also obtains information about the natural frequencies and the undamped mode

shapes, respecely.

In comparingthe above solution optionthe Modal Superposition Method is the most
powerful method considering the required solution time. However, it cannot handle
nonlinearities. The Full Method requires more time to finish the analysis butodieh

nonlinearitiesThe method used in the current study was the full method of calculation.

In this study the modelled structure was subjected to the acceleration from Tabas
earthquakes. Acceleration mappings were taken from data from the PEER Strong

Motion Database website.
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By using the Macro software programming capability, the models were analysed
dynamically. Thus, the first acceleration of gravity was applied on the structure,
followed by applying the acceleration to all nodes of the structur@ach &me step.

Each time step is also divided into five parts or-stéps.

The main stepgiven belowwere followed to perform théynamictime history analysis

in this study:

1. Define analysis type and set performance

2. Input geometry

3. Define element typeagal constants and material model properties

4. Generate mesh

5. Apply loads by applying the Tabas acceleration to the model

6. Obtain solution

7. Review results
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Introduction

As noted before, the results of the analyses based oasthanption of rigid joints,
differ considerably with the actubkehaviourof structuresand these differences can be

observed in several cases.

In this sectiona platform and its joints araodelledin two rigid and flexible joint cases
using threedimensionalmodelling The selected platform (platform SPD7, Phase 8)
belongs to the South Pars oil fielthe platform, which is afixed type platform with
four basegis awellheadplatform ofthe Resalat platform set. The jacket of the platform
consists ofive main levels and its bracing system igha# X type.In addition,its joints

are equipped with Jointcan system.

4.2 Joint Analysis

First, before obtaininghe dynamic characteristics of the platform, weedto have an
estimation of the flexibility ate of the joints to make it clear whether there is a need to
consider the flexibility of the platform joints as considerable or negligible. This can be
observed through the comparisontbé M - g curves for the connections with the

Jointcan and withouthe Jointcan

Figure4.1 showsthe stressdistribution of the von-misestype, which resulted fromthe
statc analysis for connection typd, Il and lll. As can be observedhe maximum
combined stress isround the intersection area anby moving away from the

intersection the stressseen aseducing.
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TYPEI

TYPEII

TYPEII

Figure4.1: Stress distribution ofon-misesfor different typeof joint
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Figures 4.2 t04.10 illustratethe Momentrotation relationships fothe three mentioned
types in three ass. Comparing theM - g diagrams for each joint ithe X, y and z
directionsfor the with Jointcan and without Jointan casest can be conclude that
the flexibility of the jointsin the withJointcan case decreased considerably compared

to the without Joinrtan case.

It should be noted that the plasticity parameter was used for the quantitative expression
of the flexibility rate becaus¢he flexibility rate cannot be calculated in terms of

quantity.

Therefore, companig the M - ¢ diagrams and calculating the amount of plasticity for
each jointin the with Jointcan and without Jointan caseswe can observe thahe

plasticityreduces about 10% attitk energydissipationreduces aboui%.

As a result, these diagrams can be used as equivalent springs in joint foicatios

future, reducing the total amount of computing in all platforms.
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Figure4.2: Momentrotation diagram of joint TYPE | arourXtaxis
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Figure4.3: Momentrotation diagram of joint TYPE | around-axis
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Figure4.4: Momentrotation diagram of joint TYPE | arourtiaxis
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Figure4.6: Momentrotation diagram of joint TYPE Il around-axis
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Figure4.7: Moment-rotation diagram of joint TYPE |l arourtaxis
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Figure4.10: Momentrotation diagram of joint TYPE Il around-axis

Closer examination on above graphd-igure 4.2 to 4.1@emonstrates the respectable
impact of initial axial loads in struts on flexural capacityhed joints. As the initial load

moves from pressure towards strain, the capacity of the joint is expanded and the other
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way around. This demonstrates the impact of ssgfening in struts on the behaviour
and capacity of connectionshich, essentially expresses thahe tensile axial load

strengthens the strut and also its joint.

This is specifically pertinent to local buckling reduction due to tensile forces whilst,
compressive stress causes local buckling of plates to be experienced more quickly.
Additionally, it is obvious that connections are not perfectly rigid even thelloint

can and they still show flexibility when loaded laterally. This flexibility assists the
energy dissipation of the platform structure and it should be accotortedhenexact

deformability of the platform structure is needed.

