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ABSTRACT

This paper details results from noslinear analyses of the ultimate limit
state performance characteristics of four Gulf of Mexico (GOM) platforms
subjected to intenze Joadings from hurricane Andrew. These four platforms
were located to the east of the track of hurricane Andrew, and were thus in
the most intense poetion of the storm [Smith, 1993). The nonlinear analyses
are able {o rephcate details of the observed behavior of the four structures.
This replication is very dependent on realistic characterization of the per-
formance characteristics of the pile foundations and on accurate information
on the “as is” condition of the orms before the storm.

INTRODUCTION

As part of a long-term research project, analysis procedures and com-
pu:;g:og;mas are being developed that are intended to allow the engineer
to simplified, yet realistic evaluations of the dynamic, ultimate limit
state behavior characleristics of conventional template-type offshore plat-
forms subjected to storm loadings. Acmzm{oapape: details the second-
generation simplified procedures that haw developed to permit evalia-
tions of starm loadings and static - cyclic capacities of such platforms [Bea,
Mortazavi, 19951, The first-generation approach aad venifications have
been described by Bea {1995] and DesRoches [1993]. The approach that is
being developed to provide modifications that will perinit the dysamic - tran-
sient loading effects 1o be taken into account has been described and initial
results presented by Bea andYoung [1993].

The simplified procedures are being verified with reeults from complex
nonlinear static and dynamic analyses that are able to provide details on the
performance characteristicy of platformy that are loaded to their ultimate
it }stale [Bea, DesRoches, 1993; Bea, Landeis, Craig, 1992; Bea, Craig,
1993}

This paper describes results from four platforms that have been ana-
lyzed as part of this research. These four platforie were located to the east
of the track of haurricane Andrew, and were thus in the most intense portion
of the storm [Smith, 19931 The noulinear amalyses are able to replicate
details of the observed behavior of the four structures, The remnainder of this
paper will detail the analyses and resulis for these four platforms.

Hfornia

PLATFORM B’

Platform ‘B’ {FB) is a seif-contained, 8-leg, drilling and production plat-
form with 12 well slots and 9 drilled wells (Figure 1). The platform was
installed in 118 ft of water in the South Timbalier region in 1964. The plat-
form: was designed according to conventional 196% criteriz based on “25-
year” return period design conditions (wave height of 55 feet).

Cellar and main deck elevations were Jocated at + 34 ft. and + 47 1. re-
spectively. The major deck framing is 43 fi. by 93 ft. in plan, and the jacket
legs are battersd &t one to eight in both broadside and end-on framing. The
deck legs are 36 in. in diameter with a wall thickness of 0.625 in, and are
connecied o the fops of the piles with welded shim connections. The 39 in.
diameter logs have an aversge wall thickness of 0.50 in. and have no joint
cans. However, gusset plates are used with the jacket leg K-joints. The
broadside braces vary from 14 in. in the first of four jacket bays to 20 in. in
the lowest jacket bay, while the end-on bracing varies from 14 1n. to 16 in.

FiGURE 1: PLATFORM ‘B’

Based on coupon tests performed after the platform was installed [Imm,
et al., 1994}, the jacket braciag and horizontal framing are made of nominal
50 ksi steel with an average yield strength of 58 ks, The jacket legs and
piles are composed of nominal 36 ki steel with an average yield strength of



43 ksi. The strength of the legs and piles is based on the assumption that
large members, i.e., greater than 30 in., were falxicated of plate steel, while
the smaller me were constructed of roiled pipe sections.

The 36 in. piles extend 190 fi. below the mudline through 165 ft. of soft
msﬁffgui?chymdﬁftafﬁmdamm At the time of design, antici-
pated prle loads were 770 tons in ion and 350 toas in tension. PB's
piles were grouted inside its 39 in. jacket legs in 1973,

Although the platform has been subjected to several severe humicanes
{Carmen, 1974, and Andrew, 1992), PB has sustained no significant struc-
tural damage. This is due in part to previous platform remediations. In 1974,
the eve of Humicane Cermen passed within ten miles of PB. Cellar deck
damage suggested the largest waves were approximately 58 ft from the
southeast. Hindcast studies predicted slightly higher wave heights. Post
hurricane analyses indicated that the + 10 ft. vertical diagonal joints expeti-
enced compressive yielding. The plarform was the subject of a risk apalysis
in 1988 that identified i as a significant risk {Imm, et al, 1994]. Conse-
quently, in 1991 all eight conductors were removed and the cellar deck was
cleaged of all equipment.

