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ABSTRACT : These methods can be used 1o help screen platforms that are
being evaluated for extended service. In addition, the resulis
from these analyses can be used to help verify results from
complex analytical models that are iniended to determine
the ultimate [imit state loading capacities of platforms,
Lastly, and perhaps most importantly this approack can be
used in the preliminary design of new platforms.

This paper summarizes development of simplified proce-
dures to evaluate storm loadings imposed on template-type
platforms and to evaluate the ultimate limit state lateral
loading capacities of such platforms. Verification of these
procedures has been accomplished by comparing results
from the simplified analyses with resulis from three-

dimensional, linear and nonlinear analyses of a variety of .

template-type platforms.: Good agreement between results INTRODUC T.’ o N

from the two types of analyses has been developed for the During the past three decades, an immense amount of effort
evaluations of both loadings and capacities. o has been devoted to development of sophisticated computer

programs to enable the assessment of storm wind, wave,
and current loadings and the ultimate limit state capacity
characteristics of conventional, pile-supported, template-
type offsbore platforms."” These programs require high
degrees of expertise to operate properly, are expensive to
purchase and maintain, and require large amounts of man-
power and time to complete the analyses. Due to the
sophistication of these programs, experience has shown
that it is easy to make mistakes that are difficult to detect
and that can have significant influences on the results. 4

The verification platforms have included four-leg weiI
protector and guarters structures and eight-leg drilling and
production Gulf of Mexico structures that employed a
variety of types of bracing patterns and joints. Several of
these structures were subjected to intense hurricane storm
loadings during hurricanes Andrew, Carmen, and Frederic.
Within the population of verification platforms are several
that failed or were very near failure. The simplified loading
and capacity analyses are able to ‘replicate the observed
performance of these platforms. Realistic simulation of

the brace joinis and foundation capacity charcteristics are This paper summarizes the second phase of vauﬁcanon of
critical aspects of these analyses. There is d reasonable B simplified procedures to evaluate environmental -loadings
degree of verification of the simplified, methods with the ™ and ultimate limit state lateral loading capacities of tem-
observed performance of platforms in the field during i in- plate-type platforms. Reasonable simplifications and high
fense hamz:ane swrm taadmgs o o degrees of “user friendliness” have been employed in devel-
. o opment of the computer software 0 reduce the engineering
 References at end of paper effort, expertise; and costs associated with the -analyses.
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define major deficiencies and erross in either the complex
analysis software or in the input to this software. Based on
this experience, there is little doubt in the researchers’
minds conceming the zmponance and utzi:ty of sunpixﬁed
methods.

The geometry of the platform is defined by specifying a
minimum amount of data by the user. These include- the
effective deck areas, the proportion and topology of jacket
legs, braces, and joints, and of the foundation piles and
conductors. The projected area characteristics of appurte-
nances such as boat landings, risers, and well conductors
also must be specified. If marine fouling is present, the
variation of the fouling thickness with depth may be speci-
fied by the user.

Speciatized elements may be designated including grouted
or ungrouted joints, braces, and legs. In addition, damaged
{corrosion, holes, dents, bent, cracked) or defective cle-
ments (misalignments; under-driven piles) can be inchuded.
Dent depth and initial out-of-straightness are specified by
user for braces with dents and global bending defects. User-
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defined element capacity reduction factors are introduced to

account for other types of damage to joints, bmc&s and
foundation elements. -

Steel elastic modulus, yield strength, and effective buckling

length factor for vertical diagonal braces are specified by the
user. Soil characteristics are specified as the depth varia-
tion of “effective” undrained shear strength (for cohesive
soils) or the “effective” intemal angle of friction (for cohe-
sionless soils). The effective soil characteristics are
intended to recognize b:as introduced by soil sampling,
laboratory testing, and static analysis methods. A scour
depth can be specified by the user.

