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Abstract

In thisthesis we propose a practical method to evaluate the local stability of large size structurestdhitig

is assessed by investigating thecond variation of the local strain energy calculated through global nonlinear
finite element(FE) analysis.Unlike previous methag] complicated interactions between local and global
structuresare fully consideredand the local FE analysis is not necess@hg computational efficiency is greatly
improved by applying the model reductiorethodto the FE model with a large number adegrees of freedom

A great advantage is that the proposed method is simpla@pidableto arbitrary parts of general structures.

That is, it can be practically used by engineers in industries without much effort. The evaluation methodology is

proposed and its practicadffectiveness is demonstrated through several numerical examples.
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Chapter 1. Introduction

Steels are commonly used in civil, ship and offshore struct8iese thesteels are characterized by
high strength and higtoughness, and tensile and compressive strengths are almost thetsame
structures can be designed to be -thalled. However, this characteristic is likely to cause local
structural failures mainly due to bucklinghe structural instability due to bkling is a very

dangerous phenomenon in terms of structural safety

In the past, a Mississippi bridge collapse occurred in 2007 as shown in Fig. 1 [1]. The primary cause
of the collapse was due to the poor structural stal§bigkling) evaluation othe small gusset plate,

which did not account for the increased load. The concrete had been added to the road surface over
the yearsandthe extraordinary weight of construction equipment and material rested on the bridge
just above its weakest point &ettime of the collapsé&.his unexpected load increase caused lateral
buckling of the loagtarrying local gusset structure, followed by a sudden collapse of the entire
structure. It is recorded as a major disaster that caused the whole structure chitapsepoor

evaluationof the structuralstability of thelocal structure.

(@) (b)

Fig. 1.Mississippi bridgecollapse [1] (a) bowed gusset platgdune 200Band(b) overallview after
collapse(August 1, 200Y.



Ship-shaped floater Mono-column floater

N ~= | 1]
Bracket ) ff B
i Stiffened deck plate <§/<"';_§_L Cylindrical
stiffened shell

Plate opening L

Fig. 2. Typical localstructuresn thin-walled ship and offshore structuratiffened panels, cylindrical

shells, brackets, and opening structures.

The huckling refers to the loss of stability af componenstructure The bucklingstrengthis to be
checked onthe local strength level [2]Fig. 2 showsvarious local parts of structiwgdor local
structures), for which local buckling is considered in structural design.3FRilystrates permanent
damages due to the local bucklifg]. Whena local buckling happensexcessive local eformation
occursand the entire load resistancean besignificantly reducedThe progressive local buckling
would lead to a global failure of the structure. Maintainrobuststructuralsystemswith desred
capacity, it is important to ensure that local structures still contribute teritiee resistance If
necessary, local reinforcemestiouldbe applied For such purposes, the accurate evaluatioinef
local stability is essential. However, local amgbbal structures are complexly connectéHis fact

makes thestability evaluation very difficult, especially, for structures with complicated geometry.



(b)

Fig. 3. lllustrations of permanent damages due to local buckling insthiptureq3]: (a) buckling of
stiffened plate, (b) bucking and ruptueundplate opening and (c) buckling of web plate.



b = Plate Area / a
where. a, b = characterized lengths

I, = Plate Area / |,
where. |; 1, = characterized lengths

Fig. 4. Idealization of plate length and width foontypical shaped local structwgt, 5.

The design standards fdetermining the resistance capacity of local structures involve using the
design formuldor the buckling and ultimate strengthghich arespecified inCodesandRules B-10]

and widely reviewed byao and Fujikubo (2016) and Paik (201&),12] However, these design
formulas are only applicable to the structures with typical shapes such astleams, rectangular
stiffened plates, and cylindrical shelRroblems arise when the local structigra nontypical shape

thatis not predefinedin the formula In this case,te geometry shape and load pattefrihe local
structureare idealized to be appled to a predefined evaluationcategory in the design formuks

shown in Fig. 4[4, 5]. However, this approach could significantly deteriorate rédmbility of the
formula. Further investigations for the arbitrary shape of the local structures are essential to predict

accurate critical load of local buckling.

There were attempts to evaluate buckling of various shapes of local structures feingsthesr
resistance capacity. Thhbeoretical studies were performed for evaluating the buckling of triangular
plates[13-17]. Lee et al.(2015)conducted the ultimate strength assessment on the bracket structure
designed in a ship hull structupg performing a series obtalnonlinearfinite element FE) analyses

[18]. Furthermorethe studies for the variowhapes oplates, girders and arbitrarily stiffened plase

were also performefll9-28]. To analyze the buckling and ultimate strengdisperforated plates,
several nmerical and experimental studies were carried2284]. However, previous studies have
focused on several specific geometric shagues here is a need for a methdaor evaluating any
arbitrary geometric shapeForthe purpose, a numerical evaluation method using the nonlinear finite

element method (FEM), which can be applied to any shape without limitatioconisnonly
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recommended [35].

The basic difficulty is that the resistance capacity of local structures is hdistibguish because the

local structures are included in a global structure with complicated couplings. That is, the local
behavior is not independent from the global ohe.overcome these limitations, Zi et §017)
separated the local and global behaviors and employed nonlinear finite element analysis for a local
bracket girdeistructure[36]. The reference displacement vectortbe boundary aothe localbracket

girder was extracted from thdinear global finite elenentanalysis and thenkhe local finite element
analysiswasperformed linearlyincrementinghe prescribed reference displacemérite method was
successful for the local stability evaluation of an arbitrarily shaped bracket girder in an offshore

structue. However the coupling between local and global structurasnet considered.

In this thesis, an adoptable evaluation method of local stability of structures by using nonlinear finite
element analysis is propose@f course, the coupling between local and global structures is fully
considered.The energy criterion of the local structure is investigated to evaluate the structural
stability as the extension of the energy method developed by Zi et al.TB&].accurag and
efficiency of the evaluation procedure are improved in the practical structural design Bspduis,

we define the local load of the considered local structure and the representative local load ratio for the
guantitative safety factor assessmémthis step, the local load distribution is approximately fitted to

the reference value with a scalar factor. A displacement index is introduced to show the physical
guantities representing the equivalent displacement level. For a large number of défesdom
problem, the analysis time can be significantly reduced by applying the model reduction method. The
proposed method is simple and applicable to arbitrary parts of general global structures. We illustrate
the usefulness of the proposed methadugh four examples: a stiffened rectangular plate structure

in a shipshaped structure, a cylindrical shell structure with radial bulkheads, a horizontally stiffened
cylindrical shell structure with radial bulkheads, and a bracket girdethencolummportoon
connection structure of tension leg platform. The evaluation procedure uses the nonlinear finite

element analysis by the Newt&aphson method or the dength method [37].



The proposed method can be used for following practical purposes:

We can dentify whether the target local structure is buckled. When the target local structure
loses its stability, the corresponding magnitude of the external force acting on the global

structure can be calculated.

We can identify areas where local bucklimgcurs in the global structure. That is, damaged
areas can be identified.

The esidual strength of the damaged areas can be calculated.

When we locally reinforce the damaged areas, the effectiveness of the local reinforcement

can be measured.

We reduceanalysis time economically through the modetluction technique fofinite

elementmodelswith alargenumber ofdegrees of freedom

In Chapter2 of this paper, the structural stability is reviewed in brief. The proposed evaluation
method is presented i@hapter3. In Chapter4, we verify the performance of the proposed method
through several simified numerical examples arattual large scale problenChapter5 examines

the computational efficiency of the model reduction, and finally, conclusiongesented irChapter

6.



Chapter2. Structural stability

In this chapter we review the definition and formulati for the structural stabilitand investigate

how incremental nonlinear finite element analysis can be applied to stability evaluation.

2.1 Variation criterion for stable state

Structural stability refers to the phenomenon in which a structure returns to an equilibrium state when
an external displacement disturbance is applied to the structure under this equilibrium state. To
maintain a straturally stable state, the potential energy at the equilibrium state must be the minimum
value [38]. Fig. 5 shows the ball in the gravity field. Fi§(a) shows a case where the potential

gravitational energy is minimal and this state is stable.

v
v
v

Fig. 5. Ball in different gravity field condition§38]: (a) stable, (b) unstable (neutral equilibriuyd

(c) unstable.

