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ABSTRACT

Considerations on dynamic effects in non-linear analyses of jacket type structures are made.

The following issues are discussed:

¢ Current design practise for dynamic ana lysis of fixed offshore structures

« Dynamic effects in non-linear pushover analyses

Recommendations are given as to how dynamic effects should be taken into consideration in non-
linear collapse analyses of jacket type structures.
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I INTRODUCTION

The purpose of this report is 1o give some background for and guidance on how o take dynamic
effects into consideration in non-linear analyses.

The report is prepared as part of the Ultiguide Phase 2 project and the recommendations are
intended for inclusion in the Ultiguide document.

2 CURRENT DESIGN PRACTISE FOR DYNAMIC EFFECTS ON
OFFSHORE STRUCTURES

2.1 General

In this Chapter the commonly used approaches for takin £ dynamic effects into account in the
analysis of offshore structures, are reviewed.

According to APIRP2A /1/ (Ttem 2.3.1¢ 7) time history methods of dynamic analysis are preferred
for predicting the extreme wave response of template platforms, minimum structures and guved
towers because these structures are generally drag force dominated.

Also according to APIRP2A (Item 2.3.1¢ 7) frequency domain methods may be used for extreme
wave response analysis to caiculate the dynamic amplification factor 1o combine with the static
load, provided the linearisation of the drag force can be justified.
ISO /2/ (Hem 6.9.12.2) states for platforms with natural periods larger than 2 seconds. structural
dynumic response may influence collapse due to environmental overloadin g. Dynamic non-linear
structural analysis may be performed in the following manner:
¢ Full structural dynamic non-linear analysis in which the dynamic structural collapse as result
of environmental overloading is simulated in time:
= Pseudo-dynamic analysis, in which static non-linear analysis procedures are used In
combination with the environmental load set augmented with an inertial component. The
inertial component of the environmental load set may be derived consistent with defined
procedures (ISG /2/6.9.7.6).
According to ISO /2/ (Item 6.9.7.6.4) time-history methods using random waves are preferred.
Frequency domain methods may be used for the global dynamic analysis, provided the linearization
of the force, inundation effects, and structure/foundation response can be justifiad,
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2.2 Quasi static single degree of freedom (SDOF) systems
A commonly used simple approach for taking dynamic effects into account is to calculate a
dynamic amplification factor (DAF) hased on a single degree of freedom (SDOF) systen.
This approach is as follows:
s A d}fnamlc analysis computer model is prepared based on the same mode] a used for the st atic
analysis, ie. mass model, representative Tinear springs for the foundation.

¢ The natural pé,mc}dx are determined through an eigenvalue analysis,
¢ The dynamic amplification factors are calculated from equation: {2.1}

DAF =~ ! (2.
VI=pf vy
where = frequency ratio =7, / T,
: 7. = natural period
1, = natural period

&=

= damping ratio, typically 2% of critical damping

¢ The calculated d\ermrz}za amplification factor is then applied as a global foad facior in a quasi-
static analysis.

This simple approach is normally used only if the dynamic sensitivity to the considered loading is
of miner importance for the structural response, typicaily for structures with natural periods slightly
above 3 seconds when considering wave loads in the ultimate limit siate.

it should however be pointed out that the dynamic effects are not onl y governed by the wave period
and eigenperiod. The magnitude of dynamic amplifications is also dependent on the structural
arrangement/configuration. E.g. a complex or wide structure will experience different global wave
foading than a narrow or column-type structure, as illustrated in Fi gure 2-1.

Figure 2-1 “Distributed” vs “lumped” structural configuration with respect to wave loading,

Refuronce 1o parnt of this report which may lead 1o misinterprstation s ot permissible
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Also the global behaviour of the structure should be considered before usin ¢ a simplified SDOF
approach. For a structural configuration where a brittle type of failure mode may be anticipated, a
precise assessment of the dynamic amplification is more important than for a system with a more
ductile structural configuration, see Figure 2-2.
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DAF important DIAF tess smportant

Figure 2-2 Global load-deformation curve: Brittle vs ductile stractural behaviour

if the collapse behaviour is brittle, then system collapse will typically coincide with first component
failure (first member failure/buckling). Non-linearities before first member buckling wiil be small
(negligible on a global level) and the structure will for all practical purposes be linear untif collapse.

For a system with a ductile behaviour the increased damping in the non-linear range wili reduce the
dynamic amnplification. Hence, a DAF caiculated on a linear system will then typically overestimate
the real dynamic amplification.

The wave periods used in this approach are simply the periods of the regular design waves for the
ultimate limit state for the different loading directions. It should be kept in mind that it is generally
not known which single wave that gives max response. E.g. for system with litle damping, say 2%
of critical damping (i.e. typical jacket), the DAF at resongnce is 25, see

(g

Figure 2-3. Hence, even small waves may give significant structural Tesponse,

ir

5 Dynamic amplification factor at damping £ = 2% of eritical damping.
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2.3 Frequency domain linear dynamic analysis
Frequency domain methods may be used for the global dynamic analysis, The frequency domain
approach is a linear approach. Using this approach requires that the linearisation of the drag force,
inundation effects, and structure/foundation response can be justified.
Dynamic amplification factors may be established as the ratio between the response obtained from a
dynamic and a quasi-static frequency domain linear anal ¥8is for selected response quantities.
Dynamic amplification factors may typicaliy be established for the following response quantities:

« Base shear

e Over-turning moment

# Shear at each plan bracing level

¢ Deck displacement
The linear wave theory does not account for the fluctuation of the water surface due to the passage
of the wave, and is strictly applicable only up to the still water level, since the members in the
surface zone have varying degree of submergence durin g a wave cycele. To account for the surface
zone effects the response may be obtained from a quasi-static analysis using regular waves and
amplified with the DAF’s obtained from the frequency domain linear dynamic analysis approach,
Alternatively to using dynamic amplification factors, the dynamic effects may be accounted for by
establishing an inertia load case. The inertial component of the environmental load may he derived
consistent with procedures discussed in e.g. AP RP-2A.

2.4 Dynamic amplification factors obtained from time domain non-linear
dynamic analysis
A more advanced approach for esitmating the dynamic amplification factors i by a non-linear time
domain stochastic approach. This approach comprise the following steps execuied sequentially:

L. A dynamic analysis computer model is prepared based on the same model a used for the siatic
analvsis (mass model).
Time series of rregular waves and corresponding water particle kinematics are simulated.
Hydredynamic force time series are calculated on the basis of the simulated water particle
kinematics. '
Response time series are caleulated by time-step integration of the equation of motios of the
strisctural system.
5. The statistical properties of the simulated response sample are analvsed.
6. The dynamic amplification factors 10 be applied in subsequent quasi-static analysis are

e P

evaluated,
patively 1o using ¢ he accounied for by
establishing an mertia ioad

consistent with procedures discussed in e.g. API BP

vnarmic amplification factors, the

T P s gita ey b e ey e
se, The inertial comne

i
ing environmenial load

may be derived

¥

2

It should be noted that step 3 and 4 are linked, since the hydrodynamic loading depends on the
structural response velocity and acceleration.
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Both quasi-static and dynamic response analysis of the structure needs 16 he performed, in order to
identfy the dynamic amplifications of the strociural responses. The same time series for the water
particle Kinematics is applied to both analyses.
The analysis is tvpically fimited to one extreme sea siate and one foading direction. The dynamic
amplification factors derived for different response quantities of the structure are then used also for
the other loading directions and extreme loading conditions in a standard quasi-static design wave
analysis. It should be kept in mind that this may not necessarily be correct for other conditions.
Dynamic amplification factors may typically be established for the following response quantities:

¢ Base shear

e Over-turning momeni

@ Shear at each plane bracing level

s Deck displacement
For the ultimate limit state (ULS) condition the definition of the DAF may be given as:

extreme dynamic response - mean dynamic response (Z.1)

'DAF =
eXtreme quasistalic response - mean quasistatic response
- }Eaf"n--“::';z {2‘2}
or: DAF = —2
4 AR - TRE
where X, . is the most probable dynamic maxinum response and X onsimax 15 the most probable
quasi-static maximum response,
In the cases where more than one simulation sample is applied for estimating the most probable
maximum, then DAF is calculaied as:
(2.3

where ff[ } denotes the expected or the mean values.

The extreme response is defined as the most probable largest response in a stationary exireme sea

state of a given duration. Typically the extreme sea state is defined as sea stale with 100-vear return
eriod for the significant wave height and the mean zero-crossing period. Formally the extreme

response could be estimated directly from a set of simulated samples by applying standard extreme

3
g i g 24y S - : 00
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The three-parameter Wetbull distribution is typically used:

{(2.4)

Folxi=i-e - °

The distribution parameters @ (scale parameter), 4 ¢ shape parameter) and ) {location parameter)
are establish by the method of moments (o the observed data. The set of maxima is exiracted from
the time series by a level-crossing algorithm, which selects the fargest maximum between each up-
crossing and down-crossing through the mean response level.

The distribution for the largest maxima in a storm with a duration z is derived from the distribution
of the set of maxima as

Fy (a)={Fy(x}) (2.5}

where £y {x) is given in the eguation above, and ¥ . is number of maxima in the storm,

. : . on,
estimated as N, = o
}’_V'-:,I}?i
T = storm duration

sample length
aumber of maxima in the simulated sampie

f

il

It

€I

The statistical properties for Fy (xj may be obtained by Monte Carlo simulation.

2.5 Time domain ron-linear dynamic analysis

For a full time domain non-linear dynamic analysis, without the need of establishing dynamic
amplification factors to be applied in separate quasi-static analvses, the approach described in
Section 2.4 may be extended to include all loading directions and relevant extreme conditions,

fead {0 nusirterpretation is oot permissibic
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3 DYNAMIC EFFECTS IN NON-LINEAR PUSHOVER ANALYSES

3.1 Characterisation of structural behaviour
The residual strengih ratio, o is a measure of the structure’s resilience once the deformations
exceed those corresponding to the static ultimate strength. Refl, Figure 3-1. The limiting

&H{f{fif‘;

Fato, tgy 1s & measure of the excess plastic deformation that the structure can w ithstand bevond

that corresponding to its static ultimate strength.

The failure mechanism in the post-ultimate regime can now be ca wtegorised as either

1. ductile: @ > 0.9 AND [y, >> |
2. brittle: @ < 0.7 OR plue = |
3. semi-ductile: 0.7<a<0.9  AND Wy > |

In a static analysis, equilibrium cannot be achieved if the load factor is increased beyond }“”{ . and

the deformations in the struciure become unbounded. However, achi ieving a dynamic
possible. The possibility of rcs;simg peak environmental forces larger than the static uitimate

equilibrinm is

capacity is improved if the mass is large (increased inertial resistance), How ever, the structure must

fave the ductility required to accelerate the mass and mobilise the inertia resistance.
becomes a question of how much deformation can be tolerated without detrimental effects on
structural capacity or to ensure that the platform remains operable.

&
ukt Static ultimate sirength Xp{)&:l
fus AAAAAA S
Wit
! A
~ post L j '
L A o
; Post-ultimate sirength i Limiting ductility
: N
i , o i
5 Homax éz
-/ ; .
H
/
H H
53 a

Dieck deformation

Figure 3-1Typical static response characteristics
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3.2 Dynamic collapse behaviour of fixed offshore structures

‘The dynamie equilibrium of a structure can be expressed as

(3.

Fny+F )+ F (n) = F
where F.(1) 1s the vector of static structural and foundation restoring forces, F4t)is the damping
forces, Fift) s the inertia forces and Fof tj is the external forces.
ftis evident from equation (3.1} that the ultimate dynamic capacity of a system can be farger than
the maximurm static resistance due 1o the contributions from inertia F4#) and damping Fg1). On the
other hand, dynamic resonance effects can contribute to increase the loadin g on the struciure
{dynamic amplification}.
Stewart (1992 have presented results from dynamic collapse analyses of full jacket model
3-2 shows the static response of the platform. 1t is noted that the platform has a near perfe
performance, with the ultimate capacity reached at a displacement of =0.7 m.

$. Figure
ot plastic

For the difﬁamic analyses, the load history was calculated for three wave periods and linearly
ramped over the first two cycles o provide a start-up condition for the extreme wave, Figure 3-]
This force history was then normalised such that its peak value matched that corresponding to static
coliapse. Thereafter, the loading profile was scaled up and stepped through the structure at
successively larger intensities. The platform was deemed to be inoperable if the permanent mudline
rotation exceeded 1 degree, corresponding to a deck displacement of 3.5 m.

Applied OTM!static ulimale resistance

| Wave perind ~ 172 secs

L8 ; H
| Currant = 5.8 misec | iﬁi
a
H
i
5 ;\ i
&5 f : H
/o [
i { \
o~ /A
I =

Figure 3-1 Normalised force history with linear rainping
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Figure 3-2 Platform static response Figure 3-3 Platform non-linear dynamic
response

Selected results from the dynamic analyses, representing the passage of one extreme wave, are
shown in Figure 3-3. It can be seen that the peak of the time dependent foad history may be
increased by about 20 % above that causing static collapse before the deformations exceed the
available ductility,

By adjusting the foundation characteristics, the static response curve of the system was changed to
that shown in Figure 3-4. This system was then used to investi gate the dynamic collapse behaviour
of semi-ductile systems. The system has a restdual strength factor @ equal to 0.8. The results of the
dynamic analysis are presented in Figure 3-5 for the passage of one extreme wave. The dynamic
overload required to reach a deck displacement of 3.5 m is now oni y 7 % instead of o the 20 % that
could be accommedated if the system were ductile. This ilfustrates the detrimental effect on
dynamic capacity if svstem strength deterioration oceurs in the post-ultimate-stren gth regime.

|
i
85 i
-
Applisd OTM/static uifimate resistance EZ . |
o ;
f 5 \;\
.
Ductifity Gt = s  na
- /’“ . E g . J/ ¢ 08
: & Z S
5 ;o 3 #

/
4/
g
il’eck'mw%‘;ﬁcema ©
Figure 3-4 Static response of semi-brittie Figure 3-5 Dynamic response of semi-
sysiem brittie system
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Schinucker (1994, 1996) has presented further resuits for both ductile and semi-brittle structural
behaviour.
Figure 3-6 compares static and dynamic analyses of a Guif of Mexico jacket. The static capacity is
associated with a wave height of 50 ft. The figure illustrates that the structure is able to withstand
larger waves when dynamic behaviour is included, but at the expense of increased global
deformations,
Figure 3-7 compares static and dynamic results for another GoM jacket. The fuil line shows the
static behavoiur. The diamond marks indicate the peak-load/corresponding-deformation from
dynarnic analyses at different load intensities. The “+" signs show the results from sirnpiified
single-degree-of-freedom analyses. It is worth noting that the dynamic effects in this case leads to
increased global deformations compared to the static case, even at load levels below the static
ultimate capacity.
Figure 3-8 shows the dynamic “overload” as function of loading rate and structural ductitity. The
horisontal axis shows the ratio between wave period, 74 and structures lowest e gen period, 70 The
vertical axis shows the ductility ratio, 11, defined as the ratio between the deformation at ultimate
dynarnic capacity, and the deformation at the ultimate capacity of a static analysis. For a svstem
with a given ductility limit and a given loading rate, the diagram indicates the dynamic overload
that can be sustained. Alternatively, the diagram indicates the increase in deformation ( beyvond that
of a static analysis) for a structure exposed to a given dynamic overtoad, F,, and a given loading
rate. *
It 1s again worth noting that dynamic effects lead to increased deformations even at load levels
below the static ultimate capacity. For low tyT-ratios (<0.5), the static ultimate capacity (F, = 1} is
only reached after twice the deformations of the static system (1=2). On the other hand, a structure
/ith a ductility “capacity” of 4 will have a dynamic capacity of 1.15 times the static capacity
{for t#7 less than 4).

. ] 6000 ¢ . - = ‘ '
) ‘~—“_;-‘-\:__ {l Static Overlead Ratia
. ~. . £ n
i R s LS S
; ; i e} o
[ A : et P {
. : P
; .
;o 2 |
P g & [
1A ef b6
: Static [ Mon-lnear Stase —— f42
}i; = ;2 - < ; -0 Dvognic © i
. R % SDOF Drynaemic
Ha g e o & R )
Hefs —— f
Hws? - : /
] ¢
i 2 34 s g ¢ 3 L
- Kmax (i1

Deck E}ég{;i;mm::m {ft
Figure 3.7 Static and dynamic analvses of

Figure 3-6 Static and dynamic analyses of
example sysiem

exampie siructure
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Figure 3-9 Dynamic performance of
semi-ductile sysiems.
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Figure 3-8 Dynamic performance of
ductife systems

Figure 3-8 indicates the ultimate dynamic performance of elastic-perfectly plastic systems.
Figure 3-9 gives the same information for semi-brittle sysiems, i.e. systems that have post-ultimate
strength less than the ultimate capacity. Again, the loading rate is shown on the horisontal axis
{t/T) and the ductility ratio @ is shown on the vertical axis.

Figure 3-9 illustrates the resulis for a single-degree-of-freedom syster with varving amounts of
residual capacity (=07, 0.8, 0.9, 1.0). The static behaviour is shown in Figure 3-10. The sysiem
is subjected to a squared sinusoidal load profile with Fy = 1.0, shown in Figure 3-11. The vield
plateau or “ultimate strength persistence’ in Figure 3-10 is taken o be zero.

We observe from Figure 3-9 that the ductifites for semi-brittle systems are very sensitive to the
residual capacity. For successively smailer o s the ductility required 1o sustain the static uitimate
load ncreases with successively larger amounts. The dynamic effecis in this case are responsible
for “kicking” the system into the post-ultimate region, where the systern does not retain full ultimate
capacity but drops off to a residual level.

AEPLIEE LOAR S UL YTMATE CAFATITY {Fay

Figure 3-11 Squared sinuseidal loading

Figure 318 Semi-brittle P-4 charasteristics
nrofile.
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3.3 Single-degree of freedom analyses
Schmucker (1994, 1996) has made extensive use of single-degree-of-freedorm analvses to evaluate
the dynamic effects on collapse behaviour,

The SDOF model is created from the 3D static pushover characteristics and 2 linear ef genvalue

analysis of the 3D model. The force-deformation characteristics of the SDOF spring are obtained

from the static pushover results, as an ‘envelope’ to any local peaks and valleys in the detailed P-8

behaviour,

The SDOF mass is estimated from the relationship between the natural period and the spring-mass
-

o mo _ . - T . .
combination: T = 2;’5{-; . The fundamental period of free vibration is determined from a linear
eigen-value analysis of the 3D model. The initial stiffness is estimated from the 3D -8

)

k. This mass contrasts with the
dn°

actuai deck mass and the total mass of the structure above the mudline. However, usin g this imass
the SDOF model is approximately preserving the ratio of “first mode of vibration mass” to the “first
mode of vibration stiffness” {(Schmucker, 1996).

characteristics. The SDOF mass is then determined by m =

2500 ; B — : : )
3.3 Static Pushover — |
z o i SDOF "Envelope” —— |
2, t 3 ; i
& £ 2000 Iy S ]
PR
3 ;;T/ /4 Fu= 2078 ¥ips |
% A ’ Foa=1571kips |
oo g S e .
. & (SR
! El 2 ‘
a
oL r 23 03 a5 4
Deck Displacement {0y
Figure 3-] Single-degree-of freedom fFigure 3.2 Envelope SDOF characteristic

system
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3.4 Simplified formulae

Several authors have presented simplified formulae or simplified criteriz to guantity the dvnamic
effecis,

Stewart et al, (1988) has suggested the overload ratios in the range of

Fo= 1.0~ 1.07 for semi-ductile stractures (3.1
£z 1.2 for ductile structures

Bea and Young, (1993) have presented the following relationships for overload vs. ductility ratio
tor ductile systems with non-degradin £ post-peak behaviour:

Fo=af20 -1 (3.2
For ductile systermns with post-peak strength degradation they suggest:

Fo=e, - {(3.3)

i ey

These relationships are derived from SDOF analyses of two systems with natural pericds | sec.
and 2.0 sec., and with damping ratio of about § %

It should be noted that (3.2) and (3.3 have been suggested for seismic analyvsis results. Pushover
analyses for extreme wave loading indicate ductility ratios in the order of 5-10 for typical jacket
structures. According to (3.3} this would imply overload ratios (dynamic capacities) in the order
of 3-4 times the static capacity, Ubviously, (3.3) provides better resuits when appiied to severe
earthquake loading, However, for moderate ductility ratios (1 <1t < 2), the two relations may
provide rather reasonable estimates for F, also for extreme wave toading.
Emarni et a, (1995) have suggested the following relationship for semi-ductile structures with
post-peak strength degradation;

1 (3.4)

i

This relation indicates that an ideally ductile system can achieve an infinitel v large overload
ratio. On the other hand, for a very britile system no real positive inertia contribution can be
mobilised and the system will be susceptible o detrimental dynamic effects even before reaching

terits eltimate static capacity level.