4.3 Spectral Analysis

In this methodthe dynamic analysis is performed assunihmglinear elastidoehaviour

of the structure and using the maximum reflection of all oscillatory modes in the
structure which have a significant effect orthe total reflection of the structure. The
maximum rate in any mode is obtained according to its frequency time tfrem
spectrum. The overall structure reflection is estimated from the statistical combination

of themaximum reflections of each mode.

The number of modes should heckthat the sum ofhe effective modal masses in line
with the spectrum effect is at least 90% of the total modal mass of the structure. The
maximum dynamic reflection of the structure in eaadmshould be determined using
known statistical methogsuch as the square root sum of squares method (SR8f®) or

compound perfect square method (CQC).

The design spectrum used in this study is the plan (design) spectrum of API code, RP

2A-WSD version(API, 2000.

120



Figure 4.11 showshe spectrum proposed by API for designing offshore platforms
which are resistant against earthquagede value for G has been considetedel

and the soil type has been considaredeC.
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A. Rock—crystalline, conglomerate, or shale-like material
generally having shear wave velocities in excess of 3000
ftlsec (914 m/sec).

B. Shallow Strong Alluvium—competent sands, silts and stiff
clays with shear strengths in excess of about 1500 psf (72
kPa), limited to depths of less than about 200 ft (51 m), and
averlying rock-like materials.

C. Deep Strong Alluvium—competent sands, silts and stiff
clays with thicknesses in excess of about 200 ft (61 m) and
averlying rock-like materials.

Figure 411 Response Spectf@pectra Normalized to 1.0 Gravity

Since the platform does not have a symmetric geometiyeiX and Y directions, the
loading is doneén both directions on this platform. The modal contribution abovped0

cent for the X (or Y) directions is achieved through at least 10 modes.

Tables 4.1 and 4.2present thepercentage of base shearthre X and Y directios,
respectively. The load pattern obtained for performing fmy&n analysis has been
calculated fom the spectral analysis results. This model is equivaleéhetteformation
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of the structure after conducting the spectral analysis with the participation of 10 modes,

on a structure with rigid joints.

Table 41: Platform SPO

Loading pattern foK-direction
o | Forertee
0.000 0
8.940 1.3
17.880 51
26.820 13.4
35.760 27.8
44.700 48
53.640 71.2
62.580 92
71.520 98
80.500 100
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Figure 412: Loading pattern on platfar SPD7 forX-direction
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Table 4.2: Platform SPD7

Loading pattern fol -direction
o | Poereae
0.000 0
8.940 11
17.880 4.6
26.820 12.4
35.760 28.6
44.700 45.4
53.640 75.8
62.580 89
71.520 954
80.5@® 100
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Figure 413 Loading pattern on platform SPD7 fgrdirection
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4.4Nonlinear Static Analysis (PushOver)

In this analysis, a loading model (pattern) is considered on the nodes of the platform,
and then this model is ineased steadily untihe pointwhen the platform is not able to
tolerate its gravity loads (or in many cases to reach the extent of displacenezeby

the numerical analysis of the platform structure becomdahigs

The loading pattern obtained frompextral analysis, ashown inFigures 4.12 and4.13,
Is exerted on the structure ihe X and Y directions, respectively. Since this platform
hasa nonsymmetric geometry in the directions of X andtieloading on the platform

is donein both directions.

4.4.1 Loading in the Direction of X

Figure 4.14 shows the diagram fothe pushkover analysis ofthe SPD7 platform,

obtained from the nonlinear static analys#sformedusingthe ANSYS11 software.
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Figure 414 : Deck displacement in-direction for rigid and flexible SPD7 platforn

It can be seen that there itlé difference between the graphs obtained for the model
with rigid joints and the one with flexible joints; however, this difference increases with

increasing load anentesthe nonlinear range.
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Failure in the model with rigid joints starts withe budling of the bracings between
the seconethird and thirdfourth levels, and with increasing levels of lo#tk bracings
start buckling athe other levels one by one. Finally, the structure collapses with these

bracing failures.

In the model with flexiblgoints, failure starts with the buckling ttie bracings athe
seconethird and thirdfourth levels. With increasing loadhe other braces and the
joints attached to them start flowing, andtimately, what causes the structure to
collapse is the buckig of relative braces and the failuretbéjoints connected to them.