To introducestructural stability,we construct asimple model, derive evaluation equations, and
perform stability assessments. particular, we chase an example oh suddensnapbuckling as
shown in Fig.6(a). We seehow the overall behavior would change i&n alditional structureis
attachedFig. 6(b) illustrates the problem of structural stabilitytloé trussbeamwith a spring which

simplifies adjacent structures.



(@) (b)

Fig. 6. Schematic modslof truss beam structuré) atrussaloneand (b)atruss withvertical spring.

The potential energyP is defined as
P=U W, (1)

where U isthestrain energygnd W is thework of loads

According to the law of conservation of energy, the equilibrium state of a structure with respect to a

givenchange in load or displacement means that the change in potential erzengyds below:

DP =D W DD. @)

That is, in the equilibum state, the valuef P is always a constantf the P is continuous

derivativesthe function P may be expanded into a Taykeries withsecondorder variationgbout

the equilibrium state

DP = (@ d&,..q ) (9.R.q) d°d (3)
_ S uP A L T =
with dP =g — d and P == q o,

iazlllqi 2ia:'1j4u0. ¢} ¥

in which d0, is small variations in thé-th generalizeddisplacements from the equilibrium state at

constantload, and dP and @°P are the firstand second variations of theotential ener
e ay

respectively



The conditions of equilibriurare

P =0 for any dq, (4a)
or l1—P:O for eachi . (4b)
Hq

According to the LagrangPirichlet theorem, the equilibrium state is stable for those values of the
constant load for which

d’P >0 forany dq, dq,. (5)

To obtain the ariation criterion for satisfying the adile state for the snaffrough problem in Fig.
7(a), we find the potential energy

1 EAL cosa 26
P:UW2:|?'E~ EedV Pg —=g5—— 1 §- P 6
4 coxa c Cosq 9 ( )

with q:tan'lgetana—q :
¢ L
where E, e, L, and A arethe Youndgs modulus, strain, length and section aredheftruss

member, respectivelyand a is the initial angle g is the applied angle P is the applied load

and ¢ istheapplied vertical displacement

To decide the question of stability of equilibrium states, we need to calculate the -ee@nd
derivative of P :
W P_2EA

2EAA a . _,a q
="~ (cosa -cod =" xpcos a elg tatp tana- -
o® L ( 9 L f;e %e ¢ L

~

(7)

TS

2

The truss is stable if this expression is posuasa:eu—2 >0.



This yields thecondition that
cosa- cod g >\ or (8a)

cosa - coéaetarfaeta a 88- >, (8b)
(; g L -

We examine how snagrough phenomena change if we atttitional stiffnessn addition to the
structure in which snafihrough occurskFig. 6(b) shows the case where the grounded spring is added
to the load application point in Fig(a). Considering the case of a spring in the direction of,|eax

find the potential energy with a vertical stiffness:

1 1 EAL 4cosa
P =2 E€’dV + K PqQ —g—— 1 = K Py, 9
v 2 T P COsa ¢ COsg 9 d ©

where K is additional grounded spring stiffness.

To decide the question of stability of equilibrium states, we need to calculate the -ee@nd

derivative of P .

2 é o ° Y

H ZP:E(cosa -coéc) K 2=Ef‘aecosa cé% tahe tanaJ %K (10)
Mg L L L ==

¢ ¢ ¢
. . o WP

The truss is stable if this expression is positive-as;- > 0.
This yields the condition that

2EA(cosav cos c) K X or (11a)
EA‘a@osa- coéaetarfaetam A %K : (11b)
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P(q)

Globally Stable (b)

PG(C]C) __________ i
@) |t
a7 q(0)

:Locally Unstable
Fig. 7. Load- displacement curve for truss beam structure watttical spring.

Whether the entire structure may be stable is depending on the spring stiffness value attached to the

truss structur@s shown in Fig..7The global load P, (q) is applied when the displacement is Gt
and the local loadR, (q) of a part of the local structure works.can be sen that the global load

and displacement are nonlinear relationghiphe truss structure itselfiith zero spring stiffness

unstablybehaves like the snap buckliafter the load reacheghe critical load B, (g.) asthe curve

(a). However, he entire structure may blee stable state when the adjacent structure is relatively stiff
asthe curve(b). In other words, it means that even if the entire structure is stable, the local structure
itself may already be in a state of losing its stabilitye instability of the local structure makes it not

to have theresistance tohe external loadlf additional external loads are applied, local deformation
may increase rapidlyzor the robust and cesffective design, thewnresistance capacity ttfielocal
structurehas to beevaluated reliably and quantitativel)s can be seen in the truseam modelit

can be precisely identified when the local structure itsedetability by investigatingthe second

variation of the potential energy of the local structure

- 11 -



2.2 Incremental strain energy criterion using nonline&method

When the load has eonstant valuethe formulation of thesecond variation of thpotential energy
can be simplified to a second vditen of the strain energj86, 3§. For practical purpos it can be
assumed that the is no load change due small external displacementsturbance. When this
assumption is appliedye can see that the termtbe seconerderwork regardingthe constantdad
(P)is absenin Egs. (7) and (10)Therefore, imen the second variation of the strain energy stored in
structures is from positive to negative, the structure loses stabifity.is the energy criterion for
evaluatingthe stability of structuresThe structural resistanamn bedefined as the maximutoad

levelwithin the stabldoadrangeobtained from the stability evaluation

The stability of the structure can leasily evaluatedusing a nonlinearfinite elementanalysis We
apply the energy criterionto the target structure usirte incrementalstrain energy valuat each
analysisstep while incrementing the load or displacem@a, 38] If the analysis is performed at
sufficiently small intervalsywe canpreciselyfind the instantlosing stability. In the equilibrium state,
the secondariationof the strain energpecomeghe seconarderterm of the incremenal external
work according to the law of conservation of ener@gpending on the preferenam evaluationof
the seconarder termof the incrementalexternal work can be applied as an energy criteriothier

stability evaluation

Thereforejf 0’2\/\{ >0, it becomes a stable state
0.54f, C')u’i V51D ui('j o, (12

where f, istheload vectorand u, is thedisplacement vectpand f, and u, are directly obtained

from results othenonlinearFE analysis, wherthe subscript refers to theé-th analysis step

This method isffective for evaluating the stability of elastic structurasd it is alsapplicableto
inelastic structurgon the approximation théhey areconsidered as the tangentially equivalent elastic
structura during each small loading stgp3]. That is, tke structural stability in consideration of the

plasticity of the material can be evaluated.

-12 -



The method applies initial fabrigan imperfections to théargetstructurein the form ofan elastic
buckling modethat easily occus in the considered load configuratioBy applyng the initial
imperfections,incremental displacemeidisturbance corresponding tontendedspecific load path
inducethe predminant instability for thestructure.The methods efficient in terms of calglation
time because it does natonsiderall possible displacement disturbances and only reflects the

displacement disturbances corresponding to a specific load.

- 13 -



Chapter3. Evaluation of local stability

In this Chaptey we briefly review the method to evaluate the local stability of structures through
sequential FE analysis aflocal structure proposday Zi et al. (2017]36]. We then newly propose a
method tadirectly evaluate the local stability of structutésough theglobal FE analysis.

3.1 Evaluation througlhelocal FE analyis

Recently,Zi et al. proposed an index (usafgetor) to measure the safety from the local buckling
failure for the local structures afontypical geometry. Doing so, linear FE analysis of a global
structure is performed first and nonlinear incremental analysis of a local structure is perisinged

the calculateddisplacementfield on the boundary ofhe local structure included in the global
structure. Then, the critical buckling load can be evaluated by finding the load level which the second

variation of the strain energy of the local structure becomedZ&}o

Considering a target local structure as shown in8Fige here summarize the methproposed by Zi

et al. inthe followingfour steps.