Storm wind speed at the deck élevation, wave he:ght and
period, current velocity profile, and storm water depth ac
defined by the user, -These values are assumed to be collin-
ear and to be the values that occur af the same time.
.Generally, the load combination is chosen to be wind speed
component and current component that occur at the same
time and in the same principal direction as the expecied
maximum wave height. The wave period is generally taken
to be expected penod assoaated wﬂh ﬁm expected maxi-

mum wave hexght

To calcnlaie wmd leadmgs actmg on ti:te exposed ded:s the
user must specify the effective drag coefficient, Similarly,
the user must specify the hydrodynamic drag coefficients
for smooth and marine fouled members, User specified
coefficients can also be introduced to recognize the effects
of wave directional spreading and current blockage. -
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Wave, mmwmmmmmmmdw
namic and hydrodynamic loadings are mlcsﬁamdaocmﬁng
to API RP 2A guidelines >

Wave horizontal velocities are based on Stakss 5th order
theory. The specified variation of cument velocities with
depth is stretched to the wave crest and modified to recog-
nize the effects of structure blockage on the curreants. The
total horizontal water velocities are taken as the sum of the
wave horizontal velocities and the current velocities.

The maximum hydrodynamic force acting on the portiocns
of structure below the wave crest are based on the finid
velocity pressure or drag component of the Morison Equa-
tion.

All of the structure elements are modeled as equivalent
vertical cylinders that are located at the wave crest.  Appur-
tenances (conductors, boat landings, risers) are modeled in a
similar manner. For inclined members, the-effective verli-
cal projected area is determined by multiplying the product
of member length and diameter by the cube of the cosine of
its angle with the horizontal (to resolve horizonial veloci-
ties to normat to the member axis).

For wave crest elevations that reach the lower decks, the
horizontal hydrodynamic forces acting on the lower decks -
are computed based on the projected area of the portions of
the structure that would be able to withstand the high pres-
sures.''? The fluid velocities and pressures are calculated
in the same manner as for the other submerged poriions of
the structure with the exception of the definition of the drag
coefficient, Cd. In recognition of rectangular shapes of the
structural members in the decks a higher Cd is taken. This
value is assumed (o be developed at a depth equal to two
velocity heads (U%/g) below the wave crest. In recognition
of the near wave surface flow distortion. effects, €d is
assumed to vary linearly from its value at two velocity
heads below the wave crest t0 zero at the wave crest.”

The ultimate shear that can be resisted by an unbraced deck
portal is estimated based on bending moment capacities of

:thembtﬂardecklegsthatsup;mﬂtheupperdecks

A collapse mechanism in the deck ‘bay -would form by
plasticyielding of the leg sections at the top and bottom of
all -of the deck legs. ~'The interaction of bending moment

«and axial force is taken into account. ‘The maximum bend-
dng moment and axial force that can be devéioped ina

whalar deck leg is hmned by locai bucklmg of leg Cross-
sections. g .
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action in the deck portal, Given the geometry of the deck
porial and the joad acting on deck areas, the moment disti-
bution along the deck legs is estimated. Thinking of a
jacket leg as a continuous beam which is sapported by
horizontal framing, the applied moment at the top of the
leg rapidly decreases towards the bottom. Based on geome-
try of the structure, in particular jacket bay heights and the
cross-sectional properties of the jacket leg (if non-
prismatic), and in the limiting case of rigid supports, an
upper-bound for the desired moment distribution is esti-
mated. :

The braces are treated as though there are no net hydrostatic
pressures {e.g. flooded members). Based on a three-hinge
failure mode, the exact solution of the second order differen-
tial equation for the bending moment of a beam-column is
implemented to formulate the equilibrinom at collapse.

Elasto-perfectly plastic material behavior is assumed. The
ultimate compression capacity is reached when full plastifi-
cation of the cross-sections at the member ends and mid-
span occurs. It is further assumed that plastic hinges at
member ends form first followed by plastic hinge forma-
tion at mid-span.

The results have been verified with results from the nonlin-
ear finite element program USFOS.™™ Using the same
initial out-of-straightnes for both simplified and complex
analyses, the axial compression capacity of several critical
diagonal members of different structures has been csti-
mated, The -simplified method slightly over-predicts the
axial capacity of compression members (less than 10%}.

Given the conservative formulation of buckling capacities
when compared with test data (refer to Commentary D in
API RP 2A-LRFD guidelines)’, this over-prediction may
_ in fact be closer to the expected or best estimate capacity.

