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11 BACKGROUND
Hurricane Andrew

Humncane Andrew was a very intense storm that passed through the Guif of Mexico on August 24,
25 and 26, 1992. The hurricane passed through a region of Gulf that is very densely populated with
offshore platforms. As shown in Figure 1-1, the center of the hurricane traversed the Mississippi
Canyon, South Timbalier, Ship Shoal, and Eugene Island areas. Along its path through the platform
areas, Andrew’s waves typically exceeded the 100 year return period criteria used for the design of
new structures. The region of platforms most significantly loaded by Andrew, as defined by the
MMS, included approximately 700 platforms located in the Eugene Island, Grand Isle, Mississippi
Canyon, Ship Shoal, South Marsh, South Pelto, South Timbalier, and West Delta areas. Many of
these platforms were older structures that were not designed to withstand the forces created by a
hurricane of Andrew’s magnitude.

Most of the platforms affected by Andrew were not significantly damaged. Many structures
suffered minor damage such as bent handrails, although a number of structures experienced
significant local structural damage such as a buckled underwater braces and/or joint fracture. There
were 28 jacket type platforms that collapsed or were rendered completely unserviceable as a result
of the hurricane. In addition, 47 caissons were also significantly damaged or collapsed [1].

Andrew caused significant financial losses offshore and devastating financial losses, injuries and
deaths onshore. Although destructive to the oil industry, the Andrew experience provided very
valuable data that can be used to further understand the performance of offshore structures
subjected to large hurricanes. It provided an opportunity to learn from the experience by reviewing
the platforms that survived, were damaged, or failed dunng the hurricane. Andrew thus provided a
unique opportunity to study offshore structures tested under “real-hfe” full scale conditions.

The objective of this study has been to use the data that were gathered as a result of Andrew to
better understand the nature of platform response during extreme hurricanes. It is intended that the
results of this study will be used by the industry to improve methods for the ulumate capacity
assessment of exisung structures, which is a key element in assuring the safety of all offshore
facilities.

Phase I Study

In October, 1993, PMB completed a joint industry project, "Hurricane Andrew-Effects on Offshore
Platforms,” (hereafter called Andrew Phase I or Phase 1) [1, 4]. The objective of this study was to
review the accuracy of existing assessment procedures based on comparison of predictions of
platform response against observations collected for 13 specific platforms This study determuned
that, for the population investigated, the wave loading and ultimate capacity evaluation procedures
contained in API RP2A, 20th Edition and its Section 17 supplement [3] were conservative.

Specifically, the study concluded that the capacity to demand (peak lateral load dunng the

Andrew JIP - Phase II, Final Report January 1996
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O hurricane) ratio 1s conservatively biased by 19 percent. This result was determuned with the use of
capacity analyses completed by PMB and some of the participants. The results of these analyses
formed the input to a structural rehiability analysis and Bayesian updating to calculate the bias
factor. Thus bias factor reflected correction to the analytical predictions requured to achieve better
agreement with the observed results

The Andrew Phase I study resulted in the following observations and recommendations:

' ® The capacity analysis predicted failure of joints in many of the jackets analyzed. The inspection
of these platforms indicated that, in most cases, joints that were predicted to have failed did not.
The joint strengths considered in the analysis were based on API RP2A, 20th Edition, which are
lower bound estimates, and the joint stiffness effect was not included 1n the Phase I modeling
Therefore, for Phase II use of mean estimates of the joint strength and explicit modeling of joint
stiffness were recommended.

¢ The capacity analysis predicted failures in pile/soil foundation elements for a significant number

of platforms. The inspection of these platforms indicated that, in all cases, piles that were

predicted to have failed did not. The foundation failure modes that were predicted were: first

yield of pile sections, full plasticity of pile sections, inadequate axial soil capacity leading to

pile pullout or plunging. In many cases, the predicted failure mechanisms were due to multiple

events in the pile/soil foundation system and controlled the ultimate capacity estimates.

: Therefore, further investigation of pile/soil capacity formulations were recommended to
: O determine bias specific to the foundation capacity.

¢ Deck inundation from high waves occurred for a number of platforms and was a primary causc
of platform collapse The load profile changes significantly when the wave reaches the deck
level. The Phase I analysis utihzed a pushover load profile based on maximum wave height
dunng Andrew at a platform location. The capacity analysis results may be improved if the
variation in pushover load profile with wave height 1s included, essentially to determine the
effect of significant change in load profile due to wave-in-deck on the occurrence of inelastic
events.

¢ The bias factor (B) was determined to be 1.19. It was an overall (system) correction factor and
was not specific to the biases associated with the individual failure modes of the jacket and its
foundation. Therefore, multiple bias factors related to the fallure modes shall be more

appropriate.

¢ The bias factor was based on a total sample of 13 platforms which represented a relatively small
percentage of the total population of platforms significantly loaded during the huricane.
Including additional platforms would improve the defimtion of the bias factor; however,
detailed analysis of a significant number of platforms 1s prohibited both by the cost of such

analyses and the lack of necessary data. It was suggested that a simplified “weighting”
procedure could be used to enlarge the sample size without detailed analysis.

\ Andrew JIP- Phase II, Fmal Report January 1996
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Andrew Foundation Study

To further investigate the perceived biases in the foundation capacity estimates for the steel jacket
platforms, the API and MMS ‘awarded a study to PMB to specifically evaluate the effects of
Hurricane Andrew on platform foundations. This study was completed in May 1995 [S5]. The
vanious factors that would influence pile axial and lateral capacity estimates were discussed. Several
jacket platforms and caissons were analyzed to establish ultimate capacity estimates as input to the
structural rehability calculations. Bias factors of 1.3 and 1.7 were established for the foundation
lateral and axial ultimate capacity to load ratios (Ry/S). These estmates confirmed the need to
determine ultimate capacity and bias factor estimates specific to failure modes.

Updated Hindcast

The MMS commissioned Oceanweather Inc., to generate new hindcast data for Hurricane Andrew
using an improved hindcast model. Oceanweather developed a surface wind model using an
mmproved version of a numerical model of the vortex planetary boundary layer model and surface
waves were modeled using a third-generation model which included shallow water physics [see
Appendix D]. The new hindcast [13] was developed at a finer grid compared to the 1992 hindcast
[12] and in general the new hindcast provided lower significant wave heights than previous. This
lead to a need to investigate effects of new hindcast on platform behavior predictions and bias
factor.

Phase II Study

PMB was awarded thus study by the MMS and 7 operating companies, all of which participated in
the Andrew Phase 1 study. The primary focus of Phase II has been to develop multiple bias factors
for different failure modes (failure in jacket structure and failure of pile foundation system) using
the new hindcast, updated capacity analysis procedure (with improved joint strength and stiffness
modeling), and with improved procedures for calibration

1.2 OBJECTIVES

There were two primary objectives for the Andrew JIP - Phase II study:

1. Capacity Analysis -— Perform capacity analysis for several platforms which were
affected by Hurricane Andrew using the updated analysis procedures. The Andrew Phase
I project identified several areas in capacity analysis procedures that required further
investigation and development. The objective of this portion of the project was to
develop a refined “procedure” for platform capacity analysis to provide a better
comparison of analytical results with observed behavior during Andrew.

2.  Calibration — Perform a calibration of procedures for capacity analysis of the jacket
and its foundation (lateral and axial), for assessing existing platforms The process
includes reconciling analytically predicted platform damage and failure with observed
field performance during Andrew. Multiple bias factors applicable to the ratios of

Andrew JIP- Phase II, Final Report January 1996
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computed ultimate capacities to load, for the jacket and its foundation were to be
developed using an updated procedure for calibration

The API TG 92-5 has recently issued a draft supplement to RP 2A, "Assessment of Existing
Platforms to Demonstrate Fitness For Purpose." These guidlines recommend the use of ulumate
capacity analysis as the most ngorous procedure for the assessment of existing platforms.

A major goal of this project was the calibration of some of the platforms that survived, were
damaged or collapsed during Andrew with the intent to primarily deterrune the bias 1n the ratio of
predicted ultimate capacity to load estimates.

13 PLATFORM SELECTION

The platforms considered in Andrew Phase I and other platforms from the MMS database were
considered in the selection process. The participating companies were contacted for providing
information for additional identified platforms and any other platforms, which mght have been of
interest for calibration

The platforms were selected from a detailed evaluation using the following available information:

Structural characteristics and details of platforms
Damage to platforms during Andrew

Geotechnical information in the vicinity of platforms
Hindcast information (using the 1992 hindcast)

Ultimate capacity and calibration results from the Phase I

Table 1-1 presents a list of platforms that were selected for investigation in this project. Several
other structures were reviewed to assess their value to the calibration (e.g, SS114H and ST86);
however, many of these were determined to be unsatisfactory due to either their performance during
the humcane (expected survival) or due to the lack of good data.

There were no jacket type platforms available that were believed to have experntenced a foundation
failure; however, there were several caissons that expertenced full or partial foundation failure.
Three caisson platforms which were damaged during Andrew were included in the AP/MMS
Foundation study to investigate their effect on the foundation lateral capacity bias factor. The
expectation was that the caissons would provide a limit to the bias factor established based on
jacket platforms However, the caissons’ effect on the bias factor was presented separately, to
distinguish between individual contributions of jackets and caissons. These caissons are also
included in the cahibration work 1n this study, to evaluate their influence on the foundation lateral
bias factor.

Andrew JIP- Phase II, Final Report January 1996
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The following structures were finally selected for calibration 1n this project:

Steel Jacket Platforms
Observed survival category ST151K, ST130Q, WD103A
Observed damage category ST177B, ST151), SS139 (T25)
Observed failure category ST151H, ST130A, ST72 (T21)
Caissons_
Observed damage category SPelto 10, SS135, SS136

Figure 1-1 provides locations of these platforms. Note that platform ST177B was considered under
observed failure category in Phase I due to lack of specific damage information available at that
time. Significant damage information obtained during its salvage lead to its classification under
observed damage category.

The physical characteristics and other information for the jacket platforms are summarized in
Tables 1-2 and 1-3 The caissons information is summarized in Table 1-4. Platform orientations,
structural framings, soil shear strength profiles, and hindcast data are provided in Appendix A.
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O Table 1-3: Damage Description - Platform ST177B

Damaged Elements

Damage Description

X- Joints

Crushing (ovalization) of brace in tenston
Crack (> 2 ft long) at the centerline (narrow apex of the oval)
of the tension (through) member.

K- Joints

All K-joints completely severed at gap (zone within braces) in chord.
Failure plane located along a line paratlel to the compression K-brace.

KT -Jomnts

Interior frame KT joints located near the conductors showed bulging
and cracks, but were generally still intact. '

O Platform Legs

Shight curvature of legs along the wave direction at lower bays where
K joints were completely severed

O
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Section 2
Capacity Analysis Procedures

The procedures used for the nonlinear ultimate capacity analysis of the platforms were based upon
the API RP 2A, 20th Editton and its Section 17 supplement [3], with several modifications as
required for thus project. Several case studies were performed to resolve issues related to the recipe.
The following two issues were investigated in detail to establish the updated recipe:

® Pushover Wave Load Pattern
® Conductor modeling

21 LOAD AND RESISTANCE RECIPE

There are several modeling issues which would not receive a consensus opinion within the industry.
These issues, such as choice of Fy (steel yield strength), were based upon a vote by participants
during Phase I meetings. Additional recipe issues were proposed by PMB and were accepted or
modified by the participants, during Phase Il meetings.

A summary of the key items of the recipe that are applicable to this project are given below.
Additional details of the recipe are given in Appendix B.

¢ Wave Load on the Deck. In cases where waves impact the deck, the simplified procedure
developed by API Task Group 92-5, given in the Draft Section 17 (April 20, 1994 version) was
used.

¢ Pushover Wave Load Pattern. Variable pushover load patterns were used for cases where
deck inundation occurred. (See Section 2.3.1 for detail of the case study)

e Factors of Safety. No factors of safety were included in defining the capacities of structural
¢lements.

¢ Material Strength. Most of the platforms were fabricated using steel with a 36 ksi nominal
yield strength. Participants voted on using a yield strength of 42 ksi for these cases to account
for the difference between nominal and mean yield strength and to account for the increase in
strength due to strain rate effects (rapid loading in storms) [14).

¢ Brace Modeling. The braces were modeled using Struts, Beam Columns or with a new
“Fiber Element.” The diagonal braces (leg-to-leg) were modeled as Marshall Struts. The K-
braces (or K-joints braces) were modeled using a Fiber Element (a modified beam column
element to include the joint capacity/stiffness information) 1n all instances where the joint
capacity governed joint/brace strength. The horizontal braces near the mudline and waterline
were checked for the axial vs. flexural behavior dominance and, in general, were modeled
with beam columns.

® Brace Capacity (Buckling). The brace capacity is defined by Equation D.2.2-2 of API RP 2A
LRFD [15]

e Effective Length (k) Factors. Section 17 does not recommend values of k (the effective length
factor) for use in ulumate capacity analysis Recent tests and analytical studies [16,17,18] have
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indicated the appropniate values of “k”, without factors of safety, are 0.5 for X- braces, 0.55 to
0.65 for diagonal braces (depending upon end fixity) and 0.65 for K- braces

An effective length factor of 0.65 was used for "k" and "diagonal” braces. The length was taken
as node-to-node distance (not face-to-face of the leg). An effective length factor of 0.55 was
used for “X” braces with the member length taken as one-half the longest segment length(i.e.
out-of-plane buckling is not considered due to the compensating effect of the tension brace).

Joint Capacity. The capacity of braces and their connections were evaluated based on
conservative joint capacity formula (i.e., API RP 2A) and prior experience. An explicit joint
mode] was developed in all instances where the joint strength was determined to control. Joint
strength and load-deformation formulations, (P-8) and (M-6), were developed for these joints
by MSL Engineering. Section 2.2 includes further details on joint modeling. These formulas
were used to define the properties of the corresponding beam-column and fiber element models.

Grouted Joints. The API RP 2A equations for joint capacity were used, without safety factors,
and with an equivalent thickness for the leg representing strength of the composite section

(leg/pile) [19].

Conductor Modeling. Conductors were always modeled to capture their wave load
contnbution The structural resistance of the conductors, which increase the lateral load carrying
capacity of the foundation, were modeled only in instances where the conductors were guided at
the mudline and initial analysis predicted a pile yield/hinge failure mode. The conductors were
guided at the mudlevel horizontal framing for only two platforms (WD103A, ST130A) and
were modeled for structural resistance in only ST130A

Soil Shear Strength. Shear strength profiles were developed based on comparison of the
following profiles:

* Based on Strength Ratio (S.,lo,,') of 0.23 and assuming an over consolidation ratio (OCR) of
1.0

*  Miniature Vane (MV) tests on undisturbed samples
* Interpreted or Design shear strength profile from soil reports

In case of driven samples a modification factor of 1.2 was used to account for the effect of
sample disturbance if it was not already included in the soil report. In case of pushed samples
no modification factor was used.

The soil shear strength data were based on available geotechnical reports in the same or nearby
blocks of platform locations

Lateral Soil Capacity. The AIM projects [20] and other assessment-type studies have
typically used degraded soil-pile capacity to develop p-y nonlinear soil springs for pushover
analysis. Ths is based upon the assumption that the soil strength is degraded at the time of the
peak wave due to cychic action of other large waves duning storm build-up. However, recent
laboratory tests by Exxon [21] indicated that, for pushover type analysis, the static lateral soil
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strength is a better measure. Therefore, static p-y soil strength was used and was defined by the
APIRP 2A formula.

¢ Axial “t-2” Springs: Static 50il strength (no degradation) per API RP2A were used

Pile axial capacity estimates per API RP 2A are affected by loading (or strain) rate, cyclic
loading, reconsolidation (tume effect), compressibility (pile length effect) and pile aging effects.
The influence of these factors reported in the Dterature was summarized in the APMMS
foundation study [5] The contnibution of these factors to the pile ax1al capacity is uncertain and
thus, in Phase II, a correction factor was not applied to the pile axial capacities The cumulative
effect of all of these factors will be reflected in the resulting foundation axial bias factor.

22 JOINT MODELING
2.21 Information from MSL

The load-displacement and moment-rotation formulations for 25 joints were developed by MSL
Engineering for use in the capacity analysis. MSL did not provide the general formula for axial and
bending capacities of joints (these formula are proprietary to an MSL JIP and will be under
confidentiality agreement for a period of two years [22]). The following MSL document includes
details of joint strength and stiffness formulations.

MSL Engineenng Ltd. “JIP on Assessment Criteria, Reliability and Reserve Strength of
Tubular Joints. Technical Report No 10: Load/Displacement Characteristics of Simple Joints™.
Doc Ref. C14200R010 Rev 0, February 1995.

A majority of the participating companies in this project are also participants of the MSL JIP.

MSL provided data in the form of continuous load-deformation plots for the P-6 and M-0
relationships for all joints. Data was provided based on 100% K and 100% Y joint classifications
for the P-3 relationship. MSL noted that there is a distinct lack of data for K-jomnts under moment
loading They advised to use T-joint data to estimate the K-joint moment response. The same M-0
curve applies for both K and Y joints of corresponding geometry so one curve was provided to
define M-0 for each joint.

The plots relate to mean curves (i.c., not lower bound) and are presented in the non-dimensional
form of P/P, vs. 8/D (or M/M, vs.8) where:

chord diameter
moment load

axial load D
basic ultimate axial capacity M
axial deformation in direction of brace

basic ultimate moment capacity

brace rotation measured at chord surface

fmn

@;m?-u
nattwnn
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The basic values for P, and M, were adjusted for:
® Brace load interaction effect
¢ Chord load effect

® Joint classification
race Load Inte ffect

MSL, recommended consideration of the following interaction equation, which is reflected in all
codes except API and DnV, and is believed to more accurately reflect the generally accepted view

2
Pl [Me ] o | M2| <0 [2-1]
Pu Ml.ipb Mu.apb

that OPB (Out-of-Plane Bending) is more important than IPB (In-Plane Bending):

The basic P, values were scaled down using the following relationship:

2
Mp Mo
P. n = Pa 1- - 2-2

The basic M, values were scaled down in a similar way.

Chord Load Effect

The basic strength (P,) was also reduced to account for the presence of chord loads. Present code
guidance is somewhat conservative in estimating the degree of reduction in axial strength due to
chord load effects. The following bi-linear approximation was recommended by MSL and was
suggested to provide a more realistic definition for Q; (the factor to account for the presence of
nominal longitudinal stress in the chord) in the case of brace axial loading The MSL bi-linear
approximation is applicable to K and Y joints but not to X joints.

1.0 when A <0
10-021A when0<A <05 [2-3]
121-063A whenA>0.5

where A is given by the following expression:

Q¢

A = [ruros(ie ] [ (24]
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where fy, figb, and o, are the nominal axial, in-plane and out-of-plane bending stresses in the chord
(‘fax’ is negative if axial load in chord is tensile). Fyc is the yield strength of the chord matenal.

The value of Qr changes as the pushover load level increases. The estimates of Q¢ were developed
based on the load distribution corresponding to the estimated ultimate strength of each platform.

Joint Classification

The classification of a joint is a primary factor in determining capacity. Some of the “K” joints
were found to have well balanced load distributions and can be properly classified as K joints.
However, unbalanced joints have to be classified as part K and part Y. In these cases the load-
deformation response for mixed behavior (part K and part Y) was obtained by summing the
appropnate contribution of K joint load and Y joint load for various values of deformation (5). In
cases where the ratio of axial components in the braces change significantly during the non-linear
analysis the classification (e.g., 80% K : 20% Y) was also changed.

CQV's of the test data on which the MSL information is based

The COV’s of the mean joint strengths are as follows:

Joint Type COov
Gapped K jomts under balanced axial 0.13
loading
T joints under IPB 0.11
T joints under OPB 0.14
DT/X joints under compression 0.09

The above COV’s arc based on available test data and would change if more test data were
available. The COV’s relate to specific definitions of failure (e.g., the first peak in the load-
deflection behavior or, especially 1n the case of moment loaded joints, to some deformation himit).
MSL noted that some investigations have continued their joint tests well beyond those particular
failure criterion and, in these few tests, the stiffness is regained and the capacity of the joint may
well exceed the inttial peak for a K joint, as shown in Figure 2-1. They noted that such stiffeung
behavior does not always appear.

222 Modeling by Fiber Element

Selected K, KT, and X joints were modeled using a new fiber element incorporated in the
CAP/SEASTAR software [23] The element provides a concentrated joint sub element at each end
of the beam as shown in Figure 2-2, The multi-linear axial and bending behavior defined above
was modeled using this element. The first yield, full yield, and post-yield behavior of Joints and
their associated flexibilities were modeled.

Andrew JIP - Phase II, Fina! Report January 1996
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The basic capacities provided by MSL were adjusted to include effects of brace load interaction,
chord load and joint classifications. Several iterations were made to determine the joint capacity
estimates applicable at inelastic events.

23 CASE STUDIES

Two case studies were performed to finalize the analysis procedures used in this project
¢ Pushover Wave Load Pattern
¢ Conductor Modeling

231 Pushover Wave Load Pattern

The objective of this case study was to quantify the error in using a constant wave load profile in
pushover analysis Pushover analysis is typically performed using a wave load pattern that is
established based on a specific wave height. This pattern is applied to a model with increasing scale
factors (e.g., O to 1.3) until ulumate strength 1s reached. In this analysis the scale factors are
intended to represent the effect of increastng wave height and its associated increase in load
However, in using a single wave load pattem, the change in load profile corresponding to different
wave heights is not considered. The change in pattem is sigmficant in instances where deck wave
inundation occurs.

A more rigorous method of applying the static pushover load pattern to more closely mimic its
variation with increasing wave height was tested. An example was developed to demonstrate the
impact of two different approaches for pushover load patterns on ulumate capacity estimates. The
following two analyses were done:

¢ Monotonic pushover load pattern based on maximum wave height during Andrew

® Variable pushover load patterns developed for increasing wave heights

The capacity analysis results for the Andrew Phase I [1] and MMS Inspection projects [6,7] were
reviewed and platform ST151K was selected for this case study due to ligh wave-in-deck loads.
The soil shear strength was artificially increased for these analyses to force failures in the Jacket
portion of the structure.

The change in load pattern with wave height was handled automatically within the
CAP/SEASTAR program. A procedure for a 2-step wave height incremental pushover is
illustrated in Figure 2-3. A load pattern is developed for an initial wave that is well below the height
of the wave expected to define the ultimate strength of the platform. This pattern 1s applied to the
model The load pattern for a somewhat larger wave is calculated and the nodal load differences
between this second load pattern and the first load pattern are determined. This establishes an
incremental pattern that is applied in the second step of the analysis. The total load applied to the
model after the second step is thus equal to that of the second wave height both in term of

Andrew JIP - Phase II, Final Report January 1996
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magnitude and distribution. This process of applying incremental loads is continued until the
ultimate capacity of the platform is reached

The Andrew wave height of 60.86 ft was used to generate the pushover load pattern and wave-in-
deck forces. The incremental load patterns were determined for wave heights from 51 ft to 63 ft at
increments of 2 ft. Loads were also determined for three additional wave heights (30 ft, 40 ft, and
49.5 fr) which were chosen to complete the wave height vs. load curves. A comparison of the
pushover load profiles for different wave heights from 30 ft. to 63 fi. 15 shown in Figure 2-4.