In 1992, the eye of Hurricane Andrew passed within eight miles of the

ot Cellar deck damage suggested a maximum wave height between
60 ft. and 64 fi. from east-zou approximately fifteen degrees off
broadside. Hindeast stwdies confirmed this observation. During this event,
all four + 10 ft. K-joints in the broadside vertical trusses experienced vield-
Ing; two joints were at or close to their ultimate capacity. ing the post-
humricane inspection, it was discovered that there was no grout in the pile-
jacket leg annulus at + 10 f1. Below the water line, the grout perforined
well, If alf four + 10 ft. K-joints yield 2 collapse mechanism is formed.

It is estimated that ten percent more lateral load would have collapsed
the structure [Imin, et al,, 1994]. Analyses showed that the load causing the
joint viekling is very close to the experienced during Andrew. More
importantly, it was estimated that removing the conductors decreased the
load during Andrew by twenty perceni. Anslyses also showed that the plat-
form was capable being re-loaded to the level expenienced during
Andrew, However, the + 10 ft. K-joints wers grouted as an additional safety
measire.

Several trials analyses were performed to find the wave height that
caused platform failure with a load factor of unity, B was assumed that the
majority of the load that could cause collapse of the
wave and current loads, and particulady wave-in- loads. The curtent
and wind data from the Andrew hindcast studies were used and the wave

ight was varied. The wind forces used were based on hindcast coaditions
current API RP 2A guidelines [APL, 1993]. Boat landing, barge bumper,
and loadings associated with other known appurtenances were simulated.

Hydrodynamic coefficients-were chosen based on AP guidelines {1993,
1994}, recent test data [Bea, Pawsey, Lition, 1991; ngg.m Weaver,
1992] . and engineering judgment. The best estimate drag and inertia coeffi-
cients (C,, C_) were as taken to be 1.2 for cylinders, respectively (ali
assumed to be hydrodynarmscaily rough) [Redenbush, 1986].

Based on the storm bindcast results [Cardone, Cox, 1992] and measured
results from past GOM hurricanes [Bea, Pawsey, Litton, 1991], wave kine-
matics directional spreading factor equal to 0.88 was used for both the deck
and jacket loads. A current blockage factor of Q.80 for broadside loading
and 0.70 for end-on loading was also included. ¥ should be moted that the
wave height used for the end-on loading scenario did not create a load pai-
tern that failed the platforn with a load factor of usity. However, # was
deternuned that this wave height was close 10 the realistic limit for this waler

The analytical model for PB contained the primary structural compo-
nents of the platform. It was assumed that the main and ceilar decks were
not part of the first failure mode. Therefore, only the main framing members
of the decks were modeled. The conductor framing was replaced with suf-
ficiently rigid cross memberz o shmulate their stiffuess contribution. To
accoutt for a pgrouted pile-jacket leg anmulus, the leg thickpess was in-
creased from 0.5 o to 1.0 in.  All members were given am initial
imperfection, which was calculated by using Chen's buckling curve and
member information for the critical braces in the structure [Chen, Reass,
1977). This analysis was based on rigid joiutz.

The non-linear soil springs were developed using the PAR program as-
suming static loading [Bes, 1991]. Since analyses and post-Andrew
inspections indicated that the first faflure mode ocours in the upper jacket
bay for both broadside and end-on loading, the exact performance of the soil
springs is pot critical in determining the ultimate lateral load resistance ca-
pacity of the platforns. However, there are two ems concerning the soil
spring models that should be noted.

First, the T-Z (axial load - pile shaft displacernent) and Q-Z, (pile tip load
- displacement} springs inchuded as part of the model are linear as defined in

the input to USPOS, which means that they will exhibit elastic behavior.
Origisally these nodes were defised using two force-displacement poi
which translates into & siraight line model. This strategy was iate 0
%mmwmmmmnm?m mm, ¢t &f, 1994],
defining monlinear soil properties, USFOS Hnearly extrapolates from
the last two user defined points at both curve extremes. Therefore, since
there were only two user defined points defining the nop-linear behavior of
the T-Z and Q-Z springs, USFOS extrapolated along the same mgaai user
defined line for both tension and compression behavior. The P-Y (lateral
pile load - displacement) curves were defined usiag eight points, four points
lf::ha each transverse direction. Thus the P-Y springs will exhibit nonlinear
vior.