Schmucker, (1996) obtained an overload—ductli ¥ ratio relanior i+
idealised bi-linear elasto-plastic SHOF systems as follows:
r . 13.5%
Fo=

m which 7, and 1, denote the fundamentsl watural period of the strucy

{~half cycle period) of the sea wave, respectively. The coefficients
tural pericd. S¢

on ihe load history 7y

o sguared-sinusoidal shape waves (similar to the shane

mayv be mken as 2.7 g
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hese suggested values are obtained for a bi-linear elasto- -prastic SDOF system, and are basically
derived based on linear dm Amic assumption, Le. that the restoring force is assumed 1o vary
linearly Wiih displacement response of the SDOF svsterm. This imphies that the natural period of
the em 18 taken as constant throughout the clasto-plastic response of SDOF system

Hi}wever, this is not the case for a (gradually yielding) *Eazsmwpiasii{: system. Here, the effective
natural period of system may increase w hen the system’s tangent stiffniess decreases fowards

collapse.
Based on these considerations, Emami (1998} proposed the foi Howing relationship, based
dynamic analyses of SDOF systems and full 310 jacket maodels:

- / " {3.6)
- I J | ‘Irg.:;” '!:s ) . f];
pAF T T T
P is an indicator of the coliapse behaviour of the jacket systermn which is defined a
fl- Frves . T (3.7
LA
Ff max Zﬁ;{?'
where Ty represents the effective natural period of the system:
(3.8}
R . iOFH 4
[i_;f :273- \;;‘-

(3.8} indicates that the effective natural period of a non-linear system will change as the system
approaches collapse, and will approach infinity at the cotlapse when the effective (m;éam;c
stiffness value becomes nearly zero,

The ratio ,,,",WZ?__ represents the variability of the w0 with the natural period of system 7, and also
w!ref

with the extreme wave period 7,,. The base of the | ogarithmic function is set as .. which is

considered to be about 10 for practical purposes. A damage level of g, > 10 is considered 1o

represent an ultimate coliapse of the structare in practice.

The associated function with the period variabilit
as seen on the spectra with increase of 7, towards
e E

defined as a reference period of e.g. 1 see. The expone

Wt function

ntferm of

ich 18 a function of the residual strength ratio, the natural period and

: (}z ““m is f?:;t ithe

the ikuim period of shb oscillatory system. The physics
natural period is associated with the systern’s non-linsar res SDONEE ¢
strengih degradation. Emami (1998,

SR
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4 RECOMMENDATIONS

While significant work has been done in the area of non-linear dynamic coliapse analyses, and
several simplified procedures and formulae have been put forward, it still seems a bit early to
present recommendations for one formula over the other, or one procedure over the other,

Singie-degree-of-freedom analyses
For a qualitative assessment of dynamic effects, SDOF analyses provide valuable insights,
Such analyses are relatively simple, they are fast, and well suited for parametric studies etc.

Time-domain dynamic collapse analyses

For time domain analyses, the start-up condition prior to the extreme wave is important, It is
recornmended to define a toad history comprising at least three wave periods, and hnearly
increase the load over the first two cycles 1o provide a start-up condition for the extreme wave.

The force history should be normalised such that the peak value corresponds to the static
collapse load. In the subsequent dynamic analyses, the load history should be scaled up (or
down} and stepped through the structure at successively larger (or smaller) intensities.

The faiture criterion for the anafyses should be defined by the amount of deformation that can be
tolerated without degradation of structural capacity or to ensure that the platform remains
operable.

Screening procedure for dynamic effects
As a simple screening procedure, the following points can be can be used as a simple
ruie-of-thumb:
¢ For brittle structures: use static pushover results, but add dynamic cffects for
environmental foads (divide the capacity by the DAF).
¢ For ductile structures: use the static pushover results without kneck-down factor. The real
dynamic capacity is probably some 10-20% higher.
* For semi-ductile structures: to be treated as brittle. The dynamic capacity may very well
exceed this limit, but that has o be justified by separate studies in cach case. '

Figure 4-1 Dynamic loading effects

Reference o s oceport which smy ead oo
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NON-LINEAR STRUCTURAL DYNAMICS BY THE PSEUDO-FORCE INFLUENCE METHOD
PART IB APPLICATION TG OFFSHORE PLATFORM COLLAPSE

€o. Stewart
Shelf Research B.Y,
Rijswijk, The Netheriands

ABSTRACT

A novel desiure of the pseudo-orce influence rmethods
formyiation  (presented in Pant 1} anables a non-iinear dynamic
simulation systam te be developed around an unmodified, finear
finite-alement program. Such a simufation systermn is used 1o
investigate the dynamic collapse resistance of an ofishore platiorm
subjected 1o exireme storm overicad. From this study it is conciuded
that, for struciures possessing ductile {post-ultimate-strength) failure
fodes, the peak dynamic foad that can be resisted may exceed the
static ultimate capacity by a considerable margin, This conclusion
providas & major incentive for designing ductile behaviour into all new
offshiore platforms and not only for those operating in seismically
active regions, For certain existing platforms thal are required to meet
operational demands outside their original design intent, expensive
ramedial work may be avoided owing to the increased resistance
ratngg.

Keywords

Oynamic  collapse. nondinear. pseudo-force,  influgnce  matrix,
PEEmethod, structures, ductifity.

1 INTRODUCTION

With the retent adventavailability of rnondinear  anaiysis
tectiniques {e.g. USFOS, FENRIS, INTRA, and the method devaloped
by Stewart & van de Grazt, 1990}, structural integrity assessments
may now be based on the static collapse strength of the entire system
rather than on the strength of each componant, Theretore, the reserve
capacity beyorsd first component failure may be evaluated and utifised,
and & more resistic indication of the structure's performance may be
obtaned. Assessments based on these more advanced msthods can
complinent traditonal Hnear analysis proceduras {6.0. APLEPZAL
Thay have been ugad, v axaroie. o
ia;verily the Biness for puisose of sxisting platfors sub-strustures

whies present of envisaged ooerations! demands are ouwisids the
onging! design intent {Stewar? ef 8l 1985 Bea of 21, 198 (Thus,
SnECessary and expensie strergihening can be avoided
andior | may be possibie 1o e & 2 saelite Teld without the nesd
or a costiy fiew platiorm

b eelect braciny configueations/dimensions for platforms o orovide
adequate system reserve capacity Liovd & Clawson, 1984 Moan
ot ai, 1885 Tius & Banonh, 1988 Nordal, 1980 Plonmartel of af
198} and

i) estimale the reliabilty of existing struciures (Andersan ef al., 185E;
Tromans & van de Graal, 1932

In this paper the possibility of achisving 2 resistance rating higher
than the static ulffimate capascily for extreme storm loading s
considerad by taking account of ihe time-varying nature of the wave
force and the platformy's post-ultimate-strength and inantial resistance.
invastigating {his ‘nondinear  dynamic coliapse’ problem using a
standard non-inear finite-slement (fe) program with #me-dependery
capabiities (8.g. FENRIS, INTRA} would be computationally intensgive
and laborious, especially i sensiivity studies are done. More efficient
methods are therefore required (in padicular for prefiminary. analyses;
to enabie the influence of these dynamic effects to be evalumed,

Using the pseudo-force influence method {(PFi-method) described
inn Part | of this publication, one can obiain the dynamic coltapse
Behaviour of even the most complex structures by solving a reduced
system of nondinear dynamic equations. A unique feature of the
PFimathod's formulation makes it is possible to build a norelinear
simulation system using any standard binear [e. program iogether with
stand-alone modules that genersie the nondinear member/piie
resistance data and soive the reduced system,

Here, m Part # of this publication, the development of this
simuigtion system is  described, and s practical  applicaticn
demonstrated for an existing structure. The factors influencing
dyramic collapse resistance of struciures axposed lo exireme storms
are  discussed.  In parlicuisr, the imporance of  duciiie
ipost-ultimate-sirength) behaviour for ebharcing the periormance of
new struciures designed for these conditions is emphasised. Hitharto,
post-ultimate-strength ductility has been considered applicable only o
siruchires installed in regions with seismic activity,

EOYHE OVHAMIC COLLARSE PHORLER

The probiem of nisrest s o delenmine whather, by accourding for
Fertizl resistance and fime-dependsrt eding, 2 structure can be
shown o resinl pesk sowvirorumenial loade Uragier then #s sfatc
cagaciy. Investigating s problerm requirss an urgerslanding of the
stiugiural response i the postuliimate-sirength regime and 3
knouiedge about the loading conditions experienced during a savers
Einiisid

2% Structural resistance - static sushover analyses

The respones chamacheristios of a3 siuclure to exiremo
ervirormental oading can be obiained fom g statie asTwver analysiz




From thig cumve [whioh s miealised b fairly repraseniative of
ehaviour) the fsliowing can be kentiied:

i
B

‘&) the lead factor A, at which the first Lonpenent imembear, i,
e

the slatic ulimate  strergin, 27 and the corresponding
delormation, 5

iy
HEEH

the post-ultimate-strength, i, and

(& the ranemuemn permissible deformation &,

I

The ioflowrng parameters are uselyl for charagisnsing  the

struciural response.

The redundancy factor, RF | was introduced oy Stewart @ al
(1988} 1 provides a measure of the static reserve capadity of the
stucture. The  other  fwo  paramelsrs  relate o the
post-ultimate-strength behaviour and are of interest for  dynamic
response. The robustness factor, o is a measure of the structure’s
resifience once the deformations exceed thoss coreshonding o the
static uitimate strergth, while the fmiting (post-ullimate-strength;
KUY, Uy, 15 @ Measurs of the excess plastic deformation thal the
stcture cait withsiand beyond that coresponding to its static ulimate
strength. {This imitation may be imposed to prevent member fracture
of 1o enswe that the platform remains operable, for exampia.} The
product ol the redundancy facier and the robusingss factor
immediately indicates whether the post-ultimata-girength is below the
frst cormponent faikre oad.

Making use of the latter two parameters, failure mechanisme n
e post-ultimate-strength regime can be categorised as sither:

{1} ductile: @zl oand, e i

(2} brittie: e VO gL, =100

{2} semi-brittie: somewhere between ductife and britlia.

in a static analysis, squilibrium cannot be achioved if the load
factor is increased bevond ?{“‘S}t and the deformations in the structure
become unbounded. However, dynamic equilibrium is always possible.
Dwing to the bme-dependent nature of wave forces snd the inedial
resistance offered by the platiorm's mass, 2 is quite conceivable for
the peak dynamic loading 10 excesd the static uliimate capacity by a
congiderable margin belore the deformations become unscceptable.
Faiiurg' now becomes a question of how much deformation can be
triarated. The possibifity of resisting peak environmental forces larger
iran the static ultimate capacity is improved  the mass is large
Ongreased ertial resistance) and the fallure mechamsr {inn the post-
utirnate-strangih regime) & ductite. In Section 4 the dynamic responss
G an actual piatiorm thal pogsesses these properies is considersd.

2.2 BExtreme storm bading

A SUEID geReTaling 8 wave Iore i extess of static ufimats
rengih of the structure 2 3 rare svani, Howsver, within such & storm
78 will b a g iy resul in

ivads Beyond the siatic capachy. To aseens whather the dyramic
glance rating of 2 platiors can e incressed tevorsl #3 sisiic
#ing o thase

:

I

renain of the stucture doss not degrade upon
s developed as follows Using order siziisncs, one

sy distebutions of the m largest wa 1
Taking the most o

G

jaHt

£

s J g N

whare by i5 the haght of the most probabio largest wave and h,, that
of the mfth fargest, N is the sample size from which the fargest valuss
are generated. N = 2000 has been found to be appropriate for severe
glenns in the Noah Bes The coresponding peak lorce ratics are

whete & ies between 1.5 and 2.0 for typleal platforms and daperds on
the magnitude of the current and the ratio of drag fo nedia icading.

Letting

whare w & the dpnamic overload ratio, the number of waves to be

taken RO aooount s

o A far

Time history

For & dynamic analysis the time higtory of the environmental
mading associstad with the passage of each large wave needs 1o be
prescrined. The ocean surizce may be considersd to comprise &
mumber of individual wavelsts of differing height and frequency. A large
{axtreme) wave 5 produced when the peaks of these wavelets
coincide. Since sach wavelet travels at a different speed, the waves
mmadiately preceding the farge wave are much smaller because the
wavelel peaks no longer coincide. Thus, the arival of large waves may
be treated as ndependent events that are preceded by smaller waves
producing ‘background noise’. A sultably representative lime history is
jizdged 1o be obtained by running the targe wave through the structure
for three periods, ramping the lorce fineaty over the first twa eycles 1o
provide a gradual 'stant up of the SyStem response,

3. A NON-LINEAR DYNAMIC SIMULATION SYSTEM

Having defined the problem and how o analyse 2 a
computational method is required 1o solve it The devaelopment of an
effiient computationa! mathod is described in this section.

Past oxperierice has shown that bucklingAensile-vielding of
bracing members and puil-outpunch-through of the piles dominate the
faslura modes of most offshore steel jacket structures. The materaily
son-lingar bar element [(Fig. 2 offers the possibility of modelling these
ner-lineariies (see discussion i Part 1, and fhe simuation system
developad in Section 3.2 below cantres around struchures whose for.
a0 mernber behaviour ¢an be modelied with slemania of this type
0 complexity of the insar elements used in he struchurs! model sre
of o conseduence] Fist howsver, g sumnary B oiven of the new
methon uson which the simulation system is Sased,

2.1 Bursmary of ihs pesutiodoree influencs method

B Part 11 was shown how the noninesr SYRAmic responge of &
comptax structure sould be obitained by solving & reduced system of
suatichs mvolving only the defermations of inglastic elements and S
fplacemants of nodes al which massdamping properiss  ars
wed. This reduction techniue was called the psaudn-tore
uatice mathod {PF-methad).

Sirce the coliapss hehaviour of olishors iackots i gengraly
oiled Dy ooy 2 few imrcung 10 nondivesr bar elorments and
e e o dafmping  charsstenstics  can be agdanuaiely
reganted g hase propeties a3 lew noges
E of ihe reduced systemn of equations can be many Hme
* el of 10 original struciural modsl For exampls, a fain
kire wah 2000 degreas of Fescom {201} oan vesrTRaly be




reduded o around 20 or so norviinear dynamic equations using the
Prl-method. (Section 3.2 describes bow to identify the non-inear
etemans that control colfapss)

The reduced system was achieved by identiving material non-
Wngarity and nerflivdamping resistance as urknown, deformation-
dependent pssudo-forcss acting on an equivalient Ensar-elastic mode
g, 33 For the dynamic analysis of a strutlure with M5 materiaty
rot-fnear bars and AW mass/dampers, the reduced system equations

are!

In these equations UMY and v are obtained from the static
sofuticn 1o the bnear-clastic problem with applied edemal loading only;
1€ and 7 are the peeudo-force multipliers; and HI, H2. D1, D2 are the
ftime-indapendent) reduced system elastic infuence maltrices. These
matrices are oblained from the linearelastic model by appiving unit
lads in tuin to sach massidamper d.o .t and pairs of unit loads in lum
o the ends of each non-fnear slament. (For further details, rofer 1o

EET R

Solving Eqgs. {5) and {8} using a sultable algorthin (see Pant
yields the pseudo-forces and applying these to the lnear-siastc
struclure i addition o the external leading Jumishes the non-linear
dynamic response. This procedure gives resuits identical o more
conventional non-inear dynamic Le. formulations of the problem.

3.2. Building & non-linesr dynamic simulation system

Of course, the PFlmathod can be implemented directly in a finits-
stement code. Howsgvar, this could be fime consuming and requires a
detaited knowledge of the f.o. prograrm's archilecture. Furthermore, if
the La. program is provided by a thicd party, this option may not be
ieasible.

A powerul and unique feature of the PFl-method i the pagsibiity
of developing & portable and sfficient non-linear dynamic simulation
system without having access to the {.8. source code. The concept &
o use an fe. program to provids the static linsar-elastic responise ard
the influence coeflicients. This information is then read by a separale
program module that generates (or reads from & file) the non-linear
member resistances and solves the reduced-system equations for the
pseudo-forces. Feeding these pseudo-iorces back into the finear fe.
program provides the nondingar dynamic response of the complate
strugture. The trick here is to caloulate from the reduced model the
pseuda-forces for thae complele Hme history and later use & post-
processor to obtdin the response of the entire structural model.

With this approach, post-processing/graphics facilities assoclated
with the Le. package can be directly smployed, and the learning time
for new users s minimal. For many situstions, the linear structural
rrodel will already be avallable and, since this can be used direcily
without modification, the dynamic collapse behaviour of aven the most
complax siructures can be obtained very rapidly,

The adddional stand-alone program may be viewed as an add on
convertor modute’ thal provides any ‘ofithoshell swatic lnear fe.
program with cerain non-linear {dynamic) capabiities. Therefors, 2
aser-fiendly system can be developed for desion enginesrs who ars
rt farmiliar with o7 do rot have access to non-finsar Le. programs. By
sefting the nerisidamping forces to zerm, Wi sysiom reduces o the
s simoiator described proviously by Slewan & van de
3 which s used cperationally within Shell

bagic steps it the development of the dynamic simdstion
system are shown schematically in Fig 4. They arg!

statie puth-over analysis using the prooedurs desorbed
tewart & van de Graal (1950 and identily the oriticaf
Mote 1 belowd in the lafwre mede, The influsnce
malrly Dt obipined as part of this prosadurs.

orticad members and massdamoors, generale the
irfluence malvces D2 and H2 osing unit load cases

2 For the

adaitions!

pi 2

> pither the decomposed stifiness malrix or the response ia

is for ench und load case lor later posi-grotessing,

in

3. Obiain the stalic lnear response tme history for the ¢
MENTEE ANG MaSSdAmpers Dy apolving the extermal bad 1o
sr-siastic fandel for all tme steps.

nedar dynaieg solver

- lines

4. Pass this Wwiormation info the separate non-k
arsd calculate the pssudo-forces for each fime step. The
& 0 caiuialed {or read from 2

molity I combing
Glasid el reaponss i

response and
eanhs tirms slep

8 Chaok, seiacled dme slaps. whsthey
v Doen conssdered non-inear. 1§ oo,
#near group, update DYand goto Sten 2.

W othar mambors shouid

Motes

1. With some experience in collapse studies, ong can usually dentify
the conlrofling slemenis on the basis of the stress ratios oblained
o & inear analysis. I any are intially omitted, they will be picked
ul i due course and can be included with #lle additional efion,

2. In practice, it is easier and more accurate o retrieve the axial forcs
# the member rather than ¥ delormation. The delormation i
oitained by dividing the axial force by the axial sifiness.