The responses of the two different models differ slightly because of the lower level of

joint flexibility in the platform due to using Johaans.
4.4.2 Loading in theDirection Y

Figure 4.15 depicts the diagram fothe pushover analysis for the platform SPD7,

obtained fronthenonlinear static analysperformedusingthe ANSYS11 software.
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Figure4.15: Deck displacement in-direction for the SPD7 platform with rigid and
flexible joints
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It can be seen that there is little difference between the graphs obtained for the model
with rigid joints and the one with flexible joints; however, this difference increases with

increasing load anentesthe nonlinear range.

Failure in the model with rigid joints starts withe buckling of the bracings between
the seconethird and thirdfourth levels, and with increasing levels of lo#tk bracings
start buckling at other levels one by one. Hinalhe structure collapses with these

bracing failures.

In the model with flexible joints, failure starts with the bucklingtté bracings athe
seconethird and thirdfourth levels. With increasing loadhe other braces and the
joints attached to themstart flowing, and ultimately, what causes the structure to

collapse is the buckling of relative braces and the failutbegbints connected to them.

The responses of the two different models differ slightly because of the lower level of

joint flexibility in the platform due téhe use oflointcans.

4.5Modal Analysis of SPD7Platform

Threedimensionaimodellingof the SPD7 platform has been done with six degrees of
freedom. The schematic structure and the mass rate imposeel modle! are shown in

Figures4.16 and 4.17
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Figure4.16. Threedimensional view of the sample platform SPD7

As shown inTables 4.3 and 44 the structure has undergone modal analysis; the modal
response of the structuretime flexible joint case is dierent from its modal response in
the structure with rigid joints.In addition the vibration modes and modal mass

participation rate had significant changes.

Figure4.16 shows the actual view andreedimensionaimodel of the structurenodel
The horizantal diagonal braces are not modelled in this study to simplify the model and

reduce thealculateprocessand its time.
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As shown inTable4.5, the period of vibration modes in the flexible joint model differs
significantly from the model with rigid jointthe differenceeaclesits maximum rate

of about 10 pecent.

The period of structure modes increases withdelling the flexibility of a joint.
Regarding the fact that byjodellingthe joints with the SHELL element and meshing
these elements the struatustiffiness decreases, the increase in the period of the

structure mode is justified.

Referringto Tables 4.6 to Table4.11, in structures with rigid joints the first vibration
mode is the rotation (torsion) mode arouheZ-axis consistingof about 78ercent of
modal mass participatiprand its maximum mass participation in other directions
reaches 6 pazent However,in structures with flexible jointghe first mode consistsf
only 48 percent of modal mass participation in rotation (torsion) adoaxis Z In the
directions of X and Y it has about 35 memt mass participatipand in rotation around

X and Yit consistf approximatelyl5 percent mass participation.

The second and third vibration modes in structures with rigid connectionstheere
dominant movement mode in the X and Y directions with more than 8Geperof
modal mass participatiomiowever,in structures with flexible joints the second mode
only contributed 42 pecent in movement ithe Y-direction and in displacements in
the X-direction and rotation around the- And X-axis, it has about 21 percent
participation. The third mode in structures with flexible joints resmé#ie dominant
displacement mode in the-direction with the only differencebeing that its modal

contribution rate decreases by 19 pent, reducing to about 67 peant.

The fourth vibration mode in both models is the vibration mode arthe-axis, but
the modal mass patrticipation of the two models has abbOtpercent differenceand

as can be obseed the higher the number of modes, tbeer the difference.
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Figure 4.17: Two-dimensional view of the modelled platform SPD7
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Table4.3: ModelledPlatform SPD7

with flexible connections

Mnoode Frequency Period
1 0.432 2.271
2 0.477 2.055
3 0.501 1.956
4 2.211 0.444
5 2.312 0.424
6 2.556 0.383
7 2.610 0.375
8 2.697 0.363
9 2.750 0.356
10 2.849 0.345
11 2.986 0.329
12 3.142 0.312
13 3.205 0.306
14 3.384 0.290
15 3.396 0.289
16 3.411 0.287
17 3.651 0.268
18 3.964 0.248
19 4.305 0.228
20 4.393 0.217

Table4 .4: ModelledPlatform SPD7
with rigid connections

Mnooc?e Frequency Period
1 0.478 2.050
2 0.508 1.929
3 0.543 1.807
4 2.120 0.462
5 2.380 0.412
6 2.555 0.383
7 2.565 0.382
8 2.624 0.373
9 2.787 0.351
10 2.923 0.336
11 3.013 0.326
12 3.286 0.298
13 3.411 0.287
14 3.420 0.286
15 3.436 0.285
16 3.632 0.270
17 3.807 0.257
18 4.169 0.235
19 4.235 0.232
20 4.379 0.224