The companson of pushover results for the case with a single pushover load profile and the case
with incremental load profiles is shown in Figure 2-5. In general the results are very similar and the
ultimate strength defined with the more accurate method 1s approximately 1% lower than that that
associated with the constant load pattern. The incremental load analysis case shows higher stiffness
and thus lower deck displacements for pushover load of less than 4,500 kips (corresponding to a
wave height of 60 ft). This is due to the fact that, for wave heights less that 60.86 ft, the centroid of
applied load for the incremental load case is lower than that associated with the constant Joad
pattern, therefore resulung in Jower overturning moment The incremental load case produces larger
displacements, and less ultimate strength, for wave heights greater that 60.86 ft as the centroid of
applied load 1s then higher than that associated with the constant load pattern.

A comparison of the load levels corresponding to failure of different elements in the platform for
the two analysis cases indicated that a majority of element failures occur at approximately the same
load levels, but duffer by 5 percent for the first element (K-joint) failure [Table 2-1].

The following conclusions can be drawn from this analysis:

® The incremental load pattern gives a more realistic interpretation of loads applied to the
structure particularly when wave deck inundation occurs.

® The vertical centroid of the load patterns changed significantly for the variable load pattern case
as the analysis progressed, suggesting that a different failure path could be triggered using these
load patterns verses using a single fixed load pattern However, for the example structure, the
resulting pushover capacity was essentially the same for both constant and variable load pattern
approaches, but the load levels at element events did vary for two cases.

® The influence of incremental load pattern on ultimate capacity of platform depends upon the
characteristics of platform (e.g., deck elevations, location of failure modes). The method
would be particularly useful for platforms with non-redundant framing (first element failure
controlling ultumate capacity) and also for platforms in deeper water depths.

In Phase II analysis, vanable pushover load patterns were used for cases where the hindcast
waves inundated the deck. This was the case for all but three platforms (ST130A, SS139, ST72)
which had deck elevations well above the Andrew wave heights for their locations.

AndrcwIIP-PImselLFinalR‘cpon January 1996
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232 Conductor Modeling

The objective of this case study was to estimate the contribution of conductors to platform ultimate
capacity. This study was performed on a single 30" diameter conductor having a wall thickness of
5/8” (taken from platform ST151K).

The entire conductor was explcitly modeled above and below the mudline Nodes for the
conductor were placed at the major jacket elevations. The gap between the conductor guide and
conductor wall was modeled explicitly. The effects of geometnic stiffness, P-delta were not
included in the study. The loads induced within the supporting conductor frarming was not checked
for any of these analyses.

The pushover of a single conductor was performed for the following models:
e Conductor with no guide at mudlevel (see Figure 2-6)

e Conductor with guide at mudlevel (see Figure 2-7)

¢ Conductor/guide gap model (see Figure 2-6 and Figure 2-7)

ndu wi

Two analyses were performed, the first using equal lateral displacements along the full height of the
conductor, the second using a displacement pattern taken from the ST151K pushover analysis
Displacements were applied to the conductor at the guide elevations as imposed deformations.

The results of these analysis show that the lateral ultimate capacity of the single conductor was
approximately 80 kips. Both analyses showed that maximum bending occurs in the element below
the last imposed displacement (at 37 ft above mudlevel). Yielding occurs in the elements close to
the mudlevel.

The effectiveness of the conductors to provide additional capacity to the platform is also dependent
upon their lateral stiffness, so load-displacement behavior was also examined. The vanable
displacement case shows a much greater deflection at the top node than the umform displacement
case before failure occurs. A comparison of the deflections of top nodes for the umiform and
variable imposed displacement cases is shown in Figure 2-8 (a).

Conducto el with Guide udlevel

In this case the imposed displacements (uniform and vaniable) were also applied to the mudlevel
node of the conductor. The ultinate capacity of the conductor increases to approximately 270 kips.
Figure 2-8 (b) presents a comparison of load-deformation results for three analysis:

o Uniform displacements at guides
e Variable displacements at guides with top node displacements noted

Andrew JIP - Phase II, Final Report January 1996
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® Variable displacements at guides with the mudlevel node displacement noted

The comparison of the mudline and top node load-deformation curves is presented to assess the
effects of platform overturmng on conductor resistance. The results show that the mudline node
load-deformation plot is very similar to the uniform displacement result. This indicates that mudline,
lateral displacement dictates the resistance of the conductors and that the rotation of the platform
due to overturning has a secondary effect.

onductor/Gui ap Model

In thus case the gap between the conductor and its guides were modeled using a spring element with
negligible resistance for the first inch of lateral deflection (either positive or negative) and
resistance comparable to that of the conductor guide framing for deflections larger than one inch.
The conductor was assumed to be initially located in the center of the guides over its entire length.
This model was used with variable imposed displacements with and without mudline guides.

The load-deformation results of these analyses are provided in Figure 2-9, The ultimate strengths
defined with this model were very similar to those with the prior models. The presence of the gap
does cause a delay 1n the mobilization of the conductor resistance. The top of the conductor
displaces approximately 0 4 ft before base shear begins to increase.

A comparison of conductor and platform load-displacement behavior is presented in Figure 2-10.
This analysis assumes 12 conductors Results are provided for both guided and unguided cases. The
following obscrvations are made based on these analysis:

¢ Conductors may contribute up to 20 percent additional capacity (for the case analyzed) in the
unguided condition.

¢ Conductors may contribute significant addstional resistance when mudline guides are present
and could significantly increase ultimate strength when foundation failure modes are indicated.

® The comparison of the load displacement results indicates that, if the contnbution of the
conductors is to be included, it is important that the resistance of the conductors be added at the
lateral displacement corresponding to the ultimate strength of the platform. This is due to the
fact that a failure mechanism may be reached within the platform pnior to the mobilization of
the full resistance of the conductors.

® If the conductors are included in the ulumate strength of the platform it is important to check
the load levels in the conductor framing to assure that local failures do not occur.

Andrew JIP - Phase II, Final Report January 1996
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Figure 2-2: Joint Modeling - Phase I
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Table 2-1: Pushover Wave Load Pattern - Comparison of Results

Event Event Lateral Load from Lateral Load from Toge
Number Description Pushover Analysis Using| Pushover Analysis Using| Difference
Variable Load Pattern | Monotonic Load Pattern| (#2 compared
(#1) *2)
(kips) (kips) to #1)
1 Failure of Bottom Bay K-Brace 3,235 3,380 448
2 First Yield of & Pile Section 3,700 3,700 000
3 Failure of Top Bay K-Brace 4410 4,375 079
4 Pile/Soil Axial Failure 4,765 4,815 1.05
§  |Failure of Middle Bay K-Brace 4,905 4,940 071
6 Fully Plastic Section in a Pile 4,885 4,950 1.33
Andrew JIP - Phase II, Final Report January 1996
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Weighting Evaluation

31 OVERVIEW

One of the constramnts of the Phase I and Phase II studies was that only a limited number of
platforms were included in the calibration analyses. This sample size was restricted in both studies
due to the himuted resources (1.e., funding) available for the data collection and analysis, which
represented the majority of the work performed. Another factor that affected the selection of
platforms was that of the availability of information required for the analysis. Information was
typically available for platforms that were owned by one of the sponsonng organizations, however,
there were many platforms that would have been useful to the calibration but did not have
information that could be accessed.

It was recognized at the conclusion of the Phase I study that the hmited sample size affected the
calibration in two ways. Firstly, the small sample size impacted the reliability analysis directly due
to the statistical formulations involved (i.e., a greater sample size would reduce the COV of the
resulting bias factors). A second effect that was generally considered to be more significant was
that, with the limited number of platforms that could be selected, those that were used in the
calibration were chosen based on their expected degree of impact on the bias factor. This selection
criterion resulted in a sample that included a disproportionate number of platforms where damage
or failure was observed. As summanzed in Table 3-1, the 13 platforms that were included 1n the
Phase I sample represented 25% of the observed damage and failure cases (combined) but just 1%
of the survival cases. It was established during the Phase I study that this distribution resulted in
conservative bias factor, however, the extent of this conservatism was unknown, A sensitivity study
was therefore proposed for Phase II to address the effect of including a larger, more representative,
population of platforms in the calibration sample.

32 PROCEDURE FOLLOWED

The method that was developed to assess the impact of a larger population of platforms involved
making compansons of platforms outside of the explicit sample set to those for which detailed
analyses were performed The observations of this larger population of structures could then be
used to scale the impact of, or “weight”, the calibration results for individual platforms. This
process was executed to extend the explicit sample set of 13 to include an additional 156 survivals
so that the representation of survivals roughly equaled that of the damage and failure cases This
extended sample set is summarized in Table 3-1.

The Phase I analysis indicated that platforms that were found to have surprising observations (e g,
the analysis indicated that a fatlure was very likely but the platform was observed to survive without
damage) had the greatest impact on the bias factors. It was therefore important to identify the
“degree of expectedness” of all of the platforms within the survival classification (648) into the
more specific categones (unexpected survival, expected survival and sure survival) Ths
dhstribution was made based on an assessment of platform age and hindcast wave height. A more
ngorous application of this process would include a distnbution based on more specific phystcal
data (e.g., number and size of legs and piles, bracing pattern, deck elevation, extent of damage and
corrosion), however, such an effort was considered beyond the scope of the sensitivity study.

Andrew JIP - Phase II, Final Report January 1996
31



SdnEERIiNG

Section 3 Weighting Evaluaton

The platform survival database given in Appendix A of the Phase I report [1], which included
significant wave heights to which platforms were subjected, was used to perform the classifcation.
The Phase I database was based upon the MMS database and updated based on feedback from
several participants. The results of this classification are provided in Table 3-2. The total population
of 648 survivals were allocated into groups of 34 unexpected survivals, 147 expected survivals and
467 sure survivals.

Following the allocation of the extended population, each group of platforms in the survival
category was matched to a single platform from the explicit sample set (13). Platforms ST130Q,
WD90A and MC397 were selected as being most representative of the unexpected survival,
expected survival and sure survival classifications. respecuvely. This selection is presented in
Figure 3-1 which provides a comparison of the likelihood functions for survival platforms obtained
from Phase I work {1] Three zones are identified in this figure based on the degree of expectedness
of survival of the platforms. The allocation of the full population (648) was then factored by 25% to
obtain the necessary number of platform for each category that would be consistent with the
percentage of damaged and failure platforms in the sample. This distribution is summanzed in
Table 3-3.

33 RESULTS OF SENSITIVITY ANALYSIS

The effect of the extended sample set on the survival likelihood function is provided in Figure 3-2.
These curves show the extent of change resulting from the addition of each of the categories of
survivals separately as well as their total combined effect. These results show that the 6 additional
unexpected survivals have the greatest impact on the likelihood function. The 35 expected survivals
are shown to have an impact similar to that of the unexpected survivals while the 115 sure survivals
are shown to have very little impact,

The effect of the extended sample set on the bias factor is summarized in Table 3-4. The results
indicate that the global bias factor established during Phase I would increase from 1.19 to 1.40 (an
increase of 18%) as a result of the full extended sample (i ¢ , 156 additional survivals). The increase
in bias factor resulting from the addition of each of the separate categories is also provided (Cases
II, I and IV) to 1dentify the relative contnbutions. The 35 additional platforms in the expected
survival category produced the largest individual change to the bias factor which increased to 1.35
(an increase of 13%). The 6 platforms in the unexpected survival category increased the bias factor
to 1.29 (an increase of 8%) and the 115 platforms in the sure survival category produced only a
slight increase to 1.20 (an increase of (an increase of 1%).

An additional calculation was performed to assess the increase in the mean of the bias factor
resulting from the addition of any number of unexpected, expected and sure survivals. The results
of this analysis are provided in Figure 3-3. Each of these curves includes the effect of the original
number (1.¢., 7) damage/failure cases considered in the Phase I. These results show that the change
1n the bias factor is very much dependent upon the degree of “unexpectedness” of the survivals
included in the sample.
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* The results of this sensitivity analysis indicate the bias factors determined using the explicit sample
(13) from Phase I are hkely to be somewhat conservative but not excessively so The results
indicate that the addition of a number of expected and/or unexpected survivals in the sample would
provide the greatest increase while a large number of sure survivals would produce a shght
increase. This comparison is significant in that the process of a rigorous identification and
classification of the sure survivals would require substantially less effort than that required for the
expected and unexpected survivals. A complete and rigorous application of the weighting process
on the Andrew survival population is therefore not considered practical due to the effort and
physical data required to identify and classify the expected and unexpected survival platforms.
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Figure 3-1: Likelihood Functions - Success Cases (from Andrew JIP - Phase I)
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Figure 3-2: Likelihood Function Variation Due to Additional Survival Case
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Classification Total
Survivals Damaged Failures
Observations 648 14 14 676
Phase I Sample 6 3 4 13
Percentage 1% 21% 29% 1.9%
Extended Sample 162 3 4 169
Percentage 25% 21% 29% 25%

Table 3-1 Distribution of Platforms by Classification

Unexpected Survivals Survivals Sure Survivals
12 2 3
11 10 16 2 5 5
H, |10 8 7 4 6
(m) | 9 ' 9 6 4
s o 25 10 4
7 16 20 29 25 42 37 23 13
6 35 20 17 32 12 28 15 8

upto |1960-64|1965-69|1970-74(1975-79[1980-84|1985-89{ after

1959 1989

Year Installed
Table 3-2 Detailed Classification of Survival Platforms
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Survival Total Extended |Total Sample| Representative
Category Population Sample | (explicit plus| Platform Type
extended)
Unexpected 34 6 8 ST130Q
Expected 147 35 37 WD90A
Sure 467 115 117 MC397
Total 648 156 162
Table 3-3 Allocation of Extended Sample
Calibration Description Mean Value COV of
Case of Bias Factor Bias Factor
I 13 Phase I Platforms 1.19 010
(includes 6 survivals)
) | Case I + 6 more unexpected 1.29 0.09
survivals
I Case I +35 more expected 1.35 0.08
survivals
|\ Case I + 115 more sure 1.20 0.09
survivals
vV Case I + 156 more survival 140 0.08
cases

Table 3-4 Effect of Extended Sample on Bias Factors
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4.1 APPROACH

Structural analyses were performed to establish the response charactenstics of each of the 9
platforms selected for the calibration. These analysis defined response up to, and in some cases
beyond, the pomnt at which the ultimate lateral resistance (ultimate capacity) of the structure was
obtained. All of the analyses utihized explicit nonlinear representations of the platform structure,
piles and foundations based on the analysis recipe that was developed duning the study (Reference
Section 2) All analyses were performed using the CAP (Capacity Analysis Program) which has
been developed and is licensed by PMB Engineering [23]

The type of analysis performed is typically referred to as “static pushover” and involves defining a
representative profile of lateral forces (wind, wave, and current) acting on the platform (including
any wave forces acting on the deck) and then applying this profile with incrementally increasing
amplification factors until the platform’s ultimate capacity is defined. The ultimate capacity of the
platform can then be used to estimate the wave height that would induce platform collapse or it can
be compared with the loads due to any reference level loading (e g, the 100-year return period
wave) to determine the platform’s reserve strength ratio (RSR).

The lateral load applied to the platform was monitored during the pushover to establish the load at
which key response states occur. The results of these analyses were used to deterrune the
predictions of lateral loads associated with successive inelastic events (failures) in elements, and to
determine the ulumate capacity of jacket and its foundation.

4.1.1 Specific Failure Modes

The results of these analyses were used in the calibration study to determine bias factors specifically
for the jacket, lateral foundation and axial foundation components. The definition of component
specific bias factors made it necessary to establish the platform capacitics associated with failure
mechanisms developed in each of the three areas. The failure modes and mechamisms in the jacket
frame and the foundation system were therefore isolated to establish component specific ulumate
capacity and to elimunate the effects of uncertainties in the modeling of one component on the
definition of the capacity associated with another. A total of four analyses were therefore performed
for each steel jacket platform to obtain uncoupled estimates of platform capacity for specific failure
modes, using the following models:

¢ Base Case analysis

This analysis was performed to establish the expected mode of failure based on the best
estimate of the physical properties and local response characteristics of all of the components of
the structure. All components (jacket elements, piles and supporting soils) that could potentially
contribute to a fallure mechanism of the platform were represented to capture their elastic and
inelastic response.
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e Case | analysis (foundation failures suppressed)

This analysis was performed to estimate the ultimate capacity of the platform associated with
jacket structure failure modes (local failure and inelasticity in the braces, joints, horizontals and
legs). This analysis was completed by suppressing any inelastic behavior in the pile and soil
elements The model included a nonlinear of the jacket and a linear model of the foundation.
The effects of uncertainties associated with the modeling of the strengths and stiffnesses of pile
and soil-pile interaction (p-y, t-z and q-z) elements were eliminated. The analysis therefore
defined an uncoupled estimate of the ultimate capacity of the platform as controlled by jacket
frame failure modes.

o alysis (jacket ial

'This analysis was performed to estimate the ultimate capacity of the platform associated with
the pile yielding/hinging mechanism. This analysis was completed by suppressing any inelastic
behavior in the jacket and by limiting inclastic behavior in the axial soil-pile interaction
elements to the extent that pile axial fallure could not occur. The effects of uncertainties
associated with the modeling of strengths and stiffnesses of jacket and axial soil-pile interaction
elements were elimunated. This analysis therefore defined an uncoupled estimate of the ultimate
capacity of the platform as controlled by lateral foundation failure modes

This analysis was performed to estunate the ultimate capacity of the platform associated with a
pile plunging/puliout failure mechanism. This analysis was completed by suppressing any
inelastic behavior in the jacket and pile elements and by limiting inelastic behavior in the lateral
soil-pile interaction elements to the extent that pile lateral failure could not occur, The effects of
uncertainties associated with the modeling of strengths and stiffnesses of jacket, piles and
lateral soil-pile interaction elements were ehmunated. This analysis therefore defined an
uncoupled estimate of the ultimate capacity of the platform as controlled by axial foundation
failure modes.

42 HINDCASTDATA

The updated hindcast developed by Oceanweather [13] was used to define the loading conditions
for the capacity analysis The hindcast provided wave heights, currents, wind velocities and
directions at specific gnd ponts for the significant period of the storm. This data was analyzed to
generate metocean data for each of the platform locations. A summary of the resulting information
18 provided in Appendix A. A summary of the procedure used to generate the metocean data for the
specific platform locations is provided in Appendix D along with excerpts of the Oceanweather
report. The wave heights that were generated from the updated hindcast were found to differ from
those generated from the previous hindcast [12] that was used in the Phase I work [1]. The new
hindcast was developed using a finer gnd and utihized improved surface wind and wave models.
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The change in the hindcast data was found to be a very important contributor to the accuracy of the
cahbration.

A review of the wave height and current information indicated that the most intense portion of the
storm occurred within a 3 to 5 hour segment. The wave heights and currents for time segments
outside of this range were of substantially reduced intensity and were therefore not expected to
effect the calibration. The variation in storm direction duning these 3 to 5 hour segments was found
to be less than 20 degrees, whuch indicated that it would be adequate to perform capacity analysis
for only one direction This was supported by the findings of the Phase I study which showed that
the dominant contribution to the probability of failure typically came from the maximum wave
within the storm and that lesser waves in other directions (£22.5 degrees) had little or no effect on
faillure probability. Capacity analysis were therefore performed for only one storm approach
direction for each platform. The wave dtrection for the storm hour with the maximum wave height
was selected. The orientations of the platforms (from True North) and the storm directions
analyzed for each platform are given in Appendix A.

43 ANALYSIS MODELS

A schematic representation of the element types used for the capacity analysis is shown in Figure 4-
1. A fully coupled nonlinear jacket-pile-soil model was developed for each platform using the
distribution of element types-

® Deck - The deck structures were modeled with the objective of providing an accurate
distribution of gravity, wind and deck wave inundation forces amongst the supporting jacket
legs. The deck structures were not expected to expenience inelastic behavior or participate in the
development of failure mechanisms and, therefore, most of the deck structural members were
modeled with linear elements Secondary deck structural elements were not modeled explicitly
but were included in terms of their contribution to gravity, wind and wave load. The deck legs
were modeled as nonlinear beam-column elements.

e Jacket Legs and Piles - The jacket legs and piles were modeled with explicit nonlinear beam-
column elements. These elements are defined with a three dimensional failure surface (1e.,
axial, in-plane and out-of-plane bending). The load deformation behavior of the elements (P-d
and M-0) utilize a tri-linear formulation that is set based on initial outer fiber yield and full
plasticaty.

® Braces - The sclection of the element type used to model the braces was based on the
calculated mode of failure of the brace and its connections The joint capacities were checked
using a conservative formulation and compared to capacities of the corresponding braces.
The axial capacity of the diagonal braces (leg-to-leg) was never limited by joint strength and
these members were therefore modeled with axial struts to capture the buckling and post-
buckling behavior of the brace. The joint capacity limuted brace strength for some of the K-
braces and, in these instances, the brace-joint system was modeled using a modified beam
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column element (Fiber Element) which represented the strength and stiffness of both the joint
and the brace. The horizontal braces near the mudline and waterline were checked to assess
their likely mode of failure (i.e., axial buckling or plasuc hinge development) and were
modeled with struts or nonlinear beam-columns. In most instances the mudline horizontals
were modeled with beam columns (see Section 2 for additional details).

o Joints - The joints were modeled where the joint capacities were lower than the brace capacity
estimates. In general, the capacities of K and KT joints without can sections were lower than
the brace capacity (buckling) for the platforms investigated in the study. The K, KT, and X
joints strengths and stiffnesses were modeled with a Fiber element which represented the brace
and joint response characteristics The joints which were modeled this way are identified in
Appendix C.

¢ Conductors - The conductors were always modeled to capture their contribution to wave load
and p-delta. The conductors were also modeled to include their contribution to foundation
lateral capacity (i.e., modeled as piles) in situations where:

1) The conductors were guided at the mudhine
2) Initial analysis predicted pile yield/hinge failure modes

This situation only occurred for the ST130A platform in which the conductors were modeled
with nonlinear beam column elements. The conductors were modeled using wave load elements
(i.c., non-structural beams with wave load properties) for all other platforms.

® Soils - The soil-pile interaction (ie., p-y, t-z, and g-z) was modeled using the PSAS (pile-soil
analysis system) suite of elements included in the CAP program. These elements include a
nonlinear representation of each mode of response which, in this study, was based on API RP
2A recommend formulations. The static API RP 2A capacities were modeled for both p-y and t-
z springs (see Section 2.1 for discussion).

44 ANALYSIS RESULTS

The pushover analysis results for the nine steel jacket platforms are summarized 1 Tables 4-1 to 4-
3. The capacity analysis results for three caissons are provided in Table 4-4 (results taken from the
API/MMS Foundation Study [5]). The wave approach direction, and associated wave height and
current for the storm hour with maximum wave height are provided in Table 4-5. The analysis was
performed for this approach direction {see Appendix A for details].The information found in
columns of Tables 4-1 to 4-4 is organized as follows:

¢ Background Information - The first three columns describe the general information and
physical characteristics of platforms. The jacket and pile configurations, and so1l shear strength
profiles are provided in Appendix A.
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Analysis Cases - Each jacket platform was analyzed for several cases to determine the capacity
of the platform as controlled by failure mechanisms within the jacket and foundation. The
caissons were analyzed using the basic shear strength profile, increased soil shear strength, or
with the interrmuttent thun sand layer ignored.

