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ABSTRACT 

nus paper details results from nonlinear analyses of the ultimate limit 
state performance characteristics of four Gulf of Mexico (GOM) platforms 
subjected to intense loadings from hurricane Andrew. 1hese four platforms 
were located to the east of the track of hurricane Andrew, and were thus in 
the nlOSt intense portion of the storm [Smith, 1993]. 1he nonlinear analyses 
are able to replicate details of the observed behavior of the four structures. 
This replication is very dependent on realistic cha.racterizatjon of the per
formance characteristics of the r.ile foundations and on accurate information 
on the "as is" condition of the p atforms before the storm. 

INTROOUCllON 

As part of a long-term research project. analysis procedures and com
puter programs are being developed that are intended to allow the engineer 
to make si~ted, yet realistic evaluations of the dynamic, ultimate limit 
state behavior characteristics of conventional template-type offshore plat
fonns subjected to storm loadings. A companion paper details the second
generation simplified (X'ocedutes that have been developed to pennit evalua
tions ofstorm loadings and static - cyclic capacities of such platforms [Bea, 
Mortazavi, 1995]. The first-generation approach and verifications have 
been described by Bea [1995] and De.Roches [1993]. The approach that is 
being developed to provide modifications that will permit the dynamic - tran
sient loading effects to be taken into account has been described and initial 
results presented by Bea andYoung [1993]. 

The simplified procedures are being verified with results from complex 
nonlinear static and dynamic analyses that are able to provide details on the 
performance characteristics of platforms that are loaded to their ultimate 
limit state [Bea, DesRoches, 1993; Bea, Landeis, Craig, 1992; Bea, Craig, 
1993). 

11lis paper describes results from four platforms that have been ana· 
lyzed as part of this research. These four platforms were located to the east 
of the track of hurricane Andrew, and were thus in the most intense portion 
of the storm [Smith, 1993]. Tiie nonlinear analyses are able to replicate 
details of the observed behavioc of the four structures. The remainder of this 
paper will detail the analyse.<1: and results for these four platforms. 

PLATFORM 'B' 

Platform 'B' (PB) is a self-contained, 8-leg, drilling and production plat· 
focm with 12 wen slots and 9 dri11ed wells (Figure 1). The platform was 
installed in 118ftofwaterinthe South Timbalier region in 1964. The plat
form was designed according to conventional 1963 criteria based on "25· 
year" return period design conditions (wave height of SS feet). 

Cellar and main deck elevations were located at + 34 ft. and + 47 ft. re
spectively. The major deck framing is 43 ft. by 93 ft. in plan, and the jacket 
legs are battered at one to eight in both broadside and end-on framing. The 
deck legs are 36 in. in diametec with a wall thickness of 0.625 in. and are 
connected to the tops of the piles with welded shim connections. The 39 in. 
diameter legs have an average wall thickness of 0.50 in. and have no joint 
cans. However, gusset pl.ates are used with the jacket 1eg 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 lxacing varies from 14 in. to 16 in. 

FIGURE 1: PLATFORM 'B' 

Based on coupon tests perfocmed aftec the platform was installed {Imm. 
et al., 1994], the jacket bracing and horizontal framing are made of nominal 
50 ksi steel with an average yield strength of 58 ksi. The jacket legs and 
piles are composed of nominal 36 ksi steel with an average yield strength of 
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43 ksi. The strength of the legs and piles is based on the assumption that 
large members, i.e., greater than 30 in., were fabricated of plate steel, while 
the smaller members were constructed of rolled pipe sections. 

The 36 in. piles extend 190 ft. below the nu:lline through 165 fl. of soft 
to stiff gray clay and 25 ft. of fine dense sand. At the time of design, antici~ 
pated pile Joads were 770 tons in compression and 350 tons in tension. PB's 
piles were grouted inside its 39 in. jacket legs in 1973. 