Table4.5: Comparison of vibration period ttietwo models

Model with Model without Percentage of
Mode no. o o ;
flexibility flexibility discrepancy
1 2.271 2.050 9.721
2 2.055 1.929 6.166
3 1.956 1.807 7.642
4 0.444 0.462 4.241
5 0.424 0.412 2.804
6 0.383 0.383 0.000
7 0.375 0.382 1.847
8 0.363 0.373 2.725
9 0.356 0.351 1.389
10 0.345 0.336 2.586
11 0.329 0.326 0.904
12 0.312 0.298 4.444
13 0.306 0.287 6.149
14 0.290 0.286 1.365
15 0.289 0.285 1.370
16 0.287 0.270 5.862
17 0.268 0.257 4.059
18 0.248 0.235 5.200
19 0.228 0.232 1.739
20 0.217 0.224 3.196
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Table4.6: Modal mass contribution in the direction of X

Contribution %

Cumulative contributiofo

Mode | Model with Model without Model with Model without
no. flexibility flexibility flexibility flexibility
1 0.3468 5.733 0.34 5.85
2 18.6354 0.0098 18.9754 5.8598
3 67.9218 79.0958 86.8972 84.9556
4 0.2958 0.0196 87.193 84.9752
5 6.5892 6.1936 93.7822 91.1688
6 0 0 93.7822 91.1688
7 0.153 0.0098 93.9352 91.1786
8 0 0 93.9352 91.1786
9 5.4366 4.067 99.3718 95.2456
10 0 0 99.3718 95.2456
11 0 0.0392 99.3718 95.2848
12 0 2.0188 99.3718 97.3036
13 0 0 99.3718 97.3036
14 0 0.0294 99.3718 97.333
15 0.6282 0.5684 100 97.9014
16 0 0.1176 100 98.019
17 0 3.981 100 100
18 0 0 100 100
19 0 0 100 100
20 0 0 100 100

Table4.7: Modal mass contribution in the direction of Y

Contribution %

Cumulative contributiob

Mode | Model with | Model without | Model with Model without

no. flexibility flexibility flexibility flexibility
1 34.1582 1.0504 34.1582 1.0504
2 421574 86.9408 76.3156 87.9912
3 8.9991 0.0303 85.3147 88.0215
4 4.4238 5.9085 89.7385 93.93
5 1.0504 0.0202 90.7889 93.9502
6 0.0707 0.2626 90.8596 94.2128
7 5.1005 1.9089 95.9601 96.1217
8 0 0.5353 95.9601 96.657
9 0.2222 0 96.1823 96.657
10 4.3531 0.2424 100.5354 96.8994
11 0.2222 3.6461 100.7576 100.5455
12 0.1717 0.0303 99.3718 100.5758
13 0.0101 0 99.3718 100.5758
14 0 0.0101 99.3718 100.5859
15 0 0 100 100.5859
16 0 0.1212 100 100.7071
17 0 0 100 100

18 0 0 100 100

19 0 0 100 100

20 0 0 100 100
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Table4.8: Modal mass contribution in the direction of Z

Contribution %

Cumulative contributiofo

Mode | Model with Model without Model with Model without

no. flexibility flexibility flexibility flexibility

1 0.0102 0 0.0102 0

2 0 0 0.0102 0

3 0 0 0.0102 0

4 0.0612 0.3468 0.0714 0.3468
5 1.2342 0.2754 1.3056 0.6222
6 0 0 1.3056 0.6222

7 0.1734 0.0306 1.479 0.6528
8 0.918 0 2.397 0.6528
9 0.3468 0.0714 2.7438 0.7242
10 0 0.1734 2.7438 0.8976
11 0.6834 4.7328 3.4272 5.6304
12 2.1216 2.856 99.3718 8.4864
13 0.3774 0.612 99.3718 9.0984
14 65.688 3.519 99.3718 12.6174
15 3.3762 2.6418 100 15.2592
16 0.102 86.4042 100.102 101.6634
17 0.3876 0.8466 100.4896 100
18 0 0 100 100
19 0 0 100 100
20 0 0 100 100