As stated above, the linear elastic model of the T-Z and Q-Z springs will
not significantly affect the determination the orm's ultimate capacity.
However, this fact iz based on the assumption the pile-soil interaction is
not part of the first failure mode. The ultimate pile updift and compression
forces were caleulated. The largest tension and mfxeaiou pile forces for
both the broadside and end-on Joading cases were lower than these pravi-
ously calculated maximuwm values. . Thus, the piles are not the weak Hak i
the system for the load used. Hence, while the ultimate capacity of
the platforms should not be effacted by these linear spring, #t is assumed that
the shape of the displacement dependent results will not be exactly correct.

Secondty, the manner in which the combined T-Z and P-Y springs were
maodeled is prone to potential error, especially for large displacements.
Agair, this error is assumed nol 1o affect the ultimate capacity of the plar-
form, but it does cause inaccuracies that are worth mentioning., In the FB
model the T-Z and P-Y were combined into a two node noulinear soil spring.
The combined spring has T-Z spring properties for its axial dj':‘ialacennm
and P-Y spring propertiss for ity transverse displacements. Both axial and
transvesse displacements are measured relative to the original coordinates of
the element’s end nodes. However, when a T-Z / P-Y soil spring element
becomes deformed the relative position of the two end nodes must be consid-
erzd for the deformed shape. Since this is not the case, in & deformed

ition the displacement transverse to the element will be resisted by the P-
spring and the T-Z spring. The exact spring properties for any given de-
formed shape can be solved using vector analysis,

Broadside Loading

The force-displacernent curve for broadside loading is shown in Figure

2. This curve indicates that platform fails at 0.907 of the reference Joad

or a total base shear of 3,860 kips. This lateral loading cepacity is

ess than the 4,900 kips by Imm et al. [1993]. This difference is due

to the differences in the loading patterns wtilized iu the two analyses. - The

analyses reported i this paper have larger wave forces acting on the plat-
form lower deck.

Figure 2 indicates that the platfoem has no reserve sirength after the first
brace - joint failure. However, it is inportant to pote that the platform can
experience large inelastic displacement before a failure mechanism is
formed. If the force-displacement curve were exicaded it would show that
eventually, the jacket legs develop sufficient resistance in bending to cause

buckling of the braces in the third jacket bay.
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FIGURE 2: BROADSIDE FORCE-DISPLACEMENT RELATIONSHIP
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End-on Loading

The force-displacernent curve for end-on loading is shown in Figure 3.
Thiz curve indicates that the uppermost compreasion braces buckle at 112 of
the reference load pattern of a total base shear of 3,900 kips. Figure 4 shows
that afler the compression braces - joints in the fourth jacket bay fail the

form, has a small increase in resistance ity until the compresdon

in the third jacket bay and the horizontal framing between thess two
Wumsﬁmﬂﬁummmw«mmnm@m

Comparisons of Analytical and Observed Results

The huericane hiadeast dats [Cardone, Cox (1992} and observed plat-
form performance indicate that PR survived 60 - 64 ft waves 15 degrees off
of broadside during hurricane Andrew. Approximately 96 percent the peak
Mag developed during the storm was resisted by the broadside framing.
The USFOS analysis indicates that the platform experiences first significant
member faiture, brace - joint failure, af 91 percent of the load from a 64 Tt
direct broadside wave.

The weve deck loads are very significant for this loading profile. The
deck loads represent nearly 40 percent of the total load. This is in agreement
with the results documented by Irmun, et al. [1994). The hydrodynamic loads
are highly sensitive to the wave height and the surge height. In addition,
initial imperfection magnitude and direction are realistic but somewhat con-
servative. Hence, the brace - joint failure load represents a probable lower
bound estimate of the frue brace strength, This same vesult was observed by
Immn et al. [1993] based on results from K-braced frame tests.