3. Siep 6 covers the possibillly that the dvnamic fallure mode diffars
frort the static failure mode.

This simulation system is deally suited 10 parsmetricioptimisation
studies: once e base dala have been derived, subsequent analyses
with changes, say, 10 the massidamper or critical member properties
can be performed within a lew minutes. This demonstrates g further
advaniage of the PFimethod over a direct Hinite-slemeant approach.

Tha application of thie simulation system is discussed in the n
saction.

4. DYNAMIC COLLAPSE ARALYSIS OF 4 PLATFORK
HAVING A DUCTILE FAILURE MODE

To demonsirate the usehulmess of the PH-method for guickly
quaniifying the benefits that can be derived from inedial resistancs and
ductility during extreme storm loading, a preliminary assessmant of i
Narth Sea platforrs (or mare spacifically #s foundation systam; shown
it Flg. & was underaken using the non-inear dynamic collapse
simudaton

4.1 The structural mogdsi

Previous work based on a static version of the simulation system
{Stewart and van de Graal, 1999) had indicated that giobat overurning
of the platiorm caused by axial pull-outpunch-through of the piles was
the failure mode. The itical wave attack direction was identified as
30 degress east of platform North (Fig. 8b). The wverurning-
momentstatic-displasement rasponse o the y-direction s shown i
Fig, &, indicating e ductile fallure mods.

On ihis basis, a sultable represendation for a preliminary dynamic
aniglysls was taken 1o be 3 fnear-elastic jacks! sugporned by 7 rigid
base rosting on the sight plle groups, sach modelied 3¢ a non-dnear
axigl spring {ie bar sl 5. The primary

i & shown i Fig &
sseumption i this model & el s vertical loading and SYBRUTING
minand o the foundstion ars resizted by plehsad axial rons along,
A4 discussed o fication relorred o above. s detaled s
Enaly of the oundation  system  ingdicated  nat

thig

ASSUINELIGN w,

An gtlective mass of 24 000 fonnes was placed at the deck level
with x and y d o} to represent topside, Jacket and added mass. The
ket brozdside and end-on laderal sifnesses were selecied o
/ § &l penods (ofiained (4! FOU TREDRON

i3t the




data) were wek approximated and damping was set &t 3% of oritical as
suggested by APLRPRA  (T98S)  For  complatensss, large
displacement effects of the gravity bads were chided 0 the
pseudo-lorces at the deak favel. The influence of these aifects was
nsignificant, however,

“*“hﬁ advantage of his paricular 130 dol} mode! was that a of
the alastic response data for the nondiinear d ;namac shnuiat er coisd be
caécué-aéed arayt . This was reatioed a3 follows,

The piss wore Indially taken fo be near-elgstic wih equw
stifingsses k, = 2800 MN/m. This delined a reference model o
which the gseudo~§<}fces and extemal ivads were later gpplied 1o
chitain the ine non-inesar dynamic response,

Ag the base was nigid, beam bending theary could be ermpioved o
calcuiate the response of the elastic plie springs to both vertical
foading and overuming moment.  For example, the nfluence
matrix O was derived by applying a unit tensile lcad to each pile
jand caloulating the exiension of all pley 7 giving

s with
’ﬁ‘;;}ﬁci o .m m!‘imuﬁ of i?ﬁe, pile Syuis,m

{3y Taking the jacket 1o have a constant stiffness £ over 45 entire
neight {bul difterard stiffnesses o the x and y ditections),
slementary  struciural mechanics  principies  were used
determine the response of the deck to the environmental loading.
For example, the dack deflection in the y-direction is given (Fig. 7
as

s the moment of inertia of the foundahon

where i,

T opein

= 1

system aboul the x-x aas; L is the beight above the mudline o
tha centre of action of the applied load ?j/{fi ard fris the height
the deck. The frst term in Eq. (8} anses from hending of t
jacket, while the second termm comme fom the rotation of rsse
foundation. The defiection in the x-direction is chialned similarly.

The deveiopment of this model should provide some additional
might indo influence matrices and thelr genaration. For mors complex
struciural medels, the procedure is only & little more involved in that
e elastic ras;:mce and influsnce matricas are now calculmed uging @
Ermar alastic g.@crm,. Al other aspects of the simulatlon syatam,

ed,

4.2 Wava and eursent foading
A wave-load gs@g?am was wilien W ganezis the aogisd shear
Gfoe Al v tims hBiglgry. The siruchure was
regragentad a3 & el vertical g;f inders with ag},,fa;}n&m
voredyraimic copflicienis. Ay wave fheory with delis sireicrd
ek ,ea@ wcz% Bt ﬁ e gﬁﬂuaia ma wave pasticle valoo
aid the forces on the ovlinde
'.:sse-cas& dals wers wave
Courrent = §BnvEec

m%a calculs aﬂ::f e 353?

e oychis o provids &

This force history was then normalised such thal #s peak value
matched that comesgonding fo stalic collapse {ses Fig 8 o a typioal
trace of the overlyming moment). Thersafler, the lvading profile waz
zcaled up by the dynamic overoad factor w and tme marched through
the structure. The plafform was desmed 1o be nopsrable f e
permanant mudiine rotation excesdesd 1 degree, coresponding o a
dark displacemant ol 35 m iFig. B

Sected retulis from thase analvses, representing the passage
of ane extreme wave, are shown in Fig. 3. It can be seen that the peak
of the tims dependent load history may be increased by about 20%
above that causing static collapss before the deformations excesd e
avallable ductdity. From Fig 95 i s roted that increasing sither the
current of the wave pencd results i an increased deformation; sincs
the time during which e aoplied icad exceads the shuctural
resistance is extended

Taking account of s other large waves in the extrems siom
ises Section 2.2) reduced the acceptable overload o 158% v the
sge-caze data) | The § valee used i this calculation (of. Bo. (2)) was

5. PERFORMARCE OF SEMI-DUCTILE SYSTEMS

The model describad above can be used to gain some insight Into
the dynamic coliapse hehaviour of semi-ductie systems. By adiusting
the charactenistics of pile AZ, the static response curve shown in
Fig. 10a was obtained. This {(hypothelical) system has a rohustness
factor & equal to 0.8 The resulls of the dynamic analysis for the
base-case dala sre presented in Fg 10b for the passage of ong
extremg wave. The dynamic overload required fo reach a dack
dieplacement of 3.5m is now only 7% inastead of to the 20% that could
be accommodated  the sysiem were ductile. Accourding for multiple
wave encounters in the storm would reduce this to unity. This
Hustrates the detrimentat effect on dynarric capacity i system sirength
deterioration occurs in the post-ultimate-strength regime.

Additional work s required in this complex area of dynamic
response of semiductile systems, laking account of streaglh
degradation upon repsated vading in & severe storm. The dynamic
seriation systess presorded is deally suited for this investigation

5. DISCUSSION

The need to provide structures with adequate ductity in offshore
regions affected by earttvuakes is well appreciated (Gates st al.
1877, APLAP2A, 1883). Howsver, most ofishore stuclures in
noneseismic zones are designed only with strength in mind. Thus,
structural configurations that are not permitied in seismic zones {e.q
K-pracing i primary vertical frames) are commonly found in areas
such ag the Norb Sea, where earthquake loading is not a design
avent.

Ths lack of industry interest in desigring ductile performance inio
ciishore struciures expessed 0 exirems slomns can perhaps be
altributed o the fact that the benafts of doing 3o wore not visible,
?f@m% i above gm‘g rowever, & is apparant that d.;aiae;parf@"rwr-
@ggér re for these struchures. Additonally, dur
good darmage Dlevence and high e




3 A semiductiie system was considéred in which the pst
uitimate-strength wag 80% of the Wllimate static strength, For this
cage the dynamic resistance was limited 1o the static capacity.

4. This wodk confirme that ductile platform behaviour {in e post
ultimate-strenigth regime! s highly desirable for al ofishore
struchires and not only lor those that are subjectad o sanhiusks
ioading.
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Loading and Capacity Effacts on Platform Performance in Extreme
Condition Storm Waves and Farthquakes
R.G. Bea and Carlton Young, U. of California

w5 DApeT was selecled for prasermation oy the OTC Program Comm
s prosarilag, have not beer reviswed by the Dfishors T neegy Confersnce and are au

? i fshivra Tag y Conferance or #a oftioers. Parmission ts cony
gman! of whers gnd By whom the Zaper 15 presaniied,

ABSTRACT

Dynamic - transient loading effects from ex-
treme storm waves and carthquakes can
have important influences on ihe nonlinear
ultimate limit siate performance of fized off-
shore plalforms. Recorded and synthetic
storm wave and earthquahe time histories
hove been used to develop loading time hiso-
ries acting on templote-type plaiforms hau-
ing naturel periods in the range of 1 to 5 gec.
The interactions of these loading histories
with the dynamic, nonlinear, hysteretic per-
formance characteristies of idealized sys-
tems have been analvzed. A stotic push-
over capacity modification factor has been
developed to recognize transiont loading .
structure performeance charecteristics.  The
results from the idenlized systems have been
correloted with resuits from time domain
nondinear analyses of platform structure svs-
tems subjected to intense wave and carih-
quake loadings. For the global behavior of
the platforms studied, the resuits based on
the simplified systems are in good agreement
With those from the complex analyses.
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NTRODUCTION

Due to the transient and dynamic aspects of
most environmental loadings imposed on
and induced in offshore platformas, it can be
important to recognize the differences be-
tween loadings and loading effects. 123 The
term "lcadings” is taken to represent the
forces that are imposed on an offshore struc-
ture that are fundamentally independent of
how the structure responds to the imposged
forces. Such forces frequently are referred
to as being static even though they vary with
time,

The term "loading effects” is taken o repre-
sent the internal forces that are generated
within an offshore structure that are depen-
dent on how the structure responds to the
imposed forces,

Leading effects induced in f

ture are determined by: () the characterig-

tics of the loadings, and (b

characteristics of the struc
]




. Loading & Capacity Effects on Platform Performance

Table 1: Loading and Capacity Factors

fosding Factors

ratic of duration of the force pulss mpossd
on the slructure {id) 1o the natural period of
the structure {Tn)

Wi Te

Mo numbers of cycles of the force pulses (Ne);
the degree of pariodiciy of the imposad
loacs

i specitic forms of the force (F) - time (1)
pulses

k4 rasultant Inad factor

Strusturs Parformances Faelors

Tn elagtic stiffness and mass reflected in the
natural period of the struciure (Th)

o gamping (struciural, foundation, and hydro-
dynamic) expressed through a viscous
damping ratio (D)

ratio of the maximum static loading (Fm) to
the structure maximurm static load capacity
(Flus); the overload ratio

Fro / Bus

o residuai load capacity (Rr) axpressed as
residual strength ratio (o), o = Rr / Bus

i ultimate deformation capacity (Ap) ex-
pressed as ductility (W), p = Ap/As dels
the deformation at which the first significant
nonlinear behavior occurs

bo hysteretic behavior as influenced by eyclic
dagradation and raie of loading characteris-
Hos (i)

B muiti-mode response characteristics (Hm)

£ resuftant capacity facior

Suatmiag

The platform global factor-of-safety for laters
loadings can be expressed by the Reserve
Strength Hatio (RER):

. Hus
BSR =

(Fvi= BRBRs (Fv) L AD
iy R

A

2 =FHrffu
LATEREL
FORLE

1 A AR

LB CAPRCTTY

By

ULTIEATE
f 3 LIBlT STATES
A b ;é o _ ;
0 IE pespus,
s i CARASHY %
& /
) /
e ;
BERVICEASHT

LT STATES

% . DESION
LOADING
I

Al

B
]

ISPLATEMENT - 4

Fig. 1. Structure performance factors

5p is the maximum static lateral loading (Fig.
1} determined by the design environmental
condition parameters and force determination
procedurss in design guidelines. Rusis the
uitimate Hmit state maximurm laters] loading
capacity determined by static push-over anal-
vaes. The static Reserve Strength BEatio
(E5He) is based on Syy and Hus, By ig the ratd
of the resultant capacity factor (02) to the re-
Al 2%5

) (Tabie 1)

ER

sulting loading factor (

i
BV o e e {4
¥

The "capacity modifier”, Fv, combines the
ioading and ultimate Hinit state performance

~ 5 p £ I S o o B e - S
characieristics of the piatiorm structurs -
[
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tems were asgociated with a fow waves that
preceded and followed the pezk wave ampli-
tude in the time history.

2 A
= - J ; hog
I
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2 [\5%’ §z§1§%f;'f )
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Fig 2. Fecorded wave amplitude time higtory
from intense portion of hurricane Elena

Wave Forese

The characteristics of the wave force amphi-
tude time histories are determined by the
characteristics of the platform that the waves
act on. In this study, the structural character-
istics of an 8-leg template-type self-contained
drilling and preduction platform (Fig. 8)in 2
water depth of 322 ft were utilized to generate
the global horizontal force-time histories 46
The irregular wave amplitude time histories
were imposed broadside to the platform.
Steady currents also were imposed hroadaide
to the platform. The magnitude and depth
profile of these currents were hased on results
from hindeast studies of the three hurricanss
The surface currents ranged from 1.5 fos to
3.5 fps and decreased to 0.2 fpe 20 0.5 fos at
the gea floor.

The Morison equation was used together with
the revised API wave force guidelines to gen-

erate the hydrodynamic forces.” Water depth
stretched linear wave theory was used i de-
termine the kinematics of the irregular waves.
Drag zsnd inertia coefficients wers used that
recognized the effects of flow conditions

(Reynolds Numbers and Keulegan-Carpenter
Numbers), currents, marine fouling, diree-

fional spreading, shielding, and blockage.

S

Fig. 3. Elevations of platform used to gener-
ate wave force time histories

An adaptation of the Morison equation was
used to describe the wave forces that were de-
veloped when the crests of the waves reached
the lower decks of the platform.8 To penerate
the wave force time histories that included
wave forces developed on the lower deck of the
platiorm, the mesn water depth was artifi-
cially raised to bring the highest crests in the
wave recorg 10 ft into the lower deck of the
platform. In this manner, globa! horizontal
force-time histories were generated with an
witnout the effects of wave crest loadings ase
ing on the platform lower decks.
Fig. 4 and Fig. § are examyg
time histories without and with deck forces,
regpectively, for the recordsd Elena wave am-
plitude time history. The records that incor-
porate deck wave forces have much sharper
loading peaks. These “force apikes” czn be ox-
pected to have important effects on the dy-

:
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Fig. 4. Wave force time history without deck
forces (recorded Elena)
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Fig. 5. Wave force time history with deck
forces {recorded Elena}

ideatized Systems

As g firgt step, the performance characteristios
of elastic-perfectly plastic (EP), non-cyclic de-
grading (ND), SDOF systems that had periods
in the range of Tn = 1 fo 5 sec were studied,

As 3 basge case condition, the viscous damping
ratic (1) was sssumed tobe D =5 %.

Damping in the range of 1 % to 10 % was stud-
ted. This amount of damping is attributed to
structursl foundation, and hydrodynamic

T
fouress P10

49

Ductility spectra (plots of 4 versus Tn) are
presented in Fig. 6 as a function of the over-
Toad ratic (ratio of peak static force to maxi-
murm static load resistance) for EP ND 8DOF
systerns subjected to the recorded Elena force
history without deck wave forces (Fig 4).

& i%‘ Dvsrtomd Aath

/ ?i Kf o

DUSTHIY - p

PERICGD - sec

Fig. 6. Elena ductility spectra { recorcded
without deck wave forces)

There is @ general increase in the ductility
demand with decreasing period and with in-
creases in the overload ratic. There are signif-
icant "peaks and vaileys” in the ductility spec-
tra, particularly for Tn < 3 sec. Slight differ-
ences in Tn can result in substantial differ-
ences in the ductility demands,

The quadratic drag forces due to the wave and
current velocities can be expected o produc
force harmonics at even and odd multiples of
the primary force frequencies. 123 The
primary foree frequencies for the records
studied wers in the range of 10 to 12 sec. The
maior peaks in the ductility spectra appear to
he associsted with these harmonics.

Note that the ductility demand can be greater
than one (L > 1) even though the overload ra-
tin ig less than one, This is dus to the dynamic
forees induced in the svsiem by the loadings.



g ms@%ﬁg & Capaclly Effects on Platform Performance

OTC 71401

These ductility demand major peaks and
valleys could help explain why adjacent
platforms in hurricanes such 25 “Andrew"
could be expected to perform very differently,
For the same overlead ratic, differences in the
mass and stiffness characteristics that could
result in differences in the periods of the
structures could result in dramatic differences
in ductility demands. As will be discusged,
differences in damping and cyclic - gtrain
degradation characteristics of the structures
could result in additional dramatic differences
in ductility demands.

Dructility spectra for the Elena record that in-
corporated deck wave forces are summarized
in Fig. 7. For a given period and the same
overload ratio, the ductility demands gener-
ally are much larger. This is due to additional
dynaric forces imparted to the sysiems by the
wave crest in the deck force spikes, Platforms
that have decks that are inundated not only
experience a significant increase in the 1A% -
mum wave forces, but as well there ¢an be an
impulsive dynamic loading effect (Fig. 5) that
will dramatically incresse the ductility de-
mands in the structure,

30
-

= 20 f"a Crariosd Hetie
' jz\_ \ % o
e i -
b
o
2
&t

Flg. 7. Elena ductility spectrs {recorded with
deck wave forces)

forces) are presented in Fig. 8. Even though
the random phase record has the same ampli-
tude and frequency components, it generally
produces higher ductility demands than tha
recerd that preserved the recorded phases
(Fig. 7). The ductility demands depend on the
degree of pericdicity of the forces that are de.
veloped in a particular time history in the gec-
for of the time history that produces the max.
izoum regponses. The synthetic Hme higtories
generally produced higher ductility demands
because of a greater degree of periodicity in
the random phase wave amplitude time higto-
ries.

]

FRERICE - sag

Fig. 8. Elena ductility spectre {random
phases with deck wave forcas)

Hig. 9 summarizes the ductility spectra for
recorded Camille amplitude time history (with
deck wave forces), Compared with Mg 7
there are generally larger ductility demands
for given overload ratios associated with the
peaks in the spectra snd about the game duc-
tility demands for the valleys, Note that the
peaks in the ductility spectra st Tn = 4 sec and
Tn = 2.6 sec occur at about the same periods iz
all of the spectra.
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Fig. 9. Camille ductility specty
with deck forces)

a {recordad

The effects of damping on the ductility spectra
are Hlustrated in Fig, 10. For a given overload
ratio, damping inthe range of D= 1 % 0 10 %
generally is not important in determining the
ductility demands. The major exception is as-
sociated with the primsry peaks in the ductil-
ity spectra. In the vicinity of these peaks, the
lightly damped systems develop significantly
greater ductility demands. The high degree of
veriodicity associated with the primary-force
harmonics results in & resonance effect that is
significantly influenced by damping.