Although the platform has been subjected to several severe hurricanes 
(Carmen, 1974, and Andrew, 1992), PB has sustained no significant struc~ 
tural damage. This is due in part to p-evious platform remediations. Io 1974, 
the eye of Hurricane Carmen 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 experi~ 
enced compressive yielding. The platform was the subject of a risk analysis 
in 1988 that identified it as a significant risk Umm. et al., 1994]. Conse~ 
quendy, in 1991 all eight conductO!S were removed and the ceUar deck was 
cleared of an equipment. 

In 1992, the eye of Hurricane Andrew passed within eight miles of the 
platform. CelJar deck damage suggested a maximum wave height between 
60 ft. and 64 ft. from east-southeast, approximately fifteen degrees off 
broadside. Hindcast studies confinned thU observation. During this event, 
all four+ JO ft. K-joint.s in the broadside vertical trusse.<.: experienced yield
ing; two joints were at or close to their ultimate capacity. During the post
hurricane inspection, it was discovered that there was no grout in the piJe
jacket leg annulus at + 10 ft. Below the water line. the grout performed 
weJJ. If aJl four+ 10 ft. K-joints yield a collapse mechanism is formed. 

It is estimated that ten percent more lateraJ load would have collapsed 
the structure (Imm, et al., 1994]. Analyses showed that the load causing the 
joint yielding is very dose to the 1oad experienced during Andrew. More 
importantly, it was estimated that removing the conductors decreased the 
load during Andrew by twenty percent. Analyses also showed that the plat
form was capable of being re-loaded to the level experienced during 
Andrew. However, the+ 10 ft. K-joints were grouted as an additional safety 
measure. 

Several trials analyses were performed to find the wave height that 
caused platform failure with a load factor of unity. It was assumed that the 
majority of the load that could cause collapse of the platform was due to 
wave and current loads, and particularly wave-in-deck loads. The current 
and wind data from the Andrew hiodcast studies were used and the wave 
height was varied. The wind forces used were based on hindcast conditions 
and current AP! RP 2A guidelines (AP!, 1993]. Boat landing, barge bumper, 
and loadings associated with other known appurtenances were simulated. 

Hydrodynamic coefficient.s were chosen based on API guidelines [1993, 
1994}, recent test data [Bea. Pawsey, Litton, 1991 ~ Heideman, Weaver, 
1992], and engineering judgment. The best estimate drag and inertia coeffiw 
cients (Cd, C...) were as taken to be l.2 for cylinders, respectively (aU 
assumed IQ beltydrodynamically rough) (Rodenbush, 1986]. 

Based on the storm hindcast results (Cardone, Cox, 1992] and measured 
results from past GOM hurricanes [Bea. Pawsey, Lltton, 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 0.80 for broadside loading 
and 0.70 for end-on loading was also included. It should be noted that the 
wave height used for the end-on loading scenario did not create a load patw 
tern that failed the platform with a load factor of unity. However, it was 
detennined that this wave height was close to the realistic limit for this water 
depth. 

The analytical model for PB contained the primary structural compo
nents of the platform. It was assumed that the main and cellar 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 sufw 
ficiendy rigid cross members to simulate their stiffness contribution. To 
account for a grouted pile-jacket Jeg annulus, the leg thickness was in~ 
creased from 0.5 in. to 1.0 in. AU members were given an initial 
imperfection, which was calculated by wing Chen's buck.lin~ curve and 
member information for the critical braces in the sttucture LOlen, Ross, 
1977). This analysis was based on rigid joints. 

The non-linear soil springs were developed using the PAR program as
suming static loading [Bea. 1992]. Since analyses and post-Andrew 
inspections indicated that the first failure mode occurs in the upper jacket 
bay for OOth broadside and end~on loading, the exact performance of the soil 
springs is not critical in determining the ultimate lateral load resistance ca
pacity of the platform However, there are two items concerning the soil 
spring models that should be noted. 

the input to USFOS, which means that they will exhibit elastic behavior. 
Or.iginally theSe nodes were defined using two force-displacement points. 
which translates into a. straight line model. This strategy was intended to 
dupli- the appcoacli used in the original analyses (Imm, et al, 1994]. 
When defining nonlinear soil pcoperties, USFOS linearly extrapolates from 
the last two user defined points at both curve extremes. Therefore, since 
there were only two user defined points defining the non-linear behavior of 
the T-Z and Q-Z springs, USFOS extrapolated along the same original user 
defined line for both tension and compression behavior. The P-Y (lateral 
pile load ~ displacement) curves were defmed using eight points, four points 
for each transverse direction. Thus the PwY sixings will exhibit nonlinear 
behavior. 

