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Executive Summary

A significant finding from the performance of jacket platforms in major hurricanes,
including Andrew (1992), Roxanne (1995), Lili (2002), lIvan (2004), Katrina (2005) and
Rita (2005), is that pile foundations performed better than expected (e.g. Aggarwal et al.
1996, Bea et al. 1999 and Energo 2006 and 2007). Jacket platforms are fixed-base
offshore structures that are used to produce oil and gas in relatively shallow water,
generally less than about 500 feet. The foundation systems consist of driven, open-ended,
steel pipe piles. While observed damage or failure in the foundation is rare, assessment of
jacket platforms subjected to environmental loads greater than their original design
loading frequently indicates that the capacity of the structural system is governed by the
foundation. In addition, there were several hundred platforms damaged in these
hurricanes and yet there were only a few cases of reported pile foundation failures.
Therefore, there is a need to better understand and quantify the potential conservatism in

foundation design for the purposes of assessing platforms.

The objectives of this project were to identify and analyze the factors that may contribute
to the apparent conservatism in foundation design and to provide guidance on how to
incorporate this information in assessing existing platforms. The methodology was to
compile and analyze data for existing platforms that have been subjected to hurricane
loads near or greater than the design capacity for the foundations. An expert panel of

practitioners and researchers was convened to guide the work.

The major conclusion from this work is that the performance of platform foundations in
recent hurricanes, based on the available but limited information that we have, is
consistent with expectations based on their design and there is no direct evidence of
excessive conservatism. In the cases we analyzed in detail, the actual performance of the
foundation was either expected or could be explained without conservatism in the design

capacity of the foundation.
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These results do not preclude the possibility of foundation capacities being greater than
expected based on design. One of the limitations of this study was lack of cases from
recent hurricanes where the ultimate strength of the foundation system was reached or
exceeded in hurricanes. Foundations are designed with a factor of safety, such as a factor
of 1.5 for axial loading under 100-year hurricane conditions. The magnitude of hurricane
conditions required to reach this value is significant, requiring extreme waves and
currents, and was not reached in most of the cases studied (i.e., a foundation failure was
not expected and indeed was not observed). Of all the cases obtained from MMS files and
industry sources, there were unfortunately only a few that met the high loading condition
required to truly test the foundation. In addition, there is redundancy in foundation
systems so that overload of a pile, either axially or laterally, does not necessarily lead to
collapse or even observable damage. Finally, the study was limited to platforms that were
not destroyed since little if any information is available about the performance of
platforms that were destroyed.

The major factor contributing to potential conservatism is the effect of long-term set-up
(or aging) or pre-loading; there is evidence from laboratory and field studies to suggest
that both axial and lateral pile capacities may increase with time beyond the values that
are assumed for design. However, in the one case we do have of a foundation failure in a
hurricane (an axial pile failure in clay), there is no evidence of the capacity being greater

than the design value.

Platform foundations can fail both in shear where the piles are failing laterally (plastic
hinges form due to bending) and overturning where the piles are failing axially (plunging
or pulling out). Therefore, both axial and lateral capacities are significant for pile
foundations in platforms. The axial capacity of piles is derived mostly from the soils in
the bottom one-third of the piles. The axial capacity of the piles and, therefore, the
overturning capacity of the foundation are approximately proportional to the shear
strength of the soils. The lateral capacities of the piles and conductors are derived mostly
from the soils in the upper 40 to 50 feet below the mudline depending on their diameters.
The lateral capacities of the piles and conductors and the shear capacity of the foundation
are much less sensitive to the shear strength of the soils than the axial capacity for typical
soil conditions in the Gulf of Mexico.
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Structural elements are important to the performance of a foundation system. Well
conductors can contribute significantly to the shear capacity of a foundation system, and
in some cases to the overturning capacity. The yield strength of steel in the piles also
affects the shear capacity of the foundation. Increasing the nominal yield strength to
reflect the average value can have a significant effect on the shear capacity for a
foundation system, and a much greater effect than increasing the shear strength of the soil

by the same amount.

The presence of sand layers contributing significantly to pile capacity was a notable
factor in the platforms analyzed herein. Sand is significant because it generally
corresponds to a geologic setting where there is significant spatial variability over rather
short distances. A soil boring not drilled at the location of a platform when sand is
significant to pile capacity, even if the boring is within several thousand feet of the
structure, may not provide representative information for the soil conditions at the
platform location. In addition, most historical soil borings in the Gulf of Mexico used a
Driven Penetration Test to characterize the shear strength of sand layers. This method is
generally considered to be outdated, it may not have fully penetrated the sand layers due
to sampler refusal, and it has been replaced over the past several decades with Cone
Penetration Testing. Finally, pile capacity models when sand layers are present are more
complex than for clay layers alone, and we identified numerous cases where sand layers

were inappropriately modeled in pushover analyses due to this complexity.

A final conclusion is that general trends in foundation performance cannot be drawn
easily based on qualitative assessments. Each platform case, considering the water depth,
vintage, structure, geologic setting, hurricane loading and platform performance, is

unique and a detailed analysis is required to understand how it performs.

The following guidelines are intended to provide a defensible and consistent approach for
modeling pile foundations in platform assessments:

1. When the foundation controls the assessment, include a geotechnical engineer
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familiar with platform assessment.
Include well conductors realistically and explicitly in the structural analyses.
Consider using mean rather than nominal yield strength for steel piles and well
conductors.
Use static versus cyclic p-y curves for lateral soil capacity.

5. Be careful in specifying the input for sand layers.

In addition to the specific guidelines for how foundations are modeled in platform
assessments, the following general guidance is provided to improve the overall practice
of platform assessment:

1. Be careful when relying on a soil boring that was not drilled at the location of the
platform or was not drilled using modern methods of sampling and testing
(pushed, thin-walled tube sampling for clay layers and Cone Penetration Test for
sand layers).