JF

f’/i ﬁsm;éag
/ i T %

EHACTFILITY -

LR - gan

Fig. 10. Elena ductility spectra for various
damping é‘*ﬁ%@% (recorded, without deck

(31

ST degrading systems algo have been stud-
ied. The degradation characteristics model
thoge determined from cyclic compression -
tension axial loading tests on a tubular braced
frame. 1415 The braces degrade in capacity af-
ter the peak buckiing strength is reached and
algo degrade in capacity as a function of the
intensity and numbers of cycles (Fig. 11). The
brace characteristics that have been studied
are based on braces that have effective length
to radius of gyration (KL/r) ratios in the range
of 50 to 85, diameter to thickness ratios (U/L)
in the range of 30 o 40, and are fabricated
with A36 steel, These are characteristics typi-
cal of braces found in many template-type
platforms.
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The sffects of the simulated brace
ths recorded Elena (without ée 3& {}
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The lowered energy dissipation capacity in s;éts:'-%
simulated brace system has an e effect on the
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additional analvses of strain and cyclic
degrading SDOV sysiems are presently baing
performed
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_ PERIOD - sec
Fig. 12. Degrading brace ductility spacira
(Elena, recorded, no deck loading, Fv = 1)

Fig. 13 and Fig. 14 summarizes the reguits
from the analyses of the BP ND systems in
terms of the capacity modifier, Fv, and the
ductility capacity, 11, for Tn = 1.5 gec, D=5 %,
with and without deck wave leadings for six of
the force time histories. The mean Byt trend
together with an outline of the upper and
lower bounds are shown.
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Fig. 4. Capacity factors for givan ductliity
capacities (Tn = 1.5 sec, with deck loadings)

In the case of no deck wavs forces, the Elens
recorded and synthetic time histories bracket
all of the other results. In the case of the time
histories that have deck wave forces, the Juan
recorded and Camille synthetic records
oracket all of the other results.

For & platform that could develop a ductility
capacity in the range of i = 3 10 4 and for the
case of no deck wave forces, the mean capacity
modifier would be Fv ~ 1.2, This modifier
would have a coefficient of variation {(Vpv) of
Viv =39 %. For the case with deck forces, Fv
= (3.9,

Platform Response Charasteristics

Nonlinear time-history wave force analyses
were performed on the platform shown in Hig.
3. The platform was loaded broadside with
the recorded Camille and Elens wave ampli-
tude time histories without deck wave forcos,
The drag coefficients were increased to pro-
duce a maximum static latera] storm foree

overicad of Fv = 1.2

i
B
&
]
o
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soils were based on algorithmg that have been
developed to describe the hehavior of these al-
ements. 1417 The degradation in strength due
to plastic cycling and the increase in strength
due to strain rate effects were taken into ac-
count. The platform legs, piles, and deck legs
were modeled as elastic elements 6,18 Bageg
on results from ambient vibration measure-
ments that have been performed on this plat-
form?, damping was assurned ag D « 5%. The
meagurements indicated that the natural pe-
riod of the platform was Ty = 1.5 sec.

Fig. 15 summarizes the resuits from the
recorded Camille nonlinear time higtory snal-
vses as the time history of the broadside hori-
zontal displacements of the upper platiorm
deck. The first significant yielding of the plat-
form structural system occured at a displace-
ment of approximately Ae ~ 1.0 % (the soils
vielded at much smaller displacements), The
nonlinesr behavior was concentrated in the
platform’s diagonal braces above the bottom
bay that contained the skirt pile bracing. The
maximum ductility demand was APpProxi-
mately i ~ 3.5, This result is in good agree-
ment with the ductility results from the SDow
EP ND idealized system results summarized
in Fig, 10,
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Fig. 15. Plattorm displacemnent - time history
g N . 5
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Fig. 16. Platform displacement - time history
for overload factor of Fyv = 1.5 frecorded
Elena)

Fig. 16 summarizes the comparable results
from the recorded Elena time history. The
peak ductility developed during the foree time

history was 4 =~ 4.0. This result is in good
agreement with the ductility results from the
SDOF EP ND idealized system results sum-
marized in Fig, 10.

While these comparisons of results from com-
plete platform svstems with those from ideal-
ized systems are limited, they are encourag-
ing. For the class of platform which has been
studied, the analyses indicate that the results
from idealized gystems can be used to infor
the global capacity and ductility behavior of
the complete platform system. The load - de-
formation performance characteristics of the
idealized system must be able to mimic the
behavior of the complete platform system,

Stewart has performed a study of the ultimate
Limit state performance characteristics of an 8
- teg platform in a water depth of 459 % (Tq =
2.0 to 2.3 sec) subject to dynamic wave fore-
ing. 1% Stewart's study results gre comparable
with those from thig study. His resulis indi-
cate Fv = 1.2. Consideration of semi-ductile
member hehavior and eyclic loading effects r

. Py

sulted in Fv = 1.07t0 1.0

Pl
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The ultimate limit state dynarmic response of
sirnplified and complex structural systems
subjected to earthquake excitations has been
an area of intense research for more than 28
years.20-2T The concepts of elastic and nonkin-
ear response spectra, ductility based modifica-
tions to earthguake induced forces and similay
modifications to evaluations of structural ca-
pacities are products of these develop-

mentg, 28,20

The analyses summarized in this section re-
peal some of these earlier studies snd sxtend
their applications o offshore platforms.

Ground Motion Time Histories

The response of SDOF and MDOF systems
subjected to twelve recorded sarthguake hori-
zontal acceleration time histories have been
evaiuated. The recorded time histories were
chosen to represent nearby and distant large
magnitude earthquakes recorded on sites that
could be characterized as firm alluvium. In
addition, six synthetic sarthguske accelers-
tion time histories were studied, The earth-
guake acceleration components frequency con-
tent, phasing, and energy development char-
acterigtice were defined analytically to model
the characteristics of large magnitude earth-
quakes shaking firm allovium sites.

idealized Systems

The earthquake loading effects were studied
for SDOF, EP ND systems havingTn=11t05
secand D =5 %,

Ductility spectra for two of the recorded
carthqguake time histories are shown in Hig,
17 {1940 El Centro 8E) and Fig. 181971 San
Fernande NW), The esarthguake acceleration
magnitudes were scaled so that the records
would contain a peak imposed sarthousks
force that equaled the yield capacity of the
SDOF EP systems (Fv = 1), and then each of

£
Pl s S o = ] I . :
the records was progressively scaled up to

produce increasing overioad factors and ductl

ity demands. The Fv factor represents the
factor by which the record must be sealed up
(accelerations multiplier) to produce a given
ductility demand in the SDOF aystems.

In many respects, the earthquake ductility
spectra are similar to the wave ductility spec-
tra. For SDOF system periods greater than
sbout Tn = 2 sec, there is not much varigtion
in the ductilities produced by a given earth-
guake excitation. For these long period sys-
tems large overload ratios are required to pro-
duce ductility demands greater than unity.
Diue to the very small duration of the induced
earthquake forces relative to the natural peri-
ods of the systems, there is a significant
"deamplification” of the induced forces. The
peak ductility demands of these long period
systems are determined by the peak ground
displacements developed during the earth-
quake time histories.

As for the wave ductility spectra, the ductility
demands progressively increase ag the periods

o

become smaller. At the amall periods, the 7
ductility demands are determined by the paak
ground accelerations.

The variability in ductility for a given sarth-
quake record and for the different records de-
creases as the structure period increases.
Even though the records have been sealed 4o
produce equal peak forces on the SDOF EP
systems, the systems respond very differently.
Thie is 2 natural variability that is caused by
the differences in the earthguake horizontal
acceleration time histories,

Fig. 19 shows the ductility spectra for the
same San Fernando time history for SDOF
systems that have 0 = 10 %. As for the wave
ductility spectra, increased damping decreases
the peak magnitudes of the ductility demands
and smooth the ductility specira. However,
for this range of pericds, the effect of damping
1s relatively small when compared with the
variability introduced by different earthguake
time histories.
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Fig. 20 presents capacity modifiers and ductil-
ity capasities for EP ND gystems that have Tn
=1lsecand D=5% for sight of the recorded
earthguake time histories studied. The mesan
Pvis 50 to B0 % of u. The cosfficient of varis-
ton of Fv i in the range of 20 t0 40 %. For
the synthetic time histories studied, the mean
Fvis 80 t0 70 % of 1. The coefficient of varia-
ton of Fvisin the range of 10 % 40 30 %, On

the average, for a given F'v, the gynthetic
records indicated lower ductility demands.
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Fig. 19. Ductifity response spectra (1671 San
Farnando, D=10%)
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Fig. 20. Capacity modiflers and ductility
mands for recorded earthguakes (Tn = 4
88¢C, =5 %]

L 8

»

These resulis are in good agreement with the
results from previous studies of EP ND gys-
tems 2025 Thege studies have shown that for
this range of Tn and 13, that the capecity mod.

P

wier can be estimated as
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=, ' iy Results alac were developed for the complete
R TR N @ latform sabjected to e caeror the complete

Comparisons of this relationship with the re-

sults summarized in Fig. 20 indicate that Ban,

4 resulis in & conservative estimate of the
mean v,

Braced Frame Systems

The response of SDOF and MDOFE systems
subjected to earthquake excitations have been
studied. The response of single and multiple
axially loaded brace systems whose nonlinear
response characteristics are typical of com-
pressive buckling and tensile yielding tubular
braces were analyzed ( Fig. 11).

The first set of results were developed for
SDOF systems that had nonlinesr hysteretic
performance characteristics of an ayially
loaded single brace. The second set of results
were developed for MDOF systems that had
nonlinear hysteretic performance characteris-
tics of a multi-brace system characteristic of
the vertical bracing system of g horizontally
K-braced platform (transverse truss of iacket,
Fig. 21).

The platform is an unbattered 12-ieg drilling
and production platform located in & water
depth of 58 £1.6,30 The platform has 2 natural
period of Tn = 1.0 sec (broadside and end-omn)
and low amplitude damping of D = 5 %, These
characterigtics have been confirmed with am-
bient vibration measurementg.6

|

:ﬁ%}? [
Fig. 21, Example platform anaiyzed to deles-
mine earthquake response characteristics

Centro earthquake acceleration time history.
The platform braces and pile soils were mod-
eled using nonlinear, hysteretic characteriza-
tions appropriate for these slements. 1417 The
deck and leg elements were characterized as
being elastic. The intensity of the Ki Centro
record was progressively increased and the
global ductility of the platform determined.
Results from the analyses of the single and
multiple brace systemas, from the idealized EP
gystems, and from the example platform al}
subjected to the 1940 EI Centro time history
are summarized in Fig, 29,
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Fig. 22. Performance characteristics of idagi-
ized, brace, and platform systems {Th=1
sec, D = 5%} subjected to the 1940 Bl Cantra
time history

Hor a given Py, the BP syatems indicate
somewhat lower ductility demands than the
single brace systam and the platform gysien.
The ductility demands for the BP gystems
having D=5 % and D = 10 % differ Very
slightly. The EP systems bracket the behavier
of the multiple brace system. The gingle brace
performance indicates much higher ductility
demands dus fo its much lower hysterstic en-
ergy dissipation. The interactions of the ten.
sile and compression ipaded multipls braces

S
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result in a system that hag high hysteretic en-
ergy dissipation, The platform system indi-
cates ductility demands that are reasonably
well characterized by the EP system that has
D=5%.

fig. 25 summarizes the resuits from this
study for SDOF EP ND systems having a pe-
riod of Tnn = 2 sec. and damping D = 5 % for
the recoraed sarthquake time histories. The
mean resuils and upper and lower bounds
from the time history analvses are indicated,

i Cook #rist Plattorm ¥
AP1 Bittorm
A

EC05W
EC408E
SFFINW
SE7I8W
KOSPNE
KUB25E 2
TooaNS
TOBGEW

CAPACITY FACTOR - F,
-
H
i

.?.5 2 2.5 % 3.8 &
BUCTILITY - 1

Fig. 23. Capacity factors and ductiifty de-
mands for synthetic earthguakes (Tn = 2.0
sec, =5 %)

For this range of SDOF system periods and
damping, previous studies have indicated that
the mean capacity modifier can be svaluated
ag 20-25

This estimate provides and excellent fit to the
mean results from this study.

The performance characteristics of strain and
tyeiic ﬁ%g’fﬁﬁiﬁg SDOF systems algo have bzen
studied.®5 For systems having periods Tn > 2
fec. the mean resulis can be evaluated as:

where ¢ 15 the residual strength ratic (Table
1, g 1

Pregented in Fig. 23 are resulis from nonlin-
egr time history analvses of complete platform
gystems having natural perieds of Tn = 2 s8¢
t0 3 5ec.8:31-33 The API platform 3L and
Platform T € are conventional 8-leg and 12-
leg platforms, respectively. The Cook Inlet
platform is 2 steel X-braced tower-type plat-
form 32,33

Resuits from a scale model of 2 vertical frame
that was extensively tested 1o determine its
performance characieristics when subjected to
sarthquake induced force time histories alse
are shown (indicated as "UCE test
frame").}%15 This test frame also has been
studied extensively by Bazzurre and
Cornell.34 The results developed by Bazzurro
and Cornell are very similar to those summa-
rized here.

For a given Fv, the complete platform systems
generally indicate greater ductility demands
than indicated by the SDOF EP NI systems.
The platform performance characteristics are
described much better by the SDOF strain -
cyclic degrading system resulte for residual

strength ratios of o = 0.75 ¢ o = 0.50.

CONCLUSIONS
Capacity modifiers for platforms subjected to

extreme condition wave and earthguake forces
have been developed to adiust the ultimate
limnit glate lateral load resistance determined
from static push-over analyses. These capac-
ity modifiers are functions of the transient
loadings and the performance characteristice
of the platform systems (Table 1),

Based on the verification analyses that have
been performed on complete platform systems
and for the class of slroctures and perfor-
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mance characteristios studied, results from
idealized systems can be used to develop rea-
sonable evaluations of global capacity modi-
fers if appropriate nonlinear hysteretic char-
acteristics are chosen for the idealized gya-
tems. Additional snalyses of platform strue-
tures subjected to ultimate Limit state infen-
sity loadings and analyses of idealized nenfin-
ear hysteretic gystems are needed to further
develop these results.
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DYNAMIC BEHAVIOR OF SEMLI-DUCTILE J ACKETSE
UNDER EXTREME WAVE AND WAVE-IN-DECK FORCES

I

D. G. Schmucker and O, A, Carnell

Civil Engineering Dept.,
Stanford University, Stanford, CA 94305 USA

AIDSTRACT

During extreme storms, peak wave loads may exceed a platform’s ultimate siatic base shear
capacity, A ductile structure may be able to resist such static overloads by taking advantage
of the inertial resistance and the limited duration of the peak ioad. Ancther related probiem
occurs when the wave crest exceeds the lowest deck level, A basic understanding of the dy-
namic and post-elastic behavior of jacket-type offshore platlorms in these loading environments
is the principal objective of this study. Insight into these problems is facilitated by the use of
single-degree-of-freedorn models (SDOF) that represent the global ( pushover) force-deformation
properties of structural systems such as K- and X-braced frames. The wave-in-deck problem
is considered by uncoupling the (SDOF) deck portal from the jacket. While the global jacket
problem is quasi-static in the linear region, the deck problem is dynamically sensitive in this
region; both systems effectively behave as sliding masses in the non-linear region.

KEYWORDS

Dynamic; semi-ductile; extreme wave: wave-in-deck
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syster performance. These measures assist us in the principal objective of this study: developing
and communicating an understanding of and predicting extreme-wave near-fatlure belavior of

jacket-tvpe offshore platiorms.

The loading environment of interest consisis of peak wave loads which may exceed the platform’s
static altimate capacity. A static analysis would predict collapse for overload conditions; however,
recognizing the transitory nature of the peak load allows the structure to resist static overioads
if sufficient post-ultimate sirength and ductility are available. The dishenefit of resisting static

overloads, of course, is the subsequent inelastic damage.

For the bulk of jacket structures and water depins under consideration here, the structure’s
frst natural period of vibration is less than 2 seconds while the peak period, T}, of the large
or “damaging” wave is 12 or more seconds. These wave and structure cornbinations typically
induce small linear ascillatory effects relative to the static nature of the response. In practice,
these effects are ignored or dealt with by simple dynamic amplification factor (DAF) estimates
{e.g., AP120th Ed (1993)). These DAF’s are typically 1.1 or less. In contrast, when wave periods
are cloger to the structural period or when exposed to seisinic loading, the DATF's may be quite
large (on the order of 1.6). The initial analysis perspective therefore for the extreme wave, Le.,
low DAF environment, is more naturally from a static point of view.

We anticipate that the load history and non-linear force deformation characteristics of the struc-
tural system are the dominant factors determining system response. The study performed by
Stewart ef al. {1993a) concluded that system strength as found from a non-linear static pushover
analysis provided an acceptable basis for evaluating system performance in the extreme wave en-
viconment. These authors also concluded that the critical loading effect is derived from & single
large wave rather than from muitiple or cumulative, non-linear wave effects.

o develop physical understanding, to guide focus on factors that deserve the most attention,
and to provide gross, but simple, predictions, our procedure will be to study single-degree-ol-
freedom systems {SDOF) under the action of single-wave-crest load pulses. The SDOF modet
will represent the gross global force-deformation properties of various jacket systems as found
from & non-linear, static-pushover analysis. We begin with a basic elasto-plastic systemn and
gradually increase the complexity of the system model to include ultimate strength persistence,
post-ultimate residual capacity, and pre-ultimate, post-elastic strength reserves. (uasi-static
and full-dvnamic analysis techniques are utilized to draw out the effects of different wave load
Listories and the role of linear oscillator dynamics and mechanics on the prediction of damage

{as represented by the maximum duetility factor)

LOAD, SYSTEM, AND ANALYSIS DESCRIPTION

[ 4

Simplified Load Model

sing character of the total base
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Bynamic Behavior of Semi-Ductile Jackets

Simplified System: Elastic Perfectly Plastic

The simplest SDOF global force-deformalion model that inchudes capacity limitations is the
elastic-perfectly-plastic model (EPP). This “standard” model s well known and widely studied;
it provides a good starting point for developing an understanding of the gross behavior of jacket-
type platforms. The basic parameters of this model are elastic stiffness, k, force capacity, £,

zud mass, m. The natural period of vibration is T = Zu/m/k and the yvield displacement, Einids

is P/ k.

Analvsis Methods

We choose two approaches to exemplify the basic response character of the system and the
damage potential of the load: a full dynamic time-step integration procedure and a simplified
quasi-static approach. The latter method provides the initial “beyond-static” insight into the
structure’s exteme-wave, near-failure behavior.

The full dynamic time-step integration procedure is the standard Newmark- 4 (3 =1/4) Method
with Newton-Raphson iteraticns. The initial conditions for the analyses were assumed to he
zero displacement and zero velocity with the wave surface elevation beginning ai the mean water
level, i.e., the load begins at zerc force. This method includes linear ascillatory effects as well as
non-linear force-deformation and damping effecte.

The quasi-static approach assumes pre-ultimate behavior to be static. The post-ultimate behav-
1ot is analyzed from a simple kinematics-physics perspective: a springless mass acted upon by a
force. This approach emphasizes accumulated damage resulting from post-uitimate response.

Discussion of QQuasi-Static Approach

in the quasi-static approach, we separate the analysis into two distinct phases: a stifness-
dominated region and a mass-dominated regior. This perspective acknowledges the time-varying
aspect of the applied load but assumes the inertial and damping forces to be negligible while
the system is in the stiffness-dominated pre-ultimate state, i.e., the svatem responds in a stasic
fashion to the applied load. When the applied load reaches the inciplent ultimate level, an
additional increment of load changes the state of the system from pre- to post-ultimate. The
system has no available static strength reserve and must accelerate 1o compensate for the static
unbalance, This is the mass-dominated phase; for the BPP system, the structure exhibits & sero
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where # is the velocity. The system remains in the post-ultimate {non-positive stiffness) state
uniil the momentum of the system becomes zero and the mass begins to move in the opposite
divection. At the poiat of zero momentum (zero velocity ), the system returns io the elastic state
and the point of maximum displacement has been reached {assuming that the external load
continues to decrease).