Table4.9: Modal mass contribution in rotation arouXebxis

Contribution %

Cumulative contributioo

Mode Model with Model without Model with Model without
no. flexibility flexibility flexibility flexibility
1 16.728 0.357 16.728 0.357
2 20.196 41.0652 36.924 41.4222
3 4.2942 0.0102 41.2182 41.4324
4 40.137 48.5418 81.3552 89.9742
5 3.6006 0.1938 84.9558 90.168
6 0.255 0.6426 85.2108 90.8106
7 11.7504 3.2538 96.9612 94.0644
8 0 1.581 96.9612 95.6454
9 0.102 0.0102 97.0632 95.6556
10 2.2746 0.0306 99.3378 95.6862

11 0.102 1.2138 99.4398 96.9
12 0.255 0 99.3718 96.9
13 0.0102 0 99.3718 96.9
14 0.0204 0.0102 99.3718 96.9102
15 0.8772 0 100 96.9102
16 0 0.0918 100 97.002
17 0 0 100 100
18 0 0 100 100
19 0 0 100 100
20 0 0 100 100
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Table4.10: Modal mass contribution in rotation arouyieaxis

Contribution %

Cumulative contributiofo

Mode Model with Model without Model with Model without

no. flexibility flexibility flexibility flexibility
1 0.1428 3.111 0.1428 3.111
2 9.4554 0.0102 9.5982 3.1212
3 32.9358 40.3308 42.534 43.452
4 2.2032 0.2244 44,7372 43.6764
5 44.6964 47.9298 89.4336 91.6062
6 0.0102 0.0102 89.4438 91.6164
7 0.5916 0.0612 90.0354 91.6776
8 0 0 90.0354 91.6776
9 11.4342 9.894 101.4696 101.5716
10 0.0102 0.0306 101.4798 101.6022
11 0 0.0102 101.4798 101.6124
12 0.4692 0.1326 99.3718 101.745
13 0.0306 0.0102 99.3718 101.7552
14 0 0.0612 99.3718 101.8164
15 0 0.0306 100 101.847
16 0 0.0102 100 101.8572
17 0 0.0306 100 100

18 0 0 100 100

19 0 0 100 100

20 0 0 100 100

Table4.11: Modal mass contribution in rotation aroutdhxis

Contribution %

Cumulative contributiofo

Mode | Model with Model without Model with Model without
no. flexibility flexibility flexibility flexibility
1 47.8074 77.5812 47.8074 77.5812
2 21.8688 1.6626 69.6762 79.2438
3 6.0588 3.5598 75.735 82.8036
4 0.0612 0 75.7962 82.8036
5 0.0204 0 75.8166 82.8036
6 0 0.0102 75.8166 82.8138
7 0.0306 0.0102 758472 82.824
8 0 0.0102 75.8472 82.8342
9 0.0816 0 75.9288 82.8342
10 1.2138 21.0222 77.1426 103.8564
11 24.633 1.1526 101.7756 105.009
12 0.1836 0 99.3718 105.009
13 0 0 99.3718 105.009
14 0.0306 0 99.3718 105.009
15 0 0 100 105.009
16 0 0 100 105009
17 0 0 100 100
18 0 0 100 100
19 0 0 100 100
20 0 0 100 100
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Figure 418: Displacement modes of the flexible platform
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The eighth mode

Figure 419: Displacement modes of the flexible platform

Table4.5 presentethe vibration period othetwo models with and without flexibility.
By comparingthis Table with the Mirtaheri (2009) modal analysigesuls which is

given in Table 4.12t can be seethat there areemarkabledifferences in the vibration



period amount. Hence, this clearly shows that the result of modal analythe 8D

model was more accurate and reliable as cordgarthe 2-D model

Table 412 : Natural periods of vibration of two platfosxMirtaheri et al., 2009)

Model with Model with Percentage
flexible rigid of

Mode No. connections connections discrepancy

| 2313 2.026 12.4

2 2.065 1.916 7.215

3 1.943 1.818 6.427

4 0.635 0.608 4318

5 0.435 0.424 2.521

6 0.371 0.368 0.761

7 0.672 0.663 1.378

8 0.341 0.333 2214

9 0.379 0.375 1.037

10 0.317 0.310 2.115

4.6 Transient Dynamic analysis

Using the Macro software programming capability, the models veasralysed
dynanically. Thus, the first acceleration of gravity was applied on the structure,
followed by applying the acceleration to all nodes of the structure in each time step.

Each time stefs also divided into five parts or stdteps.