2. Try to obtain pile driving records as well as soil boring logs to help estimate the
axial pile capacities and as-built conditions.

3. When the pile foundation system is governing the capacity of the platform in a
pushover analysis, check the sensitivity of the foundation system capacity to the
lateral and axial capacity of the piles independently.

4. Do not arbitrarily increase the shear strength of the soil to account for perceived
conservatism in foundation design.

The following recommendations are intended to improve the API Recommended Practice
for Platform Assessment:

1. Provide specific guidance for characterizing pile foundations in platform
assessments by incorporating the guidelines developed in this study into RP
2SIM.

Update p-y curves for clay in API RP 2A.
Better clarify and update design guidance for sand in API RP 2A.

4. Appropriately account for pile flexibility when determining the required pile
length.

A major limitation of this study was not analyzing platforms that were destroyed by
hurricanes. If detailed analysis could be conducted on these platforms, they may provide
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valuable information about how pile systems and the jackets they support performed
under extreme loading conditions and may allow us to refine our conclusions. In addition,
there may be additional platforms that survived even though the pile systems experienced
loads greater than their capacity. Such platforms should be considered for future study.
Finally, performing a Cone Penetration Test at the location of the two case study
platforms where we are uncertain about the geotechnical properties could provide
important information to better understand why these structures survived.
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1. Introduction

A significant finding from the performance of jacket platforms in major hurricanes,
including Andrew (1992), Roxanne (1995), Lili (2002), lIvan (2004), Katrina (2005) and
Rita (2005), is that pile foundations performed better than expected (e.g. Aggarwal et al.
1996, Bea et al. 1999 and Energo 2006 and 2007). Jacket platforms are fixed-base
offshore structures that are used to produce oil and gas in relatively shallow water. Most
platforms are located in less than 500 feet of water in the Gulf of Mexico. Driven,
open-ended, steel pipe piles are typically used to support this type of structures.

Assessment of jacket platforms subjected to environmental loads greater than their
original design loading has indicated that the capacity of the structural system is often
governed by the pile foundation (Figure 1.1). While there are few cases with “suspected”
foundation damages or failures (Figure 1.2), there are no direct observations of such
damages and failures during these hurricanes. The majority of platform damages and
identifiable failures have been observed to occur in the structures above the mudline
(Figures 1.3 to 1.6).

While the lack of definitive foundation failures may be considered acceptable because
they are fit for purpose and conservative, this potential conservatism is a cause of concern.
The conservatism in foundation design and assessment can lead to costly construction of
new platforms or unnecessary limitations on the manning and production levels of
existing platforms. In addition, the engineers designing the platform can be misled by
overlooking more realistic failure modes of the jacket structure above the mudline, if the
foundation is unrealistically governing the calculated capacity of the structural system.

1.1. Objectives

The objectives of this project are to identify and analyze the factors that may contribute
to the apparent conservatism in foundation design and assessment and to provide
guidance on how to incorporate this information in assessing existing platforms.
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1.2. Methodology

The project was contracted to the Offshore Technology Research Center (OTRC) at the
University of Texas at Austin (UT), under Contract Number MO8PC20002 by the
Minerals Management Service (MMS) and Contract Number 2007-103130 by the
American Petroleum Institute (API). Energo Engineering, Inc. (Energo) was
sub-contractor assisting OTRC in the effort of collecting and interpreting platform data.
The project started in the spring of 2008.

This project was carried out through data collection, qualitative analysis, quantitative
analysis, design and assessment implications and expert panel discussions. Platform data
compiled in this project were obtained primarily from the industry. MMS also provided
platform data in a confidential format from the post-hurricane assessments submitted by
various operators. All available platform data were compiled for the qualitative analysis,
which was intended to identify relevant trends for the performance of platforms and their
foundations in major hurricanes. The qualitative analysis also served as a screening tool
to identify those platforms that potentially experienced hurricane loads close to or beyond
their original design capacities for detailed quantitative analyses. The quantitative
analyses involved estimating the capacities of the foundation systems using simplified
plastic collapse models. Three-dimensional (3-D) finite-element models (FEMs) of the
structures and their foundations were also developed to perform hindcast and pushover
analyses of selected platforms. The results from the quantitative analyses were
synthesized into guidelines for assessments. An expert panel meeting was convened on
March 23, 2009 to discuss the findings from this project and solicit input from the expert
panel including experienced or knowledgeable members of industry and academia. The
guidance from the expert panel was incorporated in this report.

1.3. Structure of the Report

The structure of this report is summarized below.

=  Chapter 1 Introduction: The motivation, objectives and methodology for this project
are presented.
=  Chapter 2 Background Information on Pile Foundations: The practice for designing

offshore pile foundation, a discussion of potential sources of conservatism in design,
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and the historical performance of piles in hurricanes are provided. The API design
method is provided in Appendix A.

Chapter 3 Case Study Platforms: The database compiled for available platforms
where the foundation was tested in a hurricane is presented, and the use of this

database to select case study platforms for detailed quantitative analysis is described.
The database is provided in Appendix B.

Chapter 4 Quantitative Analyses: The methodology used to analyze the performance
of case study platforms is explained with details included in Appendix C
(3-Dimensional Finite Element Method model) and Appendix D (simplified
plasticity model).

Chapter 5 Findings: The major findings from this project are presented with the
detailed quantitative analyses that support these findings included in Appendix E.
Chapter 6 Practical Guidelines for Platform Assessments: Guidelines for how
foundations are treated in platform assessments are provided and illustrated. The

notes from an expert panel meeting that contributed to formulating these guidelines
are included in Appendix F.

Chapter 7 Conclusions and Recommendations: Conclusions and recommendations
are summarized.

Chapter 8 References: The list of references is provided.