The duration of this mass-dominated interval, 1;, can be understood as the time required for the
effective-force-impulse to increase the system’s momenturm and then remove #. The impulse

momentum equation from simple physics is the integrated version of {2}.

gt

My, e, - My, = Leternal ™ Fud it {3
The lower limit of intergration ¢, is the time at the beginniang of the mass-dominated response,
i, when Foppena = Fu; &, 18 the veloeity evaluated at time £,. The upper fimit £, 4 & 18 the
¢ime at which the velocity becomes zero; therefore, the first term on the LHS of {3} is identically
zero by definition. If we assume zero inital momenturs, the remaining term on the LHS of (3]
Lecomes zero, Since the load environment is a smooth, single pulse, integrating {23 twice gives
us the maximum displacement and hence the maximurm damage.

tidta pi
Tamaz ™ Feg + f E g;;:rsaff‘;z-:gi - f;;’} drdi {Q
[ Fla
where @, is the static displacement evaluated at the omset of the mass-dominated phase, which
is simply the yield displacement for the EPP system. For the case where the initial momentum
is zero ab the onset of post-ultimate behavior, the duration #; can be seen to be the time 1t takes
for the effective force Lo have “balanced areas” (see Fig. 1 and Eq. 2). One attractive feature
of 1, as a measure of the load’s damage potential is that it can be easily computed from the
normalized loading history.

An improvement to this simple impulse-momentum analysis of the mass-dominated region is to
allow Lhe mass to have initial momentum at the onset of this phase. In order to ensure that
we have the proper displacement and velocity continuity between the two analysls phases, let
us assume that the velocity of the system at the transistion peint is simply the “qu: i-gtatic
velocity,” That is, in the stiffness-dominated phase, the system response at any point in time
could be approximated by the rate of change of the force divided by the elastic stiffness,

Resulis from Quasi-Static Analysis

Results for the quasi-static analysis (with and without initial momentum} and the full dynamic
analysis for a static overload F, = 1.1 are shown in Fig. 2. The quasi-static results without initial
nomentum are shown as “0-851.7 with initial momentum as "Q-527 while the dynamie resulis
ave labeled with “DYNA." The system ks undamped and subjected to the squared sinusoidal
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We observe from Fig. 2 that ductility grows rapidly for increasing 4,/7 ratio within the range
(3,81, The underlving reasons for this can be found when non-dimensionalizin the governing
: Ying E g E

EOM. After normalizing displacement by the yield displacement and substituting definitions for

7

the structural peried T and the stiffness k == F, /8,0, the resulting non-dimensional form of
és
PPl 2% { - ff’
terna \' / s
=1+ - _g_/[ Fezter = dr dt (5}
fa u S

where p 1s the ductility or simply x/8, .00, If ih{ﬁ duration is kept the same and the 7 is shortened,
the ductility should grow like the reciprocal of 7% The physical reason for this behavior is
associated not with vibratory dynamics but with the nature of the inertial force. For systems
with heavy mass (long period), small accelerations will be multiplied by the heavy mass to

ompensate for the static unbalance. Short period systems (small mass}, will require greater
dr:{'@iera,tu}m in order to cormnpensate for the same static unbalance. Greater accelerations tmply
greater overall displacements. For fixed mass and F,, changing T imiplies simply changing & and
dyiei2, Bence p s alse changed. However, the displacements incurred beyond vield remain the
BAME, 1.6, Lray — T2, 15 independent of either £ or yieiz 8% can be seen in {4].

As might be expected, the quasi-static approach with initial momentum, denoted here as ()-8%,
predicts displacements greater than that from the no initial momentum {Q-81) approach. In
general, we might also expect that the Q-52 approach would give us better approximations to
the full dynamic solution. However in the ty/T range [3,8], this is not generally true. Rather,
the Q-51 approach performs better. The underlying reasons for this behavior come from the
subtleties of the full dynamic solution. Despite their simple mechanics, for the £4/T range [3, g,
the quasi-static approaches are within 23% of the result from the full dynamic approach. This

result is generally true for static overicads F.'s greater than 1.

One of the important understandings obtained from the quasi-static approach is that the dam-
aging portion of the load extends beyond the time when the external load simply exceeds the
ultimate capacity. How quickly the external load decreases after reaching its peak value defer-
mines how quickly deceleration occurs and affects how much damage {ductility) is accumulated.

Limitations of the Quasi-Biatic Approach & Results of Fuil Dyvnamic Approach
: Pl ¥ 58

Whereas the quasi-static model reveals the dominant physical behavior (a f‘ﬁééng mass) and
captures the major trends in ductility versus load level and duration, the approach ignores two
&;gﬁumm as;wc s tm‘ the full ﬁ’i?f}&ﬁ’ii(‘ a;;;;ma,c b includes: the dysamic load factor and ’Ehv?*
~L§j«1i «,sz{t approach assumnes that post-
> 1. For thosse problems of static
ty, the guasi-siatic fz,g;g}mszs

“ander i{'}a{é“‘ s
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sponye complately and &
ne non _ ¢ aspect of the sysiem response, howsver
' tential damage "-f;i‘wﬁ :’;i,&%imﬁxf none is predicted. Fhasing of the displacment
may cause additional damage. These effects are most severe for lower 1,/T values and
For b gEz{*r #.78, the static overload tends to swamp oul the perturbations caused b

the pre-ultimate dynamic sesponse.

ars Lo Do & quasi-static




384 0 3G, Schmucker and C. AL Cornell

excess demands which can only be resisted through inertial and damping foreces. The entire effect
is to cause the system to “yield” for cases where statically no damage would be predicted. This
is particularly catastrophic if the system has little or no residaal strength bevond deformations
assoctated with the static altimate strength (post-ultimate residual capaciiv). A lnear DAF
anlysis shows, for example, that the DAF for the sguared sinusoidal load is about 1.06 for
# fgfT = 4 For a maximum peak load of I, — ¢ e, a normalized load thi iy less than
£, w1, the predicied maximum displacement if the structure were to remain linear would be
1.06 times the reference vield displacement., Of course, the svstem is unable fo sustain such
elastic deformation and for the EPP system the maximum displacement is 1.22 times the vield

displacement.

An oscillatory system may also experience linear amplification effects caused by the transitory
nature of the load. Such effects, even when small, may cause the load demand to be greater
than the systemn capaciiy. This more typically occurs in the seismic environment where periods
of excitation are much closer io the natural period of the system and the DAF’s are large. For
cases of static overload, the dynamic effecis may cause the sysiem te reach ultimate capacity
before or after the time predicted statically. These dynamic perturbations of the static response
are responsible for the some of the difference between the full dynamic solution and the guasi-
static approach that is observed in Fig. 2.

Bffect of Damping

As iy generally expected of viscous damping forces, the presence of damping effectively reduces
the observed displacement response. For the problems studied, damping was mass-proportional
and 5% of critical. The exceptions to this general rule pertain to the “valleys” observed in Fig.
3 which shows the undamped SDOF EPP results. These “valleys” are caused by advantageous
phasing of the dynamic displacement response relative to the time-varying nature of the load.
Damping tends to cause additional lag in the response and hence distupts the beneficial effect of
having the “right” /7 ratio.

EFFECT OF WAVE SHAPE

The selection of a squared sinusoidal wave-load profile is simplistic. However, the only infor-
mation readily available may be the peak wave force and a gross estimate of the wave period.
For a single-pulse type analysis, the wave period T}, supplies what has previcusly been defined
as the load duration #; = T,/2. Given only these two parameters, there is of course an infinite
sample space of functions which could deseribe the time history variation of the load. To what
degree are the gross displacernent predictions affected by different reasonable load time history
variations? Are there paramelers other than iy and F, which might betier capture the load’s
damage potential and provide a more effective way of comparing different load histories on the
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As mentioned previously, the duration of inetastic iading #; tncludes both the acceleration and
decleration phase. As such it is the time required to “slow” the mass down after the mass has
been accelerated by the static unbalance force. Figure 4 presenis the results for various static
overloads on the undamped SDOF EPP system. It might be hoped that £, as defined for the Q-5
method would be usefu] in eliminating the need to present different curves for different static
overloads and different time-varying properties. As will be seen below [Fig. 6}, it is helpful in
this respect, but not sufficient. The reasons can be found as before in the subtleties of the full
dvnamic solution.

A symrmetric triangular time-history profile is chosen to compare against the sguared sinuscidal
profile. The triangular profile is interesting for several reasons: if is & first-order type of estimate
given the raw date of 7, and peak amplitude, it provides the same amount of linear impulse
as the squared sinusoid given the same 14 and F,, and it has sharp changes in slope. Results
for both the triangular and squared sinusoidal paramaterized by ¢4 are shown in Fig, 5 for the
undamped SDOF EPP. For the same t4/7 and F, the ductilities differ strongly in the [3,8] range;
for &, = 1.1, for example, the squared sinusoidal profile gives ductility values 1.5 to almost 3
times larger over this £;/7 range.

Using ¢; as an independent parameter rather than {; should provide a hetter means of charac-
terizing the load’s damage potential. Figure § illustrates that. while the results are improved,
especially for £:/T > 0.9, ¢; still does not perfectly capture the effect of load history shape on
the load’s damage potential. Recall that ¢, was defined from a guasi-static perspective and is
computed from the normalized loading history. For full dynamic analysis, the actual time of

inelastic loading differs from the quasi-static ¢;,

However, #; does not capture the nature of how the load varies in the near-peak region, variations
which may induce differences in the predicted damage. If we examine the {quasi-static) time of
inelastic duration #; for each load profile {Fig. 7 and Table ), we note that for the same ty and
F,. t; differs dramatically. For the triangular load, if the initial conditions are prescribed in such
a manner that the transients from the initial conditions become zero and the systein responds
in phase with the external force, the discontinuity in the first time derivative of Lhe load al the
peak will cause oscillatory affects. Such affects may induce vielding. This affect is the most pre-
dominant for F,'s slightly less than 1. The squared sinsuoid is relatively smooth in the near-peak
region.

r

Table 1: Values of tiftq for Triangular and Squared Sinusoidal Loads
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VARIATIONS OF THE SIMPLIFIED EPP STRUCTURAL SYSTEM

Post-Ultimate Persistence, Negative Stifiness and Residoal Strengih

Elastic-perfectly-plastic systems exhibit robust post-ultimate behavior and are relatively stable
systemns. Unfortunately, few real systems behave in this manner. Heal fackels exhibit the effects
of buckling braces, large displacements (P-delta), and material plasticity amongst many non-
linear effects. The impact of systems having post-ultimate strengths less than uitimate capacity
and having non-positive-definite stiffness increases predicted displacements beyond EPP resulis.

We asimplify the multitude of post-ultimate issues nbo three basic system parameters: ultimate
strength persistence, post-ultimate negative stiffness, and post-ultimate residual capacity. “Ul-
timale strength persistence” is defined as the displacement range over which the system is able
to maintain ultimate strength {see Fig. &). To the extent that the system’s ultimate strength
persists up to or beyond the maximum ductility response, the system behaves identically to the
comparable EPP systern.

“Post-ultimate negative stiffness™ is defined as the rate at which the force capacity falls with
increasing deformations. The degree to which the force capacity falls off suggests how similar the
gystem is to the EPP system. For this study, a global post-ultimate stiffniess of the same value
as the elastic stiffness was assumed. This maintains a fairly rapid drop-off witheut the numerical
problems one may find with a precipitous drop-off (infinute negative slope, le a step-function}.

“Post-ultimate residual strength” is the remaining strength of the platform once deformations
extend beyond the deformation associated with the static ultimate strength. This parameter
reflects the ability of the jacket legs to act as a portal frame and proves to be a critical factor
of post-ultimate peformance. The residual capacity factor, «, is defined to be the post-ulfimate
residual stengih normalized by the ultimate strength. Figure 9 illustrates the resulis for 5%
damped SDOF Modified EPP systems with varying amounts of residual capacity factors { ¢ =

, 0.8, 0.9, 1.0) subjected to a squared sinusoidal load profile with F, = 1.0. For the results
of Fig. 9, the ultimate strength persistence is taken to be zero as a worst case scenario, ie.,

the system begins its degradation to the residual capacity level immediately after reaching the

ultimate level.

We observe from Fig, 9 that ductilities are very sensitive to the residual capacity. For each o
and for F, = 1.0, the results reflect the characteristic linear cscillatory DAY camel-back curve
7 of the curve is larger {or successively smaller o's. The

discussed earlier; however, each “hump
for “kicking” the system into the post-ultimate region.

srnall DAF’s 1o this case are responsible
With each additional 0.1 decrease in . the resulis grow in & successively larger amount, For
instance, at t4/7 = 8, the difference in the resulls for & = 0.9 and o = LO(EPP) i puisrevence = 1
while that for o = 0.7 and o = 3.8 is ce 72 4. Again, the role of linear oscillatory effects
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Pre-Ultimate Non-linear Effects: Strength Reserve

{1ntil now the main issue has been what damage arises from post-ultimate behavier, Uur inter-
pretation of parameters such as ¢; in reality hinged on the understanding that we were Interested
only in post-ultimate damage. We consider now effects arising from non-linear pre-uitimate

hehavier,

The non-lnear force-deformation system we wish to consider is depicted in Fig. 11 with the
dashed line. The only difference between this system which we shall denote as the Bi-Linear-
Perfectly-Plastic (BLPP) and the EPP is the pre-ultimate behavior. The BELPP can also char-
acterized as having a “strength reserve” which simply means that the system has additional
capacity to statically resist loads beyond the first non-linear event. The strength reserve is nu-
merically captured by the load redundancy factor [LRF} which is defined as the vitimate load
divided by the load associated with the first non-linear event. A system dispilacement redun-
dancy factor (SDRF) can be defined in an analagous manner as the displacement associated
with first reaching the ultimate restoring force, 4, divided by the displacement at which the first
non-Hnear event occurs, &, | he combination of LRE and SDRF determine the relative slope
of the secondary portion of the pre-ultimate force-deformation curve. la order to examine the
frst-order effect of having a strength reserve, we limit the scope of this study to an LRF = 1.15
We then vary the SDRF and observe ductilities for variations of the original elastic structural

period.

We facilitate comparisons with the EPP by defining an “equivalent EPP” model as having the
same elastic stiffiess and ultimate capacity as the BLPP. The BLPI becomes identical to the
PP when the LRF and SDRF are unity. The reference displacement for the definition of
ductility is taken from what we denote as the “global effective reference displacement,” i.e., the
vield displacement of the equisalent EPP model. This displacement 5;{;;& is simply the static
ultimate capacity divided by the elastic stiffness k. An alternative displacement redundancy
factor (DRF) can be defined as the displacement associated with the ultimate restoring capacity
divided by the yield displacement of the EPP guivaten: model. The DRF provides a means of
adjusting the EPP. uivatens resulie so that meaningful comparison can be made between the
BLPP and BPP.ywaien:. We retain the convention of characterizing the peak amplitude of the
load by normalizing it by the static ultimate capacity, i.e, F.

From the standpoint of static overloads, a system with pre-ultimate non-linear behavior experi-
ences additional deformations vis-a-vis the eguivalent EPP systerm. Normally, a strength reserve
bevond first non-linear behavior is considered to be a beneficial effect. The perception here iz
& capacity standpoint and looking back towards the first
tew of looking forward to the ultimale capacity from
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geff

5;;&’;; while for the BLPP it is SDRF X & fiest OF simply .. The DRF was defined to be 6,/ 10,
From a static uliimate load perspective, one way {o COmpare the EPPoguivalens 18 b0 adjust it by
multiplying by the DRE. For instance, for the system with #4/7  LRF = 1.15, and DRF =
1.3, the duciility is about 1.7. The adjusted EPP oguivalent SYStEM sustains a ductility of about 1.3
{the EPP result from Fig. 12, te, p = 1, multipiied by the DRE) Not surprisingly, this effect

8

becomes more pronounced as the DIRF increascs.

WAVE-IN.DECK RESPONSE

When the wave crest exceeds the lowest deck level, a large impulsive shear load is imparted o

the portal framing system which connects the deck to the global jacket structural system. We
investigate this situation by uncoupling the “deck portal” from the jacket. If we represent the
deck portal systemn with a $DOF model, we can use the previous methods and results whick
were used to study the extreme-wave / jacket problems for the wave-in-deck problem by adjusting
where we enter the figures.

The tg/T range of interest is now 1 to 6 rather than the 3 to 8 range &s hefore. The wave loading
now represents oaly that portion of the total cave-load imposed on the deck portal. The load
duration t, here corresponds to the time required for the wave crest to first contact the supporting
legs in the deck portal, to pass the tength of the deck portal, and finally to lose contact with
the “leeward” lege. We have calculated average durations, but horizontal the dimension of teh
structure is oritical, The loading duration may be approximately 2 or 3 seconds. The period of
vibration for the uncoupled deck portal systemn may be in the 0.5 to 3 second range.

Figure 2 provides results for an undamped deck portal (EPP) subjecied to a squarad sinusoidal
load-pulse. Whereas the jacket problem was characterized by small linear DAF's, the wave-in-
deck region is dynamically sensistive: the linear DAF’s for this region are on the order of 1.5,
Hence, the results follow a characteristic camel-back curve.

Qesults for structural configurations other than EPP can be obtained in a manner analagous
to the jacket problem by entering the appropriate figure at the t4/T value of interest. As
we have seen, results in this region are more sensitive to load shape; the wave-in-deck force
history deserves further study. The general conlcusion remains that the wave-in-deck provlemn
is dynamically sensitive in the linear region. Hence static parameters such as £, and f; defined
far the guasi-static approach are not as powerful predictors of the maximum response. Lhis
dynamic environment calls for & dynamic parameter such as F, investigated by Bazzurro {19931
This damage measure is based on mass times a spectral aceoleration, a dynamic propesty of the
loading history and a the (linear) structure.
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the load relative to the jacket's static ultimate capacity, £, and the duration of inelastic
loading as determined by a force-impulse approach, ;. This latter parameter captyres both
the acceleration phase caused by the static overload and the deceleration phase required
to bound ihe response and prevent collapse.

The global jacket response to the extreme wave environment was found to be characterized
by a mass-dominated behavior for peak applied loads greater than 10% of the static ultimate
capacity. A reasonable first-order prediction of the maximum ductility response was found
by beginning the analysis at the incipient ultimate stage.
& When the static overload was less than 10%, the response began to be sensitive to linear
ascillatory effects which are generally deleterious but occasionally beneficial in terms of
maximum displacement response. These effects are driven by the time-varying nature
of the external load and the structural period. A dynamic analysis procedure needs to be
adopted for these cases, particularly for peak loads which are slightly less than the ultimate
capacity.
Global system properties such as pre-ultimate non-linearity, post-ultimate stability and
reflect deleterious system response vis-z-vis the

post-ultimate residual capacity tend to
properties, Plots have been developed from which

system with elastic-perfectly-plastic type
a modification factor of the elastic-perfectly-plastic results can be found to make gross first-
order type predictions of acenmnulated damage to complex systems.

The wave-in-deck problem was found to be sensitive to linear dynamics whereas the extreme-
wave / jacket problem is driven by the static overload nature of the loading.

Ik i

Hecommendations {or future work include:

Develop a measure such as & which includes dynamic effects but is a property solely of the
ivading record, i.e., the analyst need only process the loading record in order to compute
the measure. The ohjective is to provide predictions that are insensitive to the load shape.

s Tevelon plots for more realistic wave loading profiles, especially for the wave-deck case.
pp g1 s

Develop understanding of wave-in-deck problem via the use of £, as a load parameter.