Taking the above factors into consideration, the USFOS results indicate
that PB should survive the loads from hurricane Andrew. The analytical
results are in conformance with the observed performance of PB afier hueri-
cane Andrew {Imm, et al., 1994].

PLATFORM *'C

Platform *C' (PC) (Figure 4) was installed in the GOM Ship Shoal region
in 1970. This platform is a self contained four pile drilling and production
platform located in 157 ft. of water. PC survived hurricane Andrew without
significant damage.

The platform has four conductors and eight risers. The PC decks are Jo-
cated at clovations of +33 fi., +43 ft., +36 ft. and +71 ft. The deck legs form
a 30 ft. by 30 f. square in plan and the jacket legs are battered at 1:11 in both
primary directions. .
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FIGURE 3: END-ON FORCE-DISPLACEMENT RELATIONSHIP

The piles for PC run through the jacket legs, but unlike PB the pile-jacket
leg annulus is not grouled. The 36 in. diameter piles extend 355 ft. below the
mudline through 328 ft. of soft to stiff gray clay and 27 i, of fine dense sand,
The sand layer starts at 157 fu. below mudline. The clay above the sand is
generally soft and silty, while the clay below the sand is stiff.

While the pile-leg annulus is not grouted, the jacket legs and most other
intersecting members have joint cans. The 39.5 in. diameter jacke: legs are
0.5 in. thick while the joint cans are 1,25 in. thick. The deck legs are 36 in. in
diameter with 2 wall thickness of 1.25 in. and are connected to the tops of the

%qs. The vertical braces vary from 16 in. in the top or seventh jacket bay ©
in. in the first jacket bay. All members reportedly are constructed of
nominal 36 ksi steel with an average yield stress of 43 ksi,

Mmz know PC as the “PMB Benchmark
Platform™ [PMB Enginesering, 1994}, PC was
used as » test steucture for a Joint Industry Project
(J1F). The HP's main objective was o assess the
variability in the caleulated ultimate capacity of a
typical fixed offshore platform due to different
assumptions, different code interpretations, dif-
ferent software packages, and human eror. The
HP participants were to strictly use APl guide-
lines [1993, 1994] t:i g;ﬁn:;d the io&gins and
capacity parameiers yses. However,
the software and analysis techniques used varied
between companies. Analysis resulis specified
b{menmeébymummngam

results were then compared to assess their
variability [PMB Engineering, 1994].

The platform was analyzed with foundation
simwlations based on *static” and ‘dynamic’ pile -
soll  interaction characteristics [Bea, 1987,
1992a]. The static pile simulations were based on
the soil boring test results (wireline samples,
undrained - unconsolidated wiaxial tests) and API
static pile capacity guidelines [API, 1993). The
dynamic pile « tons were based on soi
broing test results cotrected for sample distur-
bance [Quiros, et al,, 1983] and dynamic pile
capacitty guidelines in the APl Commentary on
Pie Capacity for Axial Cyclic Loadings [1993].
The differences between siatic and dypamic
axial and lateral pile capacities ranged from 2 to
3 [Bea, 19871 differences between static
and dynamic axial and lateral pile stiffnesses
were as great as 10. These resultz are in agree-
ment with those developed by Tang [1988, 1990]
These results also are justified by isons of static and dypamic field
pile load test data [Bea, Audibert, 1979; Bea, 1980; Bea, ot al,, 1984].

Wind forces were calculated using AP RP ZA guidelines [1993). Ap-

mance snd deck loads were caloulated by hand using the wave

inematics developed in WAJAC. The broadside and end-on loading sce-
narios are essentially identical and thus, only one direction was analyzed-

Az with PB, hydrodynamic coefficients wers chiosen based on recent test
data and engineering j ‘The, the best estimate drag and inertia coef-
ficients were taken to be 1.2 for cylinders. A wave kinematics factor equal
to 0.88 was used for both the deck and jacket loads. A current blockage
factor of 0.80 wax also included.