(Step 1) The linear finite element analysis is performed for the global structure, s@@)-igve then
find the displacement distribution along the interface between the local and global str(atuhes

boundary of the local structure). The distribution is represented by a nodal displacementuvector

(Step 2) We construct the finite element model only for the local structure ahdthe prescribed
displacement/u with a factor / . Note that the displacement distribution is varying depending on
load level in the global structure but we assume that the distribution does not change. Increasing the
displacement factorepresenting the magnitude of the prescribed displacement, we perform nonlinear

incremental finite element analysis, see B{b).

- 14 -



(a) global load (b)

Au

R S

local FE model
\ > global FE model

displacement boundary condition

—
<)

strain energy (/) ~
of strain energy

the first variation
of strain energy

the second variation

A A

Fig. 8. Finite dement models and strain ener¢g) FE model of a global structure, (b) FE model of a
local structure with prescribed nodal displacemant¥(c) strain energy and its variations

(Step 3) The displacement factor 1 strain energy curvel ) is plotted as shown in Fig(c). The
first and second variations of the strain energy with respegt ts plotted.The buckling occurs
when the second variation of the strain energy becomes zero first and the corresponding prescribed

displacement is represented Wy.

(Step 4) The usage factan ] is calculated by

h= /U(/S) with 0¢A @, (13)
U(/.)

in which / is the displacement factor corresponding to the service load. When the factor is smaller,

the local structure is safer. That is, the local structure has larger residual buckling strength. The local

structure is buckled whe? =1.

The factor is useful to evaluate the residual buckling strength of the local structure. However, this
method has limitations to calculate the magnitude of the external force acting on the global structure

when the target local structure has buckled and tdifgehe areas damaged due to buckling.
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3.2 Direct evaluation througtheglobal FE analysis

In this newly proposed method, the buckling failure of a local structure is directly evaluated from
solutions of the global nonlinear FE analysis. The seeamidtion of the strain energy stored in the
local structure is consideretlhis method is to perform a nonlinear FE analysis of the global structure
with increments of external global load, evaluate the stability with the strain energy generated in the
local structure, and calculate the local safety factor by measuring the local load distribution of the

local structure.

Let us consider a global structure with a target local structure as sh&g®inThe proposed method

can be summarized in ti@lowing four steps.

lobal |
(a) Global load (b)
Local node
/N, sequence
©
©
o
©
Q
- f
— Af.
Node sequence
Stabilit =
() Ao A
limit 5 127
S, | — S D -gees 0.5AZAx,
T o o Re]
52 E 5
E GCJ -g g [ /L'Axi
G B Of-----ffrmrmr Y ° —
3 3 o
20 9 o
(= ; X;
Global load displacement index ( x)

Fig. 9. Finite element models ardcal load ratio (a) FE model of a global structure, (bxal load
distribution and its approximatiosnd (c) second variation of the strain energy, local load ratio and

displacemenindex.
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(Step 1)A finite element model for the global structure is constructed, se@&p.The nonlinear
incremental finite element analysis is performed for the global structure. The external load is
incrementally imposed with load step= 1 , 2, W8 fjirst @btiin the reference interface force

distribution f. (i.e., force distribution along the boundary of the local structure), which is chosen
from results of the early load step within linear response stage. We then fintetfece forcef, at

each load step, see Fiifb).

(Step 2)In this step, we find a singleaar value which represents the interface force level. Since the

force distribution varies depending on the external load level, we approximate the interfacé force

at load step using the reference force distributidn (f, © /,f, with a local load ratio/, )

For the typical shaps of local structures, the applied and reference load distributions on the loaded
area arecommonly converted into single scalar loads veraging or integrating the load
distributions and then the ratio of these scalar loads is calculated as the local load ratio. Hiowever
method is not effective for an arbitrarily shaped local structure, because the averaged or summed

value might bezero even if significant loads exist when the signs of the nodal loadkferent.

The present approximation thed is proposed to overcomeistiproblem in the arbitrarily shaped

local structuresThe local load ratio ,(i) is derived by the least squares fitting methdde sum

squared error functiory () of the local load is as follows:

jo=(f k) (O ). (19

The local load ratio,(i) is calculated so that theror function { ;) has a minimum value as follows;

this is called the approximated load method:

R ¢
[, == 1
by (19

—h

r
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For comparison, another measure can be considered. The local Ioad_ir)atiz)c{efined as a ratiof

the norm values (magnitudesf the critical local load andeference local load as follows; this is

called the norm value method:

|
&

/= = (16)

o

Note that both methods only consider the translational degredseerfom of the nodal load
component to calculate the local load ratio. The contribution of the rotational degrees of freedom to

strain energy is not considered, as they can be ignored in most numerical problems.

(Step 3) We then find the critical states.j the stability limit. The stability limit is determined by the
load level at which the sign of the second variation of the strain energy shifts from positive to negative
at each analysis step, see Bi@). The largest local load ratio within a staldad range is selected as

the critical local load ratio/~c. The stability of the structure can be evaluated by the second variation
of the strain energyhich is obtainedrom the seconarder term ofthe incremental external work

(0.5Df, QuDas mentioned in section 2.2.

The displacement index is introduced to investigate tendencies such as the severity of deformation at a
specific load step. The correlation curve between the local load ratio and displacement index is

derived from the strain energy at each step. The scalar value of the incremental displacement index

(Dx) is calculated as follows:

DW

szi R O5 /D, (17a)
DW

= 170

™ t,|(7 +0.5 D)) ()

in which D/~i is the incremental local load ratio.

(Step 4) The usage factaf | is calculated by
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~
|~

fi=1s with 0¢A @, (18)

S~

in which /~S is the load factor corresponding to the service load. The local safety factor (LSF) is

proposed with an inversed form of the usage factor as the measure of the safety in the structural

design. When the safety factor is larger, the local structure is safer

c (19)

l—

LSF=

3
~

s

The safety factor characterized by the ratio of the load levels is used to be more rational and useful to
accurately evaluate the residual buckling strength of the local structure. Since the proposed method

can fully corsider complicated interactions between local and global structures

The method can be easily used ®&fide vulnerable areas bshanging the local extents without
additionalfinite element analysis. FidlO shows how to identify damaged aredée first find an
unstable elemnt (blue color)that is no longerand then evaluate the stability of that afesd
borderline)extending to adjacent elemenifghenthe sign otthe sumof the second variation of strain
energyin anextended are negative, therhts area is identified asmobabledamagd area.At this
stage, theidentified local structure loséts staility and no longer contribusgo the overall resistance.
When we remedy the presence of extensive damage, it ieftedive tointensivelyreinforce the

identified damaed area.

O Unstable element
: negative second variation of the strain energy in a element

[ Considered damage evaluation area

Second variation
of strain energy
x

A B C D
Damaged Damaged Damaged Undamaged

Fig. 10. Identification of @maged arealong to the range of the evaluated area.
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Chapterd. Numerical examples

In this Chapterto verify the performance of the proposedthod, we solvéour practical engineering
problemsinvolving stiffened plate structure in shghaped floating structureylindrical shell and
stringer structures in mormlumn FPSO floating production storage andoffloading) and local
bracketgirderstructure in TLPtersionlegplatform).

4.1 Stiffened rectangular plate structure in skif@ped structure

This section shows a detailed stgpstep procedure for applying the proposed methodology to the
first example for stability evaluationMe evaluate typicatectangular plates in the stiffened plate
structure in ship and offshore floating structure. The stiffened side shell structure in ship structure is

considered under uniformly varying loads representing hull girder bending as shown ith Fig. 1

(a)
— i | "
% (I v
. A
Longitudinal stress distribution Vertical bending moment

Fig. 11. Foating structureand stiffened plate(a) overview of shipshaped floating structure under
vertical bending moment arfd) stiffened rectangular local plate structure at the upjgkeshell of the

floating structure.
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To represent the bending conditiamiformly varying distributed load ofy3® 630/830( MPa are
applied to the edges, wherg is the vertical coordinate (unit: mm) from the bottom of the stiffened

plate structurén Fig. 13(a). The reference global load is selected astenth of the applied loadhe
structural stability of the local plate structure is evaluated through the incremental finite element
analysis with intervals af/20 ofthe applied loads to investigate the saf@argin.Simply supported
boundary conditions are applied to all the edges of the stiffened plate structure and a straight
constraint is added. The initial imperfection is applied as the form of five half waves in longitudinal
direction and the maximumetlection of 5.73 mm is applie[89]. The structure is discretized by

using 31,100 four node shell elements. We used the material properties -térsi steel (yield
stress = 315 MPa, Youngds modul us = Afligearityds GP a
considered as a perfectly plastic stresain relationship without strain hardening.