As stated above, the linear elastic model of the T-Z and Q-Z springs will 
not significantly af!ect the detennination .the platform'~ u1ti.~te ca~itf. 
However, this fact JS based on the asswnptwn that the pde·sml tnteractJon JS 
not part of the first failure mode. The ultimate pile uplift and compression 
forces were calculated. The largest tension and compression pile forces for 
both the broadside and end-on loading cases were lower than these previ~ 
ously calculated maximum values. Thus, the piles are not the weak link in 
the system for the load patterns used. Hence, while the ultimate capacity of 
the platform should not be effected by these linear spring, it is assumed that 
the shape of the displacement dependent results will not be exactly correct. 

Secondly, the manner in whidt the combined T-Z and P-Y springs were 
modeled is prone to potential error, especially for large displacements. 
Again, this error is assumed not to affect the ultimate capacity of the plat
form, but it does cause inaccuracies that are worth mentioning. In the m 
model the T-Z and P-Y were combined into a two node nonlinear soil spring. 
The combined sp"ing has T-Z spring properties for its axial displacements 
and P-Y spring properties for its transverse:: displaceirn:n~· Bodi ~ and 
transverse displacements are measured relauve to the onginal coordinates of 
the element's end nodes:. However, when a T-Z I P-Y soil spring element 
becomes deformed the relative positioo of the two end nodes must be conskl
ered for the deformed shape. Since this is not the case, in a deformed 
position the displacement transverse to the element will be resisted by the P
y SIKing and the T-Z spring. The exact sping properties for any given dew 
formed shape can be solved using vector analysis. 

Broadside Loading 

The force-displacement curve for broadside loading is shown in Figure 
2. This curve indicates that platform fails at 0.907 of the reference load 
pattern or a total base shear of 3,8()() kips. This lateral loading capacity is 
less than the 4,900 kips reported by !nun et al. [1993]. This difference is due 
to the differences in the loading patterns utilized in the two analyses. The 
analyses reported in this paper have larger wave forces acting on the platw 
form lower deck. 

Figure 2 indicates that the platf<¥"m has no reserve strength after the first 
brace - joint failure. However, it is important to note that the platf~ ca_n 
experience Jarge inelastic displacement before a failure mechanism IS 

formed. If the force-displacement curve were extended it would show that 
eventuaUy. the jacket legs develop sufficient resistance in bending to cause 
buck.ling of the lxaces in the third jacket bay. 
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AGURE 2: BROADSlOE FORCE-DISPLACEMENT RELATIONSHIP 
First, the T-Z (axial load· pile shaft displacement) and Q-Z (pHe tip load 

- displacement) springs included as part of the model are linear as defined in 
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AGURE 3: ENO-ON FORCE-DISPLACEMENT RELATIONSHIP 

End-on Loading 

The force-displacement curve for end-on loading is shown in Figure 3. 
This curve indicates that the uppermost compression braces buckle at 1.12 of 
the reference load pattern or a total base shear of 3,900 kips. Figure 4 shows 
that after the compression bcaces - joints .in the fourth packet bay fail the 
platfonn has a small increase in resistance capacity until the compression 
braces in the third jacket bay and the horizontal framing between these two 
levels almost simultaneously fail, at which point the platform is at imminent 
collapse. 

Comparisona of Analytical and Observed Results 

The hurricane hindcast data [Cardone, Cox (1992) and observed plat
form performance indicate that PB survived 60 - 64 ft waves 15 degrees off 
of broadside during hwricane Andrew. Approximately 96 percent the peak 
loading developed during the stonn was resisted by the broadside framing. 
The USFOS analysis indicates that the platform experiences first significant 
member failure. brace - joint failure, at 91 percent of the load from a 64 ft 
direct broadside wave. 