The computer model contains the primary structural components of the
plaform. §t was assumed that the main and cellar decks were not of the
first failure mode. Therefore, only the main framing members of the decks
were modeled. The conductors were transversely slaved to newrby nodes in
the horizontal framing from the first deck down 1o the mwdline. The piles
were transversely slaved to the jacket legs that they run through except at the
top, where the piles, jacket legs and deck legs are rigidly connected af all
four corners, members were given an imtial impetfection, which was
chosen based on the AP standards for aflowable pre~construction member
impetfections. Finally, since the platform coniains joint cans this amalysic
used rigid joints,

Single node non-linear zoil springs were developed using the procedures
outlined APTRP 2A [1993]. These es assumed static and dynamic
foading assumptions [APL, 1993; 1994]. Based on results from past analyses
of GOM platforms subjected 1o hurricane loadings, pile simalations based on
traditional static pile ity methods car be 100 conservative is some cases
and will indicate « false failure in the foundation [Bea, DesRoches, 1993).

Loading Results

The initiating failure mode for PC based on the static pile characteriza-
tion is pile plunging. The force-di history for broadside loading is
shown in Figure 5. Thiz curve indicates that platform fails at 0.628 of the
reference load ot & total base shear of 1,700 kips at a displacement
of about 24 in. From Figure 5 it can be seen that the platform has a constant
stiffness after all the T-Z and Q-Z springs of the compression piles have
reached their final plateaus -

ptimnpeny
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FIGURE 4:
PLATFORM ‘/C’
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FIGURE 5 - FORCE - DISPLACEMENT RELATIONSHIP BASED ON
STATIC PILE CHARACTERISTICS

Since the foundation was shown to be the weak link in the platform, an
ysis based on a dyramic pile characterization was also performed..

Rgsnitx from the USFOS analyses showed that if the foundation was charac-
terized based on consideration of dynamic effects, the braces in the second
jacket bay became the weak link 'Ihemeoadbay ession braces
Kﬂ@ﬂ:{l%i%ﬂmah&dpﬁm«ammoiim
the compression braces in second y buckled, the

braces in the third jacket bay buckied and the jackef began to “unzip”.

The lateral force - displacement characteristics for the analyses based
on the dynamic pile characterization is given in Figure 6. The lateral
Ioad capacity is now 3,500 kips and it is reached at a lateral acoment of
about @ in. Based on the dynamic pils characterization, the lateral load ca-
pacity of the platform is sbout doubled.
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FIGURAE 6: FORCE - DISPLACEMENT RELATIONSHIP FOR
DYNAMIC PILE CHARACTERIZATION

Comparison of Analytical and Observed Resuits

The hurricane hindcast data [Cardone, Cox (1992] and observed pint-
form performance indicate that PC survived 53 - 56 ft waves during
hurricane Andrew. Based on the resulls from the snalyses performed on PG
the tolal lateral kosding associated with these conditions ed from 1,700 ©
1,900 kips. ’{heaekndmgsexueedd:eplﬂfmmpwﬂy was based on
static pile capacitics. However, they do not exceed the platform capacity
that was based on dynamic pile capacities. Given that the platform survived
hurticane Andrew without Mmdame,tumdu&dﬂmmepiﬂ—
form capacity based on the dysamic pile simulations is more realistic.

For broadside o end-on loading, the range in the PMB benchmark lat-
eral Ioad capacities waz 1,500 kips to 3,600 kips [PMB, 1994]. Based ou the
analyses performed during this study, the lower bound resulis were obtained
when the static pile capacity was utilized (Fi 5) and the upper bound
when the dynamic pile capacity was utilized (Figure 6). There is good
ngreement between these two sets of results. The majority of the rasge
between the lower bound snd upper bound resulis is atiributable to differ-
ences in how the foundation is simulated.

WELLHEAD PROTECTORS 1 AND 2

The eye of hurricane Andrew within
a few miles to the west of Well Protectors |
(WP1) and 2 (WP2) (Figures 7 and 8). Humi-
cane Andrew prodoced extreme siorm loadings
which caused 1 to collapse. Diver surveys
made after the storm indicated WPL failed by
il out of the piles on the south side of the plat-
thm, memngzy;mmwm‘:nm
coliapse; ﬂ:ere was no significant damage to this
structure, The goal efl&s study was to deter-
mine how the forces developed by hurricane
Andrew could have caused the collapse of WP1
and not the eollapse of WP2,

The study of WP 1 and WP2 involved the use

of thr eomgute: StuCad*3D,
USF(‘;Se and 3) Ufm*m {geiwj})