In case of dent damaged braces or braces with global bend-
ing damage, the axial capacity is reduced acconding to the
equations given by Loh'> which were developed for evaluat-
ing the residual strength of dented wbular members. The
umtychedcmamashavcbeenmlﬁmmd to the lower
bound of all existing test data, The equations cover axial
_compression and tension loading, in ‘combination with
N maindmctmnaz hendmgwﬂhres;:ectmdem mentauon

The stress analysis of ihe circular wibular joints and the
theoretical prediction of their ultimate strength has proven
to be difficult. Hence, empirical capacity equations based

on test results have often been used to predict the joint
ultimate strength. For simple tubular joints with no gus-
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sets, diaphragms, or stiffeners, the capacity equations given
in the AP RP ZA LRFD guidelines are used (1993).. '
Itis generally recegm:wd matthceqnaaans for ;emt capac-
ity are conservative. Bias factors (true capacity / nominal
or guideline capacity) are provided in ULSLEA so that the
user can utilize the expected or best estimate capacities of
!heeiemeniswdetezmmethecapac;tyefd:epiatfm
components {deck legs, jacket, foundation).

Bile Capacity

The pile shear capacity is based on an analysis similar to
that of deck legs with the exception that the lateral support
provided by the foundation soils and the batter shear com-
ponent of the piles are Included.  Virtwal work based limit
equilibrium equations have been developed to charactetze
the ultimate limit state lateral loading capacity of piles
embedded in cohesive and cohesionless soils.

The horizontal batter component of the pile top axial load-
ing is added to estimate the total lateral shear capacity of
the piles. This component is computed based on axial loads
carried by the piles due 1o storm force overtuming moment.

The axial resistance capacity of a pile is based on the com-
bined effects of a shear yield force acting on the lateral
surface of the pile and a pormal ymid force actmg over the
entire base end of the pile. -

It is assumed that the pile is rigid andthatshafifncﬂonand
end bearing forces are activated simultaneously. Correction
factors can be introduced to recognize the effects of tbe pile
shaft flexibility.

It is further assumed that :hespaczngofthepﬁes is sufﬁ
ciently great so that there is no interaction between the
piles (spacing to diameter ratios exceed approximately 3).
In the case of compressive loading, the weight of the pile
and the soil plug (for-open-end piles) is deducted from the
ultimate compressive loading capacity of the pile. For
open-end piles, the end bearing capacity ‘is assumed to be
fuily activated only when the shaft frictional capacity of the
internal soilpiug exceeds the full mdbear‘;_ng, o

PLA?FOR“ VER!F iCAT!OI‘iS

In tius mper we summarize results from ﬁ?ﬁ secomi gaz-
eration analysis and verification studies of Gulf of Mexico

“template-type platforms. - The verification cases include
‘two eight-leg and one four-leg drilling and production plat-

formis, and two, four-leg well protectors. These structures
are identified as platfmms 2A throagh 2E. : i

~ The s:mpkfied esunxates of mtal forces ac&mg ou the
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FIGURE -2: PLATFORM 2A BROADSIDE STORM
SHEARS AND PLATFORM SHEAR CAPACITIES
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FIGURE 3: PLATFORM 2A END-ON STORM
SHEARS AND PLATFORM SHEAR CAPACITIES

’I‘neseresuitsami()mls% hzgheftban those gmnedﬁmn
detailed nonlinear analyses.* The principal difference lies in
thenonhmarmodekngnfvenm&agonaibmceswhwh
results in different buckling loads.”

Both the ULSLEA and detailed nonlinear analysis results
are in conformance with the observed performance of the
platform during humicane Frederic. The platform survived
tmsstmmmtboutszgmfmmdamagemmemsuitsofme
analysmmdicated}atushoulﬁhave :

PLATFQRM 28

Platform 2B is ‘an eight-leg striicture located in a water
depth of 118 £ Tbeplaifoxmwasdwmdasmga%
sign wave height of 55 ft. ‘The cellar and main decks ae
located at +34 ft. and +47 ft, xespectzveiy The 39 in.
éxanm;ackatiegsawbammiwe directions ‘and have
no joint cans. The 36 in. dmmpxlﬁaegmuwdﬂm&
the jacket legs.