The wave 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 Imm, et al. [1994]. The hydrodynamic Joad.~ 
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 Jower 
bound estimate of the true brace strength. Tilis same result was observed by 
Inun et al. {1993] based on re....Wts from K-braced frame tests. 

Taking the above factors into consideration. the USFOS resuJts indicate 
that PB should survive the loads from hwticane Andrew. The analytical 
results are in conformance with the observed performance of PB after hurri
cane Andrew [Imm, et al., 1994]. 

PLATFORlll 'C' 

. Platform, •c• (PC) (rygure 4) was i~led in~ GOM Ship Shoal region 
in 1970. This p~orm ts a self contatned four pile drilling and production 
platform located m 157 ft. of water. PC survived hurricane Andrew without 
significant damage. 

11ie platform has four conductors and eight risers. The PC decks are lo
cated at elevations of +33 ft.• +43 ft, +56 ft. and+71 ft. The deck legs form 
a 30 ft. by 30 ft. square in plan and the jacket legs are battered at 1:11 in both 
primary directions. 

The piles for PC run through the jacket legs, but unlike PB the pile-jacket 
leg annulus is not grouted. The 36 in. diameter piles extend 355 ft. below the 
mudline through 328 ft. of soft to stiff gray clay and 27 ft. of fine dense sand, 
The sand layer starts at 197 ft. below mudline. The day above the sand is 
generally soft and silty, while the clay below the sand is stiff. 

While the pile-kg annulus is not grouted, the jacket legs and most other 
int~secti!lg me~bers ~~e joint cans. ~e 39:5 in. diameter jacket legs are 
0.5 10. thick while the JOint cans are 1.25 10. thick. 'The deck legs are 36 in. in 
diameter with a wall thickness of 1.25 in. and are connected to the t~ of the 

piles. The vertical bnces vary from 16 in. in the top oc seventh jacket bay to 
20 in. in the Wt jacket bay. All members reportedly are ~ed of 
nominal 36 bi steel with an average yield streu of 43 bi. 

Many know PC as the "PMB Benchmark 
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PLATFORM 'C' 
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Platform" [PMB Engineering, 1994). PC w
used as a test structure for a Joint Industry Proje
(JIP). The JIP•s main objective was to assess th
variability in the calculated ultimate capacity of
typical fixed offshore platfocm due to differe
assumptions, different code interpretations, di
ferent software packages, and human error. Th
JIP participants were to strictly use API guid
lille$ [1993, 1994) to define the loading an
capacity parameters of the analyses. Howeve
the software and analysis techniques used varie
between companie.s. Analysis results specifie
by PMB were submitted by all the participant
These results were then compared to assess the
variability [PMB Engineering, 1994). 


The platform was analyzed with foundatio
simulations based on 'static' and 'dynamic' pile
soil interaction characteristics [Bea. 198
1992a]. The static pile simulations were based o
the soil boring test results (wireline sample
undrained - unconsolidated triaxiat tests) and AP
static pile capacity guidelines [AP!, 1993). Th
dynamic pile simulations were based on so
broing test results corrected for sample distu
bance [Quiros, et al., 1983] and dynamic pi
capacitiy guidelines in the API Commen1ary o
Pile Capacity for Axial Cyclic Loadings [1993
The differences between static and dynam
axial and lateral pile capacities ranged from 2 
3 (Bea, 1987]. The differences between stat
and dynamic axial and lateral pile stiffnesse
were as great as 10. These results are in agree
ment with th= developed by Tang (1988, 1990] 
These results also are justified by comparisons of static and dynamic field 
pile load test data [Bea, Audibert, 1979; Bea, 1980; Bea, et al., 1984). 

Wind foroes were calculated using API RP 2A guidelines [1993]. Ap
~nance and deck loads were calcu1ated by band using the wave 
kinematia developed in W AJAC. The broadside and end-on loading sce
nari~ are essentially identical and thus, only one direction was analyzed. 