Expected Maximum Hindcast Base Shear - An estimate of the expected maximum lateral
loads during Andrew based on the maximum hindcast wave height (Hua) and associated
seastate parameters

Base Shear at Failure of First Component - The lateral load levels at which the initial
inelastic events (brace buckling, joint failures, yielding/hinging or plastification of pile sections,
axial pile/soil failures) were predicted.

Base Shear at Failure of Multiple Components - The lateral load level at which multiple
inelastic/failure events occurred in each component type (brace/joint, pile, or soils).

Ultimate Capacity of Platform - The load level at which the platform is considered to have no
additional lateral load carrying capacity. The ultimate capacity was considered to have been
achieved either when a definitive peak in the resistance-deformation curve was obtained or
when the global stiffness of the platform was reduced to a very low value and the displacements
at the deck level were in excess of 5 ft.

Collapse Modes - The primary events and failure modes predicted from static pushover
analysis.

Jacket Platforms - Jacket frame failure was typically initiated by the failure of K-joints and
braces followed by yield/hinge formation in the legs. Pile foundation failure was indicated by
fully plastic hinge formation in multiple piles at one or two depths below mudline. Pile
pullout/plunging failures was indicated by the mobilization of full resistance of the q-z spring
and all t-z springs for a pile. The detailed load-displacement results and the specific location of
inelastic events is presented in Section 4.4.1.

Caisson Platforms - Failure is indicated by the development of full plasticity at some depth
below the mudline. The collapse state is reached when local buckhing is initiated in the plastic
section.

Ratio of Ultimate Capacity (R,) to Expected Maximum Lateral Loads During Andrew (S)
- Provides a deterministic comparison of the platform capacity with the lateral load estimate.

System Factor - Provides an estimate of the platform capacity beyond the load level associated
with the first event. This is computed as the ratio of the ultimate capacity to the load level at the
inelastic event 1n the first element (including first yicld of a pile section).
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® System Factor (Pile Lateral Capacity) - Provides an estimate of the platform capacity beyond
the load level associated with the development of full plasticity in the first pile. This is
computed as the ratio of the load level at which full plasticity (tlunge formation) occurs in
multiple piles to the Joad level at which full plasticity occurs in one pile.

e System Factor (Pile Axial Capacity, Jacket Platforms only) - Provides an estimate of the
platform capacity beyond pullout or plunging of the first pile. This is computed as the ratio of
the load level at which pullout or plunging occurs for muluple piles to the load level
corresponding to pullout or plunging of the first pile.

441 Steel Jacket Platforms

In general, the predicted failure modes varied from failure of K and KT jonts, buckling of
diagonal braces, full plasticity of horizontal brace sections, yielding/hinging of leg sections for
the jacket, yielding/hinging of pile sections at one or two levels (at mudliine and some depth
below), and pullout/plunging of piles.

Significant differences in the ultimate capacity estimates were noted for some platforms by
suppression of some failure modes. Therefore, it is beneficial to perform several analysis (Base
Case to Case 3 analysis) to estimate the range of ultimate capacities based on deterministic
characterization (mean estimates) of individual element capacities

The analysis did not include some secondary effects such as local buckling of the beam column
clements at large deformations. The results of these analyses were examined to determine if these
effects would himit the ultimate capacity. Therefore, in some cases the load-displacement curves
indicate greater capacities than those have been summanzed in the tables.

iv able
STISIK

This platform experienced minor damage as a result of Andrew. The most extensive damage that
was recorded during post-hurricane field inspections was that of flooding of some horizontal
braces near mudlevel. The hindcast estimated a maximum wave height of 59.05 feet for this
location which resulted in a total peak metocean loading of 3,700 kips.

The analysis determined a Base Case ultimate capacity of 3,800 kips which was limited by the
development of a mechanism in the base of the jacket. The load-displacement results for the Base
Case analysis are provided in Figure 4-2-a and the inelastic events occurnng up to the ulumate
capacity are shown in Figure 4-2-b. The analysis predicted that the K and KT joints 1n the lower
two bays of the structure would fail at approximately 3,000 kips of lateral load followed
immediately by yielding of horizontals. Pile pullout was predicted at 3,450 kips and fully plastic
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pile sections between 3,570 and 3,700 kips. The Base Case analysts predicted that sigmficant
damage should have occurred for load levels below that corresponding to the maximum wave
height. Initial joint failure was predicted to occur at 2,900 kips which is 22% less than the
maximum load. The inspections of this platform revealed no damage of the elements that were
predicted to fail. The analyss is therefore conservatively biased.

The load-displacement results of the Phase I analysis are also presented 1n Figure 4-2-a as a
means of comparison of the Phase I and II analysis recipes.

ST130Q

The inspections revealed that this platform experienced no damage during Andrew. The hindcast
estimated a maximum wave height of 58.29 feet for this location which resulted in a peak
metocean loading of 990 kips. The analysis determined a Base Case ultimate capacity of 1,430
kips, which was limited by development of a mechanism in the pile foundation by formation of
fully plastic sections. The load-displacement results for the Base Case analyss are provided in
Figure 4-3-a and the inelastic events occurring up to the ultimate capacity are shown in Figure 4-
3.b. The analysis predicted that first yield in pile sections would occur at 800 kips and fully
plastic pile sections would develop between 1,010 kips to 1,380 kips. The analysis predicted
some damage to the foundation.

The Case-1 analysis predicted yielding of leg sections at 955 kips and that the KT joints in the
bottom bay would fail at approximately 1,380 kips, which is 39 % higher than the maximum
load. The analysis predicted no damage to the jacket

WDI103A

This platform experienced no damage during Andrew. The hindcast estimated a maximum wave
height of 50.21 feet for this location which resulted in a peak metocean loading of 2,140 kips.
The analysis determined a Base Case ultimate capacity of 4,660 kips, which was himuted by
development of a mechanism below the mudline by formation of fully plastic sections in legs and
piles. The load-displacement results for the Base Case analysis are provided in Figure 4-4-a and
the inelastic events occurring up to the ultimate capacity are shown in Figure 4-4-b. The analysis
predicted that first yield in pile sections would occur at 3,880 kips and fully plastic pile sections
would occur at 4,660 kips, which is more than twice of the maximum load. The analysis
predicted no damage to the platform and a sure survival.

ama at e 4-2):
STI151)
The platform ST151J strengthened with two tnipods is shown in Figure 4-5-a. The jacket

configuration for this platform is similar to ST151H and ST130A (see Appendix A), provided
with single batter legs, which both failled during Andrew. ST151J was damaged during Andrew,
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with the damage hmited to buckling and yielding of dxagonal braces in the lower two bays (see
figure in Appendix A). The hindcast estimated a maximum wave height of 58.77 feet for this
location which resulted in a total peak motocean loading of 4,450 kips.

The analysis determined a Base Case ultimate capacity of 5,000 kips which was limited by
pullout and plunging of several piles in the jacket and tripod, and development of fully plastic
sections 1n the piles and at jacket-tripod connections The load-displacement results for the Base
Case analysis are provided in Figure 4-5-b and the inelastic events occurring up to the ultimate
capacity are shown in Figure 4-5-c. The analysis predicted initial pullout of piles at 3,460 kips,
which 1s 22 % lower than Andrew loads, followed by failure of several diagonal braces, and KT
joints between 3,750 kaps to 4,520 kips. The Base Case analysis predicted more damage than
were observed in the post-Andrew inspections, thus it was conservatively biased.

Case 1 analysis predicted buckling of 3 braces and yielding of 1 brace starting at 4,640 kips,
which 1s 4 % higher than the maximum loading. These failures were observed in the inspections.
Thus, the analysis in Case 1 is marginally unconservative and the predictions of brace buckling
and yielding behavior are closer than the Base Case analysis. Up to 5,100 kips, the analysis also
predicted failure of one KT joint in the bottom bay, which was not observed.

A comparison of Case 1 ultimate capacity of 5,800 kips with the Base Case ultimate capacity of
5,000 kips indicate that the lower load at failure of braces in the Base Case is influenced by
initial pullout and plunging of piles at 3,460 kips Therefore a conservative bias in estimates of
pullout and plunging of piles would influence the predictions of damage and platform capacity.

ST177B

This platform experienced significant damage as a result of Andrew. The damage that was
recorded during post-hurricane field inspections consisted of failure of K, KT, and X joints, and
yielding of legs at lower bays where K joints were completely severed (see Table 1-3 for details).
This platform was later salvaged. The hindcast estimated a maximum wave height of 59.60 feet
for this location which resulted in a total peak metocean loading of 4,390 kips.

The analysis determined a Base Case ultimate capacity of 3,800 kips which was limited by
pullout and plunging of several piles, and development of fully plastic sections and local
buckling in a pile. The load-displacement results for the Base Case analysis are provided in
Figure 4-6-a and the inelastic events are shown in Figure 4-6-b. The analysis predicted pullout
and plunging of six piles in the 3,200 kips to 3,700 kips load range, which is followed by
inelastic events in several K, KT and X joints starting at loading of 3,850 kips, which is 12%
lower than the maximum load. The Base Case analysis predicted more damage than were
observed 1n the post-Andrew inspections, thus it was conservatively biased.

Case 1 analysis predicted initiation of failure of KT joints in the bottom bay at same loading as
for the Base Case, but due to ehmination of pile failure events the ultimate capacity of the
platform 1s 6,000 kips, which is 58 % higher than the Base Case estimate. All of the observed
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damage was predicted at 4,000 kips load, which is 9 % lower than the maximum estimated
Andrew load. The analysis is therefore marginally conservative.

The Case 1 to Case 3 analysis predicted initial failures (joint or pile yield or pile pullout) at same
loads as 1n the Base Case for respective elements The ultimate capacity estimate of 3,800 kips
was the same for both Base Case and Case 3. The Case 1 ulumate capacity was predicted as
6,000 kips, which is 37% higher than the maximum load. The ultimate capacity for Case 2 is
4,700 kips, which is marginally higher than maximum load. The analysis indicated conservative
bias in foundation capacity estimates.

The platforms ST151K and ST177B have identical jacket configuration, but their Case 1 ultimate
capacity estimates are 3,880 kips and 6,000 kips respectively. The significant difference in jacket
frame capacitics for these two identical platforms is largely due to the differences in their
orientations and wave approach directions, which lead to dufferences in loading on the tendon
frames with weaker K, KT, and X joints. Platform ST177B is oriented 20 degree more westward
compared to ST151K and the approach directions of the maximum waves for the two platforms
differ by 5 degree. Due to these reasons, the first KT joint fails at 2,900 kips for ST151K
platform and at 3,900 kips for ST177B platform.

$S139 (T25)

This platform experienced significant damage as a result of Andrew. The damage that was
recorded during post-hurricane field inspections consisted of failure of K and KT joints (see
Appendix A for details). This platform was later salvaged. The hindcast esimated a maximum
wave height of 43.50 feet for this location which resulted in a total peak metocean loading of
1,060 kips.

The analysis determined a Base Case ultimate capacity of 1,640 kips which was himted by
development of fully plastic sections in piles and failure of a K-joint in the middle bay. The load-
displacement results for the Base Case analysis are provided in Figure 4-7-a and the inelastic
events occurring up to the ultimate capacity are shown in Figure 4-7-b. The analysis predicted all
observed damage to occur up to 1,640 kips, the load level at the ultimate capacity. The failure of
first K-joint occurred at 1,230 kips, which is 16 % higher than the expected maximum load. The
analysis is therefore unconservative.

Failure Platforms (Table 4-3)-
STI151H
This platform collapsed as a result of Andrew. The platform was know to have rubbled and

explicit damage details were not known. The hindcast estimated a maximum wave height of
59 05 feet for this location which resulted in a total peak metocean loading of 3,560 kips.

Andrew JIP - Phase II, Final Report January 1996
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The analysis determined a Base Case ultimate capacity of 3,250 kips which was limuted by the
development of a mechanism in the base of the jackets. The load-displacement results for the
Base Case analysis are provided in Figure 4-8-a and the inelastic events occurring up to the
ultimate capacity are shown in Figure 4-8-b. The analysis predicted that the K and KT joints in
the lower bays of the structure would fail at approximately 3,240 kips of lateral load, which is
preceded by pullout of one pile at 3,140 kips. The Base Case analysis predicted that significant
damage should have occurred for load levels below that corresponding to the maximum wave
height. Initial joint failure was predicted to occur at 2,680 kips which is 25% less than the
maximum load. The analysis predicted collapse of the platform due to jacket failure.

STI130A

This platform collapsed as a result of Andrew. The platform is know to have collapsed due to
yielding of legs and the inspections indicated that the leg failure may have occurred before pile.
Complete details of damage to this platform were not known. The hindcast estumated a
maximum wave height of 55.43 feet for this location which resulted in a total peak metocean
loading of 1,990 kips.

The analysis determined a Base Case ultimate capacity of 1,830 kips which was hmited by the
development of a mechanism in the pile and leg sections due to development of fully plastic
sections. The load-displacement results for the Base Case analysis are provided in Figure 4-9-a
and the inelastic events occurnng up to the ultimate capacity are shown in Figure 4-9-b. The
analysis predicted that development of fully plastic section 1n the first pile would occur at 1,720
kips, which is 14 % lower than the maximum load.

The Case 1 analyses indicated that initially a brace would buckle at 2,000 kips but thereafter all
8 legs would develop fully plastic sections up to 2,200 kips, which is 10 % higher than the
expected maximum load.

A comparison of the Base Case and Case 1 analysis indicate that the analysis predictions are very
close to observations.

ST72(121)

This platform collapsed as a result of Andrew. No information was available where the damage
occurred. The hindcast esttmated a maximum wave height of 46.90 feet for this location which
resulted in a total peak metocean loading of 1,380 kips

The analysis determined a Base Case ultimate capacity of 1,610 kips (17% higher than the
maximum load) which was limited by the development of a mechanism in the bottom two bays.
The load-displacement results for the Base Case analysis are provided in Figure 4-10-a and the
inelastic events occurring up to the ulumate capacity are shown in Figure 4-10-b. The analysis
predicted that first KT joint would fail at 1,250 kips, which 1s 10% lower than the maximum
load. The Case 2 analysis predicted first yield in a pile section at 2,110 kips, which is 53% higher

Andrew JIP - Phase II, Final Report January 1996
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than the maximum load. The analysis predicted that the jacket structure was weaker than its
foundation.

4.4.2 Caisson Platforms

The capacity analysis results for three caisson platforms are given in Table 4-4, which were taken
from the AP/MMS Foundation Study [5] The 3-D non-linear analysis model used for the
analysis of caissons is shown in Figure 4-11. The caisson information was used in the calibration
work to determine the sensitivity of the foundation lateral bias factors resulting from the addition of
structures that experienced foundation failures.

The capacity analysis results indicate that the Andrew load level was higher than the ultimate

capacity for caissons SPelto 10 and SS135. The capacity estimate of 5136 was 60 percent higher -

for the basic shear strength case, and was 30 percent higher for the case with intermittent sand layer
ignored. The results for the case which ignored the sand layer were used in calibration.

45 COMPARISON OF PHASE II AND PHASE I RESULTS

There were seven platforms that were included in both the Phase I and Phase II studies. The results
of the analyses of these platforms are compared below. An overview of the differences between the
Phase I and Phase II studies is provided as follows:

e Information from detailed inspections (including MPI) performed for several of platforms
became available after the Phase I work. This information provided the basis for the selection of
more precise calibration conditions.

e Improved information on the number of conductors, boat landings, etc. on the platforms was
obtained for the Phase Il study.

e Site-specific geotechnical information for most platforms was obtained for the Phase II study.

e A new hindcast (1994) with improved physics and numerical models was performed following
the Phase I study.

e Improved procedure for joint modeling, including effect of jomt stiffness, was incorporated into
the Phase II analysis recipe.
® A variable pushover load profile was used for the Phase II analysts.

Platform Data;

Site specific soil reports were obtained for six platforms. Soil data from adjacent blocks were
used for ST177B, ST130A and ST130Q.

The 1993 field inspections of ST151K indicated that there was only one boat landing and that
only 12 of the planned 16 conductors were in-place. The Phase I analysis included 2 boat
landings and 16 conductors.

Andrew JIP - Phase II, Final Report January 1996
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The 1993 salvage of platform ST177B provided detailed damage information that lead to its re-
classification as a damaged platform. The Phase I calibration was based on a failure classification
of this platform.

mdcast Data

Compansons of the maximum wave heights, associated wave approach directions and current
speeds from two Andrew hindcasts [12, 13] are provided in Table 4-5 and Figure 4-12 for the
common platforms. The 1994 hindcast wave heights were 1% (ST177B) to 14% (SS139) lower
than those of the 1992 hindcast. The wave approach angles changed by 2.5 (ST130Q) to 30.7
degrees (ST72). The largest changes in wave height and direction occurred for the platforms located
in shallow water. The current speeds were reduced from 3% (ST130Q) to 16% (ST130A). Current
speeds were reduced for all but two platforms. In these other two cases the current speed increased
from 5% (SS139) to 20% (ST177B).

X imy te:

A comparison of the expected maximum base shear for seven platforms investigated in both Phase I
and Phase II is given in Table 4-6 and Figure 4-13. The total effect of 1994 hindcast was a
reduction in expected maximum lateral loads (base shear) of 15% (ST177B, ST151H, ST72) to
37% (SS139) from those that were based on 1992 hindcast. The large reduction in the expected
maximum base shear for platform ST151K was due to the combined effect of the following
factors:

3% reduction in the maximum wave height

Reduction in the wave-in-deck load estimate from 930 kips to 340 kips
Number of conductors reduced from 16 to 12

Reduction in the conductor shielding factors

The Phase II ultimate capacities for the seven common platforms are provided 1n Table 4-6 and
Figure 4-13. On average, the ultimate strengths calculated were 6% than those determined during
the Phase I study. The Phase I to Phase II capacity ratios were in the range of 0 81 to 1.22,

The ultimate capacity results for the Base Case analysis (all failure modes included) indicate higher
capacity predictions for platforms ST151K, ST130Q, and SS139 by 10% to 20% of the Phase 1
estimates. Whereas, for platforms ST177B, ST151H, and ST130A, the Phase Il capacity estimates
are lower by 10% to 20% of the Phase I estimates.

Andrew JIP - Phase II, Final Report January 1996
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tios of Ultimate Capacity to Ex Maximu hear:

A comparison of the Phase II - Base Case ratios with the Phase I indicated hugher ratios for all
survival and damaged platforms in the Phase II analysis. The ratios were higher by 40% for
survival cases and by 7% to 95% for damage cases, and were lower by 16% for failure cases. On
average, the ultimate capacity to the base shear ratios were 22% higher than the Phase I results
with a range of ratios between 0.85 to 1.95. Note that some differences in the ultimate capacity
estimates were due to differences in the wave approach directions in the two hindcasts.

These results indicate that the capacity analysis using the updated recipe and procedures (Section
2.2) provided better predictions of the platform behaviors during Andrew primanly due to explicit
joint strength and stiffness modeling and a general reduction in the Andrew load levels estimated
using new hindcast. A comparison of the Base Case and “failure mode specific” analyses provided
very useful insight regarding the expected modes of failure.

Andrew JIP - Phase I1, Final Report January 1996
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Figure 4-1: Nonlinear Analysis Computer Model - 8 Leg Steel Jacket Platform
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Figure 4-2(b): Inelastic/ Failure Events — Platform ST151K
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Figure 4-4(b): Inelastic/ Failure Events — Platform WD103A
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'Section 5 PMB

Calibration

51 APPROACH

The objective of the calibration is to determine a bias factor that can be used to improve the
analytical process to more closely match true platform behavior under extreme storm conditions.
The calibration process involves a comparison of platform performance determined analytically to
that observed following a severe storm or hurricane. This study utilized 9 platforms that were
heavily loaded during hurricane Andrew for calibration.

A number of parameters are required to estimate structural capacity and environmental loads.
Parameters that affect the estimate of resistance include, for examnple, material yield strength, soil
strength and density. Parameters that affect the estimate of wave load include, for example, drag
and inertia coefficients. In principle, it is possible (with enough data) to “calibrate” the capacity and
load models separately and determine bias factors specific to both the load and resistance
formulations. It is also theoretcally possible to establish bias factors for each of the individual
parameters that affect the formulations. Such a calibration would require a significant amount of
recorded data regarding both the loading and response of platforms during the hurncane.
Unfortunately there were no load measurements available and the only data available regarding
response was that of extent of damage. It was therefore not possible to calibrate the load and
resistance separately nor was 1t possible to calibrate many of the specific items of the capacity
analysis recipe. The calibration was simplified to determine the bias of a global measure of the
platform capacity. Thus, as in Phase I, a bias factor “B” was introduced as a correction to the
computed “safety factor” of the platform, defined as the ratio of resistance (R) to load (S):

CRC I

Thus, the “true” safety factor equals the “computed” safety factor (per the assessment process)
times a bias (or correction) factor, B. A value of B greater than 1.0 would indicate (on average) that
the current ultimate capacity analysis procedures provide conservative results. A value of B less
than 1.0 would indicate (on average) unconservative ultimate capacity results. B is a random
vanable.

The calibration methodology that was used for this study was expanded upon the approach that was
developed in the Phase I [1] study. Its main components are as follows (see Figure 5-1):

e Capacity analysis
¢ Reliability analysis
® Bayesian updating

The procedures and results of the capacity analysts are presented in Section 4. The procedures and
results of the rehiability analysis and Bayesian updating are presented in this section.

Andrew JIP - Phase II, Final Report January 1996
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Section 5 Calibration

The basic procedure used for calibration has been refined during this study and its direct
predecessors: Andrew Phase I and the API/MMS Foundation Study. The results of these earlier
studtes has affected the Phase II work and an overview of these studses is therefore provided in
Section 5.2. The details of the procedure followed in Phase II and the results are provided in
Sections 5.3 to 5.5.

5.2 BACKGROUND PROJECTS

The calibration approach and results of the Andrew Phase I and APMMS Foundation studies are
summanzed as follows:

Andrew JIP - Phase 1{1. 4];

The capacity analysis results generated during Phase I relate best to the Base Case analysis
(nonhnear jacket and foundation) results of Phase I The probabilities of failure and likelhood
functions for 13 platforms were determined using a program developed by PMB (entitled “PF”).
The PF program was used to determine the failure probabilities using a 4-level direct integration
approach (see Section 5.4 for theoretical details).

The posterior distribution of bias factor (B) was determined to have a mean value and a COV of
1.19 and 0.11. This was a system bias factor applicable to the overall behavior of platform (jacket
and foundation combined).