1 Selectingthe Acceleration Reorder

The modelledstructure was subjected to the acceleration ftbenTabas earthquake
Acceleration mappirgwere taken from data fronne PEER Strong Motion Database

website Figure4.20shows the Tabas earthquake record.
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Figure4.20: Record of Tabas earthquake in Irah978

The values for basehear andherelative peak drift of the levelsre shown inFigures

4.21 t0 4.23
2.00E-01 - i
\ " Semi Rigid
Y, - - - 'Rigid
E
=
a
-2.00E-01 - o
Time (S)

Figure4.21: Theresponsef two modelsunderthe Tabas earthquake

Nonlinear transient analysis was performed on two moudatls and without flexibility
joints, subjected tahe Tabas earthquake recoahdthe responsef themwasobserved

accordingly.Figure 4.21 shows the comparison of the resulh which the flexilde
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model has lower base shedutthe rigid model behaves as a stiffer structure with

bigger internal forces.

Storey No
[ %] e h
!
, N
[
, /
!J'
’

0 0.005 0.01 0.015 0.02 0.025 0.03
Maximum inter-storey drift ratio

- - - Rigid (Mirtaheri) --= - Semi Rigid (Mirtaheri) —=—Rigid —=— Semi Rigid

Figure4.22: Maximum interstorey drift ratio inthe X-direction

Figure4.22shows the comparison of the relathageral displacement of rigid and semi
rigid structures irthedirection of X when subjected the Tabas earthquake. Asn be
seen in thisFigure the secondstoreyof the flexible modelhasthe highest drift among
the other storeys. However,in the rigid mode] the highest drift belongs tthe third

storey

In comparison with Mirtaheret al. (2009)result,it can be seen that the drift ratio is
lower than Mirtaheri result which lead betterstructural response to the earthquake
is obvious that thenaximum interstorey driftfor the rigid modeloccurred in third
storey which is same in both resuliewever for semi rigidmodel there is a difference
in the two studies result which shows maximunter-storey drifthappened in second

storey and firsstory for this study and Mirtaheri studgspectively
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Figure4.23. Maximum interstory drift ratio in Y-direction

Figure4.23 shows the comparison of the relative lateral displacement of two rigid and

semtrigid structurs in the Y-direction under the acceleration mappingtioé Tabas

earthquakeComparison of theer e sul t s

Wi

tesults lsbdgta thehsenidar ’ s

structural response; however the maximum drift in semi rigid model is occurred in

second storey and firg¢t or ey f or

t

hi

S st negpsctivedyiitte Mi r t

highest driftin the flexible model belongs to the seconstorey similar to the X-

direction.

Moreover, thgoints' flexibility has aremarkablesffecton the structural response tbe

earthqake which is highlighted in theséigures.

Theresultsobtaineddemonstratehat in the flexible model (sennigid), the base shear

value is reducetdy about 30% compared to the rigid (without flexibility) model. Also,

the comparison of the relative drifalues of the lower levels showsaththe flexible

structure withthe Jointcan, despit¢helower base shear force, experienced more lateral
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displacementwhich is different inthe direction of X and Y, so thahedisplacement in

thedirection of X is &ss.

Mirtaheri et al. (2009) also concluded thathe platform with flexible connections in
nonlinear dynamic analysis shows higher displacements;stassydrifts, and lower

base sheawhich supporsthe above results.

140



CHAPTER V

CONCLUSION AND RECOMM ENDATIONS

5.1Introduction

In the computer analysis of structures with tubular memtmrsh as sea platforms, the
connections between members are considerdzbrigid based on common traditional

methods.

In fact, a joint is consideretb be a dimensionles point where the members are
connected to each other in a rigid manner and isnuatelledas a structural member.
This means the is anabsence of any axial or rotational deformation on the end points
of secondary members against the axis of the mambae Whereasjn reality, some
deformations occur locally in the circularosssection of the main member under the

loads from the secondary member.

This shows that the tubular joints have considerable flexibility in the gbesttic
range. Henceanalysis results based dherigid-joint assumption are different from the
actualbehaviourof the structure in terms of structural deformatidhs,distribution of
internal forcesthe buckling forces of the members and also the natural frequency of
vibration in the structures, especially ithreedimensioml structures. Therefore, taking
into account the effects of flexibility in the overall analysis of the structure is very

important.