As with PB. hydrodynamic coefilcients were chosen based on recent test 
~ and ·engineering judgment The. the best estimate drag and inertia coef
fiaents 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 was also included. 

The computer model contains the primary structural components of the 
p)atfonn. It was assumed that the main and ceJlar decks were not part of the 
first failure mode. Therefcre, only the main framing members of the decks 
were modeled. The conductors were transversely slaved to nearby nodes in 
the horizontal framing from the first deck down to the rwdlioe. 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 at all 
four corners. AU members were given an initial imperfection, which was 
chosen based on the API standards for allowable pre-construction member 
imperfections. Finally, since the platform contains joint cans this analysis 
used rigid joints. 

.Single node non-linear soil springs were developed using the procedures 
outlined API RP 2A [1993]. These procedures assumed static and dynamic 
loading assumptions (AP!, 1993; 1994]. Based on results from past analyses 
of GOM platf()l"JN subjected to hurricane loadings, pile sim.datioos based on 
traditional static pile capacity methods can be too conservative is some cases 
and will indicate a fal~ 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 focce-displacement history for broadside loading is 
shown in Figure 5. This curve indicates that platform fails at 0.628 of the 
reference load pattern or a total base shear of 1,700 kips at a displacement 
o~ about 24 in. Frotn Figure 5 it can be seen that the platform has a constant 
stiffness after an the T-Z and Q-Z springs of the compression piles have 
reache.d their final plateaus 
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Since the foundation was shown to be the weak link in the platform. an 
analysis based on a dynamic pile characterization was also performed .. 
Results 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. The second bay compression braces 
buckled at L30 of the reference load pattern oc a total base sh.... of 3 ,440 
kips. After the compressjon braces in the second jacket bay buckled, the 
braees in the third jacket bay buckled and the jacket began to "unzip ... 

The lateral force - displacement characteristics for the analyses based 
on the dynamic pile characteriz.ation is given in Figure 6. The peak lateral 
load capacity is now 3,500 kips and it is reached at a lateral displacement of 
about 9 in. Based on the dynamic pile characterization, the lateral load ca
pacity of the platform is about doubled. 

Comparison of Analytical and Obaenred Results 

The hurricane bindcast data (Cardone, Cox (1992] and observed plat
form performance indicate that PC survived 53 - S6 ft waves during 
hurricane Andrew. Based on the results from the analyses performed on PC. 
the to<al 1-.i loading aasociated with these eenditions ranged from I, 700 to 
1.900 kips. These loadings exceed the platf<nn capacity that was based on 
static pile capacities. However, they do not exceed the platform capacity 
that was based on dynamic pile capacities. Given that the platform survived 
hurricane Andrew without significant damage, it U concluded that the plat
f<rm capacity based on the dynamic pile sinrulations is nxre realistic. 

For broadside oc end-on Joa.ding, the range in the PMB benchmark lat
eral load capacities was 1,500 kips to 3,600 kil" [PMB, 1994]. s .. ed OD the 
analyses perfcxmed during this study, the lower bound results were obtained 
when the static pile capacity was utilized (Figure 5) and the upper bound 
when the dynamic pile capacity was utilized (Figure 6). There is good 
agreement between these two sets of results. The majority of the range 
between the lower bound and upper bound results is attributable to differ
ences in how the foundation is simulated. 

WELLHEAOPROTECTORS1AND2 

The eye of hurricane Andrew passed within 
a few miles to the west of Wellhead Protectors 1 
(WP!) and 2 (WP2) (Figuces 7 and 8). Hurri
cane Andrew produced extreme storm loadings 
which caused WPl to collapse. Diver surveys 
made after the storm indicated WP! failed by 
pull out of the piles on the south side of the plat
fcxm. The seemingly identical WP2 did not 
collapse; there was no significant damage to this 
structure. The goal of this study was to deter
mine how the forces developed by hurricane 
Andrew could have caused the coUapse of WPl 
and not the con~ of WP2. 