The Andrew Phase I capacity analysis indicated that the ultumate capacity of the foundation is
mobilized at very small pilehead displacements. It was determuned that these deformations are so
small that they may not be observable by a diver during field inspections. Field inspections were
performed subsequent to Phase I, specifically addressing foundations failures. No foundation
fallures were observed [6, 7). This suggests that:

1. The foundation bias is higher then the global bias or
2. Some damage can occur to a foundation which may not be visible.

The Phase I analysis predicted foundation failures in several platforms, none of which were
observed to have failures in the foundation. These results indicated that the biases in foundation
capacity predictions could be higher than in the jacket capacity estinates. Thus it would be
beneficial to establish bias factors separately for jacket and foundations instead of a single (system)
bias factor. This was a key factor in determining the Phase II scope objectives

APVMMS Foundation Study [5]:

This study focused on bias factors specific to the foundation. Therefore, this study included two
additional capacity analysis to suppress the jacket failure modes, and thus determine the ultimate
capacity associated with foundation failure modes Three steel jacket platforms were analyzed, each

Andrew JIP -Phase II, Final Report January 1996
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Section 5 Catibration

of which had no observed failures of the foundation. Two of these platforms had significant
observed damage to the jacket structure, whereas the third had none.

The foundation capacity estimates and earlier API research [27, 28] indicated that the biases
associated with the foundation lateral and axial capacities varied sigmficantly and, therefore, the
biases in these two modes were separated. The foundation bias factors for the lateral (Bg) and axial
(Bra) were determined using the capacity estimates corresponding to analyses performed for those
specific failure modes (i.e. similar to that described as Case 2 and Case 3 for the Phase II study).

Due to the inconclusive observations regarding the foundation behavior during Andrew, three
alternative structural damage interpretations of field observations were investigated to support the
cahbration of both bias factors (By and Bg) The alternative classifications considered for
foundation lateral bias factor (Bg) were:

Case A: Fully plastic section event did not occur in any pile
Case B: Fully plastic section events did not occur in several piles
Case C: Fully plastic section event did occur in one pile and others were undamaged

The classifications considered for foundation axial bias factor (Bs,) were:

Case D: Pullout or plunging event did not occur in any pile
Case E: Pullout/plunging events did not occur in several piles
Case F: Pullout/plunging event did occur in one pile and other piles were undamaged

The previous API research completed by Dr. Wilson Tang [27, 28] was used to establish the prior
distributions of the foundation bias factors. The prior distributions of the foundation lateral bias
factor was assumed to be normally distributed with a mean of 1.0 and COV of 0.3. The prior
distribution of the foundation axial bias factor was assumed to have a mean of 1.3 and COV of 0 3.

The reliability analysis and Bayesian updating procedures used in the Foundation Study were the
same as those used during the Andrew Phase I study. Two separate analyses were performed to
determine uncoupled foundation bias factors. The following results were obtained:

® Assumed prior distnibutions of bias factors: By , N (1.0, 0.3); B, , N (1.3, 0.3)

® The mean values of the posterior distributions of By were similar for Case A and B (Case A
Be= 1.32 and Case B Bg= 1.26).

® The mean value of the posterior distribution of By for Case C was the same as that assumed for
the pnior distribution (i.e. 1.0).

¢ The mean values of the posterior distributions of Bg, were similar for Case D and E ( Case D By,
= 1,73 and Case E B¢, = 1.66).

® The mean value of the posterior distribution of By, for Case E was 1.53, which was higher than
the value assumed for the prior distribution (i.e. 1.3)

Andrew JIP -Phase I, Final Report January 1996
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e The foundation lateral bias factor, By was reduced by 17 percent (to 1.1 for Case A and to 1.04
for Case B) when the effect of three caissons (with observed foundation damage) was included

A conclusion of this work was that the individual foundation bias factors were estimated to be
significantly larger that the global system bias factor determined during Phase I and that the two
foundation bias factors were very dissimilar.

Influence of Foundation Study on Phase I Scope:

The original scope proposed for Andrew Phase II was to determine two bias factors, one each for
the jacket and foundation. The scope was changed as a result of the API/MMS Foundation project
to determine three bias factors (one for the jacket structure and two for the foundation). This change
was made due to the significant difference in By and By, scen from the Foundation study. The
following three bias factors were therefore identified for Phase II:

¢ Bias in the jacket structure, B,
¢ Bias in foundation lateral capacity, Ba
e Bias in foundation axial capacity, Bg,

The bias factors (Bg and Bg) were determined by calibrating the predicted load levels
corresponding to fully plastic sections or pullout/plunging of several piles instead of the first pile to
assure conservatism. These calibration conditions are the same as the Case B and Case E conditions
investigated in the Foundation study. The other four calibration cases investigated during the
Foundation study were not repeated in Phase II.

53 CALIBRATION PROCEDURE DETAILS

The three stage calibration procedure shown in Figure 5-1 was applied to nine steel jacket platforms
selected for this project (see Section 1.3 for platform details) In addition, the three caissons
analyzed in the APMMS Foundation project were considered in this phase to determine the
sensitivity of the foundation lateral bias factor.

531 Capacity Analysis

The capacity analyses described in Section 4 were performed to establish the lateral load levels
corresponding to successive inelastic events 1n the jacket and its foundation and to determine
ultimate capacity. Four analyses were completed for each platform for a single storm approach
direction (see Sections 4.1 and 4.2 for discussion):

¢ Base Case - All failure modes modeled

® (Case-1 - Only jacket farlure modes modeled

¢ Case-2 - Only lateral pile failure modes modeled

¢ Case-3 - Only axial pile failure modes modeled

Andrew JIP -Phase T1, Final Report January 1996
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The load levels corresponding to the following failure modes were determined from the capacity
analysis (Tables 4-2 to 4-4) to define the calibration load levels and conditions.

® Jacket capacity: Failure of first K-joint or a brace
First yield of first leg/pile section
Full plasticity of first leg/pile section
Failure of observed damage to K-joints or braces
Failure of unobserved damage to K-joints or braces
(systern capacity)
Full plasticity of several pile sections (system capacity)

¢ Foundation lateral capacity: First yield of first pile section
Full plasticity of first pile section
Full plasticity of several pile sections (system capacity)

¢ Foundation axial capacity: Pullout/plunging of first pile
Pullout/plunging of several piles (system capacity)

In the case of the caisson platforms the load levels at first yield of a section, at fully plastic section,
and at ultimate capacity were identified. All three caissons were classified in the damage/failure
category.

5§32 Calibration Conditions

Load levels defined from the capacity analysis corresponding to the various levels of observed
performance (e.g., extent of damage, lack of damage) were selected to define the calibration
conditions.

The calibration conditions used in Phase II differed from those in the Phase I study in several ways.
A primary difference was that, in Phase II, survival platforms were calibrated at no damage load
levels. The net effect of this more accurate assumption is to increase the bias for survival platforms.

The following calibration conditions were used in this phase:

¢  Survival No damage or only minor, non-structural, damage
identified.
® Type I Damage Case Known damage to the jacket and foundation assumed to
be intact,
® Type Il Damage Case Damage is known but not specifically identified or
attributed to the jacket or foundation.
® Type I Failure Case Known failure of the jacket and foundation assumed to be
intact.
Andrew JIP -Phase I1, Final Report January 1996
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® Type II Failure Case

Failure is known but not specifically attnbuted to the
jacket or foundation.

The field observations and interpretations made for calibration are summanized for each of the
platforms as follows (In cases where multiple interpretations are identified, all were applied)-

Survival cases

Observations;

Interpretations for calibration:

Platforms in this category:
Type 1 Damage Cases

Observations:

Interpretations for calibration:

Platforms in this category.

No damage occurred in the jacket or its foundation dunng
Andrew.

The actual applied Andrew load level was Jower than the level of
load required to cause first damage to the jacket frame (K-joint
or diagonal brace failures).

The actual applied Andrew load level was Jower than the level
of load required to cause damage to several piles (fully plastic
sections formation and/or pullout/plunging).

ST151K, ST130Q, WD103

Jacket braces and/or joints were damaged during Andrew. No
damage occurred to the foundation during Andrew.

The actual applied Andrew load level was higher than the Jevel
of load required to cause the amount of brace or joint damage
that was observed.

The actual applied Andrew load level was Jower than the level
of load required to cause failure of the pext primary element in
the jacket.

The actual Andrew load level was Jower than the level of load
required to cause damage to severa] piles (fully plastic sections
formation and pullout/plunging).

The foundation was stronger than the jacket

ST151) and ST177B

Andrew JIP -Phase I, Final Report

January 1996
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Type Il Damage Cases

Observations:

Interpretations for calibration:

Platforms in this category:
Type ] Failure Cases

Observations:

Interpretations for calibration:

Platforms in this category:
Type II Failure Cases

Observations:

Interpretations for calibration:

Platform was damaged during Andrew. Field observations were
not conclusive as to where the damage occurred.

The actual applied Andrew load level was higher than the level
of load required to cause brace or joint damage.

The actual Andrew load level was higher than the level of load
required to cause damage to several piles (fully plastic sections
formation or pullout/plunging)

S8139 (T25)

Platform collapsed or was rendered completely unserviceable
and the failure occurred in the jacket part of the platform
during Andrew. No damage occurred to the foundation during
Andrew,

The actual applied Andrew load level was higher than the
ulumate capacity of the jacket structure.

The actual Andrew load level was Jower than the level of load
required to cause damage to several piles (fully plastic sections
formation or pullout/plunging).

The foundation was stronger than the jacket.

ST151H and ST130A

Platform collapsed during Andrew. Field observations did not
indicate damage location.

The actual applied Andrew load level was higher than the
ultimate capacity of jacket structure.

The actual Andrew load level was higher than the level of load
required to cause damage to several piles (fully plastic sections
formation or pullout/plunging)

Andrew JIP -Phase I1, Final Report

January 1996



NS INEREING

Section § Calibration )

Platforms in this category: ST72 (T21)

Tables 5-1 to 5-3 present the load levels used in calibration and the calibration conditions for all
nine steel jacket platforms. These load levels were used as the best estimate of the capacity (R) in
the analysis.

533  Reliability Analysis

The probabilities of occurrence of failure-survival-or damage was determined by the structural
reliability analysis. Some modifications were made to the Phase I probability of failure formulation
to suit the FORM/SORM analysis that was used in place of the direct integration approach followed
in Phase L

Base Shear icients:

The load is represented by an empirical formulation in the rehiability analysis. ‘ This formulation
defines the base shear (S) as a function of wave height (h) and current (u). A computer code
developed during Phase I study (C,C,C3) was updated to include another coefficient, C4 to provide
a better definition of the change in total load as deck wave inundation occurs. The empincal
formulation of base shear and the coefficients used are presented in Section 5.4. The program
“CIC2C3C4” was used to perform a three-dimensional iteration to determune a single set of the
best fit coefficients using base shear values computed for different combinations of wave and
current.

This data was developed by performing a large number of wave load analyses. The platform
specific base shear coefficients (Cy, Cs, Cs, and C,), apphcable for a range of wave heights and
currents, were then determined.

Probabilities of O i

The joint distributions of three bias factors were determined. The PF program was not adequate to
include the multiple interpretations of field observations included in the calibration conditions. The
RELACS software [29] was selected for use within the Phase II calibration. This program
determines the probabilities of failure by use of advanced reliability analysis methods and also
system reliability analysis. The first and second order reliability methods (FORM and SORM) [30,
31, 32] were used in this work. Details of this procedure are given in Section 5 4. Additional
features were added to RELACS dunng the course of this project to obtain the probability of
occurrence for specific caltbration conditions and for a large number of combinations of the three
bias factors The probabilities of occurrence for the different combinations of b,, by, and bg, define
the joint hikelihood function for each observed behavior.

Andrew JIP -Phase I, Final Report January 1996
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ikelihood Function for Failure Case*

When a single bias factor is used and a failure is observed the hikelthood of the bias factor B being
less than a given value (‘b’) is represented as follows:

Ik (b | failure) = P[failure | b][5-2]
= Pr(b)

in which P; (b) is the probability of failure for the platform at B = b. When three bias factors are
used the joint likelihood function for a farlure case would be represented as follows:

Ik b, by, b, | failure] P [failure | by, by, bg,]
Py (by, by, bg) [5-3]

ikelih: uncti iV,

The likelihood function for survival cases (no observed damage) becomes:

P[no damage | b]
1- Pf((!] b) [5'4]

1k (b | survival)

where @, is the ratio of predicted load level at first element failure to the ulimate capacity estimate.
Likelihood Function for Damage Case

The likelihood function for a damaged platform case is defined based on the probability that the
observed damage lies in the same fractional interval of the capacity to load ratio as predicted by the
pushover analysis. The predicted ratios corresponding to the observed damage and to that of one
additional increment of damage (i.e., one more failed component) are denoted by «; and -
respectively, The resulting likelihood function for a damage platform case would be:

Ik (b | damage) =  Pr(oy b)-Pr(oz b) [5-5]
ikelih ncti ultiple Platfi

The above likelihood functions represent the information about the bias factor resulting from the
observed behavior of an individual platform. The combmned hkelihood function of B given the
observed behavior of a number of platforms, with a combination of survivals, damages, and
failures, is obtained by direct multiphcation of the hikelihood functions for each of the individual
platforms as follows:
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n
Ik(bIn — observations) = H [ Ik (bl observation) ] [5-6]

platform
i

where n is the total number of platforms.
Joint Likehhood Function for Multiple Platforms:
The combined joint hikelihood function given the observed behavior of 2 number of platforms with

a combination of survivals, damages, and failures, is obtained by direct multiplication of the
individual joint likelihood functions (e.g , Equation 5-3 for a failure case) as follows:

n
lk(b,,bﬂ.bﬁln—observations) = H [lk, (b,,bﬁ,bﬁ |abservatian)] [5-7)
platform
i
534 Bayesian Updating
The objective of the calibration is to establish a distribution on "B" that 1s consistent with the

observed behavior. The updating is based on the Bayes theorem of probability [30] which, for a
single bias factor states:

f:(®) = fa(6) Ik (bnew information) [5-8]
in which 'z (b) is the "prior” dustribution of bias factors, f"p (b) is its "posterior” distribution, and
lk(binew information) is the "likelihood function” which reflects the information about b obtained
through the observations.

In case of multiple bias factors, the joint posterior distribution of the bias factors would become:
fs,8,, (b,.8, .bﬂ) < fy.8.8, (bj,bﬂ.bﬁ) I (b, by, bg|n ~observations)  [5-9)

where the joint prior distribution is assumed as the product of independent individual pniors:
fa,8,8, =5, fa, fa, [5-10]

The marginal posterior distnbutions, mean and COV of the three bias factors are determined from
this joint distribution. The change in the mean values of the bias factors from the prior to the

posterior distribution provides the bias (conservatism or non-conservatism) in the ratios of capacity
to load predictions for each failure mode.
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In most cases the joint posterior distribution will not simply be the product of marginal posteriors
(i.e., the 3 B’s are not independent a “posteriori™). The bias factors are interdependent due to the
fact that a failure observed in the jacket implies that axial foundation capacity is larger than the
jacket capacity.

The Bayesian analysis method was used previously during the cooperative project on offshore
platform reliability organized by Amoco [33, 34]. Bayesian applications are also presented in the
API PRAC Project 89-22 Report [35], and other literature [36, 37].

54 THEORY FOR DEVELOPMENT OF BIAS FACTORS

The conventional formula for computation of the probability of failure of a structure is:

P, = [ {1~ F,(x)}f (x)dx [5-11]

Oty §

where f is the probability density function (PDF) of capacity and Fy is the cumulative distribution
function (CDF) of load

Normally the random load (S) represents the maximum load in any one-year period. In this hindcast
case, the load is the maximum load subjected to the structure during Andrew. The load is
represented by the base shear (BS) which, for a single wave, will be represented by

BS=[C,Jh+Cu] e, forh <hy [5-12-a]

BS=[C,+C,(h-h,)Jn+Cu] "¢, forh >hg [5-12-b]

in which % is a wave height, hy is the wave height at which the wave crest hits the deck and u is a
current Cj, Cz, C; and C, are the coefficients that are determined for a range of wave heights and
currents in a specific storm direction for a platform. These coefficients are found by fiting thus
empirical equation to calculated base shears for various pairs of 4 and u values €, represents a
random “correction factor” in base shear estimates, due to wave-to-wave vanability, and is assumed
to have a log-normal distribution with a mean of 1.0 and COV of 0.20.

The FORM/SORM analysis used in Phase II required a continuous and dufferentiable function and
thus one set of base shear coefficients were determined for the complete range of wave heights. The
use of Eq. 5-12-a, over the complete range of wave heights resulted in large differences between the
input and computed base shears for cases where the wave inundated the deck. Therefore, an
additional coefficient (C4) was introduced. The differentiability of the function was further
improved by introducing a polynomial function for the wave height range (hg -5) to (hy +5).
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Equations 5-12 a and b represent the (random) base shear associated with a specified wave height 2
and current velocity 4 (in a specified direction). In any given 1 hour segment of the storm, with
significant wave height h, and current u, there will be a sequence of N waves with random wave
heights, H. We assume ¥ is approximately equal to 3600/T},, where T, is the penod associated with
the maximumn wave of the wave spectrum. It is assumed that the probability distribution of each
random wave height (H) follows the empirical Forristall distribution [38):

S, (WHy =h,)= g:; [—5—) exp[—%[ﬂi) ] [5-13]

in which ot = 2,126, B = 8.42, and H; is the significant wave height.

Using the probability distribution of H and the formulation of base shear, the final (marginal) CDF
for the maximum base shear, Fyps, during the multi-hour (unidirectional) “storm” is obtained as
follows:

Fas@= [T Rl h0=) sy (481 =, )} 1, (1)1, s e e

[5-14]

m which Fgs is the lognormal cumulative distribution implied by Equations 5-12 a and b, N
denotes the number of random waves in an hour with sigmficant wave height h,, and current u;. €,
and &, represent the significant wave height and current errors in the hindcast. In this equation b, is
equal to (H,, €, ) and y, is equal to (U, €, ), where H,, and U, are the lhundcast estimates.

The probability of failure is then calculated by numerical integration of Eq. 5-11, assuming a
lognormal distnbution on R, with a specified mean and COV. Failure is presumed to be associated
with BR/S < ] rather than R/S < I, where B is the bias factor. The probability of fatlure for a given
bias factor (B) is obtained as follows:

P, (b)= [ {1- F,(bx)}f (x)dx [5-15]

The “pested FORM/SORM” reliability analysis methods [39] were used to determune the
probabulity of failure. The ISSORM (second order rehability method with a correction based on
importance sampling) method [31, 32] was also used to provide a check on the FORM/SORM
results. A test performed by Risk Engineering, Inc. during Phase I indicated that the RELACS
results were comparable to those obtained using PF program.
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The “nested FORM/SORM” analysis utilized dufferent random vanables that are integrated in
inner and outer Joops of the algorithm. The model was formulated as follows:

Inner loop random varjables, Y
e individual wave height, H | H,

® crror in base shear, €
Outer dom variabl

® capacity, R

e significant wave height, H,

e current, V. (note that in equations 5-12 to 5-14, current is denoted by U)

The distributions and uncertainties of various quantities used in the analysis were as follows:

Item Distnbution _____Expecied Value CoV

Capacity, R Log-Normal per analysis 0 15 for jacket capacity
0 20 for lateral pile capacity
0 30 for axial pile capacity

Individual wave height, (H/H,) Fornstall per hundcast per formula

Hindcast error in H,, £ Log-Normal 10 010

Hindcast error in current U {or V), £2 Log-Normal 1.0 015

‘Wave-to-wave error in base shear S, &, Log-Normal 10 0 20 for wave-below-deck case
0.25 for wave-in-deckcase

The reliability analysis mode] was based on the following correlation of random variables:
® Wave-to-wave vanabilities in H and &, were assumed to be independent.
¢ Hour-to-hour uncertainties in H, and U were considered to be independent.

¢ Uncertainties in H; and U were considered to be independent from site-to-site during Andrew
(i.e., it was assumed that no overall overprediction or underprediction of the wind field or
errors in track location, which would affect all H, values, exists in the hindcast).

e Platform-to-platform uncertainties in capacities (R) were considered independent. Some
dependence in capacity could come from common matenial properties of steel, soil, general
scour effect, bias in platform designs, etc. Vanation in the uncertainttes in capacity were
found to have a minor impact on the likelihood functions. Defining a correlation in capacity
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would be very difficult. It was therefore not considered practical to include such correlations
in the analysis

Some of these assumptions were made based on the results of sensitivity analysis completed in
Phase I that determined the effect of varjations in the magnitudes of mean and COV’s of various
random variables on the likehhood functions. The Phase I sensitivity analysis also indicated that
the uncertainties in H, and 1n the error in base shear (g,) have a dominant effect on the analysis as
compared to all the other variables.

In order to solve this problem using the FORM/SORM algorithms, Eq 5-15 had to be modified
to the conditional form as follows:

Pe®) = [P(ub)filx)dx [5-16]
where,
Pr(x;b) = Ple(Y.X;b)<0X =x)] [5-17)

where Py (x; b) represents the conditional failure probability of a component or a system for a
given set of random variable values denoted by vector X (H,, V., R) and a given value of b. The
random variables for each wave height (H) and error in base shear (gg) are denoted by vector “Y.”
fx(x) represents the joint distribution of H,, V. (current), and R. The form of the limit state
function (or g-functions) in the FORM/SORM analysis for the conditional mner loop is as
follows:

g(Y,x;b) = bR-S [5-18-a]

or
g(Y.x;b) = bR- [C, + C,(h-h,)[r+Cpu] e, [5-18-b]

The inner loop determines the probabilities of failure for a single wave and set of outer loop
variable values (denoted by X).

The outer loop (external) limit state function for a single event (probability of failure dunng a
seastate) is as follows:

g(U,X;b) =U- & [Pr(X; )] [5-19]

The outer loop limit state function includes an auxihary vanable (U) which was onginally
proposed by Wen and Chen [39]. The auxiliary random variable U has a standard normal
distribution with a mean of 0 and a standard deviation of 1.
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The integration over all possible outcomes of combinations of random variables 1n vector “X” is
obtained by use of the law of total probability as follows:

P (b) = _[P[{U—(b" (7, (x;b))}(o]f,, (x)dx [5-20]

In case of multiple waves within a seastate and considering that events within each seastate are
independent of each other, the outer loop g - function is generalized as:

g(U.X:b)=U-&" [P{g(r,x;b)-: 0]x=x}"] [5-21-a]
or
8(U.x:5)=U -0 [v{1-(1- b)) }] [5-21-b]

Where “n” is the number of waves in a storm hour (n=3600 /T;) and “v” represents the storm rate
of occurrence (which is 1.0 in this case). Vanability in T, was not considered in this analysis.
The Phase 1 sensitivity analysis indicated that variation in the COV of Ty, had no effect on the
likelihood function. It was therefore considered adequate to ignore vanability in Tp and therefore,
the number of waves for each storm hour were equal. Pg(x; b) represents the falure probability
for one wave and is determined by the condition 1n Eq. 5-17.

The hikehihood function is obtained by processing Eq 5-20 for a number of different “b™ values.

Ik [b | failure ] = Pffailure|b] = P(b) [5-22]
The above formulation is given for a single component. This formulation is extended to multiple
“components,” (i ., multiple modes of failure and multiple hours during which the event might
occur). The multiple component calibration conditions are discussed in the next section.