2. Background Information on Pile Foundations

The foundations used for jacket platforms in the Gulf of Mexico are driven piles made of
steel pipes (referred to as steel pipe piles or simply piles throughout this report). The
practice for designing these piles, a discussion of potential sources of conservatism in
design, and the historical performance of piles in hurricanes are provided in this chapter.

2.1. Pile Foundation Design Practice

The design of offshore piles has been guided by APl RP 2A for the past 40 years. The
most recent version of the foundation design methodology provided in this guidance
document, APl RP 2A-WSD (2000), is included in Appendix A for reference. The basics
are summarized in this section to provide context for the analyses and discussions
presented throughout this report.

The design method is for individual piles and considers axial and lateral loading. For
axial loading, the resistance of the pile is divided into side shear (or friction) acting along
the external wall of the pile over its length and end bearing acting at the tip of the pile.
While the piles are open-ended pipes, they generally behave as plugged after set-up so
that the end bearing acts over the gross area of the pile tip. The side shear and end bearing
resistances require displacement of the pile in the soil to be mobilized. The relationship
between side shear and displacement is characterized by a t-z curve (t is unit side shear
and z is axial displacement between the pile wall and the soil), while the relationship
between end bearing and displacement is characterized by a Q-z curve (Q is end bearing
and z is tip displacement). Side shear can act in both directions, i.e., a pile pushing down
in compression or pulling up in tension, while end bearing is generally assumed to only
act in compression. For a typical pile, the majority of the axial capacity comes from the
soils in the lower third of the pile length. For lateral loading the resistance of the pile
versus lateral displacement is characterized by a p-y curve (p is the unit lateral resistance
and y is the lateral displacement). Cyclic loading during a storm can degrade the lateral
resistance due to disturbance of the soil and even a gap possibly opening up between the
pile and the soil. Therefore, two sets of p-y curves are provided for design, one for static
loading and one for cyclic loading. The more conservative cyclic p-y curves are generally
used for design with hurricane loading. For a typical pile, the majority of the lateral
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capacity comes from soils in the upper 50 feet of the pile length.

The types of soils are divided into two broad categories: cohesive soils and cohesionless
soils. In the Gulf of Mexico, cohesive soils are made up primarily of marine clays that
were deposited as sediment dropping through the water column. Since these soils drain
relatively slowly under loading during a hurricane, they are characterized by their
undrained shear strength (c) for pile design. The undrained shear strength is typically
measured in the laboratory using samples of soil that are obtained from a soil boring.
These samples have been typically obtained by driving or pushing a sampling tube
(2.5-inch outside diameter liner sampler) depending on whether the weight of the
percussion sampler is sufficient to push the sampler into the formation. As such, these
samples can be relatively disturbed and exhibit undrained shear strengths that are
generally lower than those in situ. The liner sampler was, and today still is, used to obtain
normally consolidated soft clay (or until the undrained shear strength increases to 250 to
300 psf). Occasionally, the samples have been obtained with a large diameter (e.g., 4-inch
diameter) piston sampler. These samples are less disturbed and exhibit higher undrained
shear strength. Also, the undrained shear strengths have been obtained by performing in
situ testing, such as field vane and piezocone penetration tests, in the soft clay. The
undrained shear strengths from in situ testing are generally higher than those from
laboratory tests on relatively disturbed samples. This difference in sampling and testing
has been implicitly accounted for by the geotechnical engineers who develop a design
profile of undrained shear strength versus depth for pile design. The in situ undrained
shear strength generally increases linearly with depth below the mudline, at a nominal
rate of about 7~10 psf/ft, in the Gulf of Mexico. When a pile is driven, the soil is
disturbed and the undrained shear strength is reduced. Over a period of several weeks to
months after driving, the undrained shear strength increases back to approximately the
undisturbed value. The axial side shear, end bearing and the lateral soil resistance are
roughly proportional to the undrained shear strength for a clay layer. The t-z curves for
clays generally exhibit strain-softening; the peak unit side shear is mobilized at about 0.4
inch of displacement for typical offshore driven pipe piles and then drops off to a value
that is about 0.8 times the peak at larger displacements. For the relatively long and
slender piles that are used for jacket platforms, the maximum total side shear that can be
mobilized is less than the peak value and generally closer to the residual on average
because the axial flexibility of the pile results in mobilizing the peak strengths along the
pile at different times. The cyclic p-y curves in clay limit the lateral resistance to about 70
percent of the peak value that is available for static loading.
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Cohesionless soils on the shelf in the Gulf of Mexico are generally made up of alluvial
(or fluviatile) sands that were deposited by rivers during times when the shelf was
exposed due to lower sea levels. Since these cohesionless soils drain relatively quickly
under loading during a hurricane, these soils are characterized by their drained shear
strength, expressed as an internal friction angle (¢), for pile design. The internal friction
angle increases with density and with particle size. The internal friction angle has
generally been estimated from the number of blows required to drive a sampling tube
(essentially a small diameter, open-ended pipe) into the sand. One challenge that arises
frequently is that the sampler meets refusal, meaning that it cannot be driven through the
sand and greater judgment is needed to estimate ¢’. The axial side shear is related to the
interface friction angle between the sand and pile wall (8), which is nominally assumed 5
degrees less than the internal friction angle of the sand, ¢’. The axial side shear is also
related to the lateral stress acting on the pile wall, which is expressed as K times the
effective vertical overburden stress, where K is assumed to be 0.8 for driven steel pipe
piles in the Gulf of Mexico. At depth, approximately 50 to 100 feet below the mudline,
the design method constrains the unit side shear to a maximum or limiting value that is
also related to ¢’ (the larger ¢’, the larger the limiting side shear). The t-z curves for sands
do not exhibit strain softening. The axial end bearing for sands is also related to ¢’ and is
constrained by a maximum or limiting value that is relevant for typical platform piles that
are greater than 100 feet in length. Again, the limiting end bearing increases with
increasing ¢’. The ultimate lateral resistance in sands is also related to ¢’. The lateral
resistance corresponding to cyclic loading is also less than that corresponding to static
loading. However, the difference is less pronounced for sands than for clays.