This platform sustained severe loadings from humicanes
Carmen (1974) and Andrew (1992)." The maximum wave
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height at the platform during hurricane Andrew was esti-
mated to be 59 '™ ¥ The estimated maximum total
lateral loading on the platform during hurricane Andrew
was estimated to be approximately 3,700 kips. Damage
sustained during Andrew indicated that the pladorm was
loaded so that the npper bay of K-brace joints were Joaded
into the nonlinear range with two of the joints reaching
their ultimate capacity.'*

Nonlinear push-over analysis results summarized in Figure
4 indicated that the platform is capable of resisting ap-
proximately 3,900 kips in broadside loading.! The failure
mechanismn occurs in the uppermost jacket bay due to
buckling of the compression braces and the associated
joints. The analysis indicates a brittle strength behavior and
little effective redundancy.
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FIGURE 4: PLATFORM 2B BROADSIDE FORCE -
' DlSPLACEMENT ﬁﬁLATiONSHIP

These results can be compared with those published by
Imm, et al."® Their broadside static-push over analysis was
based on an Andrew loading pattern that did not involve
deck loadings. The static push-over analyses reported here
did involve deck loadings.* The results reported by Imm et
al.™® indicated a total lateral loading capacity of approxi-
mately 4,900 kips. As noted by Tmm, et al, the loading
pattem ased to perform the static push-over analyses can
have. a marked influence on the ultimate limit state per-
formance of the structure. In this case, the lateral loading
capaclty involving deck loadings is 80 % of the hteral
iaadmgmpacztywuhomdeckloadmgs R

The predicted lateral loading capacity andfmlme mode is in
agreement with the observed platform perfqnnance in bumi-
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PLATFORM 2C-

Platform 2C is a four pile drilling and production platform.

¥t was installed in the Guilf of Mexico Ship Shoal region in
a water depth of 157 ft. in 1971. The platform has four
decks at elevations +33 ft, +43 fr, +56 ft, and +71 1.
The deck legs form a 30 ft. By 30 ft. Plan and the jacket
legs are batiered in two directions (1:11) and have joint
cans. The leg-pile annulus is ungrouted and the 36-in.
Diameter piles are atached to the jacket with welded
shirnmed connections at the top of the jacket. - The vertical
bracing is comprised of horizontal K-braces.*

The piles extend 355 ft. Below 28 ft. of soft to stiff gray
clay and 27 fi. of fine dense sand. The sand layer starts at
197 ft. Below the mudline, The clay above the sand is
generally soft and silty, while the clay below the sand is
Stiff to very stiff.

This platform was located close to the track of humricane
Andrew. The estimated wave height at the platform loca-
tion was estimated to be approximately 60 ft. The
platform survived the storm without significant damage.

This platform has been the subject of extensive structural
analyses.® As part of an industry wide effort to assess the
varigbility in predicted performance of offshore platforms in
extreme storms, the storm Joadings and ultimate capacity
of this “benchmark” platform has been assessed by 13
qualified investigators using a variety of nonlinear analysis
software packages. Al of the analysts were given the same
platform drawings, soil conditions, and oceanographic
conditions. 1t was specified that the storm loadings should
be computed according to AP guidelines.*™ It is notewor-

thy that the range of broadside lateral loading capacities was
from 1,600 kips to 3,400 kips; a range in excess of 2
{mean value of 2, 400 k:ps with Coefﬁcxent of Varm:m: of
22 %), ’

Platform 2C was analyzed using USFOS.™. As fﬂr all of
thenenlmem"analyses an atempt wasmadeto use
“umbiased” characterizations for all loading and capacity
factors to develop best estimate lateral loadings and capaci-
tics. The results from the USFOS static push-over
analyses of platform 2C amsummanzedmi"igmss ad
9, These results indicated a maximum total lateral loading
of 2,900 kips and a lateral capacity of 1,700 kips to 3,400
kips.
“benchmark” study.”

This rangebracke:stbemnge devek:ped in :h;-,.
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The range in lateral capacity was a function of how the
foundation piles were modeled. If “static™ capacities were
utilized (based on the sampled soil strength test results and
static pile capacity methods ™, the initiating’ failure mode
was in the foundation and the. iowm lateral loading capacity
resulted. If “dynamic” capacities (based on cemcted soil’
stmngﬂa results to reflect the sampling ‘disurbance ad
cyclic - dynamac madmg effects) were utilized*®, the ‘initi-
ating failure mode was in mejacicetamithe a;}per lateral
loading capacity resulted. As found in previous analyses™,
memmhodsnsalm evaluateaxximodeithepafmmm
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during hurricane Andrew. This motivated a detailed stydy
of the platform construction and installation records. Dur-
ing this study, it was diScovered that the piling on the
south side of Platform 2D had been under-dnvenbyﬁm 10
ft. This finding was integrated into the analyses reported
here. This experience pointed out the importance of having
very detailed information on platforms that are loaded close
to their ultimate limit states. Without such information,
observations of failures and non-failures might be atiributed
to “probabilistic reasons™ when the real reasons ae
founded in deterministic characteristics.