Fig. 12 shows the strain energy composition of force and moment components. We can see that the
portion ofthe force component is dominant in the locgttain energyThe von Mises stress plot and
deformed shape for a representative analysis results (10th analysis step) is display€eiB(b)rigd

the most compressive plate in corner of entire structure is selected as the local structure to be
evaluaté. The local loads are obtained for all analysis steps of nonlinear global FE analysis. As an
example, the result of 10th analysis step is plotted in1B(g).

The local load of 2nd analysis step is used as the reference local loadid(&jcand tle local load
(10th analysis step) is approximated with a fac@; =3.96 in Fig. 14(b), which is calculated by

the leastsquares fitting method in Fidg4(c). For all applied loads, the calculated local load ratios by
the approximated load method and norm value method are plotted i eip.

As shown in Fig15(a), the plate is stable up to the normalized global load of 5.0 (10th analysis step)
becausehe sign of the second variation of the strain energy is positive. In approximated load method,
the critical load is the normalized global load of 4.5 (9th analysis step) and the corresponding local
safety factor is 4.0 as shown in Fith(b). The first ustable local load ratio from the norm value
method is 4.19 (4.8% higher than the approximated load method). The applied and approximated local
loads are plotted in Fidl5(c). A difference exists between the critical load and approximated load

after nonlirear behavior occurs.

-21 -
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When the service load is the reference load (i.e., normalized load = 1), the usagéeifacd.25 in
Fig. 16(a) and local safety factor§LSF) is 4.0 in Fig.16(b). Fig.16(c) shows the local load ratio

displacement index curve for both present and previous mef{B6¢isThe local safety factoris
calculated a%.26 by the desigrformula [9] as shown in Fig.17. Ashownin Table ] local safety
factor calculated by the proposed methodi smaller than thelesignformula, but thdocal safety

factor of theprevious method through local FE analysi§6.6% higher than the design formula

Tablel. Localsafetyfactors for estiffened rectangular platgructure in shigshaped structure

Direct evaluation through Evaluationmethodthrough Desian formula
global FE analysis local FE analysis (DN\? 2010[9])
(Proposed) (Zi et al. 201736]) '

No. 1 plate 4.00 6.67 4.26

Fig. 18shows the von Misestress distribution and deformed shapé¢he normalized globébads of

4.0, 4.5and5.0. It can be seen that a large shear load is applied toottmerof the plate and high
stresses occufFig. 19 shows the distribution of the second variation of the strain energy at the
normalized global loads of 4.0, 4ad5.0. The stability of local structure is lost when the summed
values for the elements in the local extent becomes zero. The partly damegeateurs in the

considered No. 1 plate at the normalized global load of 4.5, and fully damaged on@5s at 5.
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—8— Local domain (Force+Moment)
—A— Local domain (Force)
—&— Local domain (Moment)

0 1 1 1 1 1 1
-5 0 5 10 15 20 25 30

Strain energy [kNm]

Applied load (normalized by reference load)
(V%)

Fig. 12. Strain energy composition of force and moment components for local structural domain of

gtiffened rectangular plate structureshipshaped structure
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= gitudinal 200 mm x 30
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Considered local plate structurgs
No.1 Plate

10th analysis step

36th . 86th
© Local load extraction node sequence |
Y
Lt t f
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400 X-direction force 400 Y-direction force
200 1 200
z Z
4 0 =
3 3
K= 2
200 2001
<} s}
= |
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Fig. 13. Finite element model, applied global loads and local loads tffened rectangular plate
structure in shighaped structurdga) finite element model, (b) von Mises strelistribution and (c)
local loads at 10th analysis step.
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Local load extraction node sequence
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Fig. 14. The reference local load archlculated local load ratios of diffened rectangular plate
structure in shigshaped structurga) reference local load (2nd step), (b) applied and apprated

local loads (10th step), (c) error fition of local load (10th ste@nd (d) calculated local load ratios
along the applied loads.
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Fig. 15. Stability evaluation with the second variation of the local strain energy, local load ratios and
selectedcritical local load of a tiffened rectangular plate structure in skipaped (a) second
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load selected from the stability evaluation.
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service load levels and (c) comparison of locablloatios with previous studyi(et al. 2017)
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Fig. 17. Calculationof the safety factoof the Plate No. 1 in a stiffened rectangular plate structure in
ship-shaped structurgy the design formulaf DNV-RP-C201[9].
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4.2 Cylindrical shellstructure with radial bulkheads

Mono-column FPSO floating produdbn storage and offloadifigunit is selected as theecond
example in which snaghrough buckling could occur in offshore structuiég. 20(a) shows a typical
monccolumn FPSQ4Q] in the North Sea. The overall structure includes top and bottom horizontal

circular decks, outer cylinder shell, inner radial belkts, and horizontal stringerfo evaluate

characteristics of the local structural stabjlitye simplify the actual circular FPSO as shown in.Fig
20(b) and20(c).

| Considered | L £
/| shellstrip [l ey T

} Considered

| shellstrip
g W with stringer

Fig. 20. MonocolumnFPSO forNorth Sea field: (a)overview of monocolumn FPSQL(], (b) inner
view of cylindrical shell and radial bulkhead arsimplified model, and (c) inner view of cylindrical

shell and radial bulkhead with horizontal stringeasimplified model.

We make an example corresponding to a represensdtiyesection of the outer shell where spap
through failure can occur firsinder lateral loads as shown in F2d. The area of interest is selected

as theshell plating between two bulkheads as shown in the figure.

The large and small diameters of cylinder are 2.0 m and 1.0 m, respectively. The height and
thicknesses of strigre 0.05 m and 0.01 m, respectively0.05 mx 0.05m mesh of shell finite
elements is usedhereferencgservice)load is defined as 500 N and the applied load is 50,000 N as
hundred times the reference load with a load increment step of 500 Nvolindary conditions are

appliedsomewhere away from the region of interest to aagidid body mdion.
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Fig. 21. Simplified structural strip modedf a o/lindrical shell structure with radial bulkheads

monocolumn FPSO

Four nodeshell elementsreused for the FE model$he material properties tiigh-tensilesteelare
used (yeld stress = 355 MPaYoung 6 s ma&addGPh andP =i sX o n=00s3). Materiali o

nonlinearity & considered aa perfectly plastic stresstrain relationship without stress hardening.

Fig. 22 shows the increase in strain energy of the entire structure and the local structure ofoynterest
the external load increment. The saapugh phenomenon occurs at®KN, after whichthe strain
energyincreass significantly Since the external load acts only on the member to be evaluated, most
of the total strain energy is the strain energthefconsidered local strimtil the snaghrough occurs.

Fig. 23 shows the stia energycompositionof force and moment components. We can see that the

portion oftheforce component is dominant in the local strain energy.