A summary of the design parameters for cohesive and cohesionless soils is provided in
Table 2.1.

Generally, the axial pile capacity in sand is much higher than the capacity in clay. In a
complex soil stratigraphy, such as one with interbedded layers of sand and clay, the pile
capacity is assumed to have a smooth transition near the artificially defined layer
boundaries. Common practice is to assume that the axial pile capacity in sand cannot be
fully mobilized until the pile penetrates a distance of 3 pile diameters into the sand layer.
Also, the axial pile capacity is assumed to decrease at a distance of 3 pile diameters
above the underlying clay layer. In these transition zones, the axial pile capacity is
assumed to vary linearly between the value corresponding to the clay layer above or
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below the sand layer and the value corresponding to the sand layer where the capacity is
fully mobilized. If the thickness of the sand layer becomes thin enough such that entire
layer is within the transition zones, the design parameters are usually downgraded. Also,
if there are a few thinly interbedded sand and clay layers, they are usually lumped into a
single layer. Offshore geotechnical engineers commonly recommend a design undrained
shear strength profile for end bearing capacity calculation and design parameters of sand
(K, ¢ and fiim) for side shear capacity calculation in this layer, which can potentially be
conservative as discussed in Section 2.2.

Table 2.1 Design Parameters for Cohesive (Clay) and Cohesionless (Sand) Soils

Design Parameters for Clays

Parameters Typical Units
Submerged Unit Weight, y’ Kips-per-cubic-foot (kcf)
Undrained Shear Strength, ¢ Kips-per-square-foot (ksf)
Reference Strain, & dimensionless

Design Parameters for Sands

Parameters Typical Units
Submerged Unit Weight, y’ Kips-per-cubic-foot (kcf)
Coefficient of Lateral Earth Pressure, K | Dimensionless

Soil-pile Interface Friction Angle, & Degrees

Limiting Skin Friction, fiim Kips-per-square-foot (ksf)
Bearing Capacity Factor, N Dimensionless

Limiting Unit End Bearing, Qiim Kips-per-square-foot (ksf)
Initial Modulus of Subgrade Reaction, k | kips-per-cubic-inch (kci)
Internal Friction Angle, ¢’ Degrees

2.2. Potential Sources of Conservatism in Foundation Design

The foundation design methodology is intended to produce pile foundations that are fit
for purpose and is not necessarily intended to predict the actual capacity of piles in a
hurricane. The challenge is that there is a great deal of uncertainty in estimating pile
capacity under both axial and lateral loading. In order to account for this uncertainty in
design, there are numerous assumptions made in design practice that tend to be
conservative so that uncertainty does not lead to an unexpected failure. These
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assumptions are implicit in the design practice and act in addition to the design factor of
safety that is applied to the design capacity.

The following summary of these potential sources of conservatism draws heavily upon
the following references: Tang and Gilbert (1992), Murff et al. (1993), Pelletier et al.
(1993), Aggarwal et al. (1996) and Bea et al. (1999). Hurricanes Andrew (1992) and
Roxanne (1995) provided the primary motivation for documenting this information.

1. Availability of Site-specific Geotechnical Data: When assessing older platforms,

site-specific geotechnical data are often unavailable due to various reasons including
the time elapsed between the original constructions and current assessments, change
of ownership, confidentiality issues, record keeping practice and historical design
practice. Even when a site-specific boring is available, it is rarely exactly at the
location of the platform and may not reflect variations in subsurface conditions over
the length and width of the structure. On the shelf where most jackets are located,
the soil stratigraphy tends to be more variable than in deeper water due to
interbedded sands and clays and clay layers that may have been desiccated due to
exposure when sea levels were lower. In areas with alluvial (fluviatile) sand deposits,
this variability is particularly pronounced due to the complex geometry from
channels that meandered and cut across one another. In order to account for this
uncertainty due to spatial variability, design profiles for shear strengths tend to
reflect conservatism and are not necessarily the best guess or median value for
strength based on the boring data alone.

2. Sampling and Testing Methods for Site Investigations: Sampling and testing
methods can have a significant effect on the determination of the engineering
properties of soils. Sampling methods have improved over time, meaning that it is
not possible to compare directly data from older soil borings with those from newer
soil borings. Specifically, driven samples were used to characterize the undrained
shear strength of clay layers before about 1980, while pushed samples and in situ
methods have been used since. Likewise, driven penetration methods were used to
characterize the density and shear strength of sand layers until very recently when
more modern Cone Penetration Tests were performed. Uncertainty in the in situ
properties of the soil was therefore greater historically, leading to more conservative
design assumptions for the vast majority of platforms on the shelf.
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As-built Conditions of Foundation: The as-built conditions of the foundations may
be different from those planned for or assumed in design. For example, pile driving

records sometimes show that the as-built pile lengths are different among the piles at
the same platform and different from the design pile length, most likely due to
denser soils that cause refusals of some piles. These as-built conditions may be
significant because the axial capacity of the piles can be higher than expected. Also,
the pile wall thickness schedules may be different from those in the design drawings
due to pile refusals, which may change the lateral capacity of the piles. Sometimes,
jetting or drilling out the pile plugs is performed to advance the piles to the design
penetration. These processes can reduce the axial capacity of the piles. The annulus
between the pile and jacket leg may be grouted. The grouting connects the pile and
jacket leg structurally and increases the effective moment capacity of the pile near
the mudline. These details can only be found in the as-built (record) drawings, which
are therefore important in assessing the capacity of the foundation. Construction
records are often difficult to locate for older platforms, especially after the
ownership of the platforms has changed. The foundation conditions may also change
with time. For example, scour and subsidence of soils around the foundation may
decrease its capacity.