‘The two structures were loaded only along their principal
axes to provide consistency between the various approaches
employed to analyze structural response.  Wave loads for
USFOS were generated by the program WAJACY  The
global base shears developed on Platform 2D and Platform
2E during the passage of Andrew were based on hindcast
study results.”® The results indicated Platform 2D experi-
encedpeaklawraliaadmgsthatwe:e about 20 % larger than
those on Platform 2E. During hurricane Andrew, the hind-
cast peak lateral loading on Platform 2D was 1,100 kips
and on Platform 2E was 850 kips.*

The static push-over resnits for Platform 2D and Platform
2E based on the USFOS results are summarized in Figure

BEA, M. M. MORTAZAVI, K. J. LOCH, P. L. YOUNG

11. The “double humps” in the load - displacement results -

are due to the increased stiffness of the structures when
tive stiffness found at the end of all analyses represents pile
pullout. The large lateral deformations produce plastic
hinges in the piles which prodace a near mechanism, It is
the additional strength and rigidity of the caissons which
prevents the structures from soft story collapse. This added
stsffnessaﬂows!hefuﬁamalcapamyofthcseﬁs o be
exceededtopmducepaiepuliom.

The USFOS results indicated that the maximum lateral
load capacity of Platform. 2D {end-on and broadside load-
ings) is 910 kips and Platform E 880 kips.

The USFOS results indicated that the ratio of the peak
lateral loading during humricane Andrew to the maximum
lateral loading capacity is 1.2 and 0.95 for Platform 2D axd
Platform 2E, respectively. The analyses indicate that Plat-
form D should have failed due to pile pulkm{ and Platform
E should have survived. .

The paradox of why these two seemingly identical struc-
tures behaved differendy was due to the differences in’ the
appurtenances (well conductors), the manner in which the
wells were tied into the structures, and the under-driven
piles in Platform 2D. The effects of these differences only
became evident when these “details” were determined and
their implications integrated into the analyses. The results
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FIGURE 11: PLATFORMS 2D & 2E LOAD -
DISPLACEMENT CHARACTERISTICS

Figures 12 and 13 summarize the ULSLEA analysis results
(end-on results shown, broad-side results were comparabie).
The results indicate that the lateral loading capacity of
Platforms 2D and 2E would both be about 1,100 kips.
Theé ULSLEA results indicated that the maximum lateral .
load capacity of the two platforms was about 1,100 kips,
resulting in anﬁvemst:matedmpac:tyofﬂ % and 25 %,

respectively.

[} 00 too0

-
£

oot et DR

PLATFORM ELEVATION (FT}

* «
- -
Pussundih
5
s
<
3

STORM SHEAR / PLATEORM SHEAR CAPACITY (KPS} ~°F

FIGURE 12: PLATFORM 2D STORM SHEARS
AND PLATFORM 'SHEAR CAPACITIES




OTC 7780

agement Service, the California State Lands Commission,
and the California ard National Sea Grant College Pro-
grams. Support and assistance have also been provided by
Chevron -Petroleum Technology Co., Amoaco Production
Co., and Phillips Petroleum Co. |,

This paper is fimded in parsbyagrantfmmmeNauonal
Sea Grant College Program, National Oceanic and Atmos-
pheric Administration, U, 8. Department of Commerce,

. R. G. BEA, M. M. MORTAZAVI, K. J. LOCH, P. L. YOUNG 13

under grant number NABIAA-D-SG138, project numbers
R/AOE-11 and RAOE-19 through the California Sea Grant
College, and in part by the California State Resources
Agency. The views expressed herein are those of the
authors and do not necessarily reflect the views of NOAA
or any of its sub-agencies. The U. 8. Government is
authorized to reproduce and distribute for governmental
purposes.

TABLE 1: COMPARISON OF USFOS AND ULSLEA RESULYS

‘udespiatform eeght in plle axial iaaéng
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