55  CALIBRATION TASKS AND RESULTS

The following five calibration tasks were performed:

Task #1: Develop the joint and marginal distributions of the three bias factors. Evaluate the
effect of the three selected caissons on the marginal distribution of the foundation
lateral bias factor.

Task #2: Develop a single (system) bias factor using the new hindcast, base case capacity

analysis results and calibration condztions.

Task # 3: Determune the sensitivity of the bias factors to alternative interpretations of field
observations for the two platforms in the failure category.

Task #4: Determine the sensitivity of postenor distributions to variations in the prior
distnbutions of the bias factors.
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Task #5: Develop an example application of the bias factors to determine the annual failure
probability of a platform

5£.5.1 Joint and Marginal Distributions of Bias Factors

The calibration conditions for each platform are summarized in Tables 5-1 to 5-3. These
conditions were based on a comparison of capacity analysis predictions with the post Andrew
field observations, as discussed in Section 5.3. The expected maximum base shear and the load
levels corresponding to specific levels of response shown in these tables were based on the
capacity analysis results which were presented in Tables 4-1 to 4-3.

The five calibration conditions identified in Section 5.3.2 were formulated to perform multiple
component system reliability. The reliability analysis was performed for 3 to 5 hour segments of
the hindcast data and included all hours which were likely to contnbute to the probability
calculations.

The system reliability analysis with 3 to 5 storm hours of data would require 9 to 15 components
(a product of the number of storm hours and the number of bias factors) respectively. This
produced a prohibitive level of complexity and an approach was therefore developed to reduce
the number of components to the number of storm hours considered for a platform. This was
done by introducing a new distnbution to represent the minimum of two or three log-normal
distributions of capacity.

The analysis was performed using both FORM and SORM and the results were found to be
similar. The inner loop system reliablility analysis was done using first order rehability method.
Second order reliability method results were determined in the outer loop analysis for each
combination of three bias factors.

5.5.1.1 Formulation of Calibration Conditions

The formulations for each of the calibration conditions are presented for two models as follows:

s A complete system reliability analysis including two storm hours and all three capacities (1 e.
6 components)

¢ A reduced system with only two components

Survival Cases:

The probability of survival (P;) with no damage was computed based on the following calibration
condition-

P, = P [Andrew load level during hour-1 and hour-2 < Capacity level associated with
the first predicted event in the jacket and its foundation system]
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P[{(S<b;Ra) A (S<baRa) (S <brs Renlhour1
{(8 <bRyj)) N (5 <ba Ra1) M (S < bg Rea1) }nour-2]

= P [{S < min. (b, Ry, ba Rau, bra Rea1)) bowr-1 M
{S < min. (b, Rji, bg Ray, b Reat) Jaour2 ] [5-23]

The system reliability analysis was reduced from 6 parallel components (3 failure modes, 2 storm
hours) to 2 components (2 storm hours) in this case by introducing a distribution which
represents the minimum of the three log-normal distributions (jacket, foundation lateral and axial
capacities). These components represent the probability of survival of a platform against all
failure modes during each storm hour.

The platforms analyzed in this category included ST151K, ST130Q, WDI103A.
Typel Failure Case:

The platforms analyzed in this category included ST151H and ST130A. The structural damage to
the jackets (K-joints and braces) was known. No foundation damage was observed in the field
inspections. This case was formulated as a conditional failure probability problem; the jacket
collapsed and the foundation was not damaged, implying that the foundation was stronger than
the jacket.

P; = P [jacket collapsed | foundation survived] x P [foundation survived]
= P[E;l E2] x P[E:]

= P[{S>bJR,l(b_|Rj <baRa MY R;<bs Re )} bour1 V
{S>b,R/I(b,Rj<baRg Nb R, <bn Re)} nowr2] X
P[(b R, <baRa Nb R;<buRa)]

= P[{S> bR/| mmn. (bg Ry, by Rp) > bR }poury Y

{S> b R, | min. (by Ry, by Re)> b Rlur2 ] X
P [min. (ba Ra, baRe)>byR;] [5-24]

In this expression, each component in the system rehability analysis represents the probability of
load exceeding the jacket capacity (event E;) during each storm hour. This event is conditioned
on the second calibration condition; that the foundation survived (1.e., the lateral and axial
foundation capacities were more than the jacket capacity ( event Ey)).
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@ Type Il Failure Case:

Failure was observed for ST72 but was not specifically attributed to either the jacket or
foundation. Platform ST72 (T21) was analyzed in this category. The calibration conditions were
therefore formulated in the following way:

Py

P [ Andrew load level in hour-1 or hour-2 > Ultimate capacity of jacket
or 1ts foundation system]

P [{(S>b R)) U (S>bg Ra) W (S > bg Rea) Jnourt Y
{(S>1bR) v (S>baRa) U (S > bt Ra)lnour2]

P [{S > min. (bJ Rp ba Ra, bfaRfa)} hour-1 \J
{S > min, ( bj st bﬂRﬂ' bfa Rﬁ)l hour-2 ] [5‘25]

This formulation includes 2 components 1n series, each representing the probability of failure
during a storm hour when the loading exceeds any of the capacities.

Type I Damage Case:

Platforms ST151J and ST177B, were analyzed in this category. Both of these platforms

@ experienced damage to the jacket structure. No damage was observed in the foundation in either
case. This calibration condition uses the conditional system reliability problem formulated for
the “Type I Failure Case.” In this case, the probability of occurrence of the Andrew load level
bemng within the calibrated load levels (Table 5-2) was determined by subtraction of the
probabihity computations at the bounds of the load range as follows.

Pt = Pp- Pp
=P [E/l E;] x P[E;] — P [E3| E;] x P[E;]

= P [{S> b Ry | min. (bg Ry, by Ry) > by Ryjlpgury Y
{§> byR;; | min. (bg Ry, by Re) > b, Rylhowr2 ] %
P [min.(baRa, baRa)>bRy] —

P [{S> bR, | min. (b Ry, by Re)> bR by U
{S> b R;;1 min. by Ry, b, Re)> bR hourz ] %
P [min. (baRa, ba Ra) > b R;1 ] [5-26)

where P and Pp are formulated in the similar way as the Type I failure case (Eq. 5-24);
Ry represents the capacity level at which observed damage was predicted;
O Ry used in Py; represents capacity level at which next damage is predicted;
| |
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The conditioning for the foundation capacity for both P, and Py were done at the capacity level,
R]l'

Type ]I Damage Case:

Platform S§8139 (T25) was analyzed in this category. SS139 experienced some damage to the
jacket and the behavior of foundation was not known. The calibration conditions were
formulated in the following way:

P¢ = P[ Andrew load level in hour-1 or hour-2 > Capacity level at jacket damage or
damage to multiple piles ]

Li

P [{(S>b;R) U(S > by Ra) U (S > by Re)lpoues U
{(S>bR) U (S>bgRn) U (S <bu Ra) hyour2]

P [{S > min. (b Ry, ba Ra, b Ra)} hourt W
{S > min (bj RJ' ba Rﬂ’ bfl Rfl.)} hour-2 ] [5'27]

This formulation includes 2 components in series, each representing probability of failure during
a storm hour.

55.12 Joint Likelihood Functions and Posterior Distributions

The joint likelihood functions for each of the platforms were determined using the above
formulations. The probabilities of occurrence (survival, damage, or failure) were determined for
different combinations of values for three bias factors. The values of b, and by were varied from 0.6
to 1.8 and by, was varied from 1.0 to 2.0. The marginal likelihood functions were generated from
the joint likelihood functions for comparison purpose. The joint posterior distributions of the three
bias factors were then obtained by product of the jont likelihood functions and the respective prior
dastributions. The following prior distributions were used,

Jacket structure (B, Mean=10, COV=03
Foundation lateral (Ba) Mean=10, COV=03
Foundation axial (Bg,) Mean=13, COV=03

The joint and marginal likelihood functions for each of the platforms are given in Appendix E. The
joint and marginal posterior distributions for three selected platforms, ST151K, ST151J, and
ST130A (one in each category), are also given in Appendix E. The estimates of the mean and the
COV of each of the bias factors are provided in Tables 5-1 and 5-3. ‘The mean and COV for each
group are also provided in these tables.
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urviv. s (Table 5-1)

The joint likehihood functions for all three survival platforms are provided in Figure 5-2(a) These
three joint distributions (1.e., three different pairs of the three biases) were developed from the joint
distributions of all three biases. The marginal likelihood functions for the individual biases are
given in Figure 5-2(b). These were developed using the joint distributions of the three pairs of
biases. The joint and marginal ltkelihood functions for the platforms under the survival category
are given in Figures E-1, E-3, and E-4 1n Appendix E.

The joint and marginal posterior distributions for platform ST151K are given in Figures Figure E-
2(a) to E-2(c). The mean values of the bias factors shuft to 1.33, 1.15, and 1.40 for B,, By, and Bg,
respectively. The COVs reduce from 0.3 to 0.16 to 0.21,

The joint and marginal distributions of each bias factor, including the effect of all three survival
platforms, are given in Figures 5-3(a) to 5-3(c). The mean values shift to 1.35, 1.19 and 1.41 for
By, Ba, and Bg,, respectively. The posterior COVs range from 0.16 to 0.20. These results indicate
that the contributions of the ST130Q and WD103A platforms are marginal as compared to the
contribution of STI51K.

Damage Cases (Table 5-2):

The joint likehhood functions for all three damaged platforms are provided in Figure 5-4(a) The
marginal likelihood functions for the individual biases are given in Figure 5-4(b). The joint and
marginal likelihood functions for the individual platforms under the damage category are given in
Figures E-5, E-7, and E-8 in Append:ix E.

The joint and marginal posterior distributions for platform ST51J are given in Figures E-6(a) to E-
6(c) The mean values of the factors shuft to 1.02, 1.12, and 1.43 for B,, By, and By, respectively.
The COVs reduce from 0.3 to 0.18 to 0.22.

The jomnt and marginal dsstributions of each bias factor, including the effect of all three damaged
cases, are given in Figures 5-5(a) to 5-5(c) The mean values shift to 1.00, 1.13 and 1.46 for B,, Ba,
and Bg, respectively. The posterior COVs range from 0.17 to 0.21. These results indicate that,
among the damaged cases, no single platform has a dominating effect on the bias factors for the

group.
Fail atforms le 5-3):

The joint and marginal likelihood functions for all three failure cases are given in Figures 5-6(a)
and 5-6(b). The joint and marginal hikelihood functions for individual platforms under the failure
category are given in Figures E-9, E-10, and E-12 in Appendix E.
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The joint and marginal posterior distributions for platform ST130A are given in Figures E-11(a) to
E-11(c). The mean values of the bias factors shift to 0.86, 1.18, and 1.37 for B,, By, and By,
respectively. The COVs reduce from 03 to 0.21 to 0.22.

The joint and marginal distributions of each bias factor, including the effect of all three failure
cases, are given in Figures 5-7(a) to 5-7(c). The mean values shift to 0 80, 1.17 and 1.38 for B, Bs,
and Bg, respectively. The posterior COVs range from 0.19 to 0.21. These results indicate that,
among the failure cases, platform ST130A provides more information about B, and By

ect e ket Pla a -4

The joint hikelthood functions resulting from the combmation of all nine platforms (survival,
damage, and failure cases) are given in Figure 5-8(a). The margmnal hikelihood functions for the
individual biases are given in Figure 5-8(b) The joint and marginal distributions, including the
contribution from all platforms, are given in Figures 5-9(a) to 5-9(c). The following posterior
distibutions of bias factors were obtained using the joint hikelihood function for all 9 platforms

Jacket structure (B,) Mean=1.10, COV=0.13
Foundation lateral (Bg) Mean=132, COV=0.17
Foundation axial (Bg,) Mean=1.54, COV=0.15

The posterior esumate for B, based on the failure cases was 0.8, The posterior estimate for B, was
1.35 when only survivals were considered. These values are significantly different than the final
value of 1.1 which indicates the degree of unexpectedness of observed failure and survival events.
The bias factors for three categories do not vary nearly as much for the foundation lateral (1.13 to
1.19) and foundation axial (1.38 to 1.46) cases. The correlation between the jacket structure and
foundation bias factors is very low for the survival platforms Higher correlation was found
between the jacket and foundation lateral bias factors for the damage and failure cases.

Effe f Cais atf

The likehihood functions were also developed for three caisson platforms each of which were
damaged during Andrew. The caissons were considered for this sensitivity study due to similarities
1n their lateral foundation behavior with the jacket platforms and due to the lack of availability of
any jacket platform with observable foundation damage.

The calibration conditions given in Table 5-5 were used. The posterior distribution of By (mean of
1.32 and COV of 0.17) changed to a distnbution with a mean of 1.10 and COV of 0.15 due to the
inclusion of the three caissons. The caissons (all under observed failure category) were found to
reduce the mean estimate of the posterior of By by 17 percent.

The contribution from caissons should be considered with caution due to differences in the
characteristics and behavior of jackets and caissons including:
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e Dufferences in pilehead fixity.

¢ Differences in the failure modes: In case of a jacket platform, the ultimate lateral failure mode
would be due to the formation of fully plastic sections (hinges) at two levels in several piles
(near the mudline and at some depth below). In case of caissons, the failure mode is due to
formation of a single fully plastic section.

¢ Differences in loads: Jacket wave load is affected by several factors that do not affect caissons,
such as conductor shielding factor, and current blockage factor. Therefore, the contributions
from loading effects to the bias factor would vary for the two systems.

This bias factor does demonstrate the hkely trend for the shaft in the jacket foundation (lateral) bias
factor, if platforms with observed foundation damage were added to the calibration.

552 Development of a Single Bias Factor

A single bias factor was determined to assess the effect of various changes from the Phase I study
(e.g., hindcast and recipe) Table 5-6 presents a summary of the input data and results of this
analysis. It includes the hindcast maximum base shear, base case load levels for selected response
conditions, and the calibration conditions for all nine platforms.

The mean values of the bias factors were estimated as 1.37, 1.06 and 0.90 for the survival, damage,
and failure categories respectively. An overall bias factor was determined with a mean of 1.15 and
COV of 0.13. This compares with a mean of 1.19 and COV of 0.11 from Phase 1. The posterior
dustributions for the three individual categories and for the combined case are given in Figure 5-10.

The single bias factor using the Phase II capacity analysis results and improved calibration
conditions is marginally lower than the Phase I value This change is due to the following factors:

® New hindcast (which provided generally lower seastate data) - The new hindcast provided
wave heights that were 15 to 37 percent lower than the Phase I estimates. This lowers the
mean value of B.

e Updated capacity analysis recipe - The mean capacity of the K-joints have generally
increased, based on the new recipe, which has increased the capacity estimates. This lowers
the mean value of B.

® Additional soil data - The soil reports obtamned for 2 majonity of the platforms established
shear strengths lower than those used for Phase I (which were based on ST151 data) This
increases the mean value of B. The effect of improved soil information on the bias factor will
be significant for platforms that were controlled by foundation failures.

® More precise calibration conditions - The primary change in the new cahbration conditions is
due to additional inspection information and treatment of the survival cases as having no
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damage. This led to calibration at lower capacity levels than used in Phase I. Ths increases
the mean value of B,

The combined effect of all these changes have lead to a marginal reduction in the single (system)
bias factor from Phase I.

$5.5.3 Sensitivity of Alternative Interpretation of Failure Cases

The sensitivity of the bias factors resulting from alternative interpretations of the field
observations for two failed platforms was determined. The alternative interpretation considered
was that the observed jacket damage were instigated by initial inelastic events in the foundation
(1 ., the failure in foundation occurred first)

In thus cahibration task the initial damage to the foundation was assumed to be hinging or pullout
of a pile. The following calibration conditions describe this interpretation:

¢ Initial damage occurred in the foundation. The actual applied Andrew level of load was
higher than the load level required to cause jnitial damage to the foundation.

® Jacket capacity was higher than the capacity (load) level at jnitial foundation failure.

The following conditions are identified for platforms ST151H and ST130A:

Platform ST15]H: S> 3,240 by, and 2,680 by > 3,240 by,.
Platform ST]130A: S> 1,620 bg and 2,000 b,> 1,620 by

P¢ = P [foundation damaged | (load at first event in the jacket > Joad at first event in the
foundation)] x P [(load at first event in the jacket > load at first event in the
foundation)]

= [P {S> (ba Ra1 or b Rear) I (ba Ray or by Raar) < by Ryp)) nourt U
{S > (ba R or b Rat) | (ba Ra; or b Rear) <b; Ryp)} our2] X
P [(ba R or by Re) < by Ry)] [5-28]
The conditioning event is similar to the known failure cases in Eq. 5-24 (Section 5.5.1).
The following procedure was used to determine the varation in the posterior bias factors-

® Rehability analysis was performed for the two platforms for both the stronger foundation
(Section 5.5.1 approach) and weaker foundation (Section 5.5.3 approach) cases.
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¢ The minimum of the two foundation capacities and corresponding COVs were used in the
sensitivity analysis. This was based on a review of the lateral and axial foundation capacities
for the ST151H and ST130A platforms. In case of ST151H, the lateral load at pullout of first
pile was cahibrated. For ST130A, the lateral load level at hinging of first pile section was
calibrated.

® The postenior hkehhood functions for B’j‘and B’t (assumed equal to B’g) for the other seven
platforms were assumed to be unchanged (i e , values as shown in Section 5.5. 1).

® The posterior bias factors (B, and By) were determined for both cases: foundation stronger
than the jacket and foundation weaker than the jacket.

The joint likelihood functions for the two biases (jacket and foundation) for two cases (original
interpretation as in Section 5.5.1 and alternative interpretation as in this section) are given in
Figures 5-11(a) and 5-12(a) for platforms ST151H and ST130A, respectively. The marginal
likelihood functions for two biases for both platforms are given in Figures 5-11(b) and 5-12(b).

The posterior distnbutions of the bias factors were obtained assuming normal prior distributions
with mean values of 1.0 and COVs of 0.3. The posterior distributions were determined, for both
B, and By separately, for the following cases:

® Seven platforms (without ST151H and ST130A)

Jacket, B’; Mean = 1.15; COV =0.13
Foundation, B’¢ (=B’s) Mean = 1.24; COV =0.18

¢ Nine platforms and calibration conditions for ST151H and ST130A as in Section 5.5.1 (ie.,
foundation assumed to be stronger than the jacket):

Jacket, B, Mean = 1.10; COV = 0.13
Foundation, By (=Bg) Mean = 1.32; COV =0.17

¢ Nine platforms and calibration conditions for ST151H and ST130A as in this section (e,
foundation assumed to be weaker than the jacket):

Jacket, B, Mean=1.17,COV=012
Foundation, B¢ Mean=1.15; COV=0.17

This analysis indicated that a moderate change in the bias factors would occur if the foundation
were assumed to fail. The jacket bias factor (B;) would increase by 6 percent from 1.10 to 1.17
and the foundation bias factor (B¢} would reduce by 13 percent from 1.32 to 1.15
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5.5.4 Sensitivity of Prior of B’s

A sensitivity study performed during Phase I indicated that the posterior distribution of B is
relatively insensitive to the COV of the prior.

In this study, the prior distributions of B, and By were assumed with a mean of 1.0 and a COV of
0.3. The pnior of By, (for axial pile capacity) was assumed with a mean of 1.3 and a COV of 0.3. A
sensitivity study was performed to assess the effect of change in the prior distribution on the
posterior distnbution of each bias factor. The mean and COV values of the prior distributions
were varied individually.

The COV:s of the priors were assigned values of 0.2, 0.3, and 04. The results given in Table 5-7
indicate that the mean and COV values of the posterior distributions are insensitive to variations 1n
the COV except for By in Case B. The mean of By becomes 1,20 and 1.40 when COV of prior of
Ba is varied to 0.2 and 0 4, respectively.

The mean values of the priors of the three bias factors were varied individually. B, was varied from
1.0 to 1.2. Bq was varied from 1.0 to 1.3. By was varied from 1.3 to 1.5. The mean and COV
values of the postenor distributions of bias factors were found to be insensitive to the variations in
the mean values of the priors, except for Bg in Case B (sce Table 5-7). The mean of posterior of By
changes form 1.32 to 1.45 due to variation in the mean of prior of B from 1.0 to 1.3,

These results indicate that variations in prior distributions of bias factors have a mnor effect on
their posterior distributions.

555 Example Application of Bias Factors

The bias factors established in Section 5.5.1 represent biases in the estimate of the ratio of ultimate
capacity to maximum environmental load (R./ S) and can be used to update the safety index or
probability of failure for a platform. The distributions of the bias factors represent modeling errors,
or Type-II uncertainties, due to various assumptions and simplifications in the analysis procedures
followed.

The following steps describe the procedure used to incorporate these bias factors in the calculation
of the annual probability of failure of a sample platform. Platform ST151K was used as the
example with an assumed distribution of annual maximum seastate. The specific data and results
of this example are provided to illustrate the process and are not intended to be used for other
applications.

Step 1: Establish Annual Maximum Scastate Data

The distnbution of annual maximum significant wave height, H,, and associated current and wind
magnitudes are needed for different directions that may be significant to the platform The example
platform is located in the Gulf of Mexico in water depth of 137 ft. The annual maximum
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significant wave height was assumed to have a log-normal distribution with a medan of 17.5 ft. and
a COV of 0.314. A 4 ft. storm tide was assumed. This distribution is assurned to be apphcable to
the omni-directional wave height. It is assumed that the storm duration is 3 hours which is
equivalent to approximately 800 waves. The associated current was assumed to have a mean value
of 2.1 knots with a COV of 0.15.

Platform specific seastate data was developed considering the onentation of the platform and storm
approach directions based on the API RP 2A, Section 2.3.4 guidelines. Analysis was completed for
only the diagonal direction as the capacity analysis results were not available for other directions.
In a complete application it could be necessary to determune the failure probabilities for three or
more directions. The median value of the current was determined as 0.88 kt for the chagonal
direction The rate of storm occurrence in this direction was assumed as 1.0.

Step 2: Determine Base Shear Coefficients

The Cy, C;, Cs, C4 coefficients are required to define the base shear for a range of wave heights and
currents. The coefficients determined for this platform (ST151K) in this study were used.

Step 3: Determine Ultimate Capacity of Platform

The ultimate capacity of the platform was defined for the Case-1, Case-2, and Case-3 variations.
The ultrnate capacities for this platform were 3,880 kips for jacket structure failure: 4,400 kips for
the lateral foundation failure; and 4,000 kips for the axial foundation failure.

Step 4: Determine Failure Probability versus bias factors

The failure probability of the platform is determined for each condition where the assessment load
level was found to be higher than the ultimate capacity for any of the three cases (Case-1, Case-2, or
Case-3). The conditional probability of failure for given values of b, b, and by, is obtained 1n the
following way:

Pr =P{(S>hR)U (S>baRa)U (S>bgRa)} | (by, ba, b)) {5-29]

The probabilities of failure were determined for a range of b values. The mean values of H, and
current noted in Step 1 were used. A log-normal distribution was assumed for the “error” in H,
with a mean of 1.0 and COV of 0.314 (based upon the previously noted Gulf of Mexico data). The
Fornstall distribution was assumed for the individual wave heights. The dustributions of capacity,
error in base shear and error in current were used as given in Section 5 4.