Time Effects: Long-term set-up or aging for piles installed in clays and sands may
increase the foundation capacity with time. The design method is intended to
estimate the capacity after short-term set-up (dissipation of driving-induced pore
water pressures), which generally occurs within several months after driving.
However, both laboratory and field data suggest that the axial side shear capacity of
a driven pile can continue to increase for years after driving (e.g., Seed and Reese
1957; Vijayvergiya et al. 1977; Randolph et al. 1979; Chow et al. 1996; Bogard and
Matlock 1998; and O’Neill 2001). This evidence suggests that the increase in side
shear capacity several years after driving in clay and sand layers could be as much
as a factor of two greater than the value used in design. In addition, the ultimate
lateral resistance of the soil can increase with time due to periods of cyclic loading
and unloading that can occur over the lifetime of the platform when it is subjected to
storm events. Jeanjean (2009) provided data indicating that the ultimate lateral
resistance in a clay could be as much as 50 percent greater after repeated cycles of
loading and unloading due to reconsolidation of the clay. These potential long-term
increases in capacity are not included in design.
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Rate-of-loading Effects: The design values for axial and lateral capacity are
representative of a static load applied over a time duration of several minutes to
hours. However, the maximum load in a hurricane will be applied over seconds. The
strength of the soil and therefore capacity of the pile will tend to increase with
increased loading rate, and could lead to actual capacities that are as much as 100
percent greater than design values (Bea et al. 1999).

Strain-softening and Cyclic Degradation: Strain-softening and cyclic loading can
cause degradation of the undrained shear strength of clay. These effects, which tend
to reduce axial and lateral capacity, are generally included in design. If these
degradation effects are not as severe as assumed in design, then the actual capacities
will be greater than the design values.

Limitations of Design Databases: The design methods were developed from pile
load tests on driven piles that were generally much smaller than those used in
practice. The published data used to develop the API design methods consist of axial
load tests on piles with capacities that average hundreds of kips (e.g., Najjar 2005),
while most pile foundations for jacket platforms have design capacities that are
thousands of kips. Therefore, significant extrapolation is required to predict the
behavior of large offshore piles from these test data. Conservatism is potentially
introduced in estimating axial capacity in clay layers where strain-softening is
assumed for the long offshore piles (strain softening would have less of an effect for
shorter piles). It is potentially introduced in estimating axial capacity in sand layers
where limiting values for side shear and end bearing govern the capacity for long
offshore piles (these limiting values would have less of an effect for shorter piles).
Several sets of data produced since the p-y curves were developed for APl RP 2A,
including Stevens and Audibert (1979), Murff and Hamilton (1993), Randolph and
Houlsby (1984) and Jeanjean (2009), suggest that static and cyclic p-y curves for
soft clays may be stiffer and exhibit ultimate resistances that are at least 30 percent
greater compared to the curves used in design. The conservatism in design is at least
partially motivated by the relatively large uncertainties in environmental loads and
pile capacities and the fact that a factor of safety of only 1.5 is used for extreme
loading.

Engineering Practice for Thinly Interbedded Sand and Clay Layer: Offshore
geotechnical engineers historically recommended a design undrained shear strength
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profile for end bearing capacity calculation and design parameters of sand (K, 6 and
fiim) for side shear capacity calculation for a layer with thinly interbedded sand and
clay. In reality, the end bearing capacity of piles tipping in this layer is probably
between the values calculated assuming that the piles are tipping in either sand or
clay. The practice of assigning a design undrained shear strength profile for end
bearing capacity calculation is conservative because the end bearing capacity of
piles in sand is much higher than the end bearing capacity in clay. As a result, the
axial capacity of piles in a geological setting with complex soil stratigraphy can
potentially be underestimated.

9. Design Practice for Foundation versus Structure: Typically, jacket foundations are

designed for first pile failure. In other words, the piles are sized based on the most
critically loaded pile. One pile design is often applied for all the piles supporting a
jacket structure; in some cases, there may be up to two different pile designs for a
structure. On the contrary, structural members are usually designed and sized
separately based on the expected forces in each member considering the entire
structural system. Therefore, structural members are usually more optimized than
piles and the potential conservatism due to the design practice for piles is higher
than that for the structure.

In summary, there are numerous sources of uncertainty involved in estimating the
capacity of offshore piles, and this uncertainty has understandably led to a conservative
design method. Factors that could reduce the capacity are generally included in design,
while factors that could increase the capacity are generally neglected in design. Therefore,
a failure is not necessarily expected if a pile foundation is loaded to its design capacity,
particularly for piles loaded axially in sand layers and laterally in clay layers. However, it
would also be surprising if the axial or lateral capacity of a pile foundation were much
more than twice the design value.

2.3. Historical Performance of Platform Foundations in Hurricanes

Previous studies have investigated the performance of pile foundations for offshore
platforms subjected to hurricane loads. Aggarwal et al. (1996) describe a detailed analysis
of offshore platforms that were subjected to large loads in Hurricane Andrew (1992).
They analyzed three jackets that survived without any indication of damage to the pile

14



foundations. They inferred from these analyses that there was a conservative bias in the
lateral capacity of the foundation system, with the actual capacity being between 1 and
1.3 times the design capacity. They also inferred a conservative bias in axial capacity of
the system, with the actual capacity being between 1.5 and 1.7 times the design value. A
notable qualification of these conclusions however is that the foundation systems in all
three cases were not actually loaded to their design capacity. The inference of
conservatism was based on the premise that given variability in the actual capacity, there
is a possibility of system failure when the system is loaded to less than its expected (or
design) capacity but none of these three systems failed.