As shown inFig. 24, it is stableuntil the external loadf 9.38 kN since the sign of theecond
variationof thestrainenergy is positiveAlso, after 9.95 kN the local structure becomes stahgmin

Fig. 25 shows themagnitudeof the displacement at the loading point as the external global load
increaseslt can be seen th#tte load point isbruptly dispacedandthere is no significant decrease in
load. Fig. 26 showsthe deformation contoufunit: mm) and truescaled deformed shapdor four
applied load leveld.5 kN, 5 kN, 9.38 kN and 9.59 kN. The first yield stress occuasoad of 5 kN.
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Fig. 27 showsthe displacemernihdex correspondintp thelocalload ratioof the local structuréy the
approximated load metho@’he displacement index is also normalized by digplacemenindex
value at the reference load d®N. The local structuréself is no longer resisted 40.06times the
referencdocal load. Secalled local snajpuckling occurs, so thahe local load is reduced and the
reducedamount ofload is shifted tathe adjacent structuse The localload ratioby norm value
method also be plotted, and the first instability Idoad ratiois 19.76 which is 3.7% higher than the

one by the approximated load method.
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Fig. 22. Strain energy of full and local structural domadrisa ¢/lindrical shell structure ith radial
bulkheads
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Fig. 23. Strain energy composition of force and moment components for local structural draain

cylindrical shell structure with radial bulkheads
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Fig. 25. Applied global load versus displacement on load padta g/lindrical shell structure with
radial bulkheads
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Fig. 26. Xidirectional deformation contoufunit: mm) and truescaled deformed shapes tife
simplified structuralstrip modelin a cylindrical shell structure with radial bulkhead®r the
evaluation of snaghrough behavior. The applied loaaie(a) 0.5 kN, (b) 5 kN, (c) 9.38 kNand (d)
9.59 kN
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Fig. 27. Local loadratio - displacement index curvef a o/lindrical shell structure with radial
bulkheads
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4.3 Horizontally stiffened cylindrical structure with radial bulkheads

In the monecolumn type structure, a stringer structure is designed between the radial bulkhead and
cylindrical shell to resist the external pressure 10A@. use the FE modalith horizontal stringerin
Fig. 20(c) Fig. 28 shows thsimplified model withthe consideredocal stringer area.

B A S
‘;ﬁ*?:#-‘.g’o;%%@ 2
- X ¥
SN SRR p
) ,.'"1’0,/1 et i
SR i

g
]
T SRR At
mpes

ls’ll "I
77

Considered local area

Fig. 28. Simplified stringer model of a horizontally stiffened cylindrical structure with radial
bulkheads in monocolumn FPSO

A stringer of a width of about 0.5 m t®nsideredn the finite element modellhe buckling mode
analysis is performed to apply an initial imperfection. The model geometry is modified to fit the first
mode shape with maximum imperfection of 2.5mm. The main loads are external uniform pressure
loads. The eference(service) load is defined as 1 MPa and the applied load is 100 MPa,
corresponding to 100 times the reference load, with a load increment step of 1 MPa. Because of the
problem of force equilibrium as a whole, the boundary conditions are takeroitb régid body

motion. Four nodeshell elementsireused for the FE model$he material properties dfigh-tensile

steelare used (yeld stress = 355 MPaYyoung 6és ma&a0dAPa,andP o=i s o n=0083). r at i o

Material nonlinearity $ considered as perfectly plastic stresstrain relationship without stress
hardening.
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Fig. 29 shows the strain energy composition of force and moment components. We can see that the

portion oftheforce component is dominant in the local strain energy.

The nonlinear analysis solution is converged within the load of 10.76 MPa, which is 10.76 times the
reference load of 1 MPa as shown in B@. The structure is stable until the global load of 10.76 MPa
because the sign of tilsecond variatioof the stran energy is positivelFig. 31 shows the elastic and
plastic deformations for four applied load levels: 1 MPa, 7 MPa, 10.59 MPa, and 10.76 MPa. The first
yield stress occurs at a load of 7 MPa. This example shows typical material plalsivety failure

because the members directly subject to external loads become fully plastic at critical state.

Fig. 32 shows the maximum locébad ratioof 10.23 times the local load for the approximated load
method in the stable range. In the norm value method, howtbedocaload ratiosteadily increases,

and is ovegstimated compared to the approximated load method after théoadahtioof 9.0.

Fig. 33 shows the local load ratie displacement index curve for both the present and previous
methodg[36], andthe local safety factors are presented in Table 2. The evaluation through local FE
analysis as the previous study shows much higher safety factor as 2.89 times present method because

this problem is very ductile due to material plasticity.

Fig. 34 showsthe local load extractiomumberingsequencdor the stringer structurd-ig. 35 shows

the local load component plots for the critical load and approximated load at critical step. As the
nonlinearity increases, it can be seen that there is a differensednethe critical load and the
approximated load due to the nonlinear behavior, especially in the edge from P13 to P23 which is

directly subject to the external pressure.

Table2. Localsafetyfactors for ahorizontally stiffened cylindrical structusgith radial bulkheads

Direct evaluation through global F Evaluationmethodthrough local FE
analysig(Proposed) analysig(Zi et al. 2017136])

Horizontal stringer 10.22 29.59
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Fig. 31 Elastic and plastic deformations (fitiene scale) of a stiffened cylindrical shell structure with
radial bulkheads. The applied loads are (a) 1 MPa, (b) 7 MPa, (c) 10.5%nP@) 10.76 MPa. The

red color indicates that the element has reached the material yield stress.
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Fig. 32. Local loadratio - displacement index curvef a lorizontally stiffened cylindrical structure

with radial bulkheads
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Fig. 33. Local load ratios of a stiffened cylindrical shell structure with radial bulkheads with previous
study (Zi et al. 2017).
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stiffened cylindrical structure with radial bulkheads
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stepof a horizontally stiffened cylindrical structure with radial bulkheads
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4.4 Bracket girder inthe columrpontoonconnection structure of tension leg

platform

The local brackegirder structure in TLRtension leg platforinhull is selected as the last example,
which has a nottypical geometry not to be applied to the conventional design formula.isTaP
vertically moored floating structure faleepwateras shown in Fig36 [41]. The horizontal poimon
structure is usually connected to the vertical column, which is locally reinforced by a stiffener and a
bracket girdelasshownin Fig. 37. Due to the connectiogeometrybetweencylindrical column and

box type pontoon, irregulahapedracket girder structure is attachaa the connection are8ince it

is difficult to intuitively estimatea typicaldeformed shape and stress distributimalerthe subjected
load, a direct structural response shoulddmalyzedn consideration ofhe global structural stiffness

through the nonlinear finite element analysis

(@) (b) (c)

,,,,,,,,

Part model

Considered local area

Fig. 36. TLP installed in West Africa field: (a) Photo of TLR1], (b) schematic of TLP hull with

column and pontoon structures, and (c) plan view of the bracket girder betwheemand pontoons.
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In thetension leg platfornproblem the part of columrnwith adjacent pontoon structui® considered
as the full domain athefinite elementinalysisas shown in Fig37. The localbracket girdestructure
of interest is the horizontglirregularshapedlate between theylindrical shell plating of the colmn
and thehorizontal girder irthe pontoon. fie zoomed view of thieracket girdeis shownin Fig. 38.

: 'ﬂ""’
= S sl

TLP Column
=S

Stability evaluation
area (range)

TLP Pontoon

Fig. 37. Finite element modeadf a columnpontoon connection structure of tensleg platform

Fig. 38. Finite element model o& bracket girderof interest inthe columnpontoon connection

structure of tension leg platform
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As shown in Fig39, the bracket girdes are located in vertically as a same design detail, laad t
concernedbositionis selected to the vertically medium lewehere thelocal load onbracket girder
boundaryis most generated. The initial imperfection of bracket girdeis assumed to be 3rfdm in
the vertical direction and thegeometryof the finite element model imodified as the lowestlocal
mode shape. In order to prevent the occurrence of unbalance forcexcansigeredarea, boundary
conditions are specified far away from the targetcket girder This tension leg platforrmainly
experienes the external and internal water head pressure because it is installed at calm sea of West
Africa. Therefore,the inner tank and the externahter head pressurare defined ashe global
reference(servicd load To investigate thelesignsafety marginthe structural stability of the local
bracket girderstructureis evaluated by linearly increasing tlyobal referencdéoad on thecolumn
pontoon connection structure

Three anddur nodeshell elementareused for the FE model$he material propertgeof high-tensile

steelare used (yeld stress = 355 MPaYoung és mad@Ph,andP o=i sX o n=00B). r at i o
Material nonlinearity $ considered as perfectly plastic stresstrain relationship without stress
hardening.