Several studies and tests have been conducted on tubular joints Btmdamodels
have been proposed for joints walsimple geometry and in linear ran@ad they are
not responsive to the flexibleehaviourof multi-plate joints or joints with multiple

bracing members.
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Despite the numerous methods proposed to consmlabifity in the structural models

of the joints, all these methods yield an estimate of the level of joint flexibility and
cannot be applied in all conditions. In this case, a compiet#ellingof the connecting
area using shell elements with a contirmoonlineaibehaviours the most appropriate
method that not only respondsrwdellingdifferent types of joints, but can also model

the nonlineabehaviourof the joint.

In this thesis, a SPD7 platform fronthe South Pars Oil Field (Phase 8) in the ram

Gulf has beemodelledin threedimensiors. Modelling of the platform was carried out

in both rigid and flexibleusing finite elemenmethods. The modeig was performed
using the ANSYS software andhie connecting area wasodelled using the shell
element. The structure joints wemeodelledin two cases.e. with Jointcan and without
Jointcan. M - g graphs were plotted for both cases and the results of the joint analysis
were obtained as the member counters. Decks, piles andcdainveremodelled
simply andthe structurepile-soil interaction effectvere considered as an equivalent
pile with a length equal to eight times its diamefene platform wasmodelledas
grouted and has been considered by defining an element of irdarbetiveerthe pile

and leg.The aldedmass effects (added mass) were considered as masses concentrated
at the nodes. The performed analyses include modailimear static and ncehinear

dynamic analyses.

5.2 Summary of Findings and Conclusion

Based on thistudy,the effects of joint flexibility onthe local and globabehaviourof

the jacket type offshore platform were investigatédowing that tubular connections

are flexible and they can dissipate energy when subjected to cyclic forces, one can
concludethat disregarding the joint flexibility irthe estimation of overall energy
dissipation, presents inaccurate results even by considering theaoietfect.
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Comparing theM - g diagrams for three types of joint in x, y and z directiforsthe
two groups of joint (with Joiatan and without Jointan), it can be concluded that the
flexibility of the joints in thegroupwhich haveJointcan decreaseslightly compared

to those without Jointan.

By running the no#inear static analysist was found that the static response of the
structure changes with respetd the joints flexibility. These changes increase
significantly upon the nonlinear range. In platform SPé,deck displacement dghe
flexible model increases bymaximumof 10% in linear range and up to 40% in RoN
linear range compared to the rigid modBy compaing the base shear and deck
displacement graphs of two platforms can conclude that the platform with rigid joints is
considerably stiffeand aer-strength and stiffiesswould bemore significantwwhen the

inelastic responses are encountered.

Furthermore,ignoring joints flexibility during the design process may result

overestimation of the platform lateral capacity and-conservative design.

Modal characteristicef the structure with flexible joints have significant differences to
those of the structures with rigid joints. The percentage of difference in the vibration
period in the first mode for the two platforms is approximately 10%baddition
significant chages in the form of vibration modes and the effective modal mass were

observed.

The structural failure occurs in the connecting areiich can be resolved to some
extent in the joints by Jointcan; the value of failure according to the obtained results

has been remarkable in thatformunder study

Based on the dynamic tirlestory analysis and investigatioh the effect of flexibility,

it was shown that the base shear values have redudlexible joints modeby about
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30% compared to the rigigints model which define that the rigid joints platform is

stiffer compared withthe flexible joints model In addition the comparison of the

values of thenter-storey drifts shows that the flexible structyr@espitethe lower base

shear forcegxperences a greater lateral displacemamd interstorey drifts compared

to therigid joints modeldue tothe lowerstiffness and strength of the jacket structure

However, the displacement values of the flexible structure are at aricdaietgyvel.

5.3 Suggestons for Future Research

According to the analysis conducted on the sea platforms in the presenttbeidy

following are recommended for future studies:

a)

b)

9)

Evaluation of soil, pile and structure interaction in terms of the flexibility of the
joints.
Investicating how and when to form the plastic hinges by incremental dynamic

analysis in the members and evaluating the results.

Investigation on the effect of flexibility for differebgpesof connection.
Investigation 6 the effect of joint flexibility in two @cket platforms of different
height.

Evaluation ofthejoint flexibility effect on the pile dimension.

Experimental testing of the joints in a sitame as a representative of the jacket
platform in order to obtain the actual joint response for verifioatuith finite
element results.

Conducting an analysis basedtbe Discrete Point method on this platform and

verifying the results with finite element models.
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