Bea et al. (1999) performed a similar analysis for offshore platforms subjected to large
loads in Hurricane Roxanne (1995). They also concluded that there was a conservative
bias in foundation design, with actual pile capacities being about two times the design
values. Again, to our knowledge, this inference is not based on any structures where the
load was equal to or greater than the design capacity of the foundation
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3. Case Study Platforms

The performance of case study platforms where the capacity of the foundation was tested
in a hurricane is the focus of this project. In order to select case study platforms for
detailed analysis, a database was first compiled and screened for candidate platforms. A
description of this screening assessment and the selected platforms is provided in this
chapter.

3.1. Screening Assessment

A qualitative evaluation was performed to identify relevant trends for the performance of
platforms and their foundations in major hurricanes. It also served as a screening tool to
identify those platforms that potentially experienced hurricane loads close to or beyond
their original design capacities. The qualitative evaluation was performed through the
collection of platform data, review of platform data, compilation of a platform database
and evaluation of the database to identify relevant trends for the performance of
platforms and their foundations.

A database of platforms evaluated for this project is provided in Appendix B. This
information was obtained primarily from the industry (Energo 2006 and 2007, GEMS
2008 and PMB 1993 and 1995). MMS also provided platform data in a confidential
format from the post-hurricane assessments submitted by various operators. The database
includes 30 platforms that experienced hurricanes Andrew, Ivan, Katrina, Rita and Ike.
The following information was compiled for each platform:

= Hurricane Exposure Event(s)

= Number of piles

=  Length of piles

= Age of piles

= Soil stratigraphy including the tip bearing stratum

= Sampling and testing methods used to develop geotechnical design parameters

=  Water depth

= Number of well conductors

=  Approximate ratio of the maximum wave height during the hurricane(s) to the
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design wave height
=  Expected mode of failure for the piles

The maximum wave heights (Hmax) that occurred at the platform locations during
hurricanes were estimated from proprietary hindcast studies that were provided to us by
MMS. The design wave heights for most of the older platforms are not known because
the design practice was not standardized until the 1970’s. Even for the platforms installed
after the 1970’s, the design wave heights are sometimes unknown because detailed design
records were lost after the transfers of ownership. In order to provide an indicator of the
design wave height (Hqgn), the design wave height for each of the platforms was
determined using the present-day sudden hurricane wave height criteria that are used in
the ultimate strength assessment for a low consequence/ manned-evacuated platform
(API Section 17 A-2). Because the base shear of a platform is approximately proportional
to the square of the maximum wave height, a ratio of (melHdgn)2 was calculated for each
platform to provide a rough indication of how much a platform was overloaded (relative
to API Section 17 A-2 criteria) during a particular hurricane. Platform foundations that
experienced hurricane loads greater than their original design capacities and unexpectedly
survived the hurricane loads are of particular interest in this project.

The platforms are mostly 4 or 8-pile platforms. The length of the piles ranges from 135 to
400 feet. The age of the piles between their installation and the hurricane events ranges
from 5 to almost 50 years. The majority of the piles are embedded in interbedded layers
of sand and clay. The bearing stratum at the tip of the piles ranges from fine sand, silty
fine sand, sandy silt to clay. The most common sampling method utilized in the
subsurface explorations is the wireline percussion technique, with a thin-walled sampler
driven by a 175-pound hammer falling approximately 5 feet. Water depth at the platform
locations ranges from 60 to more than 1,000 feet; however, most of the platforms are
located in a water depth of 200 feet or less. The number of well conductors ranges from
none to as many as 40. The ratio (Hrm\led@,n)2 ranges from 0.7 to 1.6, with the majority
having values greater than one.

3.2. Platforms Selected for Quantitative Analyses

The list of platforms selected for detailed quantitative analyses is presented in Table 3.1.
The factors involved in the selection of these platforms included:
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=  High probability of platform foundations being loaded beyond their original design
capacities in a hurricane

= Availability of information about how the platform performed in the hurricane

= Availability of detailed geotechnical data

=  Availability of detailed structural drawings to develop foundation models

= Availability of detailed structural analyses (3-D FEM pushover analyses) to compare
with foundation analyses

=  Availability of the hindcast loading information, such as the wind, wave and current
conditions at the platform locations to estimate the hindcast base shear and
overturning moment acting on the foundation systems

The greatest challenge in selecting platforms was the availability of information about
how it performed in a hurricane. Unfortunately, this information is not available for
platforms that were destroyed because detailed post-hurricane assessments are not
conducted for these structures. Consequently, we have little if any information about how
a platform failed, such as in the foundation versus in the jacket, for platforms that were
destroyed. Therefore, the focus in this study is on platforms that were loaded heavily and
survived the hurricane.

The availability of geotechnical, structural and hindcast information often determined
whether a platform was selected for the detailed quantitative analysis. The information of
these platforms was obtained almost entirely from the industry (Energo 2006 and 2007
and GEMS 2008). These platforms experienced either Katrina or Rita in 2005 or Ike in
2008. They are mostly 4-pile platforms with some 3-, 6- and 8-pile platforms. Most of
them are older platforms installed in the 1960’s and 1970°s; few of them were installed in
the last two decades. The pile foundations of these platforms are mostly tipping in the
sand layers (sandy silt, silty fine sand, fine sand and sand), with a few of them tipping in
the clay layers (clay, silty clay and interbedded clay and silty fine sand). These platforms
are located in relatively shallow water with a maximum water depth of approximately
360 feet. Most of them are equipped with well conductors ranging from one 72-inch
diameter conductor to 18 smaller conductors with a diameter between 20 and 30 inches.
One of the 4-pile platforms has no conductors.
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Table 3.1 Case Study Platforms Selected for Detailed Quantitative Analyses