The study of WP 1 and WP2 involved the use 
of three compul<l: propams: I) Struead*3D, 2) 
USFOS, and 3) ULSLEA. SttuCad*3D [Zentecb, 
1993) was to perform linear elastic analyses in 
order to gain an overall understanding of the 
response of the two structures to storm loading. 
ULSLEA (Ultimate Limit State Limit Equilibrium 
Analyses) (Mortu.avi, Bea, 1994) is a technique 
which pedorma si...,utied analysea of the load 
resisting capacities of offshore template struc
tures [Bea, Mortu.avi, 1995]. This approach 
serves u a link between lioeac and nonlinear 
analyses by providing estimates of the storm 
loads required to cause first yield and coUapse of 
the wellhead protectors. The third ap~ach 
utilized the nonlineM analysis program USFOS 
(SINTEF, 1994) to perform static pushover 
analyses of the weUbead protectors. In this pa~ 
per, because of space limitations we will discuss 
only the results from the USFOS analyses. A 
future 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 1imbalier area. The 
two wellhead protectors were designed and 
installed earJy in the 1980's by the same finn. 
The two wellhead protectors were designed 
acoording to the same API RP 2A guideline. The 
slighdy older WP1 is located in 52 ft. of water 
and is oriented 45° counterclockwise from true 
north. WP2 is located in slightly shallower water 
( 49 ft.) and is oriented parallel to true north. 
Both structures are two bay, four pile template 
structw-es designed to provide limited facilities 
fr:« 36 in. diameter caisson well risers (Figures 7 
and 8). Both protectocs have offset braced heli~ 
pads and boat landings for easy access. 

The jacket framing of the two structures is 
almost identical, with WP2 having slightly smaller 
diameter jacket legs and piles; 28 and 24 in .. as opposed to 30 and 26 in. 
Diagonal vertical bracing is made up of 18 in. tubulars, while plan bracing is 
composed of 12.75 in. tubu1ars on all three level<:. All men1bers were fabri~ 
cated using A36 grade steel. 

AGURE7: 

WELLHEAD 


PROTECTOR 1 


AGURE8: 
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The most prominent difference between the two structures, other than 
water depth and orientation, lies in the number and location of caisson risers 
each structure must support. The two caisson.r of WP1 are located just outN 

side of the structure north end of the jacket and are not tied substantially to 
the jacket. WP2's caisson is rigidly framed within the interior of the jacket. 

Soil and Foundation Characblriatics 

The foundations for the two structures are very similar only in that they 
are both composed of four piles. The design of these piles is quite different. 
WPl 's piles are 187 ft. long. 26 in. in diameter and are comprised 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 ofO.S in. thick walls. Above this segment .is 
the only pile splice found below the nwdline. Here the wall thickness in~ 
creases again to 0.75 in. for another ten ft. The remainder of the pile above 
the p.ilehead and into the lower bay is 1.125 in. thick. WP2's piles are slightly 
longer (190 ft) than those of WPl to corupensate for its smaller diameter of 
24 in. It's upper wall thickness are generally larger as well, running at J.213 
in. to withstand the large bending stresses found in the piles near the mudline. 
The remaining distribution is essentially the same as for WPl. 

Nonlinear axial soil curves were generated from soil boring tests [Law 
1981}. The soil conditions were reported as consisting of a deep 172 ft. layer 
of soft clays overlying a deep layer of stiff sand. Shear strengths of the day 
tun between 0.31 ksf at the surface to 0.5 ksf at a depth of 64 ft., and to 1.5 
ksf at the sand layer boundary. It was recommended that the structures' 
piles should be designed so as to be driven to depth into the sand in order to 
take advantage of its high compressive bearing capacity. 

The pile - soil interactions were modeled using API RP 2A guidelines for 
static (T-Z, Q-Z) - cyclic (P-Y) and dynamic loading conditiow (API. 1993; 
1994]. 