Step 5: in babilities of Fail

The probability of failures (P;) were determined for three cases to illustrate the varations in mean
and COV values of P; due to the updating process The three cases evaluated are jdentified as
follows:
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® The probability of failure, Py, without including the modeling uncertainties
¢ The probability of failure, P¢’, including the prior distributions of the Bs
® The posterior probability of failure, P¢”, including the posterior distributions of the Bs

The first case represents the probability of failure determined using the conventional procedure.
The second case reflects the effect of including modeling uncertainties The third case reflects the
effect of including the improvements in the modeling uncertainties obtained from the Andrew
experience

The formulations for the three quantities for a specific direction of the platform are given as
follows:

Pt =P[(S>R)U (S>Rgu (S>Rp) ) [5-30]

P =[Pl (S>bR)U (§>baRa) U (S>baRa) } (by, by, bg)]
£ (b, ba, ba) db, dbg dbs [5-31)

Pt = [P[{(S>BR)U (S>baRe) U (S>baRy) I (b, by, be)]
’s (b, by, bg) db, dbg dbg, " [5-32]
where

P[S > R] represents the probability of failure for given S and R distributions.

P[S > bR | b] represents the conditional probability of failure given b, (i.e, the vanation of
probabilities of failure for different fixed values of b).

f'(b) represents the prior distributions of the Bs assumed in this study.
f"(b) represents the posterior distribution of the Bs established in this study that reflect the
updating of the modeling uncertainties in the capacity analysis recipe and procedures from Andrew

expenence.

The following annual probabilities of fallure were obtained for the three cases using FORM
analysis. Again, these results are based on a single wave direction.
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Section 5 Calibration

P = 0.014 (without modeling uncertainties)
P = 0019 (with pnior B)
P” = 0.009 (with posterior B)

The following observations are made from these results:

® The probability of failure (P’) defined with prior distribution of B (1.e., including (unbiased)
modeling uncertanties) will always be higher than the “simple™ probabulity of failure (Py).

® In this case, the postenior value, Py”, is lower than the simple value, P;. The primary reason for
this 1s that the posterior mean is greater than 1. The posterior COV of the Bs is small and has
little effect compared to the random variabilities (e.g., in the annual H; value or in the Cy
coefficient).
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Figure 5-11(a): Joint Likelihood Functions (ST151H Platform) —
Effect of Different Failure Interpretations
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Figure 5-12(a): Joint Likelihood Functions (ST130A Platform) —
Effect of Different Failure Interpretations
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Section 6
Conclusion and Recommendations

ENCINEEAING

Thus study provides information that improves the understanding of biases that are inherent in the
current state-of-the-practice platform assessment process. These results can be used to improve the
defimtion of failure probability of specific platforms as part of fitness-for-pupose evaluations. The
primary conclusions relating to each of the major elements of the study are presented in the
following sections.

6.1 CAPACITY ASSESSMENT

An improved capacity analysis procedure was developed through case studies and was tested on
nine steel jacket platforms. In addition to general improvements in the recipe, specific
improvements in the analyses of the selected platforms (as compared to the Phase I study) were
gained through additional information (such as new hindcast data, site-specific soil information,
confirmation of platform damage from new inspections and salvage of platforms). This
improvement reduced the uncertainties in the predictions of platform behavior during Andrew. The
resulting structural analyses were found to match very closely with the post Andrew inspections.

The improved predictions of the platforms behavior during Andrew were realized due to the
following key factors:

® General reduction in the Andrew load level estimates using the new hindcast
® Explicit jount strength and stiffness modeling

® Realization of significant differences in the biases in the strength characterizations for the
pile/soil and jacket elements

A set of four analyses were completed for each platform to determine the uncoupled estimates of
capacity based on possible failures of the jacket and foundation (lateral and axial). These analyses
were performed to eliminate the effects of uncertainties associated with the complement parts of the
platform (e.g., the effect of foundation uncertainty on the estimate of jacket strength). This set of
capacity analyses improved the understanding of the platform behavior specifically with respect to
the interaction of damage predictions in one part of the platform on the other parts. It also
improved the understanding of the effects of vanous parameters on ultimate capacity.

In some cases these estimates provided reasons for the differences between predictions and
observations. For example, the Case-2 (lateral foundation) analys:s predicted pile hunging for only
two platforms The Case-3 (axial foundation) analysis predicted pullout/plunging of multiple piles
for only two platforms. This is a significant change from the predictions in Phase I where much
more foundation damage was predicted.

The analysis predicted very small lateral and axial pilehead displacements even after full plasticity
of several piles or following pile/soil axial failure. This amount of deformation is considered to be
too small to be observable by conventional inspection methods. This implies that some
modification to some of the platform observation classifications could be made if more detailed
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information were available regarding pile response. These results indicate that the predictions of
pile lateral capacity may not be overly conservative.

Analysis to determine “failure mode specific” capacity estumates help to identify areas of strengths
and weaknesses which is beneficial in developing cost effective mitigation measures that may be
required to meet the new API RP 2A, Section 17 guidelines. In some cases, mitigation measures
based on minimal, or simplistic, analysis could be too costly or even counter productive,

The number of analyses could be further increased to more accurately define behavior and
differentiate the effects of biases within the various elements of a jacket, (e.g , braces, joints, jacket
legs). In many cases, information on the state of a platform is limited and gross assumptions are
necessary which may influence the analytical results and recommendation. Further investigation of
the effects of such assumptions could have a dramatic effect on the results of the assessment,

6.2 CALIBRATION

A calibration process was developed to determne multiple bias factors, applicable to both the
jacket structure and its foundation, using mode specific capacity predictions.

Bias Factors

Buas factors were computed for the jacket structure (B)), foundation lateral (By), and foundation
axial (Bg) as 1.1, 1.3 and 1.5, respectively. These results confirm the expectation that the
formulation of foundation capacity is more conservative than that of the jacket structure. The
estimate of the mean value of B, (1.1) is lower than the overall (system) bias factor determined
during the Phase I [1, 4]. The Phase I bias factor was not applicable to a specific fallure mode
(jacket structure or foundation). The mean value of By is the same as the uncoupled bias factor of
1.3 determined in the API/MMS Foundation Study [5]. The mean of Bg, (1.5) is lower than the
uncoupled bras factor of 1.7 determined in the APYMMS Foundation Study. These results indicate
a level of consistency in the evolution of the cahbration through the three studies and a
confirmation of a level of conservatism in the assessment process

Uncertainties Model

The bias factors determined are related to the capacity analysis procedures and the relability
analysis model followed. Studies were performed that indicated that the final bias factors are
generally insensitive to variations in the random variables (e.g., COVs of R, U, Ty) and prior bias
distnbutions. Vanation of these quantities may have a more prominent effect on the likelihood
functions but the effect on bias factor is diminished due to multplication of the prior
distributions and due to the combination of platforms.

The reliability model is consistent with the current industry practice in wave force formulation,
however, new information regarding wave force variability suggests the possibility of a new
model. The data gathered for Exxon's ocean test structure [40] indicated variability in the

Andrew JIP - Phase I, Final Report January 1996
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relationship between individual wave height and base shear. This variabihty was found to be
significant (20 to 25 percent), which is generally treated as the drag coefficient (force) variability,
More recently some researchers have suggested that the variability 1n the maximum base shear 1n
a scastate may be consistent with the variability 1n maximum wave height. An alternative
reliability model could be developed to consider the different approach for wave force variability.

The effects of the assumptions regarding correlation among various random variables was not
evaluated in this study. Further work is needed to address this issue.

Application of Bias Factors

The bias factors represent errors associated with modehing of the loading and response. These
factors are applicable to the overall safety factor (resistance divided by loading effects) for
platforms during extreme hurricane loading The fact that all of the bias factors exceed unity
indicates that the procedures used in ths study for the sample of structures, are somewhat
conservative. The analysis has predicted more damage and failure than was actually observed. The
results should be considered as evidence supporting the use of the analysis procedures developed by
industry in that they appear to be somewhat conservative overall. It 1s not recommended that the
calculated bias factors be applied to individual platforms in any assessment since they were derived
from a small sample of platforms. Also, the individual platform bias factors ranged from 0.86 to
1.32 for jacket structure capacity, from 1.05 to 1.18 for foundation lateral capacity, and from 1.35 to
1.44 for foundation axial capacity indicating that the application of a single average bias factor on
an individual platform may not be appropriate.

These bias factors have provided a better appreciation of the uncertainties and biases that affect
reliability analysis. The API and the regulatory bodies can use the results in the development of
guidelines and criteria for platform assessment. With good engineening judgment, the results can
be applied in probability based requalification of steel jacket platforms that are similar to the
sample investigated. These factors may be considered in determination of the average failure
probability estimates and in the economic risk and cost-benefit stucies for a fleet of platforms. The
proper use of this data could help in establishing more appropriate mitigation needs for a platform
for its survivability against large storms. It is recommended that these results not be used as the
basis for new design, however, they may be useful in sensitivity studzes.

However, these results should not be used for new construction because the cost penalties for not
using it are small.

6.3 RECOMMENDATIONS

Now that the procedure for analysis, cahbration, and Bayesian updating is set-up, it will be
relatively easy to include additional data as they become available. The definition of these bias
factors can be further improved as additional cases are included 1n the calibration. In particular,
structures that have experienced extreme loading provide very useful information to support the
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calibration. This improvement can come both in the form of refinement to the current bras factors
and in the development of bias factors that can be used more directly within the analysis. This
could include, for example, bias factors specifically for joints, braces, and piles.

Further improvement in the process can be achieved through the following specific
recommendations:

1) Further Improvement of Capacity Analysis Procedures

® Investigate additional platforms to determine the differences in the uncoupled capacity
estimates for the jacket structure and its foundation. It would be preferable to include platforms
with structural configurations different than those used in this study.,

¢  Additional information is needed regarding the strength and stiffness of jomts specifically with

physical properties characteristic of those on older platforms.
2) vemen: e Bi t

® Include additional platforms in the sample such as those loaded by more recent (1.e. Opal) and
future hurnicanes. Platforms expenencing foundation damage would be most useful

® Performing a similar study using platforms from another region For example, & large number
of platforms affected by Hurricane Roxanne in the Bay of Campeche could provide sigmficant
information useful to the calibration.

¢ Investgate the sensitivity of bias factors due to differences in the consideration of uncertamnties.

* The effect of considering the wave force variability associated with only the largest wave in
a storm, 1nstead of the wave-to-wave wave force variability considered in this phase.

* The effect of considering correlations (dependence) in wave-to-wave variabilities in H and
&, hour-to-hour uncertainties 1n H, and U, site-to-site uncertainties in H; and U, and
platform-to-platform uncertainties in capacities.

3) Further vem hiabi is

¢ Estimate the annual probability of failure for all platforms investigated in this study to get a
better understanding of the implication of the process on platform safety decisions.

® Develop a white paper on various approaches used by the offshore industry to determine the
annual failure probability. A study comparing the different approaches for selected platforms
may lead to an improved procedure.

Andrew JIP - Phase II, Final Report January 1996
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Appendix A PMB
Platform Details 7
The following platform specific information is provided:
¢  Platform onentation and storm approach direction
¢  Structural details - vertical framing and sizes
- key pile information
¢ Structural damage information, where applicable
e Soil shear strength profiles
¢ Hindcast data at platform locations
Andrew JIP - Phase II, Final Report January 1996
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Appendix B
Capacity Analysis Recipe

ENQINAERING

The key item of the recipe used in this project were discussed in Section 2.1. The additional details
of the recipe followed in the project are primarily based on the API RP 2A, 20th Edition A
summary of the criteria used for evaluation of loads on and resistance of platforms is presented in
the following sub-sections

B-1: LOAD ESTIMATE
Loads on the platform were evaluated using the guidelines in the 20th Edition of API-RP-2A [3].

Gravity
a. Structural Framing

Material Weight: Steel: 0.4905 kips/ft®
Grout: 0.137 kips/ft® (dry weight)

Flooded Members* All main legs, skirt legs and casings were considered
flooded, unless otherwise identified for a platform.

Buoyant Members: All jacket members except legs, skirt legs, casings,
conductors considered buoyant, unless noted otherwise.

Marine Growth: 0.075 kips/ ft* (dry weight of hard marine growth)

b. Deck Loads

Specific equipment weight: Dead loads

Distributed loading: 25 % of live load during hurricane. Equipment Joads which
are applicable during hurricane loading were considered. No
detailed distribution of equipment loads were considered.

Wind

R

Wind associated with the burricane wave height dunng specific hour were considered in
evaluation of the total wind loads on the deck equipment and structure,

e

Wind speed: per 1994 hindcast [13].
¢. Wind loads: per API RP 2A formulation, Eqn. 2.3.2.8

d. Shape coefficients: per APIRP 2A Section 2.3.2 (¢)
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Appendix B Capacity Analysis Recipe

ANSINELRING

Vi

Shielding coefficient: per API Section 2.3.2 (f)

Waves
a. Waveheight: per 1994 hindcast [13].

b. Wave period: per 1994 hindcast [13]

The wave periods associated with the individual wave heights were computed based on a
wave steepness of 1/13.

Storm surge plus tide: per 1992 hindcast [12], as advised by Oceanweather.
Wave drections: per 1994 hindcast [13].
Wave loads per Morrison equation w/ API RP 2A corrections

Stream function profile and kinemanics: Stream function wave theory [26] of 3rd order was
used for intermediate and deep water locations. In case of shallower water depths, higher order
of Stream Function theory was used in accordance with Fig. 2.3.1-3 of API RP 2A, 20th
Edition.

Wave kinemancs correction factor: 'Wave kinematics correction factor of 0.88 was used to
account for wave directional spreading and irregular sea effects

Combined wave/current kinematics: Wave kinematics adjusted for directional spreading and
irregular seas were combined vectorially with the stretched current profile.

Marine Growth: In cases where actual marine growth profiles were not available from
inspections, the general profile given in Section 2.3.4.d of API RP 2A, 20th Edition for the
Gulf of Mexico was used.

Elevation ne nch
Above MHHW none
MHHW to (-)150' 1.5 inch thuck
Below (-)150' none

Drag (Cd) and Inertia (Cm) Coefficients For unshielded circular cylinders with K-C number
(=UT/D) more than 30, the following coefficients were used

Type cd Cm
smooth 0.65 16
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Appendix B Capacity Analysis Recipe

rough 1.05 1.2

Conductor Shielding Factor: Wave force reduction factor in accordance with Figure. 2.3.1.4
of APIRP 2A, 20th Edition were applied to the drag and inertia coefficients for closely spaced
conductor arrays.

Appurtenances: Jacket appurtenances include boat landings, fenders or bumpers, walkways,
stairways, grout lines, and anodes. The hydrodynamic loads on only major appurtenances mn
the wave zone such as boat landings, fenders and bumpers was determined

Currents (with waves)

a. Surface velocity

Hindcast: per 1994 hindcast [13].
Variation with depth: per APIRP 2A, 20th Edition
Current Profile: the "free field" current profile was used.

b. Current direction: per 1994 hindcast [13).
The current speed inline with the maximum wave was used.

¢. Current blockage factor: The blockage factor in the direction analyzed was obtaned from
Section 2.3.1.b-4 of API RP 2A, 20th Ediwon. The effective local current profile was
determined by multiplying the free field current profile with the current blockage factor.

d. Current profile stretching: The current profile was stretched to the local wave surface by
vertical stretching in case of slab current or by linear stretching for other current profiles, as per
Section 2.3.1.b-5 of APIRP 2A, 20th Edition.

Wave in Deck

a. Incases where waves impact the deck, the simphified procedure developed by API Task Group
92-5, given in the Draft Section 17 (April 20, 1994 version) was used.

b Variable pushover load patterns were used for cases where deck inundation occurred.
B-2: RESISTANCE ESTIMATE

Deck

a. Matenal classification per operator

Andrew JIP - Phase I, Final Report January 1996
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Appendix B Capacity Analysis Recipe

@ Most of the platforms were fabricated using steel with a 36 ksi nominal yield strength
Participants voted on using a yield strength of 42 ksi for these cases to account for the
difference between nomunal and mean yield strength and to account for the increase in strength
due to strain rate effects (rapid loading in storms) [14]. The mull certificate or field test data
was used, when available.

b. Primary members only: The pnimary members (deck legs, deck girders and deck trusses) were
modeled in detail and the secondary members were represented by equivalent sections to
simulate load paths. Secondary members such as deck beams and stringers, plating or grating,
and cantilever support framing were represented by X-braces to transfer load between deck
legs and deck girders.

c. Nonlnear elements: Deck legs were modeled as non-linear beam columns.

d. Linear elements: Deck braces, deck girders, and deck trusses were modeled as linear beam
elements, unless their fallure were apparent. Equivalent braces for secondary members were
modeled as linear beam elements.

Jacket
a. Material classification per operator

@ Mean yield strength used (42 ksi for 36 ksi steel), see discussion under Deck (a). Mill
certificates or field test data were used, where available

b. Legs/Piles
Element Type: Modeled as nonlinear beam/columns
Effective length factor (k) per API-RP-2A. k=1.0

Leg/pile annulus grouted: Composite leg/ pile section properties were used. Equivalent
section properties (A, I) were evaluated to account for steel sections of leg and pile, as well as
the marginal effect of leg can sections (if provided). The material properties were based on the
main leg sections and piles. In case leg and pile actual yield strengths differed, the lower
values were used or an equivalent value was determined.

Leg/pile annulus ungrouted: Explicit leg and pile with shims were used. Equivalent section
propertics (A, I) for the legs were evaluated to account for the marginal increase in leg
properties due to leg can sections (if deemed appropriate),

O
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Appendix B Capacity Analysts Recipe

C.

Braces

Element Type: The braces were modeled using Struts, Beam Columns or with a new “Fiber
Element.” The diagonal braces (leg-to-leg) were modeled as Marshall Struts. The K-braces
(or K-joints braces) were modeled using a Fiber Element (a modified beam column element
to include the joint capacity/stiffness information) in all instances where the jomnt capacity
governed joint/brace strength. The horizontal braces near the mudline and waterline were
checked for the axial vs. flexural behavior dominance and, in general, were modeled with
beam columns.

Allowable Capacity. The brace capacity was defined by Equation D.2.2-2 of API RP 2A,
LRFD [15].

Effective length factor, (k) Section 17 does not recommend values of k (the effective length
factor) for use in ultimate capacity analysis. Recent tests and analytical studies [16,17,18] have
indicated the appropriate values of “k”, without factors of safety, are 0.5 for X- braces, 0.55 to
0.65 for diagonal braces (depending upon end fixity) and 0.65 for K- braces.

An cffective length factor of 0.65 was used for "k" and "diagonal” braces. The length was
taken as node-to-node distance (not face-to-face of the leg) An effective length factor of 0.55
was used for “X” braces with the member length taken as one-half the longest segment
length(i.e. out-of-plane buckling is not considered due to the compensating effect of the
tension brace).

Joints: The capacity of braces and their connections were evaluated based on conservative joint
capacity formula (i, API RP 2A) and prior expenence. An explicit joint model was
developed in all instances where the joint strength was determined to control. Joint strength
and load-deformation formulations, (P-5) and (M-8), were developed for these joints by MSL
Engineering Section 2 2 includes further details on joint modeling These formulas were used
to define the properties of the corresponding beam-column and fiber element models.

Grouted joint. The API RP 2A equations for joint capacity were used, without safety factors,
and with an equivalent thickness for the leg representing strength of the composite section
(leg/pile) [19]

Secondary Members

The primary members of jacket launch trusses were modeled. The conductor guide framings
were modeled by equivalent members to represent Joad path for load transfer between primary
jacket frame members. The strengths of other secondary members and appurtenances were
ignored
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Appendix B Capacity Analysis Recipe

oundation

a. Soil Shear Strength. Shear strength profiles were developed based on comparison of the

following profiles:

* Based on Strength Ratio (S.,Iov') of 0.23 and assuming an over consolidation ratio (OCR) of
1.0

* Miniature Vane (MV) tests on undisturbed samples
* Interpreted or Design shear strength profile from soil reports

In case of driven samples a modification factor of 1.2 was used to account for the effect of
sample disturbance if 1t was not already included in the soil report. In case of pushed samples
no modification factor was used

The soil shear strength data were based on available geotechnical reports in the same or nearby
blocks of platform locations

Explicit non-hnear pile-soil interaction: Non-linear pile-soil interaction curves per APIRP 2A.

Lateral Soi Capacity: The AIM projects [20] and other assessment-type studies have typically
used degraded soil-pile capacity to develop p-y nonlinear soil springs for pushover analysis.
Thisisbaseduponthcassumpﬂonthaxthesoilstrengthisdegradedattheumeofthepeak
wave due to cyclic action of other large waves during storm build-up. However, recent
laboratory tests by Exxon [21] indicated that, for pushover type analysis, the static lateral soil
strength is a better measure. Therefore, static p-y soil strength was used and was defined by
the API RP 2A formula.

d. Arial “1-z” Springs: Static soil strength (no degradation) per API RP2A were used.

c.

Pile axial capacity estimates per API RP 2A  are affected by loading (or strain) rate, cyclic
loading, reconsolidation (time effect), compressibility (pile length effect) and pile aging
effects The influence of these factors reported in the lterature was summarized in the
APVMMS foundation study [S]. The contnibution of these factors to the pile axial capacity 1s
uncertain and thus, in Phase IL a correction factor was not applied to the pile axial capacities

The cumulative effect of all of these factors will be reflected in the resulting foundation axial
bias factor

Mudmat effect. Mudmat effect was not included.

Conductors

Andrew JIP - Phase II, Final Report January 1996
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Appendix B Capacity Analysis Recipe

a. Conductors were modeled with linear beam elements. Conductors were modeled to move
freely in the vertical direction and to transfer lateral wave loads in orthogonal directions to the
jacket structure.

b. Conductors were always modeled to capture their wave load contnbution. The structural
resistance of the conductors, which increase the lateral load carrying capacity of the
foundation, were modeled only in instances where the conductors were guided at the mudhine
and initial analysis predicted 2 pile yield/hinge failure mode. The conductors were guided at
the mudlevel horizontal framing for only two platforms (WD103A, ST130A) and were
modeled for structural resistance in only ST130A.