Platform |Hurricane Number | Length of| Year of Age ] ) Tip Bearing Water | Number of
Database | Exposure of Piles | Piles (ft) | Installation of Soil Stratigraphy Stratum Depth|  Well
No. Event(s) Piles (ft) |Conductors
Stratum 1: very soft to firm clay (90")
Stratum 2: fine sand (12')
Stratum 3: firm clay (12") Stratum 5:
1 Katrina 8 135 1965 40 | Stratum 4: interbedded sandy silt and firm silty - 140 18
! sandy silt
clay (199
Stratum 5: sandy silt (10)
Stratum 6: silty fine sand (10')
Stratum 1: very soft to firm clay (90")
Stratum 2: fine sand (12')
Stratum 3: firm clay (12") Stratum 5:
2 Katrina 6 140 1966 39 | Stratum 4: interbedded sandy silt and firm silty =7 140 12
| sandy silt
clay (19)
Stratum 5: sandy silt (10")
Stratum 6: silty fine sand (10')
Stratum 1: very soft to soft clay (30")
Stratum 2: silty fine to fine sand (56")
Stratum 3: interbedded firm to stiff clay and fine| Stratum 5:
8 Katrina 4 274 1984 21 to silty fine sand (37') silty fine | 220 12
Stratum 4: firm to very stiff clay (56) sand
Stratum 5: silty fine sand (101")
Stratum 6: very stiff clay (52')
Stratum1: sﬂt;_/ fine sand (.5) Stratum 5:
Stratum 2: firm clay (20) interbedded
Stratum 3: silty fine sand (11') very stiff
9 Katrina 4 118 1989 16 Stratum 4: fine sand (71') clay and 60 1
Stratum 5: interbedded very stiff clay and silty g
X i silty fine
fine sand (44') sand
Stratum 6: fine sand (50")
Stratum 2:
Stratuml: very soft clay (11) N
10 Ike 3 220/ 265 2001 7 Stratum 2: soft to hard clay (337) ve‘l;)llaf/trff 360 1
Stratum 1: fine sand (9')
Stratum 2: soft to firm clay (27")
Stratum 3: fine sand (64')
Stratum 4: stiff clay (8') Stratum 9:
Stratum 5: fine sand (9) silty fine to
11 Katrina 4 239/309( 2000 5 Stratum 6: stiff to very stiff clay (6.5) fine sand/ | 120 4
Stratum 7: silty fine to fine sand (13.5) Stratum 11:
Stratum 8: stiff to very stiff clay (71') fine sand
Stratum 9: silty fine to fine sand (73')
Stratum 10: very stiff silty clay (7)
Stratum 11: fine sand (27")
Stratum 1: stiff to firm clay (37.5')
Stratum 2: medium dense silty fine sand grading
to clay silt below 56' (34.5) Stratum 4:
. Stratum 3: stiff to very stiff clay (144') very dense
12 Rita 4 %5 1o72 3 Stratum 4: very dense (silty) fine sand (100") | (silty) fine 1%0 ©
Stratum 5: very stiff clay (25") sand
Stratum 6: very dense sandy silt (15")
Stratum 7: very stiff clay (N/A)
Stratum 1: very soft to firm clay (106")
Stratum 2: silty fine sand (21')
Stratum 3: stiff clay (13.5")
Stratum 4: silty fine sand (27.5") Stratum 8:
22 Rita 4 290 1976 29 Stratum 5: stiff clay (49.5") firm to stiff | 110 0
Stratum 6: laminated stiff clay and silty fine silty clay
sand (27.5")
Stratum 7: silty fine sand (26')
Stratum 8: firm to stiff silty clay (69")
Stratum 1: firm clay (5') .
25 Katrina 4 169 1967 38 Stratum 2: med_ium dense silt‘y fine sand (12") j::;:r;n: %0 4
Stratum 3: firm to very stiff clay (146') sand
Stratum 4: dense fine sand (>43")
e ey | s
27 Rita 4 264/ 281 | 2000 5 Stratum 3: medium dense sand (15) ver)ll stiff | 300 2
Stratum 4: very stiff clay (>185") cay
Stratum 1: very soft to firm clay (75') Stratum 2:
. Stratum 2: dense to very dense sand (80) dense to
29 Katrina 8 140 1967 38 Stratum 3:sitty clay (5.5) very dense 150 12
Stratum 4: dense to very dense sand (N/A) sand
Stratum 1: very soft to firm clay (75') Stratum 4:
. Stratum 2: dense to very dense sand (80") dense to
30 Katrina 6 210 1973 32 Stratum 3: silty clay (5.5) very dense 150 12
Stratum 4: dense to very dense sand (N/A) sand

19



4. Methodology for Quantitative Analyses

The objective of the quantitative analyses is to estimate the capacity of the foundation
system and compare this estimate with the hurricane loading for each case study platform.
Two models were used to estimate the capacity of the foundation system:

= a 3-dimensional finite element model that represents the state of practice for
ultimate strength (pushover) analyses in platform assessment; and

= a simplified plasticity model of the foundation system that provides insight into
the behavior of the foundation and facilitates sensitivity analyses due to its
simplicity.

An overview for these models is provided in this chapter; detailed descriptions for the
two models are included as Appendices C and D. Platform 1 (Table 3.1) is used
throughout this section to illustrate and explain the models. Results from the two models
are compared and discussed at the end of the chapter.

4.1. 3-Dimensional Finite Element Method Model of Platform Structure

Structural Analysis Computer Software (SACS™) was used to conduct 3-Dimensional
Finite Element Method analyses of the case study platforms. SACS™ is a package of
software developed by Engineering Dynamics, Inc. for use in both offshore structures and
general civil engineering applications (Engineering Dynamics 2005). Use of this software
was donated in-kind for this project by Engineering Dynamics, Inc. The inputs to this
model are the structural properties of all members and connections including the piles,
the behavior of the soil surrounding the piles (i.e., t-z and p-y curves as a function of
depth along each pile and a Q-z curve at the tip), and the environmental loading including
the magnitude and direction of waves, wind and current. The primary output from this
model includes the total load on the structure, typically expressed as a base shear, the
displacement of the deck, and the loads, moments and deformations in individual
members. Details for this model are provided in Appendix C, as well as Engineering
Dynamics (2005).