Internal tank pressL

External sea pressure

Considered locdbracket girder structure

Fig. 39. Finite element model and applied loads of a bracket girdiweicolumnpontoonconnection
structure of tension leg platform.
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Fig. 40 shows the strain energy composition of force and moment components. We can see that the
portion ofthe force components dominant in the local strain energy. As shown in Eig.it is stable

until the exernal load of 3.5 timeeeference(service)load since the sign of treecond variatiorof

the strain energy is positivEig. 42 shows the elastic and plastic deformations for normalized global
loads of 1.0, 2.0, 3.1, 3.5, 3.8, and 4.0. The first yield occurs at a normalized global load of 2.0 and
most of the area is plastic at a hormalized global load of 4.0. This example sHorestlfait is driven

by combined geometric and material nonlinearities.

At the critical limit state, théracket girdeflange edge is deformed in the lateral direction as shown
in Fig. 43(a). The vertical (zirection) displacement of the pojnat which the maximum
displacement occurss plotted along with the external load as shown in &8fb). In this figure, as
the displacement increases, thdernalload also continues to increase, anis inot known at what

load step the resistancetbé local structure has been reached.

Fig. 44 shows thedcal load extractiomumberingsequenceFig. 45 shows local load component
plots for the critical load and approximated load at critical gisghe nonlinearity increases, it can be
seen that the is a difference between the critical load and the approximated load due to the nonlinear

behavior

From the locaload ratio- displacement index curve, we can find the analysis step with the highest
local load ratioof 3.25 by the approximated load method as shown in4agHowever, from the
result of stability check, the locklad ratioof 3.22 is the stable state limit, which is the representative
critical localload ratio The first instability locaload ratioby norm value method is 3.31 which is 2.8%

higher than the one by the approximated load methfidr the stable state limithé local load ratio

by the norm value method doesnot significantly

approximated méabd.
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Fig. 40. Strain energy composition of force and moment components for local structural doraain of

bracket girder inhe columnpontoonconnection structure of tension leg platform
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Fig. 41. Second variatiof strain energy in local domait a bracket girder irthe columnrpontoon

connection structure of tension leg platform
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Fig. 42. Elastic and plastic deformations (thtime scale) of a bracket girder ine columnpontoon
connection structure of tension leg platform. Applied normalized global loads are (a) 1.0, (b) 2.0, (c)
3.1, (d) 3.5, (e) 3.8, and (f) 4.0. The red color indicates that the element has reached the material yield

stress
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Fig. 43. Deformationof a bracket girder irthe columnApontoonconnection structure of tension leg
platform (a)vertical (z) direction displacement conto(unit: mm)at criticalstateand (b) ertical (z)

directiondisplacemenon point Aunder the various applied loads
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Fig. 44. Local load extractionrnumberingsequenceof a bracket girder inthe columnrpontoon

connection structure of tension leg platform.
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Fig. 45. Local load component plots for the critical load and approximated load at critical step of
bracket girder irthe columnapontoonconnection structure of tension leg platform
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Fig. 46. Local load- displacement index curve afbracket girder inthe columnapontoonconnection

structure of tension leg platform.
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Chapters. Computational efficiency

In this Chapterthe nonlinearanalysisresultsfor the full domain and reduced domakE modelsare
reviewed to validate thereliability and applicability of model reduction methowe then appl the
model reduction method tevaluaing the stability of local structuresfor two numericalexamples.

Finally, we check the computati@fficiencyimprovement.

5.1 Reliability andapplicabilityof model reduction method

In general, théinite elementmodel of theglobal structure has many degrees of freedom, but the local
structure may have a relativaedyfewdegree of freedonin this casein a computational cost point of
view, it is very useful to condensiee stiffnessfor the degrees of freedoexceptthe region of interest
using themodel reductiormethod[42], and proceed tperformthe nonlinearnalysisonly for the
region of interesas shown in Figd7. A condensed stiffness is linear and does not require nonlinear

iterations every time, so tlwmputationatost can be greatly reduced.

The static condensation technique is briefly illustrated in the following derivations. The relationship

between displaceemts and loads is shown as the static equilibrium equation;

é,Kll K QJ@ R

: (20
g<21 K2 .I:'IiJl'z ¥ ﬁalz i

where [K] is the stiffness matrix{U} is the displacement vectof,R} is the load vector, and

their subscripts 1 and 2 denote slave (removed) and master (residgedes of freedomnespectively.

When the formulation fo{U,} can be derived as

%Kle-l]l( o K 22@ } {:K K Fﬁl R k (21
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We can finally derive the stiffness matrigz and load vector{ ﬁ} regarding residualegrees of

freedomof {U,};

gz BngKf'i( 12K+22’ (22a)
{Rp={ K.KR, R} (220)
RS 0 % Y
50 1
a o
Za |
89 i
NS
o ||
G -
.U N IY
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Fig. 47. Schematic ofthe model reduction method with static condensatiofor local structural

stability evaluation
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The analysis results for loawhrrying structures with nonlinear contact and frictional behaviors
between large floating offshore structures are reviewed to validate thelitgliabd applicability of

the model reduction methodhe evaluation ofcontact and friction forces on the interface local
connectionss conductedy performing nonlinear contact analysis considering the local stiffness and

geometry. The method is appliealthe nonlinear behaviors of following interfaces;

Vertical and antpitch/roll support interfaces betwe#re FLNG hull and independent tank,

5

and

Stoppettype sedastening interfaces between cargo and transportation barge.

The proposed analysis methés a superelement method with a static condensation technique. A
superelement is a group of finite elements in which part of the DOF is condensed out. Guyan
reduction £3] can be used for the static condensation. The condensation of a large stiffmiessanat

also be performed very quickly by applying an automated static condensation algaédithm [

Verification of the superelement method using gap elemen%SIG/NASTRAN [37] is performed.

Fig. 48 showsa simple FE model used for verification. Yellow beaans modeled as gap elements.

The DOFsin the stiffness matrix of the lower steel banecondensed to the DOF of the gap elements

on the lower and external sides, denoted as superelement No. 10. Thef D@Ripper steel baxre
condensed to the DOF of the gap elements on the upper and inner sides, denoted as superelement No.
20. A vertical boundary conditiais applied on the lower face of the lower box using a vertical spring

to represent restoring babior in a floating state. The calculated DOF of the full and superelement
models are listed ifrig. 48. Anti-pitch supportaarenamed AP1 and AP2, and vertical suppaits
designated VT1 to VT6, as shown in Fi@. &he loads appliedre gravity and longudinal inertia

load.

Nonlinear analyses of the full FE model and residual gap FE model using superelementarethod
performed. The static and slip friction coefficient applied.2. The convergence criteria applérd

EPSP = 1E3 (error tolerance for load criterion) and EPSW =5LError tolerance for work criterion).
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Residual Superelement 10 Superelement 20
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1,596 (original) 144 (original)
144
72 (condensed) 72 (condensed)

Fig. 48. Simple FE model for nonlineauperelemeranalysis verification
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Fig. 50 shows that the result of the condensed FE analysis using superefestieot! coincides with
the one from full FE analysis. The direction of contact force is in line with that of the gap element.
Friction (I) and (Il) forces are in two orthogonal directions of contact force. In this analysis, nonlinear
large displacement efttsare not considered. Considering the nonlinear large displacement effects,
the resultanbe different according to the rotational displacement level of the upper steel box. It is
noted that the proposed procedure is only valid in the case thatatieereotational displacement of

the independent object is small.

() (b) ()

12 0.6 0.6
AP2 # Condensed # Condensed
1 ] 0.4 0.4
VTS VT6 CIFull AP2 CIFull
038 LiCH 0.2 0.2 -
Vs @ AP1 AP2 AP1
0.6 0 —a—. 0 —3—8-8 ... —
vriviz @ L 5 @ VT1 VT2 VT3 VT4 VTS VT6
0.4 . -0.2 -0.2
VT1 VT2 yT3
4 Condensed VT4 VT5 VTE
0.2 04 0.4
AP1 COFull
0 —@ 0.6 0.6

Fig. 50. Normalized contact and friction force comparison betweerHiHImodel and condensdtE
model using the proposetiperelement method (static and slip friction coefficient = 0.2, convergence
criteria: EPSP= 1ET 3 andEPSW= 1EI1 5); (a) contact force, (b) friction(i) force, and (c) friction(ii)

force
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APPLICATION I: FLNG INDEPENDENT CARGO TANK

Membrane type CCS (Cargo Containment System) for LNG (Liquefied Natural Gas) storage is widely
used in LNG carriers and FLNG (Floating Liquefied Natural Gas) projects. The sloshing impact
pressure is one of most critical design loads for the CCS, and straicyural issues induced by the
sloshing still remain to the present. To reduce sloshing related issues, another type of CCS which
names as independent type B prismatic tank system is being tried for application to FLNG in a FEED
(FrontEnd Engineering ahDesign) project. From a structural safety point of view, independent tank
supports are critical areas because they aredaagting members; so the reliable evaluation of the

structural strength of the tank supports is required.