1993} was to perform lincar elastic analyses in
order o gain an overall understanding of the
response of the two structures 1o storm joading.
ULSLEA (Ultimate Limit State Limit Equilibcium
Analyses) [Montazavi, Bea, 1994} is a technique
Wluczpcrfm simplified analyses of the load
resisting capacities of offshore templat
tures [Bea, Mortazavi, 1995]. This approach
serves as a link between lHoear and ponlinesr
apalyses by providing estimates of the storm
loads required to cause first yield and collapse of
the wellhead protectors, !H:c oach
utilized the nonlincar nailyslspmgnm SFOS
{SINTEF, 1994] to perferm stalic pushover
analyses of the wellhead protectors. Ja this pa-
per, becauze of space limitations we will discuss’
only the multsﬁ‘mn the USFOS analyser. A
futige paper will detail the results from the other
two methods and compare these results,

Structural Characteristics

The two structures evaluated herein were
both located in the South Timbalier area.
two wellhead protectors were designed and
installed early in the 1980°s by the same fim.
The two wellhead proteciors were designed
according to the zame API RP 2A guideline. The
stightly older WP1 is located in 52 fL of water
and i oviented 45° counterclockwise from true
north. WP iz located in slightly shallower water
(49 .} and is oriented parallel to true north.
Both structures are two bay, four pile template
structures designed to provide limted facilities
for 36 in, diamefer caisson well risers (Figures 7

PROTECTOR 1

and 8). Both protectors have offset braced heli- FIGURE 8:
pads and boat landings for sasy access. WELLHEAD
PROTECTOR 2

The jacket framing of the two structures is
almost identical, with WFP2 having stightly smaller -
&tamete;}acketieg,smdmies,%mdﬂm,uoppcwdwmmd 26 in.
Diagonal vertical bracing mnmdexﬁaof 18 in. tubnlars, while plan bracing i
composed of 12.75 in. tubulars on all three lovels.  All members were fabri-
cated using A6 prade steel.
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The most prominent difference between the two structures, other than
water depth and orieatation, lies in the number and location of caisson risers
each structure must The two caissons of WP are located just out~
side of the structure north end of the jacket and are not tied substantially o
the jacket. WP2's caisson iz rigidly framed within the interior of the jacket.
Soll st Foundation Characteristics

‘The foundations for the two structures are very similar only in that they
are both composed of four piles. The design of these piles ix quite different.
WP1{'s piles are 187 ft. long. 26 in. in diameter and are ised of several
segments. At the tip there is a five foot pile shoe with 0.75 in. thick walls for
driving. It is followed by 100 ft. of 0.5 in. thick walls, Above this segment is
the ouly pile splice found below the mudline. Here the wall thickness in-
creases again to 0.75 in. for another ten fi. The remainder of the pile above
the pilchead and into the lower bay is 1.125 in. thick. WP2's piles are slightly
longer (190 f1.) than those of WP1 to compensate for ity smaller diameter of
24 jn. {t's upper wall thickness are generally larger as well, running at 1.213
in. to withstand the large bending stresses found in the piles near the mudline.
The remaining distribution is essentially the same as for WP1.

Nonlinear axial soil curves were genetated from soil boring tests [Law
1981]. The soil conditions were reported as consisting of a deep 172 ft. layer
of 20ft clays overlying & deep layer of stiff sand. Shear strengths of the clay
run between 0.31 ksf at the surface to 0.5 ksf at a of 64 fi., and to 1.5
ksf at the sand layer boundary, It was recommended that the structures’
piles should be designed so as io be driven to depth into the sand in order 1o
take advantage of its high compressive bearing capacity.

The pile - soil interactions were modeled m AP RP 2A guidelines for
slt;;ic (T-Z, Q-Z) - cyclic (P-Y) and dynamic ing conditions {API, 1993,
4],

The results of the study based on StruCad*3D and ULSLEA initiafly in-
dicated that WP1 and WP2 should have behaved similarty; both should have
survived. At this point, the pile driving records for the structures were ob-
tained and reviewed. It was discovered that both of the piles on the south
side of WP1 had been under-driven by 5 feet.  All of the piles in WP2 had
been driven to their design penctrations.