Andrew JIP - Phase II, Final Report January 1996
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Appendix C
Joint Information

The following information is provided:

Summary tables with joint parameters

Structural configuration of jacket frames

Basic joint strengths provided by MSL

P-8 and M-8 plots for platform ST177B provided by MSL
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January 1996



i A

- - - - - deporo - 06 SLEO ¥l
LLs LLss | €82z | o060 6E £l 007 6t 8 £8r | 8€v0 8i 86¥ 0 (174 I 4eq wonog
68 P 608 | ss0Z | 001 95 11 00Z 0901 1is | scvo 8! 8E¥0 81 N Aeq pig
¥6 O s6zv | 0L6l | 001 886 002 Lol B ELD 9l 9% 0 9l 1 Aeq pug
$80c/£89Z | 894 [ oL6l | ool - - - £66L | 900 9l 90V 0 9l X Aeqdo]
HATHISTISUOonely
LS LLBS | SSOT | 00} X1 002 €0l 96r | 8t¥0 8l 8¢¥ 0 8l b Avq wonog
68 SY 505 | ssoz | 680 SLil 007 8LL 0s 8¢v 0 91 8P 0 81 b Aeq g
¥6 O 86Z¢ | 981 | 880 6101 007 oL Lis | scvo i 8EV 0 9l ] Aeqqy
SP St 8¢9t | 8661 | 160 88 007 £€L $TS | 90v0 | siel | sevo vi A Avq pag
90 1€ 8¥0t | 8651 | 160 $938 002 65 L 53 90¥0 | LT | sEvo 7] A Asq pug
oolisiol | 195 | 8651 | 001 - - - 61¥8 | 8e¥O ¥l 8V 0 T X Avqdoy
A OMSTISUNeg
" - - = - dzpaso - 06 SLEO ¥l
orls oLy | €82z | 060 LLEL 002 $8L $§9F | 8E¥O 8l 8E¥ 0 (174 I keq wonog
¥9 8% o£ss | ssoz | ool 0811 002 ¥¢ 0l £EL6¥ | 8E¥O 8l 8y 0 8l A Avq pug
2 o6Lir | oL6l | 001 666 007 1001 z¢s | 90v0 9l 90¥ 0 91 p] Aeq puz
ETIEivo | #9LS | oL6l | 001 - - - 86L | 9oto 9] 90r 0 91 X deqdog
TV ATST IS wdopeig
u v g puj Py sadip | pup | pw | oy | g
I 1 & g w0 : ? ) P L d il | wopmie]
Ppiua] | qBuay [swumn | weg | jupdapop | dep | apuacg | weqr | weg | sowg PpIogD { pioq) | gmpor yapof

geqjof 1) dqe],

©



8

-y wdepiang :z¢

songy depao oussog g RN
- - - - - - . 06 SLED vl (T#) 90vaq oI
£8 ¢S 9¢9 | €82T [ 060 9% €1 002 128 [T 8EY0 81 8¢ 0 0T | (€W i | 4equenog
SC 6F 9¢ $$0C | 001 F7AT 002 €701 LIOS | 8Ev0 81 V0 81 b1 Avq pig
9E LY ¥8r [ oL6l | 001 ¥66 007 8001 9¢s | 9oro 9i 90F 0 9[ A Avq puz
98 1£/939T | 2L8C | oL6I | 001 - - - 9808 [ sovo 91 90F 0 91 X ABq 00],
Y LT IS UOofwy
- - - - - - 4] 06 BEFO ¥l (1#) 30%aq oI A
€5 LE LIS [ ssoz | oot wrl [Ty 74 s9t6s | 50 81 8E¥ 0 81 (€#) 1M | Aequonog
£¢ Ly §s0C | 001 SFEl 60¢S i r S0 81 8E¥0 8l X AeqIppip
STLE 13 ssoz | oot £9 71 oFp ] Epsy | LE60 81 8Er0 81 ] Aeqdoj
T STL - 60155 WOl |
- - - - - - Tl 06 8E¥0 ¥l
op 8¢ Lies | ssoz | o001 81 ¥l 9S LT 74 ¥ 65 Y1) T 8E¥0 8t IX Keq wonog
L19€ 8oLy | ssoz | o001 TEel 0T 3 sty ) 81 8E¥ 0 81 1 A8q PPN
66 €€ T} $$0z | 001 €Sl [T} z 65F | LE6O ] SE¥0 ! ] Asqdo],
e - = |
88 CF 9¢s | L06T | 080 11 €1 007 W09 Lér | sigo 91 ) o 1 Avq wopog
T2 s 2 0005 | €£1Z [ 001 $i 01 007 086 s SLE0 91 SLED 91 N Avq pig
10¢y cesy | eg1z | 001 €86 [} ¥z ol Sy | SLEO 9 $LE0 91 b feqpuz
£8 97 opss | ec1z | o001 - - - 6€8L | Sit0 91 SLEO [T] X Aeqdor
D VorT IS unofey
y N L] Py pay Wdp | puy | puy | pu | py
| 1 A d yeg0 3 ? ’ P L a adiy L g |
Plor] | plury (vummn | weg | medpop | den | Oppmssog | megg | sowg g | proy) | pao)y | jumpor nop

Bjeq uof :z-D qe],

O



BRACE

WORK POINT
OFFSET _\

Notation for Tubular ,'loints'



ri TJoru I TorD K
:;:,f Ecbv &1’
D-x-1 —o
LY L
A=K " (;d L2
k=2 —p i . -
T L0 -fa;@ __l_ 2&7
W |
00
1 12
b
/5:2,\' o-938”% i
€37
[0 o @
10¢
@) ‘
k7o - 20"k o f 75"
A - 4 : PX o775 £2/00°
X
e
VA
A\
3}
_L 377
cA> -
PLAT o£rr — A (ST K)

éﬂwu& To FATLorrr- .D)



Btv. o’

DA

g

o730’

70!

4==l=- Loapin

277"

67,‘ }0

PLATEoery B (ST/308)




PLATFoker — (STISTH)

Jotny = Eebv. &1’ =3 LOAD/N G
N.
, o
D-x-1 —»
B2
W
D-K=-2 &P W * £) 267
- O ® |-
w
a1_0. 12
¢
D-K-3 —» /8°%Fx 0-938% e
(O ©
)
17
@, ‘
20 Gk 0 FI8* 27007
- *
Y
X
S
AN
A
377
£ 4
cAr -



EitviDo-o 4:I=—

TJosnt’ T I
E-X-1 ~——» )
)
‘ 12 4
&
E-K~2 —o /& “pr0-37¢" ()35’
O T
0.‘”
. af s
v
oy g 16 "px O-375 " “ 70’
Sk A N ORI AN >
S .
0
} >
\l N
O PO O
E -k —4 —a ZO7Px o347 .\ 05’
@ Y @
K/
*0
k|
17
- sg0”
-+ £9.33
CAP xel

PLaTros i — £ _(ST1304)

LOoAD/

2e”

“7



O

F-k-2

s L

e12'-97

~er’

|

CAP xel

PLAaTEoRAr — F (ST72-T21)

4&4@/”7
RN



ELEV. 210’ | [P XO- 438
‘ A E
0'0‘9} 3
1/ o
v —_— | e
Y SEVERED NEMBERS
woe cusmes, | 9 oFHEED AR
ELEV. -1’ 7| £ A33( /\ )
@ ® \
*D‘i =
CAH
@ \ N
SEVERED NENBERS
ON ROH 1 AND ROU 2
ELEV. =37 /] [BIxo438 [ |\ )
N N
4 -
0; S
£ ¥ 4
q R
\ Iy
gb
ELEV. -62°

JoiNT

H-K-1

H-KT-3,

PLATFoRMT - H ($S-/37 —72¢)




Ton?

7 x-1

TK-2

T-K-3

T-KF-4

/& Yox 0. 40& "
- «-’YY/)@ ELere!
: .
33t 3- v
& =) 267
10
£ &éq
33%xo0-57LE5s
anr.)
zal
gro.fu"rrvf )
ey £ie ) 1027
{
2¢'gx 08"
£. & /42’

)

73t 2g’ s,
A

prazroert-T (ST/ 774)




66 L 9t 6 s 91 591 - - ¥

66 L 9E 6 - - 89 6 T0 S1 £ » oid

LS el 18rl el - - 4

L1s LEL - - S6 L Ot 11 £ st

Ly 635 itvl 65 11 - - 4

Ll ¥ 68 ¢ - - 9L b5 01 £ i-d

et S0 r (44 LT ol - - 4

14 %3 90 b - - £8'9 ¥t 6 £ 13 1l

(484 SE € - - 809 - rRE X4

(Po£/LS D amiodlvia

w0t 6o - - - s @

l6s IE6 . - 4% ] 8911 ¥

16¢ lEé 8LS1 S6 £l - - £ rliv

8lL X3 ir 9l fg 9t - - r

8lL ¥E6 - . 996 £8 ¥l £ Ay

(18] $99 8r el s3Tl - - ¥

(131 99 - - 164 'l £ A

SLy rs . - 519 - L&A Xy

(Y /S7 LS/ vwioarrua
WRA/X ol wpelxx | by oN wopsIPRUIP]
Oy My *g wojsua]l | "g uojsual 24 dwmo) =g dwo) vy mpp
@ SHLONTULS £ OISYd




$ET 1€ ¥ - - - 8t 6 o
£85 606 - - LLe iLé 4
£8$ 606 ¥o 81 ¥0'8l - - € L4
619 ors - . L6 60¢1 4
619 org 86 51 0991 - - £ TAd
1213 06 L - - 138 [£%4] 4
£85 06L £0 51 66 €l - . £ o o
\.Nk. =22 25 awdoilvia
- - 8r 9l 6r 9l - 4
- - - - 99 6 66 ¥l £ Lo ' |
- - oL €l Liel - - 14
- - - - #0 8§ 16 11 £ 3|
- - 1141 LS ¥l - . ¥
. b - . §06 nﬂm [ € 40,
- - 011 - - & A i-X-3
m ¥ QMVH.W... D 1 WHO4LYTd
i 60 ¥ - - - 1.8 oS
§LS s06 - - 08 1184 L 4
§LS $06 ¥E §1 bt €1 - . £ r13q
oL 916 - . iré 19 /1 14
¥ L 91 6 $1 91 [4 3] - - £ £-3Ad
0§ 859 - - 8L FA 1] 4
20§ 85 9 £t £1 [4X4! - - £ -3-d
9[ b ¥ ¢ L6 01 - - rFe 1-Xd
m /7 /575D QWeodlvid
Wiol-A/X wjof-y wijof- jof-x oN uopsIupuP]
oey Ll ™| *quopsua] | *g uojsuay *q dwop *q dwo) amig jop




— e —

143 ] wsi g9l 6F 91 - - ¥

P 8 TL sl - - 99 6 66 ¥l £ Lab. ¥

irs (44 0L €l Ligl - - 4

¢S 9L - - 0 8 L6 11 £ [ 2

VL 96 £vsi LS ¥l - - ¥

9L 9T 6 - - $06 STEL £ TAd

sey €19 01l . - : XT3 XA

0§/ LS (CO9ATYD 1 WHodLvid
wupof-A7X oy wpof-Arx ol ON wopsIyRUIp]

oy Loty T *J uopsual | g uopsual *3 dwo) oJ dwo) aug mep




E&uﬁ&sﬂos%ansoa%suﬁeészetgsa._aﬁﬁéﬁsipgfssﬁu
"Y6dpy 4o sdpy Jo suLs uf sypSuans 3418 o) (15 U1 GIwans piaik paoyo) A4 £q pordninm aq o senjea [y (1)
TN
. Wt 60y . . - e @S
s 606 - - 43 ) il Y
s 606 st vy el - - 3 11
£iL 8T6 - . 096 8941 ¥
€L T6 9591 Si9l - . 3 [ Y
213 ¥%'9 - - $TS [T ¥
VS "9 0¥l 1L €1 - - £ TNt
Sty 6 S - . £l9 - rRe Xt
CF 227257 rwioavia
96T vy - - 9% ¥ 619 s
$98 STII ¥ 6l 6s £l - - ’
$9'8 STII - . il $ETL £ eLdH
618 $9 01 L8l Wil . - 3
618 s ol - - 1011 s191 £ TAH
69L 00 01 oLl wol - - ¥
69L 0001 - . ¥ 0l torl £ I
3T L - NW\Wmv HWJO4LYId
uel-ArX o Wgpl-ArX g0l oN BORSIYHup]
Sdoepy Sty *duopmal | *Juopual | g dwo) *g dwo) Py Jajor

L T




n_Curve Informati

1: Pu information for the overlapping T braces of KT joints (c.g. brace 5 of joint J-KT-4)
have been changed.

2: Platforms A,D and J joints are of very similar geometry (differences in angle of 2-3°
make a very small difference to P behaviour). The same curves may be used for the
platforms with very little loss of accuracy. Hence only P3 information for platform D is
presented to add to the existing information on platform J.

3: Only K joint information is presented for the very large gapped KT joint of platform F
(F-KT-3). Very large gapped K joints behave like Y joints so there is no difference between
the two curves.
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Appendix D PMB
Hindcast Data =

O The following information is provided.
e Summary from new hindcast (from Oceanweather)
e Extraction and interpolation of hindcast data
o Comparison of Depth vs. Distance Based Interpolation

[Refer to Appendix A for platform specific seastate data]

O
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About the Cover

The upper left panel shows a GOES satellite visible image of Andrew in the
Gulf of Mexico near maximum intensity (936 mb). The uppsr right panel shows
*the comparisons of hindcast (dashed) and measured (solid line) time series of
significant wave height (upper graph) and spectral peak period (lower graph)
at LATEY Station 16, located in 19 metars water depth at 218 desgrees 52.024
minutes Worth latitude, %0 degrees 19.572 West longitude. The lower pansl
shows the snvelope of maximum hindcast significant wave height (contours at 1
meter intsrvals). The wave hindcast was made with Oceanweather‘s third-
generation spectral wave model.
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Abstract

The eveolution of the surface wind field and ocean response in the northern
Gulf of Mexico in hurricane Andrew (1992) is described through the application
of advanced numerical wind, ocean surface wave and three-dimensional current
hindcast models adapted to the basin at high spatial resolution (grid spacing
of 10 km). The models adopted have been previously applied to model
historical Gulf of Mexico hurricanes; in this study, the models were carefully
validated against all available data acquired in Andrew.

The study included a substantial data assembly and processing component to
ensure that all public domain measurements from government, institutional and
offshore industry sources of surface wind, surface waves, storm surge and
currents wers identified, acquired and made available in forms most useful for
model calibration and validation.

Surface wind fields were developed using an improved version of a numerical
model of the vortex planetary boundary layer model. The parameters of the
model relied heavily on the extensive suite of meteorological data acquired by
US Alir Force and NOAA reconnaissance aircraft. Surface waves were modeled
using a third-generation model which included shallow watsxr physics.

Surface and sub~surface currents were modelled using a three—-dimensional
hydrodynamic model which resolves the vertical coordinate in 13 layers and
includes prognostic equations for temperature, salinity and turbulent energy
as well as surface height and velocity.

The study provides a data base not only of scientific interest, but also of
use in engineering studies, such as analyses of post-mortem platform response
and failure, investigations of pipeline failure modes, and assessment of
various types of environmental loading on offshore structures. The modeling
capability demonstrated and validated through this study establishes an
analysis tool for reassessment of extreme environmental criteria especially
for water depths in which alternative existing criteria may conflict
(approximately the range 15-50 m).
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6. Summary and Conclusions

This study may be viewed within the context of a series of industry and
government sponsored measurement programs conducted within the past 20 years
or so in the Gulf of Mexico to study the ocean response to the passage of
hurricanes, including the Ocean Data Gathering Program (ODGP) for winds and
waves, the Ocean Current Measurement Program (OCMP) for continental shelf
currents, the Ocesan Tsst Structure (OTS) program for platform response, and a
numbar of Ocean Response to a Hurricane (ORH) programs which utilized air-
dropped current meters to measure mixed-layer storm driven currents. Data
acquired in these programs have been used extensively to develop, refine and
validate numesrical models. The data acquired in the ODGP provided a basis for
the development and calibration of numerical models for the accurate
specification of surface wind and wave fields in historical Gulf of Mexico
hurricanes (Cardone et al., 1976). The ocean current data acquired in the
OCMP and ORH have used by several current modelers to adapt and calibrate
current response models (e.g. Forristall et al, 1977, Keen and Slingerland,
1993a).

The models applied in this study may be considered logical evolutions and
refinements of tha these modeling capabilities. The surface wind field was
specified with an improved version of the method and model used in the ODGP to
specify surface winds. The almost continuous monitoring of Hurricane Andrew by
aireraft, sataellite and shore based radare allowed the specification of storm
track to the maximum possible accuracy, within about +/- 10 km, or about one
grid spacing of the gride used for ocean response models applied. The
hindcast windfields are compared to available measurements sites, none of
which experienced hurricane force winds because the eye of the storm passed
more than 50 km from the closest measurement site. Based upon these data
comparisons and prior validation studies carried out with the same hindcast
methodology we estimate that the wind fields are specified to an accuracy
within +/- 2.5 m/s in wind speed and +/-25 degrees in wind direction (rms).
However, we can not state unequivocally that these errors are randomly
distributed about negligible means. If they are not, then the systematic part
of the error is probably distributed by storm quadrant (e.g. wind speeds
slightly too high with too much inflow in one gquadrant and vice versa in
another). We estimate the magnitude of systematic errors to be less than half
the magnitude of the errors quoted above.

The hindcast wave fields are verified against waves which in deep water

were measured at sites which again were never closer than about 50 km from the
gtorm center. The maximum waves in deep water were measured at Bullwinkle
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platform, which was located 74 km southwest of the center at closest approach.
The maximum measured HS at this site was 7.9 m, which may be compared to the
maximum hindcast HS of 8.7 m at the model grid point closest to the platform.
The peak hindcast HS was within 1 m of the peak measured HS at the other daeep
water sites as well. At the shallow water site, LATEX station 16, the most
recent analysis of the measured data yields a peak HS of 8.9 m in 20 m water
depth, compared to the hindcast peak of 8.7 m. This excellent agreement,
however, must be conditioned on the continuing investigation of the validity
of the measurements at this site after the instrument mount overturned just
before peak conditions were experienced.

The maximum hindcast HS in deep water of 13.5 m ranks Hurricane Andrew
very highly in terms of wave generation. If we use the ODGP suite of
historical hindcasts as a reference (Ward et al., 1979) the maximum deep water
hindcast HS in Andrew at the shelf break south of the Mississippi Delta of
13.5 m (44.3 ft) was exceeded in only 6 storms this century anywhere in the
Gulf. This ranking is consistent with the basic meteorological
characteristics of Andrew in the Gulf. Only four hurricanes this century
attained central pressure of lower than 936 mb in the Gulf. In the absence of
any compelling evidence to the contrary we estimate that the hindcast of peak
HS and associated TP has achieved an accuracy consistent with a -scatter index
of about 10%.,

The hydrodynamic modeling of Andrew was most successful at simulating the
spatial distribution and magnitude of the primary forced ocean response at
intermediate water depths. Runs completed to date appear to slightly
underpredict peak currents in very deep water and to slightly overpredict peak
current speeds in very shallow water. These "asymptotic” response regimes are
often modeled fairly accurately with simpler mixed-layer (deep wataer) and
barotropic vertically integrated formulations (shallow water), but such models
can not provide a complete three-dimensional picture of the ocean current
response on the whole of the continental shelf. It is expected that with some
further refinement and tuning of the vertical mixing parameterization of the
model and inclusion of wave enhanced bottom stresses, better absolute
agreement between the modeled and measured peak currents may be achieved.
Additional improvement in the overall time history of agreement would appear
to benefit from a more complete specification of the initial current and
denaity distributions throughout the model domain than was possible in this
study.
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Appendix D2
Hindcast Data

BMOINEARING

EXTRACTION AND INTERPOLATION OF DATA FROM FILES

Grid Point Data

The data came on a CDROM from Oceanweather, Inc., in two sets. The first set was from a wave
hindcast model. The second was from a current model. In each case each file contained all the
data for a given time, the ime being included in the name of the file. Each hine of these files gives
data at a particular grid point.

In addition, for each data set there was a file giving the peak values of all vaniables.

The wave hindcast file data was for every hour, with 63 hours included. The data included:

WINDD Wind drrection, degrees from which, clockwise from north.

WINDS Wind speed, m/sec

TPTOT Peak spectral peniod, sec

HS Significant wave height, m

DIRDOM Dominant wave direction, degrees to which, clockwise from north

The current hundcast file was for every half hour, covening the same period. The data consisted of:

U Surface current velocity, positive to east, com/sec

A’/ Surface current velocity, positive to north, cm/sec

SURGE Surface clevation above still water level, cm
Surge

Vince Cardone of Oceanweather, Inc. advised PMB that the surge in this hindcast did not include
barometric pressure effects. Because of this, the surge from the new (1994) hindcast was 1gnored,
and surge from the 1992 hindcast was used.

Andrew JIP - Phase II, Final Report January 1996
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Appendix D2 Hindcast Data 7 )

Interpolation of Wave Data

The data was given at grid points spaced approximately 6 miles apart. Data at platform coordinates
was estimated from grid points data by interpolation. There is typically considerable difference
between values of the significant wave height, H,, at adjacent gnd pomnts, frequently rather more
than 10 percent. The following shows the maximum H; at the four grid points surrounding cach
platform. (The maxima shown in this table for a gaiven platform occur, in general, at different
times, but in the processing described below, the values at a given time are extracted from the grid

values.)

Platform Maximum Hs at Surrounding Grid Points (m) M=ax Diff,
as % of
smaller

$S139 (T25) 7.67 8.68 7.70 848 11
ST72 (T21) 8.68 9.42 8.48 8.60 11
ST177B 10.90 11.39 10.21 11.10 11
ST151H 11.10 11.52 10.44 10.60 10
O ST151K 11.10 11.52 10.44 10.60 10
ST130Q 10.60 11.11 8.94 9.40 24
ST130A 10.60 11.11 8.94 9.40 24
ST151) 11.10 11.52 1044 10 60 10
SS209A 7.87 8.55 7.61 8.03 12
S$S135#10 6.01 6.59 4,92 6.15 34
SP10#18 7.70 8.48 6.12 6.67 39
SPo#9 7.70 8.48 612 6.67 39
WDI103A 9.28 9.04 8.24 7.64 21

It is seen that Hs at surrounding grid points for most platforms vary significantly, frequently by
more than 20 percent. Since wave forces vary as at least the second power of the wave heights, care
must be taken in the interpolation of grid point data.

Andrew JIP - Phase II, Final Report January 1996




Appendix D2

Hindcast Data

Two possible general ways of interpolating data are:

(1) 'With respect to location, requiring two-dimensional interpolation

(2) With respect to depth, requiring only one-imensional interpolation.

If the seafloor varied smoothly between grid points, there would be no difference in these two
methodologies. In fact, more often than not the platform depths (supphed by the operators) are not
closely the same as the depths that would be found by interpolating from surrounding gnid point

depths (which were obtained from ocean charts).

Some of the discrepancies may be from

measurements, some may be from the unevenness of the seafloor. The following table shows the
depth at the platform and at the surrounding four grid points

Platform Depth at Surrounding Grid Points (m) Depth at

Platform (m)
S$8139 (T25) 174 17.7 12.1 15.8 19.8
ST72 (T21) 177 174 15.3 17.8 19.5
ST177B 452 49.6 36.4 427 439
STI151H 42.7 50.6 279 399 424
ST151K 427 50.6 279 39.9 424
ST130Q 39.9 97.7 30.7 40.8 524
ST130A 39.9 97.7 30.7 40.8 433
ST151) 427 506 279 399 433
SS209A 37.5 88.9 27.1 25.0 29.7
SS135#10 12.0 154 7.8 103 168
SP10#18 12.1 15.8 8.2 8.8 11.6
SPo#9 12.1 15.8 8.2 8.8 11.6
WDI103A 59.5 69.8 50.4 532 68.0

It is seen that in many cases the depth at platform is considerably more than the deepest of the
surrounding grid points. Further, although not shown in this table, frequently the gnd point with
the nearest depth, is not the gnd point nearest the platform.