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

Storm loadings 

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

Wind: 98 knots; ABS wind profile 
Wave: 40 ft. height; 9.5 second period 
9th Order Stream Function Wave Theory 
Current; 6 fps constant over depth 
Surge and Tule: 3 ft. 
Drag Coefficient (tubular members): Cd= 1.2 

The two structures were loaded only along their principal axes to pro
vide consistency between the various approaches employed to analyze 
structural response. Wave loads for USFOS were generated by the seastate 
program W AJAC (DNV 19931 which detenni... peak loads using phase 
angle intervals of 1°. The gld:>al base shears developed on WPl and WP2 
during the passage of Andrew are summarized in Figure 9. The results indi
cate WPl experienced peak lateral loadings that were about 20 % larger 
than those on WP2 The peak lateral loading on WPl was 1,100 kips and on 
WP2 was 850 kips. 

Push-Over Rssulta 

The static push---0ver results for WPl 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 structures when contact 
between the jacket and caissons occur. The negative stiffness found at the 
end of all analyses represents piJe pullout. The large lateral deformations 
produce plastic hinges in the piles which produce a near mechanism. It is the 
additional strength and rigidity of the caissons which prevents the structures 
from soft story collapse. This added stiffness allows the full axial capacity of 
the soils to be exceeded to produce pile pullout. The maximum lateral load 
capocity ofWPl is 9!0 kips and WP2 880 kips. 

The USFOS resuk that both structures fail due to pile yielding and pullout 
was confirmed by results from the StruCad*3D and ULSLEA analyses. The 
ratio of the peak lateral loading during hurricane Andrew to the maximum 
lateral loading capacity i• l.2 and 0.95 for WP! and WP2, respectively. The 
analyses indicate that WPl should have failed due to pile pullout 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 (weU conductors), the manner 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. 

Base Shear (kips) 
12 
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AGURE 9: TIME HISTORY OF MAXIMUM BASE SHEARS ON WPt 
ANO WP2 DURING HURRICANE ANDREW 

CONCLUSIONS 

This paper details results from nonlinear analyses of the ultimate limit 
state performance characteristics of four Gulf of Mexico Platforms sulr 
jected to intense loadings from hurricane Andrew. One of the platforms 
(platform 'B') is a conventional 8-leg drilling and production platform that 
survived the loadings developed during hurricane Andrew. Inspections of 
this platform following the storm disclosed severe damage t.o the)oints ~~ 
braces that indicated that the platform was loaded nearly to Its ultimate limit 
state lateral load capacity. The analyses are able to replicate this perform
ance 

Two of the other platforms are 4-Jeg weJJ protectors that also survived 
hurdcane Andrew. One of these platfor~ (platform 'C') was the subject: of 
an in<htstry study in which a large number of engineering organizations w~re 
provided identical inf~on on the platform and req~e:d to detemune 
the loadings and cap.acitres of the structure [PMB Eng1neermg Inc.• 1994]. 
This platform survive.d hurricane Andrew without significant damage. The 
analyses indicate that it should have performed in this ~nner. 'f!te &D!'lyses 
indicate that the very large range tn structure capacthe.s obtained lS due 
principally to differences in the procedures used to simulate the pile foundaM 
tion performance characteristics. Traditional 'static' characterizations form 
a lower bound while 'dynamic' characterizations form an upper bound for 
the lateral loading capacities of thi.<i particular structure. 
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The third 4-leg wen protector (WPl) was located dir~y in~ ~th of 
hurricane Andrew. It collapsed. The fourth nearl>y, ....,.ngly identical 4
leg well protect<r {WP2) was not damaged. The analyses are able to explain 
this paradox. When subtle differences in the appurtewmces, well attach
ments, and foundation piling penetrations were recognized. the analytical 
results indi-cated that the platform that survived should have and the platform 
that collapsed should have. It was not 'probabilistic' differences that re~ 
suited in the survival and collapse, but rather 'deterministic' differences. 
This experience indicates that observed failures and survivals of platfonm 
can provide useful information when the details of the structures are known. 
When platftXmt ate loaded at or close to their collapse capacity, nuances in 
their elements, loadings., and performance can determine the difference 
between survival and failure. Analyses performed on structures without 
these details can provide misleading results [Puskar, et al., 1994]. 
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