»’si.zz.gie—ciéfgrfiéf-o‘{vf}r{»aﬂéﬂm HZQ{{{’ES with those from more realistic

& Compare the results of the
srfirm trends and to calibrate

2 and ,_i—z}zz}'zfem;(mﬁ,; m i.zitsjgle-% degree-of-freedom models to «

predictions,
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DEFINTHON OF LOAD TERMS
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fustatnable displacement{at the onset of global
mstability of the structure} to the first global vielding
displacement of the structure. The overloading ratio is
defined as a ratio between the ultimate dynamic load
and the ultimate static resistance load of the structure
{ dynamic over capacity ratio},

A pushover-siatic apalvsis i3 first performed by
imposing the generated exireme wave history on the
structuze incrementally. The ultimate collapse and the
past-collapse  behavior of  the platform  are
simulated. Subsequently a dynamic pushover analysis
is conducted to simulate the wave loading effects and
structural characteristics on the performance of the
Jacket. To verify the resulis 2 series of non-linear
dynamic analyses are performed on single and
double braced plane frame models and the results are
compared with those of gives n[3,14,15]1.The results
might llusirate further different platform bebaviors
in severe sea SLOTIMS.

The dynamic behavior of jacket tvpe platforms
nught be influenced sigaificantly by their foundation
stiffness properties specifically soil non-linesrities{o}

[

THEORETICAL BATKGROUND

b

I Drvnamic model

The pile-soil interaction has been modeiled as beam
elements for piles and a number of non-linear springs
compecting the pile with soil,based on the existing
and modified AP code 12,4,78,13,181The pile
favout for the platform is sikirr pile system An
equivalent  cenired  single  pile  system i
considered this wilt enable us o get rid of Mindlin
interactive effects from one pile to soif and then to
another pile at the same group or ancther closely
statiomed pile group Pile-soil-pile interaction in one
pile 15 considered in most of the so-called standard
curves recommended by AP or generated by the
g}éﬁﬁ—méi analysis pmg;am&;ifa?ﬂ;.

G OEYAMm z;;ﬁ’iﬁ% ’,% _,};*,A%f 18 izzmé@m@gzez{i.
zin foame of the ;,z’mﬁgm is 1o model the
g space frame stroctire by using only two-
node beam-column elemsenis. The sdvaniage 5 o
reduce number of nodss by implementing 1 more
direet integration approach for incremental loadiag of
the strocture For this alm, a variational form of the
wtal work potential is established for the structural
'm;ﬁrﬂ{&f‘i

system Oeometric rmﬁm&mﬂu have b
for %",-3 §v§%§‘§€’ﬁ§,!‘3,§ & it 7
o element evel The ¢

{"»
ﬁ

been taken infc mcoouni by updating nodal co-
ordinates.

The effects of the materfal non-linearities is
modelted i USFOS by imroduction of hinge
nechanisms. A kinematic hardening is assumed for
the vield surfaces in USFGS analysis. The structural
damping s modelled by a stiffness and mass
proportional damping system A predictor-corrector
scherme 15 adopled to solve governing differential
cguaiions,

2.2 Fime domain dynantic analysis

A brief theory background and the solution strategy
adopted in USEOS for time domain dynamic analyvsis
is described  in the following subsectionf1].

2.3 Bguation of motion

Dvnamic equilibrivm may be written as

kb1

Ly Ry 2R (0] mRED o

Where FH{co) =M¥ veclor of inertiz forces
TR =CF vector of viscous damping forces
(&} =Kr vecior of structural restoring forces
Rt} = vector of external forces

2.4 Miass malrix

The inertia of the discretized systen 1§ represenied
by the consisient mass matsiz

a1 i, {\EE

where ¢ is the density and N the clement
inierpsiaté@ﬁ polynomials. s, s the transformation
vector from ¢ Eﬂsmréi %‘—Jsiem o asserpbled system A

st a4 DOF E\ﬁﬁ;‘? W%i%s third

A=A I

2.5 Damping

'15\4

AP {1

penfont viscous dampi

ed materisl




Ci3-

3 for
sl

Mang
20101
‘il

nied

is given by

Where the dam UG Mairix is piven Dy
i £ 3

For computational {normal mode approach’ reasons
the damping matrix C is usually expressed in terms
of mass and stiffness matrices M and K malrices in
the form of Caughey series The expansion reduces to
a Rayleigh damping form when the seiies is
truncated after two first terms and after adding a
viscous term will have the following form:

Ol re Mg K

=] H z {

The @, Rayleigh damping factors are calculated from
modal ciampmg data available for the siructure.

&

2.6 Solution procedures

The w-method of time integration has been used in

USEOS [} instead of conventional Newmark- B
ethod. Fhe only difference is the presence of some
additional  termns 0 the dampingstiffness  and
external forcing expressions. The damping € is
comsidered (o consist of & viscous term and mass and
stiffness propertional damping terms as indicated in
Hq.(5).In this way governing dynamic equation may
be wrillen as;

Where X the effective  stiffness  matrix HE
expressed as

TAmsisrg

where - <
vl %a urm ieTement. ‘s*zzu?izr&; New —E?a‘i?‘%l‘% & method
the wtal disptecements, velociiies and seceleraiions

at step n+l can be

coraputed as ¢

133‘5

HE

The predictor-correcior approach is adopted as the
solution procedure Bys.(9nd {10) are split info two
SHEEN

v R er fAT ey {11y
{123

- (13

(14)

=

Where d and v are integration parameters [1].The
predictor  equations  which are denoted by a
superseript p in the latter equations are evaluated on
%‘!}L basis of the values al step n.lt is assumed that
. 18 zere in the predicior eguations.

Now iferations can be performed by the use of
£4.(14} based oo the total acceleration ¥, as

{15

i)

(17

where supesscript { denoles jreration steps and A7
denotes iterative displacements af the jteration step
1. L,s,xgw the predictor-corrector approach mmiﬁ

1o % large %f i ofrom
and

various
Dropoitio %,Eﬁv

3 Wave and current loading

A ziwws@*d briefly in section 2.1 for a sea stae
by Jonmswap  wave  soeclnum w

wave period T, =164 sec and the




significant wave height H_ =27 3n the loading time
nistory is simolated by a short crested irregalar sea
with a direction of propagation of zero with the
global x-axis on the end-on  of the platform
corresponding o a return period of 100 years{ 171

The cotresponding wave load is then scaled op
successively by a factor greater than 1.0 until tomal
collapse of the siructure ccourred The latter will
correspond to @ recurrence period far greater than
130 vears, This is discussed in [15]

A stationary current with & varving direction and 2
retur peded of I vears is also imposed on the
structire.

The simulation length due to storage capacity
limitation was 1200 sec. Only the most severe 100
secs portion of these time series (see Fig Dwas
inposed as dynamie loading on the structure in the
global x-directionThis is the dominant force
direction.

4 Dynamic limit state of collapse:
4.1 Analvsis of stmple plane frame

To have a good perception of dynamic effects and
io establish any relationship between  stroctural
ductility and dynamic overloading ratios firsi 4 series
of non-lingsr Ume-domain dvpamic analyses were
performed on single and double one storey braced
plane frames with nateral pedod of T,=0Ssec
16].The natural period for these plane frames was the
same for the 8-leg Jacket. Varying the natural period
of the plane frames will result W different
performance  characteristic  relationships!6].The
analysis results Tor the single and doeble plane frame
with T,=(.5 sec and T,=1.0 sec with Damping ratios
D3=2% and 3% are shown respectively on Figs.2 and
3.The fitted curve on Fig.2 mdicates the following
relationship between the overloading ratio F and the
ductility factor

Fomdp (18

Phe latter might predict dynamic overcapacity ratio
for the Izcket-platform wih T =0 5sec.
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the Hiiﬁidél %pﬁmms Scaling i

ormly |

corresponding to the dynamic limit state of collapse
is given in Flg.3 The maximum load factor is 4,104
which means that the platform could pass safely al
43 uifimate capacity through this very severe se
loading,

The wiimate static capacity of the platform &
evgluated from static pushover apalysis is obtained
i@ be 3013 umes the charactesistic load confer
Fig 6. The dynamic overcapacity ratio in this case i3

found o be:

&5

{19

Prom Fig.6 it is evident that the swedied platform s
aductile structure with a high residual strength, Study
of similar ductile platform and their corresponding
ductility spectraf3] justifies the high overloading rsiio
found here.

This behavior is probably due 1o the high inertial
resistance of the structure combined with the
dynamic loading effecis.Bea 3] and Stewart[14}
found that the dypnamic overioading ratio for duciile
platforms 18 zbout  1200And  for semi-ductile
platforms it s between 107100010 18 also shown
that the combined dvoamic loading and structural
performance characteristics resulis in a overcapacity
ratio between 1.20-1.70 for ductile structures.(For
ductifity ratios between 1.56-3.00 for & structucal
nerrod of 1.0 sec (381

5 Structural response
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P, adu-i {2
wherepandF denole  respectively  dyamamic

overcapacity ratio and ductility ratio.Fig.3 shows the
resulis of a SDOF system single and double braced
plane frame analyses and compares them with those
obizined by Bea{3] for a il-leg drlling and
production platfors with natural peniod of T=lsec
mé damping ratio of D=3% subjected 1o carthguake
loading. The latter relativaship as plotied in Figl
gives far lower ductility demand for the studied 8-leg
jacket with T,=0.5s¢c and D=2% While for the same
structure wu%& damping ratio  D=3% the fatter
mu‘momhip oversstimates the overloading o by
about 20%

Figd ais;@ §.I§dit£ﬁ¢,€; that the SDOF and plane frame
results give somewhat lower ductility demands for
the same overloading values compared with those of
the jackets platforms.

& Fracture check

To demonstrate the potential influence of the element
{structaral member)  fractore on the  overall
performance of the structure,another amalysis  was
carried oul with a fracture criterion included,

The fractare check is based upon the so-called
"load 37 CTOD criterion] LOLA simplified mode! s
adopted for calculating the strains in the plastic
hinges [161.The crack tip opening displacement
CCTODR" s computed on the basis of the nominal
sirain,the corresponding stress{which may be raised
due to hardening) and  an  assumed  crack
length{15] The CTOD values are assumed t© be in
the range of 0.3-0.3mm which are often found to be
criticall 10].The defect size was assumed to be  in
the range of 3-3mim which are detectable by standard
inspection methods. The fracure model assumes iE'zai
fracture will take place before reaching the ultimat
strain to comply with this the fellowing i,i.)ﬁdili&,s
should be fulliiled

. ., o,
CTOD-Cr 1 ECRe, — . &
Uy 2%

3 ﬂz?:’sw; stress o= wyieid
i ¥ z"“}
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as well as the stiffness of elements When the fracture
critenon is viclated the latter values are sef 1o zero

and redistribution of forces takes place[16}.The

he latter indicates that in the factured case
proposed refationship above for evaluation of the
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& Conclusion

The nonlinear structural b "o jacket under

ed. In order o

wansient dynamic loading
galn insight into the performa uctiie platforms
in the case of hurricanes and earthquakes,
Digregarding  foundation  faillure » dynamic
overcapacity ratio of 136 is obrained The ductility
satio for the racket was obtained to be 186,

A structural fraciure mode does influence the
global hehavior by making it semi-briitle and also

i

reducing the overloading ratic. The “level 37 fract
criterion adopted i our fu}:;! is sensiv
{Wfﬁ}f"t andd the c:a;k_




resuit o britile behavior and lower overlosding

wiure.
hat us muﬁ.,mr'» clationships

Capas ?i‘ of the st
Twe

based on simple models siudied in %—i‘;; are proposed
for the natural period of about {} 5 sec and damping

ratias from 2% w 3%,
?i’i& ﬁ*‘z%m}wé re di}{}i}«%"}% are comparable with
srrietural periods | oand

foundation fatlure

progressive foundation failure mode
f‘rt;.:m. é%’ac eipg‘z@f suil lavers downwards  was
encountered A rather severe bending collapse mode
cours al the uvpper soil lavers.Consequently this
resulie in a magor sway mods and by progressive
pile-soil fatlure, it wwitches 1o an overturning collapse
mode af very large displacements.

The results show a significant imcrease in the
system's  doctidity ratic which attaing 2.28.The
complete vield of soil ocours particularly a e
UppEr & fayers where soil reachies iis peak
capacity. This also resulted in lowering the dvnamic
overcapacily ratio to about 1.035 which is ahout 77%
of the model for which the soil s considered as
near with mittal pile-soil interaction stiffness values,
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soil foundation is included by means of a simplitied
mulii-stack of disks model (Wolf etal, 19943

Both lnear and nonlinear soil conditions are
considered. The idea is to use an equivalent sprin
and dashpot system with their spring and dampin
charactenstics computed from the disk mada! at th
K;;i%t« head.

Structural nonlinearities are represented by using
the well known Bouc's hysteretic madel.

The wave load time history is senerates
WAJTALC computer program (Dnv, 1992 bas
lomswap energy spectrs, The simulated  wave
mstories are scaled up successively by 1
m0st severe part of them are unposed |

Five medium to lung period earthouake
usedd for feiwiic ductility demand anal

Pructibity spectra are established here which could
provide the haf;zs for predicting the gichal dynamic
behavicur of the platform svsters,

’I" l‘}".f.‘-

¥

%

Fusmng

cased on

LRAL MODEL

2 STMPLIFIED STRU
2.1 SDOF system

A very simple single-degree-of-freedom (SDOE
system 15 initally used o only indicate the overall
dynamic behaviour of the jacket platforms. The jacke
muodel and the equivalent SDOF sysiems are shown
in Fig.i
The wucmr»‘} meddel assigned to this SDOF syster

1y & well known Bouc type hysteretic ”HGdE‘E which is
explained more in (Bouc et al., 1967, Park et al.,
1986, Sues et al 1988 and Bcssa&;a‘;r}, [99%) By
varying the parameters of Bouc's model in special
cases, elastic-perfectly-plastic and bi-linear models
might also be represented.

The SDOF system is defined by its mass (m)
the equivalent natural period of the structure defined
as Tn=2nd (m/k) where & is the initial stiffness of the
sysiern,

The dynemic eguation of motion of SDOF system
1% expressed as

angd

sl R g = 0
where #= displacement of the mass
g= velocity of the mass.

i= acceleration of the mags

k= i?zc tangential 51

in Fig.i

2 bistory which & equal o

~fld, i the case of a seismie ﬁi}mjé.
k=3

nt SPOF system

535%5 model  of

2.2 A simplified sysiem based on disk modeliing

zmzism s of %%s«

b i modelied
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where 7, and 1, are tespectively, the actual and the
faiture shear stresses at the pile-soil interface, r and
r, are radial distances ag shown in Fig 3 and 4 |, From
Eep. 5, the radius factor of the imaginary soil disk ()
may be determined. For engineering purposes, &
tactor of 10 to 13 would be sufficient. By inserting
r) from Eq5 into Hgd and integrmion the
following expression is obtained :

2 ‘gi' iP-g
e
g K @

The axial displacement at the pile-soil disk points
iy be obtained from the following

]

B f‘f{?}dﬁ“
Z.

ot
T,
£t o ¥ yi-B
Sa(w}f ey

4

where superscript a refers to axial displacement and
.+ 18 the radiug of the imaginery disk wrournd the pile
a8 shown i Figs.3 and 4. The integration of Fg.7
may then be performed either numerically or
analytically. The analytical solution may be achieved
for positive integer values of () exponent in Eq.7,
while numerical iptegration would be preferred o
obtain the results for any possibie real value of (3.
The practical range of (B} is found empirically by
Svang et. al., (1993) to be beiween | and 4

For lateral loading of plle-soil disk as shown in
Figd, the reacting normal stresses (0) may be
retaiect (0 the shear stresses (1) via an eguilibrium
relaticnship around the pile-soil (Janbu et al., 1085%

r.

(3

where 5, 1s the undrained shear strength of soil, d the
pile dinmeter. N, 5 a number comresponding to 2
hear fatlure situation around the pile (see Fig 5y, k,
i the 5o -called gap factor, Assuming i?‘;;‘i'{ for p less
than the lateral oressure at fatlure p, ¢ will | be less
than the shear strength of soil 8 then < ;

where o, and T, are .rwp«aa:meiv the normal and
shear stresses at the pile-soil interface as shows on
Fig4. For an undrained soil condition, the
volume may be assumed 1o be constant Ihz% :
soil elernent at the pile-soil interface, the fo lowing
relationship may be written

[

oy

g

e B
;M“;

by

4]

eotial stram componenis as 3

Filgoseil sysem . &

Fig.d Shear ;s%isszmce of

deformation of a soil eleme

In this case fed=ig), thug ey HE will Be red

«f

Tz

srefore the |

where v oig
displacement

may be computed ag

follows:
Faz g

4 = [ €07 gdr =F{t)
l"; I‘B

serseript ©orelors
LBy combining
A9-G' may be obtained as

Tl el B by B
& @{‘gg} é}{‘ \gééigk})(
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4. DUCTIITY ANALYSIS RESULTS

Drociility spectra for different wave and sarthqoake

conditgons are given o Figs 218 The n;icfemz;
values for G, f, and o, parameters are chosen o be
47 MPa, 350 MPa and 0.1 respectively.

it is shown In the Figures 8 to 18 that the ducrility
dernand {u} of system generally decreases by

mereasing the natural period of the platform.

There are some pesks and
szsociated with the most of the apecira, which are
sspecially in the range of Tn=2.0-3.0sec. They might
be due to resonance effects relat rauitiples of
the primary force harmonics (Morison et all, 1997
However the general trend a8 shows by the fied
curves in Figs ¥ o I8 v the -ase of {u) by
decreasing Fa towards 0.5 sec.

As shown in the presenied ductilily spectrs, the
relative maximum displacement {ductility demand) of
the platform is highly dependent on the overload
ratic (Fuy for the range of Tn<2.0-3.0sec.

As secn in Figs, F4 increasing the
sirength (1) or the width parameter of the
;) in the hysicrsuc Eouc 5 model resuits in shifting
the ductility curves {p vs. F) towards smailer To
values. The latter might be ime:rpz‘{ficé as change of
the effective (nuiuraly period of the structure dus o
change in 15 siiffness. This seems 10 be a beneficial
effect in the senge that the required ductility ratio i3
reduced. However the peak ductility demand is not
aliered very much in Figs 13 and 14

The influence of other important parameters such

seous damping I8 shown in Fig 1o &
observed that generally increasing the damping ratio
reduces the ductility demand. The influcnce of
damping for shorter perieds is much greater than that

vaileys

ed 0

I3 and

for larger periods. The higher damping as seen
damps out the peaks in the specira

It is observed from Pigs.8 through 18 thw the
ductility demands for exreme wave loadings are
higher than those Tor seismic loading for the sane
averload ratios, This difference might be due (o the
much longer duration of extreme waves i of
the carthquakes. The loading duration effect may
cause the system to reach s ultimate ¢

CABRCITY BOOnST
might have been anticipated i & siatic

foading.
In the case (‘—i‘ exuen
‘Z’E’Hhi"zﬁﬁ of 1

1034

-

The mfluence of soil's shear modulus O
ductility demand is presented on Fig 12

obzerved that the peaks are reduced by incre
soil's shear modulss particularty in the

Tn<2.0-3.0 sec, These effecis are co
thoge %em} ir—» %Wx: g'@ and §f;
The va

mdrzfml of variation of the uu,.fﬁ’m de,m :
i chlained in the ran

sverfoad ratio. Whi
histories, the COV
Bigher in the range <“ %f} %o 6

The variation in the ductility
may be due (o different duration, frequency
rendom  phasing  asd  accelenation
assooiated with various recos
etal, 19937 on vart
hat the ductility !w:mm, for such earthqu
average would be loss than thoze for ‘i.z.’}i., recorted
earthquakes. While he found that for simulated sea
waves with high degree of (pl mxzz}u S w%ﬁ%w the
ductility domand (1) ¢ is hi
for a recorded one with the sa
in the light of thes
spectra presenied
conservative sstimate of the

s contenis,

ampliudes

yaices on

MWL AVEIBZe

here

average.
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CONCLUSIONS

In the current study, o is
sure can be wused o

FEES

behaviour of the offshore facket platf
of simplifted equivalent models.