Classification Societis B5-48] have proposed applicable evaluation procedures in consideration of
the use of friction coefficients with nonlinear contact behaviors of interface areas of the supports. Fig.
51(a)shows the example of cargo tank supports for vertical anddiintihe vertical and angpitch
supports are generally arranged on inner bottom of the hull, antbHrsipports are arranged along

the tank centerline at the top and bottom of the hull. Contact and friction forces act on interface areas
between the tdnand hull where the tank contacts the supports, as showndrbE{fy) and51(c). In

this support configuration, the characteristics of the frictional behavior of their contact, including the

initial gap on supports and static dead loads, result inoamplex effects on the support structures.
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In this study, a twaow independent tank type FLNIS considered for evaluation of tank supports.
From the hydrodynamic analysis, the hydrodynamic pressure and inertia load RAOs (Response
Amplitude Operatorsyre generated. Figh2 shows the generated hydrodynamic pressure RAO on the
internal tank and external surface at a certain wave frequency. For the hydrodynamic load generation,
a representative sea state of the Piefdoskowitz wave spectrum (significant wave height of 5 m

ard peak period of 10.5 $3 selected, which corresponds to a-§6@r return period maximum level

in SoutheasAsia gas fields. The irregular hydrodynamic pressure and inertia loads are generated by
superposition of regular load RAOs,aktime instantsduring 300 s, with intervals of 0.5 s only for

the applicability check of the proposed method.

Fig. 52. Hydrodynamic and internal tank press&a0O (LNG tank fully-loaded condition, quartering
sea, ¥= 0.398)

Table 3 Stiffness matrix sizes (degrees of freedom) of full and superelement models for FLNG

independent cargo tank.

Full FE modeldegrees of freedom
(gap element, LNG tank, and hull

2,729,646

Superelement modédegrees of freedom

Residual Superelement 10 Superelement 20
(gap element) (starboard LNG tank (hull)
94,014(original) 2,635,637 original)
1,728
864 (condensed) 864 (condensed)
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The DOF in the stiffness matrix of the starboard tardcondensed to the DOF of the gap elements

on the tank side, whiclis denoted as superelement No. 10. The other adjacent hull striscture
condensed to the DOF of the gap elements on the hull side, whidanoted as superelement No. 20.
The loads generatl are condensed to the DOF of both end nodes of the gap elements in the same
manner used for the stiffness matrix. The solving of the residual gap eleimgreggformed with
condensed stiffness matrices and local loads. The calculated DOF of the f&lipemdlement models

are listed in Tabl&; those of the full matribare about 2.7 million. On the other hand, after applying

the condensation technique, the matrix sizéramatically reduced to 864.

The static and slip friction coefficient applied 0.2, and the stiffness of gap elements
appropriately estimated to represent the stiffness of the inserted wood and local steel support structure.
It is noted that the values applied for the coefficients and stiffresselected as appropriate fhet
feasibility check of the proposed procedure.

Figs. 53 and 54 show the critical support locations where the highest contact forces occur. All the
critical support locationsare at corners, in the case thia¢ stiffness o#ll the supportsre the same

In an actual design, stiffness optimization is required according to the location of each supgort. Fig
55to 58 show the normal contact force distributions, which are the maximum values during 300 s of

simulation.
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Fig. 55 Maximum vertical contact forces on vertical support (static and slip friction coefficient = 0.2,
convergence r i t er i a: at@HPBPW== 1EE35)

Fig. 56. Maximum transverse contact forces on lower -aoiti support (static and slip friction
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Fig. 57. Maximum transverse contact forces on upper-w@iiti support (static and slip friction
coefficient = 0.2, commdEP&Nnce LETH)eria: EPSP =
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Fig. 58. Maximum longitudinal contact forces on apttch support (static and slip friction déeient
= 0.2, ConvergencendeP&Wexi RET EPSP = 1ET 3
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The effects of the sensitivity of friction coefficient values between zero and 0.2 on the resultant
contact forcesare compared. Tabld shows the top three maximum values among thecHigel
support locations in F&g53 and54, during 300 s of simulation. The contact forces assuming friction
(coefficient = 0.2) are smaller than when there is no friction, and the aatidsom 89.77 to 98.8%0

for vertical and upper antoll support. In case of angitch support, the two supports considered
show different tendencies. Artitch support (Il) shows very large differences compared tepitoh
support (). The maximum contact forces with fioctire smaller than the ones with no friction, and
the ratiosare very low (2.69to 26.75%) for antpitch support (ll). The reason is that adjacent
vertical supports in the lower hull neymmetrically resist longitudinal inertia loads as substantial
friction, when friction is considered. i6 found that adequate friction has to be considered in the
nonlinear analysis to obtain reliable contact forces on thepdok supports.

Table 4 Contact forces and their ratios on tank supports: friceensitivity check for friction
coefficients of zero and 0.2.

Eriction Vertical support Upper antiroll support
coefficient 1st Max 2nd Max  3rd Max 1st Max  2nd Max  3rd Max
Zero 1.0000 0.9390 0.8957 1.0000 0.8624 0.7567
0.2 0.9869 0.9220 0.8850 0.9407 0.7842 0.6792
0.2/ Zero 98.69% 98.19% 98.80% 94.07% 90.93%  89.77%

Friction Anti-pitch support (1) Anti-pitch support (Il)
coeficient 1st Max 2nd Max  3rd Max Ist Max  2nd Max  3rd Max
Zero 1.0000 0.8325 0.6903 1.0000 0.8647 0.7855
0.2 1.0258 0.9892 0.8229 0.2675 0.1745 0.1704
0.2/ Zero 102.58% 118.83% 119.20% 26.75% 20.19% 21.69%

Note
1) Force is normalized by each 1st maximum valudriotion coefficientof zero
2) Convergence criteria EPSP amdERPEW3 = 1ET 5
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APPLICATION II: OFFSHORE DRY TRANSPORTATION

Recently, large offshore structures are frequently transported while loaded on transportation barges
(i.e., dry transportation). Compared with wet towing, the load applied to the cargo structure is smaller
because it does ndirectly encounter wave loads. In terms of transportation cost, it is advantageous
because the transportation period is relatively short due to faster towing speed, compared to wet
towing. To secure the cargo structure during dry transportatioffaseging designs should be
considered. Conventionally, an offshore jacket or topside platform structure is ofteargiyorted.

The design of sefastening can be conducted by hand calculation or spread sheet because of the
simple point contacts between tharhed cargo structure and the barge. However, in recent years,
plated structures such as FPU (floating production unit), cylindrical FPSO (floating production
storage and offloading), and Spar hull are also beingrdnsported. Because of the surfacetacin
between the plated cargo structure and the transportation barge, the frittieeen them should
definitely be considered in the skestening design. Friction force depends on the global and local
structural deformation of the contact areas. firiual contact and frictional behaviors of a complex
plated structure cannot be determined using simple calculations, but can be evaluated by performing

nonlinear FE analysis.