Storm Loadings

Wind, wave and current characteristics were chosen from environ-
mental data ided from the Hurricane Andrew hindcast [Cardone and
Cox 1992} structure was loaded along its principal axes. The following
hydrodynamic parameter were used in these analyses:

Wind: 98 knots; ABS wind profile

Wave: 40 fi. height; 9.5 second period

9th Order Stream Function Wave Theory
Current: 6 fps constant over depth

Surge and Tide: 3 fL.

Drag Coefficient {tubular members): Cd = 1.2

The two structutes were loaded only along their principal axes to pro-
vide consistency between the various es employed to analyze
structural response. Wave loads for US wete generated by the seastate
program WAJAC [DNV 1993} which determines peak loads using phase
angle intervals of 1°. The global base shears developed on WPI and WP2
during the passage of Andrew are summarized in Figure 9. The results indi-
cate WPI experienced peak lateral loadings that were about 20 % larger
than those cn WP2, The peak lateral loading on WP1 was 1,100 kips and on
WP2 was 850 kips,

Push-Over Resulls

The static push-over results for WP1 and WP2 based on the USFOS re-
sults are summarized in Figure 10. The “double humps” found in both
analyses result from the increased stiffness of the structires whe contact
between the jacket and caissons occur, The negative stiffaess found at the
end of all analyses represents pile pullout. The large lateral deformations
produce plastic hinges in the piles which produce « near mechanizm. It is the
additional strength and rigidity of the caissons which prevents the structures
from soft story coflapse. This added stiffness allows the full axial capacity of
the seils to be exceeded to 'legmwt. The matinum lateral load
capacity of WP is 910 kips and WP2 880 kips.

The USFOS result that both structares fail due to pile yielding and pullout
was confirmed by results from the SiruCad*3D and LEA analyses. The
ratio of the peak lateral loading during hwrricane Andrew to the maximum
Jateral loading capacity is 1.2 and 0.95 for WP! and WP2, respectively. The
analyses indicate that WP should have failed due to pile pullowt and WP2
should have survived. The paradox of why these two seemingly identical
structures behaved differently was due to the differences in the appurte-
nances (well conductors), the mannet in which the wells were tied into the
structures, and the under-driven piles. The effects of these differences only

became evident when these “details” were determined and their implications
integrated into the analyses.
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CONCLUSIONS

This paper details resuilts from nonlinear analyses of the ultimate Hundt
state performance characteristics of four Gulf of Mexico Platforms sub-
j fo intense loadings from hurricane Andrew. One of the platforms
(piatform ‘B’) is a conventional 8-leg drilling and production platform that
survived the loadings developed during huricane Andrew. Inspections of
this platform following the storm disclosed severe damage to the joiniz and
braces that indicated that the platform was loaded nearly 1o its ultimate limit
state lateral load capacity. The analyses are able to replicate this perform-
ance

Two of the other platforms are 4-leg well protectors that slso survived
hurricane Andrew. Obe of these platforms {platform ‘C') was the subject of
an industry study in which a large number of engincering organizations wete
provided identical information ca the platforin and requested to determine
the loadings and capacities of the structure [PMB Engineering Inc., 19941
This platform survived hurricane Andrew without sigaiﬁcammﬁamge‘ The
analyses indicate that it should have performed in this manner. The analyses
indicate that the very Isrge range m structure capacities obtaiged iz due
principally to differences m the procedures used to simulate the pile founde-
tion performance characteristics. Traditional ‘static’ characterizations form
a lower bound while ‘dynamic’ characterizations form an upper bound for
the lateral loading capacities of this particular structure.



‘The third 4-leg well or (WP1} was located directly in the path of
hurricane Andrew. km The fourth ucarby, seemingly ideatical 4-
hgmiimamz)mm&nnged The analyses ate to explain

this paradox. When subtle differences in the appuriensnces, well aitach-
ments, and foundatiop piling penclrationy were recognized, the amalytical
mxwmmgmmwnmmw ve and the platform
thut collupsed should have, It was pot ‘probabilisic’ differences that re-
sulted in the survival and collapse, but rather ‘detrrministic’ differences.
This experience indicates that observed failures and survivals of platforms
cap provide useful ipformation when the details of the structures are known.
When platforms are loaded at or close to their collapse capacity, suances in
their ¢lements, loadings, and performance can determine the difference
between survival and failare. Analyses performed on structures without
these details can provide misleading results [Puskar, et al., 1994].
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