The study showed that the potential ¢
offshore jacket platforms under extren
carthquakes might vary si
their structural and soll characleris
variations are much higher for shor
ine demands. The effective natura
might be & useful fool 1o describe 5o
discrepancies,

Damping bas a significapt effect on red
ductifity demand and removing the local
valleys in the ductility specira,

The seismic ductiiity demand of the
tems are less than the ductility
CRIreme sen waves with t
o much smaller duration of seismic w
with lhe that of extrerme sea

The ductiiity demand for 4

wave loading histories may v

overtoagding rafio.

Svs

he same o
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7 APPENDIX

The telationship berween the tangent shear modulys
of soil G7 and its shear strain Y may be derived from
Svane's cyclic shear mebilization model ¢ Svang et al,
F993) 4 inijows:

AL s}

oy ey, g
7 T l+k. s (AT

where g is the normalised shear modulus g as:
el
g

G5
oL ray

(A2}

where G is the shear madulys o7 soil, & the mean
effective stress and a, the dynar ' antraction of s,
In FyaAl oo 1% the maximum normalised shear
modulus of soil which then is easily followed from
Eq.A2 by onjy replacing G, with G__,_ b} are curve
fitting parameters chtained cmpirically and 5 is the
normaiised shear siress ac the pile-soil interface
which can be wrinen as: :

EEoal e pile-soi

and the other parsmerers are defined above,

by near the pile

5.3
ES



By combining Egs. Al to AS, yields ¢

AT, Foge (0 v a@,) (1-ds-Ahs?;
5T
il+2hs)}

{AS)

followmng

[

By combining Fgs. Al w A5, b

relationship between s and ¥ is obtained -

and A7, G' i obtaired as -

v c (A8
where G (67 2,3 and b and © are given above.
By inmserting b and ¢ and G inte Eg AR the
[ollowing expression for the tangent of the puie-soil's
skeleton curve emerges

{AG)
From Egq.AY, for =0, the initial shear moduius will
be equal 1o G, given in Eq A2, while for yedeo the
uitimate tangent shear modulus of soil will approach
ZEFG.

5 pus
103

g

D




APPENDIX
g‘:’%

MOAN, T, HELLAN, %, AND EMAMI AZADI MLR..: “NON-LINEAR
DYNAMIC VERSUS STATIC ANALYSIS OF JACKET SYSTEMS FOR
ULTIMATE LIMITS STATE CHECK” PROC, ADVANCES IN MARINE
STRUCTURES (DERA), DUNF ERMLINE, SCOTLAND, 1997,

- ol -

S

SR







Non-linear Dynamic versus Static Analysis of Jacket Systems
for Ultimate Limit State Check

T.Moan

Trept. of Marine Sipuctures
NTINU N 7834 Trondheim
Morway

&
it

idivision
SINTEF
Norway
MUH. BEmami
Dept. of Marine Structures

& Hella:
: of Structural Engineering

ABSTEALT

Thes work deals with a comparison i

ffwenal {sialic) pushover method and o non-dinear

wersr Lhe ras

ssment of the wltsmate lrmit state check of the jacke:

dynamic approach as applied for mibsgrify ass

SER TS
A brief ac

combined ¢ffer

wunil of strectural, foundaiion, load and system medells v o8 presented emphasizing thesr

A the analysis methods on the assessment of Mo ultimate codlapse behaviour of the

i3
platform,
The concept of dynamic overloading ratic relative to stotic capartty 15 weed, and s relation to the

! winnental loading is cromined.

prile

sotl tnteraction under extreme s

ductility of the jack:
The influence of foundation fails
guted through different prle-soil models.
The impact of elternative lond modelling on the dynamic response of the platform under

on the wlismate dyncmie resistance of the platform is invest:-

AR

wave condilion t¢ invesligated.

[ weth Hrose of provious studies bosed on simplified as well as

The results of this study are rompare

MO jacket-pile-

Key wordsiultim

nale capan
i codes for
. . et
EER e LHIRUTAL F




component and not the overall coliapse of ¢
w of the failure consequences. The ati*zmi of computer technology and Lhe Bni
methad have made it possible (o develop znaly

y eflects and to account for pe

which obviously is of main con

TucLure,

that inclide second ords

sible re-distribution of the foroes and subse

and plastic

corponent f&%iii’i%é‘} urfil wx“yf{ s coiiange,
i
s {S",}E’ cale %izéﬁéﬁg ?.l,gii:f residyal sirer
B

Initially such methods were developec

£ NP More rece

damage {progressive limi
lelermine the con

serrent of aging st

appited for re-ass

:rs i connection with inspectio: planning,

e of membe

fraviu

format spplicable

e purpose of this paper i3 to present a de

as well as briefly the recent theoretical developments and their

sire 3392?1 sneder IHOnoto ;RS

efforts so far have been devoled to ulbing:

will be on extension to dvpamic behavienr,

{pusiove

with sysiom m;iazm.

The VLS check

s S50y Qu)

sre S and g and 0 are the desipn vabues of material
parameters and load {dead. permanent, funct '

which are expressed as:

ch characteristio values are indieated by a subindex o, %, and Yoy are mate

stanice factors and Ao, geometrical marging.
It 12 aoted that both the masmzh;fe of elasticity and yield strength are mate
for compression members, ~ ically applied on the resulting ultimar
To zuit the format of f‘(}h!ff;i’ r:xn:%?;cm's? analysis, it & convenient (o refer
global load effect fike base shear. The notation S{3° 80w may then be simplified
the S, Different material factors ~,,, may then be used for members, joints and o
ce

omifting

5. l‘_*g{'?ﬁ'%‘(’

codes speg s which depend wpon the member slenderaess, Honee,
E 2 : )

the n

rey




excsssive for near

modulys of elasticity which affects the buckling stress even il this factor |
slastic behaviour.

In the non-linear structural analy
{accumulated] up io their respeciive load YmpERFYoi. Finally, esvironmental icads are
incremented until collapse. To comply with the safety requirements of the selected code, the
system strength Auy should exceed the faciored environmental load ~,, np

desd, permanent and five oads are incremented

THEORETICAL BACKGROUNE

Cienersl

Significant efforts have been devoted to develop methods for nonlinesr analvais of fixed ofishors
structures. Methods for static analysis bave been established by Leda o u.i {1974, Marshall,
{1977}, Rashed, {1580), Moan et al, {1085}, 5 et al, g}{}?d and Urislield, {1981}

A }i‘lef review of the dynamic, structural, pile-soil and system m {Jd£=!§!§‘ﬁ i prosentod

F

the following subsections,

Bynamic model

o o

The main features of the dynamic model is struciural mass and 4 non-linear {tangent] st
system , a proportional structural damping, an {inherent) non-linear hvsteretie <§<m}§§:
soil and an equivalent viscous damping accounting for other sources of damping.

The gystem’s dynamic equilibriam may be expressed as follows:

where Fi(£) is the vector of inertial resistance of the system, & {t) is the vector of structural
and foundstion’™s force restoring contribution, Fu(f) is the vector of damping forces in the
system, FL{f) is the vector of exeitation forces {e.z. wave and current toading)

It s evident from egn.4 that the altimate dynamic ¢ apacity of a system can be greater than
s maximuum static resistance due to the contribution of the inerijal & i and the damping
forees F{t). A dynamic overload ratio v, can be defined as follows:

(55

- e
- 3 i gt
[P fﬁgr:zm,f 4{?,?“!7-5

in which Fl .. s the maximum dynamic excitation force and Frmar 18 the ultimate restor g
force{or static capacity} of the system which may be dotermined from a pushover analysic
The static streagih of the system is conven) jently expressed by the ratio, RSU as F, sz ] Flos,

iz which Fign corresponds to the 100-year wave load. Simitarly the dynantic altimate strength

facior may be defined as: F, .../ Fioo.
‘The associated ductility ratio g of 4 non-linear system may be defined as follow

6}

siel o

Car




Umay

G Pt

ation of sysbems’s ductility pa-

ti foad-deformation character-

gystam which pe

icope Jyeplasi

P P
POLATEE G-

i ifgeﬂ system can accelerate o o 3 Lo infing

On the ot hssr hand, ?z" the perind of the excitation & poriod of 5}

sysfem, the response will be d ra;mm:&uj; amplified. m;;;ﬁmc“atzc Bl

systers, whick has o= 1, the dynamic amplification o
» effects of post- ;:;eai«; s,
Emami e al, 19¢

For a brittle

load factor 7. radation may alse be considerad

e e Schmucker st

AN

subsequently.

2

Ew

siructural modelling

o#

Models which have been us tructural menibers include shenomenological mad
{e.g Marshall 1977} and varicus finite element type models { Ueda et al, 1976, Moan et al,
i%a and & et al, 1894). While both beam and shell type finite element di
y

3

elagto-plastic continus offer the greatest versatility, they alko pose severe

scretizations of

cnallenges for the
user.

More cost-effecti tutions are obtained by using special displacement functions {e

ability” functions) % in vield hin
as applied in the current method (Hellan, 1965) J. Yield hinge models are developed at diffe

and concentrating the materiz! non-Hnearit

el
refinement, from vield hinges with zero extenzion along the elements to models that aceount

for the extension of the yield hinge. Yield hinges may be introduced
maximum stresses, or ab specific, pre-defined %»:H:.aiif}m; along the membaer. P tastio perfs
Other

tion of the

at the position of
e

plastic hinge models Lroat the cross
5 introduce vield hinses ag

i

section, sirain harde




¥

conassrvalive for g

in general, these formulations may be slighuly
mder columns,

un-consarvative for g
For both these formulations, exact fit to aay given column
introducing Initial Unoerfec i
in {Hellan et al, 1904)
Several methods are in use to model joint behavioy
fnear {joint fie

curve can he oblalnec

discussed

y i the element {ormulniion, 7

3

fot

af non-lineas

oitr by

method is to model the joint behav
i

£

ween the brace end and the center of the chord,
formudaes,  Alterna

IDring proper

capacity epri

five

then (E%’.‘fi{"rﬂféi}(‘é from test data, FE as
m-columa element

imate capacitie

springs can be replaced by a ben
¢ i :

7 be modelled by a plastic

from the capacity squations for the joint, The j

©f-plane bending

potential, with interaction between the axial E‘?:sz'{:fﬁ, in-plane bending an

ce-toebrace Interaction adding

Formulations have also been published that accounts for be

beam’ elements between the brace onds

Foundation model

Various models for embedded fourdation such as i developed in the past two

al or semi-empirical which have

decades. Most of the existing pile-soil models are em D

estabiished hased on the acquisition of dats from a limited na

33
£17
¥y e
ki

from early 1970 antll now. Alshough these empirical models

the designer of the offishore [+l A fonnpdation, th
i ; b et al, 196G

al, 1404 .

‘e model used here v based on Molic-Coslombian soil
the soil’s shear sirengih in terms of the effective stross components in the soil {see e.g. Janhy
el al, 1985, Nordal et al, 1989 and Svang ot al, 18

&Y are

{see Horsnell e Mg

e

behaviour and hepee

I the present study, the pilo-soil behavionr i represented by a stack of uncoupled £

5

disks, fE."‘i_szurfz,I}a Hustrate the concepi in & schematic way. The disks in the model Bre

we initial linear double rone

connected via two node (fexible] beam clements of the piie.
model of Wolf et al, (1994} was combined with this fexible disk model and extended for
non-linear dynamic analysis of pile-soil-jackel system {see Dmami et al. 1096, 1687 73,

It is assumed that the pile-soil interaction for each
a hinite disk surrounding the pile shaft mmarnt et oal, 19963, Th
sumptions are mude about the pile-scil model

Fach disk is considered to carry axial and lateral loadine
) e strain condition is assumed for each

segrment of pile-goil :,&ks,ﬁs:a place within

allowing simplifvi

in the form of shear stresses into

the infinity wi e Figs.2a and b}
disk {see for e.p Nogami asd Konagal et al, {1984} :
exponentiaily with the radial distance frons the pile-zoil interface. The soll condition for ok
z.

tin its plane (s

ssumed (o decay

The stress and strain

i assumed as undrained which may be applied only for short term loadiz
The combined dynamic Inading rate and cveli

shi
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rated

of disk model are caleulated. The computed load-deformation curves have been inc
node non-linear spring clements. Forther

into USFOS by assigaing them to the gensral on
£

b

details and verification of the model are given in Ermami, {19971

Extreme wave loading

3

The dynamic response of platfors

-slabes are simulated

Random s
height of H, and the corrasponding peried T

the Jonswap epersy

s lony

The simula

3
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1

static{pushover) with a} increasing
approach with scaling the wave height o

Fig.d.The extrome wave load modelling methods
tensity and constant wave height b} quasi
dynareic approach with scaling the wave

tati

it

ght

ated by waves are computed according Lo the Stoke’s theory, and then added to the curren

velocities., The resultant particle kmvmauw are used in the Morrison’s equation to calon ;‘w

on each wet meriber of structure. The relative motion of the fluid with respect
F
L

the wave forces
o the encountered member is considered. Mass and drag coeflicients are considered as
and 2.0, respectively.

A sequence of extreme waves was re-generaled (o determine a suitable loading history
for the dynamic analysis. The length of the most severe portion of the storm is Taken as
between 100-150secs (Fig.3). The envelope consisls of a finear{ build-up} portion of about
three wave length{three cycles), a constant part of two wave length{eycles) and s decreasing
portion of about three wave lengths., These extreme wave considerations are consistent with
the extreme wave theory of Tromans et al, {1991 and the storm model of Stewart ef al,
(1983}, The determination of ultimate strength under dynamic wave loads involves repested
caiculation of the dypamic response to identify the load lovel that causes Lthe svelem collapse

Three different load models are considered here to caleulate the witimate capacity of the

acket system:

1} The load vector corresponding Lo a return period of 100 years [design load) uger
a reference load and incremented proportionally vntd uliimate callapse of the system
load vector height implies fixed sea elevation) see Fig.da

2} The wave height is increased successively o atil ultimate static collapse of the pi&iiz};,_;

{varying load vector height or wet zone on the struct urs) without inertial effect
Jyclic approach based on lncrementing the wave betght as (3}

> ap 5 ywoach as (3] with dynamic f?ﬁ(?;ﬁiz fz‘t 2




Fig. b .Comuaring the zea load histories fwith and without the in-line curreny

Bea ot al, 1992 and Emami, } GY75.

fn the second approach, the wive height &

ion of the wave

incremented bul po cy

i constdered. The wet zone and the dis ribution of the induced load on each slement in Lhig

H

i base shear of the struet

the variabion of the (nlal

zone varls with each increment. Hence.

son-roportional in thi a;}p;oa&:% ’%;&gmrozu!} this method offers a more reali

of the sex load an the structure coppared to the first approach.
‘Fhe third method captures the cyclic action of the wave oading {reverse of the |

and pussible damage sccumulation or cyclic degy 'zuiaiis‘rsn_}u ‘Fhe fourth method considers é,i‘;{?

effects of varying sea surface ¢ {1}, eyc

resistance of the stracture. Hence, the latier &gwr(m{‘b can captiure the ¢

further subsequently. Fig.h

> action of storm as (i) and the dynamic
dynamic overload

svabiog a

shows a i,tfp%ca.i

effects as described above nnd will be 4 3
extreme sea load history indicating the effoct of the in-line current on the asymmetry of the

loading.
tor st ol

Solution method

The dynamic equation of mobion eqn. 4 i solved in the time-domain by using an integration
k ] { 3 :

technique such s prediclor-corrector based on o HET method (Hilber o al, 1676). The

method is based on the Newmark’s beta method Jthe difference ix in introd: ucing some exira
Hiness and damping parameters. A bissection method ie used Lo scale

berg and Amdahl, 18

terms in the effective

back the stress state to the v




o The end-on response of the jacket-pil i system (plugged)
static{pushaver) sy clic 3

quasi-statie  dyns

938

load incr.  wave height |
84 1.54

e

315 2 2.86
269 y

have K-braces in all bays. The supporting deck

deck facifities have been modelled by a pyramid frame.

The fpundation of the jacket system in thie study is modelled as equivalent single piles
peretraling to a depth 2%m below the mud-tine. Due fo the relaiively short lengths
designed skirt piles in this case, they have heen groute
penetrated into z sand layer, nce,the pile-tip is considered to be plugged to susure end.
bearing Since the lateral resistance may be mobilized at the upper part of the soll, the designed
plle condition is not modified and will be used in the first part of this stady, The piio-sol
nteraction is modelled as non-linear disks as describad sbove.

&

i
ai the boitam ‘here the piles bave
at ihe bottom whore the piles have

4

£

Hizmtie behaviour

Vo resistance factor, 29

ol the platform i

The ductility 4
determined through pushover anzlvees in the main longitudinal

ratio, 4. the uitimate (static

end-on} and the transveral
frame [broad-side} directions of the platform.
The static response of the syvstem under end-on loading is shown in Figd for bnear, non-

linewr piugged and un-plugged systems. The near collapse behaviour of the linear support
Bysiem is seen to exhibit » rapid degradation while for the non-liness pile-satl svstems, larger
resichual strength ratios have been obtained associated with bigher ductility values. The pre-
collapse response of the plugged pile-soil and the linsar su puorted jacket systems are atiffer
compared to the un-plugged system. The softening of the response for {he latter case may
be aitributed to the rapid yield occurring in the soil along the pile shaft with a relatively
smaller contribution from the tip resistance. The proximity of the pre-collapse response of
the linear and the plugped case is due to far larger end-bearing contribution which is an order
of magnitude higher than that of total skin friction along the pile,

Phe global load factors corresponding to the first member failure and the ultimate capacity
of the system are given in Table 1. It is seen that the ultimate strength factor of %18 has
been obtained in conventional static pushover analysis is aboul 20 percent larger than that
for the cyclic. This discrepaney i partly due to the effect of increased wel zone over the
Jacket which is 5ot accounted for in the conventional pushover method. Secondiy, it might be
due 1o the accumulated plastic degradation as shown in Fig.8. The degradation effecis may

i

1991 and Eberg et al, 19831due to small 4

be physical as well as numerical (Hellan et 2],

Wi f
. E

iebd suelace durlng each oy

off from the actual v s adso seen in Figfe that by ineluding
P w Lo

sloger

ad pltimate capacity fram » > pushover

the wind induced In

inedd from quasi-sts

et




j = the tobal base shear in MN, Blodnom, Hy e
wort the SWE in m, 7 = the ﬁf*?i{;iﬁ associated with a zcaled wav jg{%zii "

aight in m, ayand b are the

- the scaled wave hel

Ty = the period corresponding to ©
zzeifzf:i 1y

FOZTEASION |

coctficlents of the curve ftting ,

For the studied platform, the exponent term g, was obtained to be 1.71 for the end-on
e loading. The exponent values characterize a mived

firgg»mem& regime for the jackes platform.

obtained to be (L6 for end-on loading and about (.39 for broad-side loadi ing. The regres

coeficient oy obtained as (.38 and 0.49 for West-bound{end-on} and Norih-bound {broad-

sidejwaves, respectively. The second term on 2189 of 4.7 was omitted due Lo the presence

loading and aboul 185 for the broad-s
Phe mean value of the exponent coeflicient b, z«

i

of large air gap.