An offshore dry transportation analyss performed as a second applicationthis section Fig. 59
shows the FE model of dry transportation. The model iscudargo structure, weddgpe large
auxiliary structures, cribbing wood, and the transportation barge6&ighows the detailed view of

the gap elements, longitudinal at@dnsverse stoppers for two representative areas. The analysis
consiss of two similar load cases that includgatic gravity, hydrodynamic inertia load, and external
pressures. Fig1 shows the deformed shape of fship nonlinear FE analysis, consiaeyihorizontal
contact behavior with gap elements, for a specific load case. Theisargerhung in the longitudinal
direction. Itis expected that longitudinal frictiaa considerable from the deformed shape; however,
the vertical cribbing woods not epected to be slip, and was linearly modeled. This is because the
applied horizontal inertia load of the overall caigdess than the overall horizontal friction in this

study.
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Fig. 59. Overall FE model of dry transportation
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Fig.60. Detailed view of sedastening stopper and gap elements between cargo and transportation
barge (a) plated structure and (b) vertical columns
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Fig.61. Deformed shape of dry transportation model for loask 2

The superelement analysis performed in the same manner as for the FLNG independent tank
support. Gap elements on the horizontal stopgrerassigned residual DOF and all the other elements
of cargo, auxiliary, and barge structur@e consideed to remove DOF. The sizes of the matrices

considered (for DOF) of a full FE model and reduced model, are shown in5Table

Table 5. Stiffness matrix sizes (degrees of freedom) of full and superelement models for dry

transportation

Full FE model
(gap element, cargo, and barge)

3,067,356

Superelement model

Residual Superelement 10
(gapelemeny (cargo and barge)

3,067,356 (original)

1,968
1,968 (condensed)
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The validity of the proposed superelement analigschecked as shown in TalleThe static and slip
friction coefficient applieds 0.2, and the stiffness of gap elemesrts appropriately estimated to
represent the stiffness of the local steel stopper structure. The maximum contacireocaapared

with the ones from full FE ahgsis for two load cases. The largest difference in the contact ftewces

just 2.63E6, i.e., nearly negligible, at a longitudinal stopper. A comparison of computing time is
shown in Tabler. The processor of the computer used was a Genuinelntel / 1699 TWElZull FE
analysis of 3.1 million of DOF for the two load cases studied, required 13.67 h. However, the
superelement analysis for968 DOF requirg only 43 s. Prior to this, prprocessing time of 7.25
hoursis required for stiffness and load conddiusa If a large number of load casae considered to

obtain load responses against fatigue load time history, the efficiency of the proposed calculation

approactwill be very high compared to full FE analysis.

Table 6. Comparison of maximum contadbrces @ full and superelement analgsfor dry

transportation
Load Case Location Full FE * Superelement * Difference ratio
Longitudinal stopper 1.0 1.0 0
' Transverse stopper 1.0 1.00000263 2.63E6
Longitudinal stopper 1.0 1.0 0
? Transversetopper 1.0 1.0 0
Note

1) * Contact force is normalized by each falt analysis result
2) Static and slip friction coefficient 0.2
3) Convergence criteridEPSP=1E3 andEPSW=1Eb5

Table 7. Comparison of computing time of full and superelemeohlinear analysisfor dry

transportation
Full FE Superelement
lterative solving Static condensation Iterative solving
13.67hours 7.25 hours 43 seconds
Note

1) System GENUINEINTEL /1699MHZ / RAM 62GB
2) Platform: INTEL LINUX 2.6.16.600.21

3) Static and slip friction coefficient 0.2

4) Convergence criteritEEPSP=1E3 andEPSW=1E5
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The accuracy and computing cost of the proposed superelement analysis method were investigated for
use in time consuming analysiBy applying the model reductionathod, we confirmed that the

contact behavior and the friction effeatrewell-reflected.

In the FLNG independent cargo tank support analysis case, the sensitivity of the friction effect of
supports was investigated. If frictiovasconsidered (friction coefficient = 0.2), the maximum contact
forces decreaskto about onequarter or ondifth of the ones for no friction case, for a certain anti
pitch support. The friction at the contact interface seriously affiegbe magnitude ofantact force
according to the support location. Therefore, adequate frictionohlae considered to obtain reliable

contact forces on the independent tank supports.

In the case of contact force, accuragds guaranteed with 2.63& of error ratio, whictwas observed

in the dry transportation load cases considered. Superelement acalydigeliably be considered to

reflect both global and local behaviors. The full FE analysis considered millions of DOF while
superelement analysis considered only thndsaf DOF. In terms of calculation efficiency, full ship

FE analysis required 13.67 h and superelement analysis required only 43 s, aside from the static

condensation work.

In the nonlinear large displacement problem, the accuracy of nonlinear casgalts rmight be
reduced because the condensed stiffness maasnot updated along with the variation of stiffness
induced by geometric nonlinearity. The reswls valid for the calculation of small displacement

problems.

Many load cases needto beconsidered during structural design. Occasionally, full ship FE analyses
were required to evaluate the global structural strength. When repeated anedysesquired due to
design changes during actual offshore project design development, nonlinednigfudinalysisvas

not applicable. From this study, however, it was found that the proposed superelement analysis with
static condensatiomwas quite applicable for a particular nonlinear contact propland hd the

advantage of short calculation time.
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5.2 Comparisons with reducetbmainanalyses

In this section, the structural stabilityagaluatedy the reduced model analysis for the two examples

in Chapter 4and compared with the results of the full domain analysis

5.2.1 Horizontally stiffenectylindrical structure with radial bulkheads

We evaluate the structural stabillty applying the model reduction methddr the local stringer part
consideredn section 43. Two cases are evaluated for different ranges of nonlinear analysis. The one
is the stringer region of interest, and the other is the extended range of the stringer with adjacent
bulkheads in order to improve the accuracy of the analysis result. The stiffness of all other areas
except the selected area is condensed. The model redoetbnd uses both the stiffness of the part

of interest and the condensed stiffness of the other part.

The structural stability is also evaluated by applying linear increment of initial prescribed
displacement, which is commonly applied in previous s&fi5, 3§. The prescribed displacement
analysis method uses only a stiffness of the part of interest. In this way, the results of the model
reduction and prescribed displacement cases are compared with the full domain analyisis in

section.

As shown inFig. 62, the nonlinear analysis is performed only for the stringer region of interst
the modelreductionof the other region. In addition, the analysis performed by incrementing
prescribed displacemeat the initial reference load dpgation. Fig.63 shows theextended nonlinear

analysisdomainwith theextendednodel reduction
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Fig. 62. Nonlinear analysis domain of a stringer of a horizontally stiffened cylindrical structure with
radial bulkheads for model reductiand prescribed displacement analysis.

Stability evaluation
area (range)

Fig. 63. Nonlinear analysis domain of the extended stringer of a horizontally stiffened cylindrical
structure with radial bulkheads fextendednodel reduction.

The secondariationsof the local strain energiefor model reduction, extended model reduction and
prescribed displacement casae plottedin Figs. 64 to 66. The stability limit is determined by the
sign ofthe secondariation of the local strain energyFig. 67 shows local load ratie displacement
index curve for full model analysisjodel reductioranalysisand prescribed displacement analysis
the approximated load methdeigs. 68to 70 show the local load component plots for theicaitload
and approximated load at critical step local structures for model reduction, extended model
reduction and prescribed displacement cabBleslocal safety factorare listed in Tabl& and Fig.71.
Considering the result of full model analysis a reference value, the erromwddel reductiomesult

is calculated as 8%, but in the case of extendedel reductionit is reduced t63%. The error of

prescribed displacement analysis resutiailculated ag6%.
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Fig. 72 shows bcal load componemdlots for the critical load and approximated load at critical step
for all analyses. Tabl@ and Fig.73 show the standard errors of the local load distributions compared
to the one of the full model analysis. The smallest value is 42 kN which is tliaustaerror of the
extended model reduction result at maximum local load ratiother words, it can be said that the
localload distributiorof the extended model reduction c&smost similar to fullmodelanalysis The
prescribedlisplacemenanalysisshows large error valuas 195 kNWhen we onsiderthe computing
cost, theextended model reduction casdahe best way to represent the Ideald distributionamong

the reduced domain analysis cases
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Fig. 64. Second variatiorof strain energy irlocal domainof a torizontally stiffened cylindrical
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Fig. 67. Local load ratia’ displacement index curvef a torizontally stiffened cylindrical structure

with radial bulkhead$or all analysis cases
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Fig. 70. Local load component plots for the critical load and approximated load at criticalfsep

horizontally stiffened cylindrical structure with radial bulkhe&aisprescribed displacement case
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