Andrew JIP - Phase I1, Final Report
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Appendix D2 Hindcast Data =3

In shallow water, the wave heights will vary with depth, even if there would otherwise be no spatial
variations Similarly, close to the track of the humcane, even with no differences in depth, the
wave heights will vary from place to place at any time. In general, both effects are present, and it
causes considerable difficulty in defining an interpolation procedure. Dr. Vince Cardone of
Oceanweather, Inc. and Dr. Chuck Petrauskas of Chevron were consulted to discuss the preferred
interpolation procedure.

Interpolation by location gives a unique result (if linear variation in longitude and latitude is
assumed). Interpolation by depth does not, and there may be considerable subjectivism in using this
procedure. There are many ways of drawing lines through the grid point data.

However, examination of the significant wave height maxima over a 3x3 set of grid points
generally shows variations of H, with both depth and position, as would of course be expected in a
realistic hindcast model. A joint depth- and position-related interpolation would be needed to do an
adequate job. This was particularly dufficult in the situations where the depth of the platform was
considerably more than the depth at the surrounding gnd points.

The 16 grid points around each platform were laid out, with the depth and H, shown at each gnd
point. The rate at which the significant wave heights and water depths vaned between grid points
was examined. For all platforms it appeared that depth at the surrounding grid points was not the
principal parameter affecting H,, due, presumably, to the closeness of the storm track and the
resulting rapid variation of H, with location. In the end, position-related interpolaton was used,
sometimes using the four surrounding grid points, and sometimes using only two or three.

Attached are figures showing the time history of significant wave heights for seven platforms, using
four point location-interpolation, and a depth-interpolation procedure. It is apparent that for some
platforms there is a significant difference in the wave heights based on these two procedures.

Interpolation of Current Data

Since current data was considered to vary more with location than depth, interpolation was based
on the position of the platform within the four surrounding grid points, using hinear interpolation in
longitude and latitude (which is equivalent to assumung the data forms a hyperbolic paraboloid
between the gnd hnes.)

Andrew JIP - Phase II, Final Report January 1996
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Appendix D2 Hindcast Data

Final Output

After extracting the data from the hindcast files, it was processed to produce the following items:

HS Significant wave height, ft
HMAX Maximum wave height, ft
TZ Mean zero-crossing period, sec
DIRDOM Dominant wave direction (degrees to which, clockwise from north)
CSPEED Current speed, ft/sec
CDIR Current direction (degrees to which, clockwise from north)
VCRES Current speed resolved in direction DIRDOM, ft/sec
SURGE Surge, ft. (as mentioned above, these values were not used in the project)
WINDD Wind direction (degrees to which, clockwise from north)
WINDS Wind speed, ft/sec
Maximum Wave Height, H,..,

The maximum wave height, Hua:, Was determined by Oceanweather, Inc. from the significant wave
height, H;, by assuming the Forristal distribution of wave heights, and integrating over the hour to
obtain a uniform probability of occurrence of this maximum wave in this hour. The multipler from
H; to Hynx was thus dependent on the wave period history over the hour. In the file of maximum
values provided by Oceanweather, Inc., the ratio Hy,,/H, varied from about 1.65 to 1.74 for the grid
points surrounding the platforms considered. While not causing as large a variation as that arising
from interpolation of the more fundamental hindcast data, the interpolation of the wave height
factor Hpax/H; from the values at the surrounding gnid points will affect the final Hyuyx value at the
platform.

The same weights at the four surrounding grid points were chosen as were used for extracting the
fundamental hindcast data.

This factor will not influence the probability of failure computation, because the H; values and their
distributions are used in the failure probability analysis. Its correctness is of importance for
comparison of the mean maximum expected load level with the platform mean capacity.

Andrew JIP - Phase II, Final Report January 1996
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Appendix D2 Hindcast Data

Mean Zero-~crossing Period T,

This was computed from the peak period, Tp, from the relation:

T,=074xT,

Andrew JIP - Phase II, Final Report
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Appendix E PMB
Additional Calibration Results T

The following calibration results are provided:
¢ Joint and Marginal Likelihood Functions for Individual Platforms
¢ Joint and Marginal Postenor Distributions of Bias Factors for

- Platform ST151K
- Platform ST151)
- Platform ST130A

Andrew JIP - Phase II, Final Report January 1996
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EXECUTIVE SUMMARY

Hurricane Andrew

In August of 1992 the Gulf States were subjected to one of the most intense hurricanes in recorded
history. Hurricane Andrew exhibited peak wind speeds of over 155 miles per hour and created
wave heights in excess of 70 feet. The track of Hurricane Andrew led through southern Florida,
where most of its destruction occurred, progressed through the Gulf of Mexico and eventually made
its final landfall near Morgan City, Louisiana. Andrew caused over 50 deaths onshore and
extensive property damage. Andrew represents one of the costhest natural disasters in US history.

The hurncane path includes a 7
region of the Gulf that is very /
densely populated with offshore % .
platforms. As shown in the
adjacent figure, the center of the
hurmncane traversed the
Mississippi  Canyon,  South
Timbalier, Ship Shoal and
Eugene Island areas Along its
path  through this area,
Andrew's waves typically | o /1
exceeded the 100 year return PO GevamsE STRUCTORES
peniod criteria used for the
design of new structures. The
region of platforms most
significantly loaded by Andrew,
as defined by the Minerals
Management Service (MMS), included approximately 700 platforms located in the Eugene Island,
Grand Isle, Mississippi Canyon, Ship Shoal, South Marsh, South Pelto, South Timbalier, and West
Delta areas. Many of these platforms were older structures that were not designed to withstand the
forces created by a humcane of Andrew’s magnitude. However, inspections following the
hurricane revealed that most of the platforms affected by Andrew were not significantly damaged
The vast majority of the damage reported was munor and included items such as bent handrails,
damaged walkways, and damaged boatlandings. A number of structures experienced sigmificant
local structural damage both above and underwater. In many of these instances, the damage was
considered to be of significant consequence possibly jeopardizing the overall structural integrity of
the platform In these cases, the damage was either repaired or shown not to degrade global
strength to below minimum safety hmmts. There were 28 jacket type platforms that suffered
substantial damage resulting either in total collapse or rendering the structure unserviceable and
beyond repair. In addition, 47 caissons were also significantly damaged or collapsed [1].

The number of platforms damaged by Hurricane Andrew was sigmficant, however, the event has
provided a positive demonstration of the emergency systems in place within the Gulf. Ths is

Andrew JIP Phase II, Final Report January 1996
References given in Section 7
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Executive Summary

evidenced by the fact that, since platforms were shut-down and evacuated prior to the hurricane, no
lives were lost offshore and less that 2,500 barrels (including 2000 barrels spill from a pipeline) of
oil were spilled [2].

The Andrew expenence has provided very valuable data that can be used to further understand the
performance of offshore structures subjected to large hurricanes. The information gained through
the review of platforms that survived, were damaged, or failed during the hurnicane can be used to
improve procedures for designing new platforms as well as procedures for assessing the integrity
and safety of existing structures Andrew thus provided a unique opportunity to study offshore
structures tested under “real-hfe”, full scale, conditions.

This report documents the results of a study performed by PMB Engineering Inc. using the Andrew
data to improve the procedures used for the assessment of existing platforms. This study is the
second part of a two phase project that started 1n 1993 {1] Other related studies that have had
significant input to this work are summarized below.

Overview of Previous Andrew and Other Related Studies

Over the last 3 years PMB has completed several studies that have related to Andrew and the
development of current API guidelines for platform assessment [3]. This work has included a two
phase study of the effects of Hurricane Andrew on offshore platforms [1, 4], a study of the effect of
Hurricane Andrew on platform foundations [S], an investigation of detaled inspections of
structures damaged during Andrew [6, 7], a study of caisson behavior during Andrew [8], and a
study to assess the ultimate capacity analysis procedures included in the API guidelines [9, 10, 11}

Oceanweather Hin t Stud

Oceanweather, Inc. preformed hindcast studies for Hurricane Andrew [12, 13] in 1992 and again
in 1994. The 1992 hindcast was used in the Phase I study of the effects of Hurricane Andrew on
offshore platforms. The 1994 hindcast, which was used in this study, was developed using a
finer gnd and an improved surface wind model compared to that of the 1992 hindcast. In
general, the 1994 study hindcast significant wave heights were lower.

f icane Andrew hore Platfi -

In 1993, PMB began the first of a two phase study of the effects of Hurricane Andrew. This study
was sponsored by the Minerals Management Service and 11 oil companies. The essential aspect of
the Phase I study was the comparison of predictions of platform response against observations

collected for 13 platforms. The predictions for these :

platforms were generated using the oceanographic Capacity Analysis
data developed from a hindcast smdy [12] in | HndeastData |~ !
conjunction with the state-of-the-practice structural - Rehability Analysis
analysis methodology. This data was used as input to |Ficld Observations !

a complex reliability analysis to deterrne bias in the Bayesian Updating
analytical methods. This calibration process is 1
lustrated in the adjacent flow chart. Bras Factors
Andrew JIP Phase II, Final Report January 1996
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The conclusion of this initial study was that, on average, the calculation of loading and resistance
led to a conservative prediction of platform behavior for the 13 platforms analyzed. The capacity to
demand ratio was shown to be conservatively biased by 19%. This bias was based on a calibration
described on the basis of overall response (i €., total failure, structural damage, and survival). One
important conclusion from Phase I was that foundation failures were predicted for several platforms
for which no foundation failures were observed Similarly, joint failures were predicted to occur in
many more instances than were observed. It was therefore concluded that the level of bias that
exists in formulating the strength of individual components (e g, braces, joints, piles, soils) is
probably very dissimilar. This observation led to the recommendation that further comparisons be
made between predictions and observations focusing on specific component behavior instead of
just global response. The Phase I work also identified areas in the current platform analysis methods
that could be improved. The final report of the Phase I study was issued in October 1993 [1].

velopmen ias Factors i undation ac

Following the completion of the Andrew Phase 1 study, the MMS and API commussioned PMB to
assess the bias specifically attributable to platform foundations. This study focused on structures
that had either exhibited foundation failure or were predicted to have expenienced foundation failure
during Hurricane Andrew. The study concluded that, for the sample of structures analyzed and
analysis methods used, the foundation lateral and axial strength to load ratios were conservatively
biased by 30% and 70%, respectively. The results of this study were issued 1n May 1995 as an API
PRAC report [5].

i Andrew - Detail i d

Following the completion of the Phase I study, the MMS comnussioned PMB to perform detailed
underwater inspections and analysis of 4 structures that were subjected to extreme loading dunng
Andrew. Of the 4 platforms, 2 survived with minimal damage, one was severely damaged and later
abandoned, and one collapsed. The objective of these studies was to assess the accuracy of
analytical predictions based on observed local component behavior recorded from the detailed
inspections. The results of these analysis further identified specific areas within the analysis
methodology needing improvement. The results of these studies were submitted to the MMS in
June and August of 1994 [6,7).

AP] Section 17 Trials/Benchmark Study

PMB coordinated with API Task Group 92-5 to study the methodologies included in the draft
recommendations of API RP2A WSD Section 17 [3] This project was sponsored by the MMS and
21 companies, each of which participated in an independent trial application of the recommended
procedures. The results of these trial applications were compiled and used to develop
recommendations for improvement of the draft guidelines. A second part of this study included a
benchmark analyses of a single platform. Several o1l compames and engineering contractors
volunteered to complete an ultimate strength analysis of a common platform. The results of these
analyses were compiled by PMB and used to assess the consistency and vanability of analysis
results. These results have also provided useful information in support of a standard recipe for
ultimate strength analysis [10,11].

Andrew JIP Phase II, Final Report January 1996
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Effects of Hurricane Andrew on Offshore Platforms - Phase 11

The primary focus of Phase I (present study) was to develop separate bias factors for the jacket
structure and foundation. This study utilized a new hindcast [13] and an updated structural analysis
procedure. There were four primary activities for the Phase II study:

¢ Development of an improved ultimate capacity analysis procedure
e Assessment of the effect of the size of the platform sample on the bias factors

e Structural capacity analysis to establish the prediction of detailed platform response to the
hurricane

e Calibration to reconcile the differences between predictions and observations resulting in the
definition of three bias factors

Analysis Procedure Revision

A number of specific enhancements to the analysis methodology were developed and used for the
subsequent analysis These improvements included changes resulting from access to better
analytical procedures (e g, joint modehing) and changes resulting from sensitivity analysis Specific
improvements included:

e Use of mean joint strength formulation instead of lower bound estimates
o Detailed joint modeling where joint failure was expected
e More detailed brace modehing

e A more detailed representation of the wave load profile as wave height is increased (particularly
important when deck inundation occurs)

The most significant of these changes was that of improved joint modeling which resulted in a
much closer correlation of analytical results and field observations.

Sample Size (Wejghting Evaluation)

The bias factor developed in Phase I was based on a total sample of 13 platforms which represents a
relauvely small percentage of the total population of platforms significantly loaded during the
hurmcane. The sample included a disproportionate number of failures and cases where damage
occurred This was due mainly to the fact that these cases provided the most important input to the
calibration. It was postulated from the Phase I study that a larger, more representative, sample size
could improve the definition of the bias factor.

Including a large number of platforms directly in the Phase II project was not practical due to the
cost and data requirements of the detailed analysis. An alternative method was developed that
involved making comparisons of platforms outside of the sample to those for which detailed
analyses were performed. The observations of this larger population of structures could then be
used to scale the impact of, or “weight”, the results of the individual calibration results from each
platform.

Andrew JIP Phase II, Final Report January 1996
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This process was executed in a limited form to assess the sensitivity of the bias factor to sample
size and stratification. An additional 156 platforms that survived were used to weight the results of
the Phase I sample of 13, This extended sample provided a better representation of the actual
distribution of surviving and failed platforms. These additional platforms were allocated into 3
sub-categonies describing their level of expected performance. This allocation was based on
platform age and estimated Andrew wave height. This analysis indicated that the bias factors that
were determined based on the smaller sample are somewhat conservative

Capacity Analysis

The structural capacity analysis uses a sophisticated procedure to simulate the true response of a
platform when subjected to the hurricane conditions This analysis is quite different from that used
for the design of new structures. In the analysis performed for this study, all aspects of loading and
response are modeled based on expected behavior (e.g., mean formulations of component strength
are used wnstead of lower bound values typically used for design) without factors of safety. An
example of this is the use of expected yield strength of steel instead of nominal yield strength (e.g.,
A36 material typically provides 42 ksi actual strength). Individual components are allowed to yield
and fail and are momtored to assess the impact of their failure on the overall stability of the

structure. An example of such an analysis is
illustrated in the adjacent figure.

Such analysis requircs modeling of nonlinear
material and geometric behavior and provides
data that is not avalable through
conventional elastic (design) analysis. The
procedures used for thus analysis follow the
general guidelines provided in the draft API
document on assessment of existing
platforms [3]. EXAGGERATED DEFORMATION PLOTS

&A> = Cut Plans Porse Fx - Sas May 14 07151183 1994

A set of 4 capacity analyses were performed
for each platform to establish the capacity of
the platform as controlled by each of the P
primary components. This was achieved by
the suppression of specific failure modes
(e.g., pile pullout/plunging and pile yielding
were suppressed to determine the capacity of
the jacket structure).

j
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LOAD-DEFORMATION RESPONSE
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Calibration

The calibration of the predictions and observations represented the majonty of the work completed
during the study. This task involved the following steps:

¢ Definition of an initial function defining the mean bias factor and its uncertainty

e A detailed rehiability analysis to determine the probability of occurrence of a specific set of
conditions (e.g., survival, damage and failure) for each platform

e Updating of the bias factor distnbution using a Bayesian Updating procedure {33-37)

There are varnous ways in which the analytical
predictions can be cahibrated to match observed
behavior more accurately. Each of the individual
formulations that enters into the analysis (e.g.,
calculation of wave load, member strength or soil
strength) could be adjusted independently to tmprove
the overall predictions. This method would be
preferable if data were available to support such
adjustments. Unfortunately, while we do know, in
some instances, that platforms have survived
unexpectedly (1.¢., predicted to fail but survived), we
do not know if this is due to an overestimation of
load or an underestmation of strength. The
calibration procedure that was used did not attempt
to adjust these individual parameters but instead
assessed the bias “B” in the overall safety factor
(resistance to load ratio). This bias factor was
applied in the following form:

(R S)irve = B(R ! S)computed

where R represents resistance or strength and S
represents loading. In this form, a value of B greater
that 1 indicates conservatism in the procedures used
while values of B less than 1 indicate unconservative
methods.

The bias factor was calculated as follows:

e The assumed, or “prior”, definition of the bias
factor (‘B’) was defined based on previous API
PRAC studues.

¢ Failure probabilities were determined based on
the capacity analysis results and hindcast data.

Andrew JIP Phase II, Final Report
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Executive Summary

e Functions were developed for each platform to define the probability of occurrence, or
likelihood, of the observed behavior.

e The updated distribution of the bias factor was calculated using the prior distribution and the
likelihood function for each platform. The shift in the bias factor distribution is a function of
the degree of unexpectedness of the obscrved results. For example, if a platform was
unquestionably expected to farl during the storm, it would be assigned a relauvely high failure
probability. If this platform was observed to survive, the likelihood function descnbing the
probability of survival would exhibit a significant shift to higher values of B.

e The cumulative distribution of bias factor is determuned as the product of all the individual
platform distributions.

Unexpected failures shift the distribution to lower values of B (to the left). Unexpected survivals
shift the distribution to higher values of B. Expected failures and survivals have less effect on B.
Damaged cases provide very useful information since they describe much more specific observation
data than either survivals or failures. All that is known with a failure is that the load exceeded
capacity. It is not known to what degree the capacity was exceeded. Similarly, survivals show that
capacity exceeded load but by an unknown amount. Damaged cases describe a specific physical
response to specific loading and tend to improve the definition of the bias factor by reducing the
uncertainty (coefficient of variation).

This process was performed for each of the three bias factors and included the development of joint
likelihood functions to include the effect of coupling between the failure modes.

Platforms Investiga Case | Platform | Water | Year | #of
Nine jackets and 3 caissons were selected for D(erg;h stalled | Legs
the study. A summary of thc. platforms [~srr T STI130Q 170 1964 2
selected for the calibration is given in the ST151K 137 1963 8
adjacent table. These platforms were selected WDI103A | 223 1965 8
from the population of heavily loaded | Damaged |  SS139 62 1969 4
structures (i.e., those nearest the center path STI51 137 1562 t:* 2
of the humcane) on the basis of the STI77B 142 1965 p:ds
availability of good data (e.g , drawings, pre SPelio10* | 35 1984 1
and post-storm inspection reports, soil data) SS135* 53 1983 1
and the estimated effect on the calibration — 52'11_73‘52 hd z? :ggg 1
(1.c., platforms that were damaged or thought ures 4
to exhibit unexpected behavior were g:g?ﬁ :gg :gg: g
preferred). * indicates caisson

There were no jacket type platforms available that were believed to have expenienced a foundation
failure; however, there were several caissons that experienced full or partial foundation failure.
Three of the caissons that were damaged during Andrew and were included in the APYMMS
Foundation study [5] were used in this Phase II study to estimate the variation in the foundation
lateral capacity bias factor.
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Conclusions

The primary conclusion of the Phase II study was that the definitton of separate bias factors for the
jacket and foundation elements was consistent with expectations in that:

e The global system bias factor was found to be very simular to that as defined during Phase I

e The foundation bias factors were significantly greater than that for the jacket, indicating
significant additional conservatism in foundation design

The structural analysis procedures developed for this study showed significant improvement over
that used in Phase 1. The predicted behaviors matched better with the observed behaviors. This
improvement was primarily due to more accurate data, refined modehing (¢.g., detailed modeling
of the joints) and the updated hindcast. While it is apparent that further improvement can be made
1n the prediction of specific component response, it is clear that an overall improvement in platform
ultimate capacity analysis procedures has been gamed through these new procedures

This project has demonstrated the benefit of “failure mode specific” capacity estumates which can
isolate and eliminate the effect of uncertainties associated with the complementary parts of the
platform (e.g., the impact of uncertainties in the defimtion of soil strength on jacket capacity)

These analyses provide a better understanding of the platform behavior and of specific strengths
and weaknesses in a platform. This helps 1n the development of cost effective mitigation plans that
may be needed to meet API RP 2A, Section 17 guidehines. In some cases, mitigation measures
based on minimal, or more simplistic, analysis could be too costly and possibly even counter

productive.

A summary of the bias factors is provided in the -
adjacent table and includes the final values Study Mode Bias
. . Phase 1 Global System 1.19
produced from this study compared against the APUMMS | Foundation Lateral 126
values developed in previous work. These . . . ’
. Foundation | Foundation Axial 1.66
factors show that, on average, the jacket capacity Phase I Global Syste 115
formulation is conservatively biased to a Jacket ysiem l.l 0
moderate extent and that both the foundation Fac edati Lateral 1'32
lateral and axial strengths are biased by a much Foun dation A’: ol l. 54
greater amount. ouncaron -
Recommendations

The results of the Phase II and related studies can assist oil companies in the assessment of their
platforms A specific example was developed as part of this study to illustrate how the product of
this work can be utilized.

A primary conclusion of this work is that the definition of bias factors can be further improved as
additional platforms, subjected to extreme loading, are included in the cabibranon. This
improvement can be gained through refinement of the current bias factors or by development of
bias factors that can be used more directly withun the analysis. This could include, for example,
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bias factors specifically for joints, braces, and piles. Now that the procedure for analysis,
calibration and Bayesian updating is set-up, it will be relatively easy to include additional data as
they become available

Appplication of Results

The study results provide an indication of the mean bias inherent in the loading and resistance
calculation procedures used. These results should be considered as evidence supporting the use of
the analyses procedures developed by industry in that these procedures appear to be somewhat
conservative overall. It is not recommended that the calculated bias factors be applied darectly in the
assessment analyss of any individual platform without a complete understanding of the capacity
and reliability procedures that have been used in this study. These bias factors were derived from a
specific sample of platforms that does not represent the complete range of platform configurations,
site conditions and physical conditions that exist in the Gulf of Mexico or any other area. Also, the
variation of bias factors amongst the platform population studied (0.86 to 1.32 for jacket structure
capacity, from 1.05 to 1.18 for foundation lateral capacity, and from 1.35 to 1.44 for foundation
axial capacity) indicates that use of average bias factors for individual platforms could be
mappropnate.

These bias factors provide a better appreciation of the uncertamties that affect rehiability analysis.
The API and regulatory agencies can use the results in the development of guidelines and cnteria
for platform assessment for extreme storm conditions. With good engineering judgment, the results
can be apphed in probability based requalification of steel jacket platforms that are similar to those
included in the sample investigated. These factors may be considered 1n determination of the
average failure probability estimates and 1n the economic nsk and cost-benefit studies for a fleet of
platforms.
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