Cemparison of wave height incrementation and wave load incrementation
methods

in a conventional static pushover approach, the environmeniad loadin g8 such as indoeed by
on the structure until the z*é i

nate collapse

wave and current are imposed ipcrementally
occurs. This method does not take into account the variation of {%’ssfz ses, surface elevali

during each Increment of loading,

The variation of the sea surface elevation changes ihe wet zone on the platforis and
hence the resultant total base shear snd the overt arning moment. Additienal forees may be
imparted on the structure, if the extreme wave's crest reaches the cellar or main deck areas.
With respect to these effects, a new pushover approsch s established based on inerementin
the wave height, The procedure involves several incremention of the wave height and i 5 wave
on deck is encountered then the additional deck forces are caleulated ace arding to the draft
sec. 17 of APL 1994, Figs.6e and 6d compare the results of new and the conventional static
pushover anazlyses for end-on and broad-side loading of the studied platform. As seen, the
rear collapse response of the platform according o the new method is softer to some extem&.

The maximum discrepancy occuring near the ultimate collapse is about 9 percent. This is
mainly due to the additional forces imparted on the upper part of the siructure inchuding
part of the ceflar deck {about 1.1 m af collapse} and changes in the distribetion of the forces
over the structural elements. It iz seen that the structural behaviour of the jacket plaiform

concerning the ductility has not been changed in a significant manner,

Dynamic everstrength factor

shapos ic;zww €£§£ structiu

%z vy Lhe o
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degrading effect of the increased wei zone on the structure has been counteractod by the
increasing dynamic overload ratic over unity due to suffcient ductifity available in the system.
However, for more slender structures, for which dynamic amplification effects could be more
important, applving 2 dynamic analysis approach witheut even congidering variation of the
sen surface{wet zone) would result in lower ultimate capacity compared o that of static

pushover method (see e.g. Amdabl et al, 1684)

Simplified dynamic models

Thes
Lhe
8YS ‘t,'”zz such as h?‘“},‘

: resuits may be compared with the predicted values of ultimate dynamic capagity c

stem {or the overlond factor} based on the previous studies of the eguivalent mmg? fied
- I

3DOF and one storey plane frame analyses (Bes ef al, 1903, 8
. Bmami ot ,3% 1945 and Sk \;mes%w et al, 1904},
- .

y
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2.6 The static response of the jack
a} end-on loading b} broad-side loading ¢} wave height incrementation method vs. conven-
tional wave load incrementation method for end-on loading d} modified vs, conevntional for

sroad-gide loading e} wind load effects a.g. ander end-on loading

L
2R

rather than first member vield in the fcad-defleciion response as showa in Figs, T
served dynamic overstrength of about 12 perce
which has allowed the inertial resistance of the platform to be activated. Since the pos
degradation of the static resistance as shown in I g.6a is not severs for the end-on loading
of the platform, heace, the effective ductility ratic will be closer to the apparent ductility
ratio, But for o brittle case such as shown in Fig.6b using ar apparent ductility ratio oo
NI-EPP based relationship ebvicusly will lead o oversstmation of ru. An effective ductility
ratio may be introduced in such cases(zes Fanami, 1997}

The following simple relationship between overload and nctility ratios has been abtained
from analyses of SDOF systems by Bmami et al, (194951

ifficient ductiliny

itoin this case i due to ih

where ., == | for linear and 9.5 for the non-linear foundation system. Subsilivling for the g
in eqn.8 will result in a ratio of about 1.42 vs. obtained 1.12. However. the given relationship
Ras nol accounted for the changes in the sen surface elevation.
Based on eqn.4 a simple velationship is obtained by Emami, (1997 as follows:
4

Crgs IND PP U o) 9}

AR

s res and max refer 1o the residual and masims i values of the

is an overload function obtained for NYLEPP sysiem such as

pprosch of

asnned i

Phis is becanse ihe




Table 2: The predicted versus computed overload rating of jacket-plugged pile-soil s
under end-on and broad-side loadings
PT{\’}E(‘U‘VG’* rethod Overload ratio

Orverload ratio
{broad-side;

{end-on)
FMDOEF ana 1}»&% 1.1z .56
g Hea of al, 1997 2.67 Rk
| Stewart et al, },;, 93 110120 L.00
| Sehmrucker et al, 1096 1.4
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Fig. 7. The base shear and inertial resistance histories of the {plugged) Jackei-pile-soi I system

{end-on foading)

constant {inear dvnar;xic&;}‘ in the latter approach wiile in a non-linear system the effective
em varies as a [unction of s tangent stiffness K7 (ene Hmami,

natural period of the syst
1G87)

afforts required in global aon-linear dynamic collapse

The resuits

Dae to the large computational

analyses, simplified methods to estimate the overload lactor are very useful

given in Table 2 show that fairly sccurate initial estimates have been obtained based on the
However, further improvement of the accuracy s needed

{overalijsimplified relationships.
to better reflect the nature of r,. Such improvements may include the consideration of =

surface variztion, stiffness degradation efe.
The base shewr and displacement response histories

a';‘}?%;}ﬁw; ;iiééﬁ%"iﬁ“«i & ﬁiiw and-0

e

atbi HR nas e
3 Lhe ul

ning ¢




Hoading at deck

ENT RESPONSE

FBPLACEME

o

5% 2
. e -

i :

Ir -
5 H sak

; .

i 4 e

. _o GUASLST =
!f e {fadure opcds)

i
i

o

SAREADTOR

=

I3
:
¢ {mcctariulaled damage)

AT E

48
380 GISPACERE:

sLega

y ‘;?a{:eza; SHE PSP ensn




Fliptes ndnrar i velue; Tyne- 77 Dofuineg

Fig.10a. The orrged and  plastic interaction

model of under endeon loading for

metric with larger displacements cecurring in the positive gi&%mi Feaxisd
be partly due to the loading asymmetry and partly due to the mentioned serpanent
{plastic) deformations developed in the jacket

Fig.9a compares the static base-shear -deflection response i%e slatforn
those from the fajlure cycles corresponding to eyelic and dy: an«l%m it i shown %;ha?;
the latter carves have lower peaks due to the wave ioad ;?W{ie!;wﬂ' effects. And the
response is somewhat stiffer than those of static and eyelie(quasi-static) ones main!

the inertial effects. ,

Fig.10a shows the collapse mode of the plugged pile-soil-jacket systom. indhicating that the
most of the plastically vtilised members are located in this area. Also the horizonta! members
in the boltom bay connected to the main legs at the corpers have buckled. A plastic hinge
formation & seen in the left pile in Fig.10a at about upper one third of pile This
signifies that 2 lateral plastic interaction has taken place between the soil pile ay this point,
shear transferred to the pile-scil systerm at the

Tae

pilaiwith

due Lo

5

Gepl 5

This may be initiated mainly by the base
interface level. No axial failure model(such as pull-out or plunge)is

loading of platform,
Eﬁj > shows the collag

ket with a linesr suppori systen,

s made of the

plast 7 atilized (failed)members are situs af the second and ifiw third b
and af the bottom bay all four ing mermbers have

show il

fel, namely §




Table 3 The broad-side PESPORSE £ of the jacket-pile-soil svetem (plug el ]
¥ Eg

Static Cyelic

Load Inor. Wave Iner qi;' tatic  dynamic

First member failure load 2 f}zi‘-‘" 178 18RG 1756
ultimate collapse load 2,494 2.23 T EocnEa
residual strength 2,711 2.04 Z 4 .32

Fabie 40 The ultimale capacity and overload ratio of Jacker-
pile-soil system {plugged vs. on-plugged)
Uloading direction  tip condition  HSU  RQS«* RDU

I End-on plugged 315 25% 288
[ End-on s-plugged 294 2.2 245
§ Broad-side plugged 299 243
| Broad-side un-plugged 104 144

RIS is referred above to the ultimate colipase factor oblained from

quagt-ghatic analysis

b

This 1s maialy due to the ductility provided by the foundation which bas changed the ultimate
collapse mode from & brittle to a semi-duciile one which endorses the lea of having = static
jacket-piesoil interaction in this case. The effect of un-plugging on Zh@ ultima
behiaviour of the platform is even more pronounced, as seen in Fig.6b, the BSU fartor s then
reduced to 1.94. The corresponding initial and near collapse response are mneh softer than

te collapze

for the Hnear and non-linear pile-scil models.

Table 3 shows the global load factors corresponding to the first member failure ( {brace
backiing), the ultimate collapse and the residual strength of the jacket -plugged oiie-soil
system under broad-side loading. The reserve strength of the system bevond its initial member
failure is less than that for the end-on loading {Table 1), The ratio of residual 16 ultimate
capacity of the system is lower than that for the end-on loading which indicates a post-peak
degrading system under broad-side loading.

Table 4 compares the resulte of MDOF dynamic analyses of jacket with plugged and
un-plugged piles under end-on and broad-side loadings.

1t shows that the overload ratio is smaller for the broad-side loading of the plugged jacket-
pile-soil system than others. This difference may be due to the more ductile behaviour of the
un-plugged pite system compared to the plugged condition in which the failure mostly occurs
in the jacket structure. However, for the end-on loading {west-bound wave) a good dynamic
reserve strength has been provided due to sufficient ductility

The ratio between the quasi-static and the static(pushover) capacity r
to .81 which indicate the influsnce of the load modelling and analysis method, The ratio

between the dynamic and the static {pushover] m;}ac;%z w of the system varies belwesn .78

anges from .74

fy o g

SHE RS An

fo LG1 wi ;g“i also confirms the f‘aiﬁﬁf conclegion.




the typical minimurn safely reguirement. However, by takipg inte account the |

damping effecis the ultimate capacity ROU has increase
for the un-plugged pile model the inner shall skin friction has abu

«f by about 10 percent. It s worth

of notice that
into account according io APL RP2A 1964,
i un-plugged pile case the overall collapse mode {overturning)

it s observed that for an
of the platiorm is governed by the pilesoil failure in tengion. The larser discrepancy in %,E';s»
& + o -

the sea sur éat €.

Dyvnamic behaviour

The predicted overload ratics for broad-side loading of the platform are siven in Table |
e casge is about 0.96 which s slightly

The ohtained overload ratio from dynamic analysis in

higher than the value $.94 obtained previously for a linear spring ease. An overload factor
slightly lower than unity, indicates that small dypamic ampiification effect may be pre
the system due o superharmonic effecis{Moe and Moan ef al, 1984;. However physical and
numerical degradation effects as mentioned sbove may have also contributed partly to this
reduction. The wave Incrementation step size has also effect. For instance, by using s smaller
instead of 25cm near the ultimate collapse, the obtained overivad Tactor varied

1% in

step of Hem
by up to 2 percent.

The apparent {maximem) ductility ratio obtained from the static
about .81, Due to the post-perk degradation of the re-storing fores, an el
of 1.14 corresponding to the quasi-static anatysiz (dash-dotted curvel in Filg6b 8 considersd

{(pushover) ans
fective ductility ralic

more relevant.

The predictive modelieqn.8), which takes into account IJAF,
fects, provides the best match for the overload value in this case. The approach of Schmuker
¢ al, (1996) has also considered DAY effect and given a lower bouad prediction of v, a5 0.91

The other simplified models give ratios greater than unity withoot accounting for DAF

sffect. r, value is foand 1o be equal to unity for p == 1 represesting a brittle behaviour of

post-peak degradation of-

e

syvsien.

Though the behaviour of this jacket-pile-gsoil system iz mainly dominated by ducuifity,

aevertheless some Hnear dynamic amplification (DAR) effects may have been presens due

the odd and even multiples of the primary force components computed fram
of Morison’s equation and surface slevation (Moe and Moan, 1884],

Theses effects may be mors pronounced for @ real ssa-state or 2 random ssa state with

In the eurrent simulation, howsever, the DAF effect mav be

The predicted valuss of v, according te

& range of frequency confent.
considered a8 secondary to the main r, and g cues.
simplified methods are in the range of 0L91-1.13.

CONCLUDING REMARKS

smethods in




9 percent. However, for the cycliclquash-siaic) approach generally lower altimate capacity
< plastic damage s both strocture and soil,
i

%
Y

vaiues were oblained due to possible accumyl
Arift off from the vield surface during cach oy

incrementation s

e and wave

£

H

. ¢ s
A SIZSTRRINerica

inaccuracies).
The inertial resistance of the structure s shown o be Important in providing sa additions!

ik

reserve strength for structures with sufficient ductility,
ignificant influence on the global collapse mode

“

The foandation model s found to have
O‘w i the =

ey, Henare, 10 is concluded that reafistic

as well as the ulilmate collapse sir

used in the analy

ocuid be

il models sh

{noalinear) pi

it may be concluded that the effect of ?521{" iy can be sigaificant in providing an
factor of large than unity, Overload factors of 1,172 and 9.96 were obtained for the end-on and
broad-side loadiogs of the platform with ié(?:-;ig{ﬁ {plugged) pile condition, respectively.

4 static pushover analysis approach combined with a simplified method to calculate the
dynamic overload lactor e.g. based on a2 ductility measure and other parameters. Moreover,
an appropriate method for scaling the wave helght to simulate a realistic extreme situation

involving a varying sea surface is applied. Further work is neceseary o improve the

available simplified methods.

1 Hvang G ‘?}é?(’i} i. Mimate Capseity of Jack-Ups Consic

USA

i

Amdakl, ., Johansen A ar
Foundation Behavior, Proceedings of OMA
APTRP2ZA {1894} 20th Fdition Draft Sect
Bea ,R.{l and Young (OUN. {1893 Loading :m{i Capacity
in Extreme Storm Eiwveb and Bart Fz(;mkva FProceeding of OTC 1993, Houston, Texas,
Crisfield, M.A. {1861} Non-linear Finite Flement Analvsis of Solids and Struc tures, Vol

srenice $UG,
v 3700 May 1984 USA
SfHects on Platform Performance

Jobn Wiley Sons, UK.
et norske Veritas |

Jacket, %‘i{)vlk, Norway,
B %}(irg, 5., Hellan, @, and Aradabl, 171993} Nondinear He-Assessment of Jacket Struc-

ie Loading |, Part 1, The Development of ‘mm- tural Models

1

(1992) -Wajac Computer Program for Generating Wave Forces on the

tures Under Eixireme Storm Cye
for Cyclic Response,” Proc., 12th fnt. Conl, On {}[fs;éu';ri% Mech. Arctic Fng. Symp., /
Vab.l, p 517-58%

Fherg B, and :’%mdahi F. {1982] Phase 2 Tihme Domain Integration in USFOY

H

Structural Enginesring, & EE ¥, Trondheim, f\ﬁmwmx
Emami Azadi, M.R. and ?\éoa*z Sand Amdahbl L (1895), Dynamic Ffects on
manice of Steel Offshore Jacket Platfo orms Under Extreme %e;,vi?f;? Procesdings of BuroSteel'5,
Athens, Greece,
Emami Azadi, M.H and Moan
Inder Extreme Sea waves and Barthguakes, Proo, of Burodyn o6, v

The Perfor

{1846}, Ductility Demand of Simplified Pile-Soil-Jacket
;,‘5_ pp OG- 105

=, and odictive abiliti

ainniltied ~s§§ of

Jacket |




T

Hellan ., Skeliernd B, Amdahl, J. and Moan, T.01891}.) Re-assesament of Offshore Qlee!
Structuyres: Shakedown and Uyclic Non-tnear FEM Analysiz” Proc. of 1st Int. Offchers
Polar Conil, Publ. by ot Soc. of Offshore and Polar Englneers( E%{}ﬁg«- p 2447,

Hellan, 3.{1894}) He-assessment of Marine Structures, Parameter S ?,!}{f}{n‘ SINT
STETO F94031, SINTER, Structures and Concrete, Trondheim. Norway,

Hellan, ©0./1995] Non-lirear Pashover and Cyelic Asalyses In Ultbmate Limit State Design
and He Assessments OF Tubular Steel Ofishore Structures, Dring thesis, NTH, Trandheim,

= Heport

Hilber, H.M, Hughes, TJ. 0, and Tavier R.L 4 fmproved numerical dissipation al
sorithme in structural dynamics. Rep.ne, 7829, Farthouake Eng, B Center, Univ, of
Califorsia, LA, USA.

;rmzqaaii M.H.and FUE, Toolan {1996), Risk of Foundation Fallure of Offshare Jacket Piles
The 28th Offshore Tachnology Conl (0T, ;}I%%S'E»-i% ¥z, USA,

ISCr (16951 Analysis Modelling 180 Adhor {2;{3%}@ Prraft Section X, Den Hasap
Notherlands,

Marshall, PW ., Gates, W E. and Anagnostopoulos, 8. 71977} Inelastic Dynamic Analysis
of Tubular Offshore Strectures, Proc, Offthore Structures, Proo. of Offshore Technok
Conf. (OTC), Paper No. 2008, Houstan, USA,

Moan, T., Amdahl, 1., Engseth, A.G and Granll, T.{1085) Collapse behavicur of Tross
work Steet Platforms, BOSS'E5, Delft, Holland,

Moe, G, and Moan, T {1984} Environmental Load ? flect Analvsis of Guy
Froc. of the Third Intersational Offshere Mechasios and Arctic Engleeering S
Voi.1, 68-79, ASME, USA.

Nadim, F. and Dahlberg, R.{1956) Numerics! Modelling of Cyelie Pile Capacity in
Proc, of Gffshore Technology Conf. (O ‘{""3 Vol i, 347-388, USA.

Nogami, T. and Konagal, K. {1889}, Time Domain Flexural Response of Dynamically

The

£
3

Towers,

mposium

Loaded Single Piles, ASCH, USA.

Norwegian Petrolewm Birectorate {19923, Reguiations for Load bearing Structures for
Petraleum Industry, Gslo, Norway,

Rashed, S.M.H (1980) Behaviour to Ultimate Strength of Tubular Offshore Structures by
the Mdealized Strectural Unit Method, Report SK/R51, Division of Marine Structures, NTH,
Norway.

Schmucher, .0 and Cornell, C. A (14984), Dynamic behavionr of Semi-Ductile Jackets
Under Extreme Wave and Wave In- E}ode “orces, Civll ne. Dept., Stanford Univ., USA.

Schmucker, 12.G (1996}, Near Failure behaviour of Jacket-Tyvpe Offshore ‘%‘}i&ti{}rm“‘
The Extreme Wave Environment, PhD) thesis, report no. RMS-21. June, 18998, Standford

in

é,f}’li‘%ﬁu?{h AL
8, TUH, Amdahi, J (1994) USFGS- A Computer Program for Ultimate Strength Analysis
of Framed Offshore Structures, Theory manual, Report STF7L ASK04%, SINTEF Stractural

Ungineering, Trondheim.

Stewart, €1, E“s"%ssaz? cand Eide, O01393) Non-Hnear
Under Fxireme Londing | Part 1 Philosophy and Acceptance Crit
of Int. Ofshore an

#, L1

G

- Assessment of Jacket Structures




apd Polar Engineercing Conll {ISOPEY, UK.
Veda, Y. and Rashed, S.MH{1974) An Ultimate Tra
Structures, J.of Soctety of Naval Architecture of Japan,
Wolf | J.P, (1994}, Foundation Vibralicn Analy

Preatice-Hall

srae Strenglh Analveis of Ship
Vol 138,

: Using Stmple Physical Models, P

o
e
P