To illustrate, the structural model for Platform 1 developed in SACS™ is shown in Figure
4.1 and the geotechnical design information used to estimate pile capacity and establish
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t-z, Q-z and p-y curves is shown in Figure 4.2.

An lllustration of the SACS™ model for Platform 1 (Energo 2006)

Figure 4.1
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The results of the pushover analysis to estimate the structural capacity for Platform 1 are
summarized in Table 4.1 and Figure 4.3. This analysis corresponds to waves loading the
platform in the end-on direction (toward Platform North in Figure 4.1), which was
approximately the direction of waves in Hurricane Katrina. In the analysis, the total load
on the structure from the combination of waves, wind and current is increased
incrementally using a load factor to develop the relationship between deck displacement
and base shear (the total horizontal force acting at the mudline). One challenge in a
pushover analysis is to select a base load (the load at a load factor equal to one) such that
the platform is on the verge of failure. The results of the analysis for Platform 1 (Table
4.1 and Figure 4.3) indicate that its capacity is reached at a load factor of 0.84 with a
deck displacement of 32 inches, a base shear of 2,300 kips and an overturning moment of
215,000 ft-kips. The failure in the pushover analysis is attributed to an axial failure of
piles in the foundation, which consequently causes the entire platform to collapse.
Specifically, Piles A1 and A2 (Figure 4.1) first plunge and then Piles D1 and D2 pull out
as the load is increased further.

Table 4.1 Output from the Pushover Analysis of Platform 1 in the End-On Loading

Direction
Base Overturning Deck
Load | Load
Shear Moment Displacement
Step | Factor ) ) )
(kips) (ft-kips) (in.)
5 0.19 521 48544 23
10 | 0.41 1125 104752 6
15 | 0.58 1591 148186 10
20 | 0.69 1893 176290 14
25 | 0.79 2167 201840 27
27 | 0.84 2305 214614 32
Platform collapsed — numerical analysis did
28 | 0.86
not converge
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Figure 4.3 Base Shear versus Deck Displacement for Platform 1 in the End-On
Loading Direction

For comparison, SACS™ is also used to estimate the hurricane loads to which Platform 1
was subjected in the end-on direction based on hindcast data from Hurricane Katrina
(Table 4.2). This analysis indicates that the platform experienced a base shear of
approximately 4,000 kips (Table 4.2). As shown on Figure 4.3, the hindcast load is
significantly greater than the estimated platform capacity, which was governed in the
pushover analysis by the foundation capacity. This platform survived Hurricane Katrina,
making it a useful case study platform to explore potential conservatism in foundation
design.

Table 4.2 Environmental Load Parameters for the Hindcast Analysis of Platform 1
Wave Wave Wind Current Vertical Base Overturning

Platform Height Period Speed Velocity Load  Shear Moment
(ft)  (sec) (knots) (knots) (kips)  (Kips) (ft-Kips)
Platform 1 58.7 16.1 68.9 1.9 2500 4053 362323

4.2. Simplified Plastic Collapse Model of the Foundation

The simplified plastic collapse model uses an upper-bound kinematically admissible
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solution to define the combinations of base shear and overturning moment that cause the
complete collapse of the foundation system (Murff and Wesselink 1986). The
upper-bound method assumes a plastic collapse mechanism, where all elements of
resistance are characterized as rigid and perfectly plastic (Murff 1987). The piles in the
system collapse when one hinge forms at the pile head and a second hinge forms at some
depth below the pile head. The collapse of the entire system occurs when two hinges
form in each of the piles in the system, as shown schematically in Figure 4.4. The
solution is an upper-bound approximation to the system capacity because it does not
explicitly satisfy force and moment equilibrium. Also, the structure supported by the piles
is assumed to be perfectly rigid. Comparisons between this upper-bound solution and
more rigorous pushover analyses indicate that the upper-bound model overestimates the
total horizontal force causing failure by about 10 percent (Murff and Wesselink 1986).

The original model developed by Murff and Wesselink (1986) and extended by Tang and
Gilbert (1992) was updated for this study to incorporate multiple soil layers and pile wall
thicknesses below the mudline. In addition, the contribution of well conductors to the
foundation system capacity was included. The conductors are modeled as piles that are
connected to the structure with rollers (Figure 4.5) such that the structure can move the
conductors horizontally but not vertically (that is, the conductors contribute lateral
resistance but not axial resistance to the foundation system). Details for this model are
provided in Appendix D.
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Figure 4.6 System Load Parameters for the Simplified Plastic Collapse Model (Tang
and Gilbert 1992)

The inputs to the model are the loads on the foundation system (Figure 4.6), the geometry
of the piles and conductors including locations and batters, the axial and lateral resistance
versus depth for each pile and conductor, and the structural capacity of each pile and
conductor. The critical horizontal collapse load (that is, base shear, Py) of the foundation
system at a specified moment arm above the mudline (h) is determined by varying the
horizontal load such that the external work applied by the system load is equal to the
internal work associated with the system capacity. A relationship between base shear and
overturning moment (M) is developed from the combinations of the critical collapse load
and its moment arm.

To illustrate, the foundation system capacity interaction curve for Platform 1 (Figures 4.1
and 4.2) in the end-on loading direction is shown in Figure 4.7. This interaction curve
includes the contribution from the 8 piles as well as the 18 well conductors. The
interaction curve is an envelope; for hurricane loads located within the envelope, the
foundation system is expected to be stable. The first zone corresponds to the shear failure
mechanism, which is the initial part of the interaction curve at a small overturning
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moment. This part of the interaction curve slopes upward gently (increases in base shear
with increasing overturning moment) because of pile batters. In this portion of the
interaction curve, the capacity of the foundation system is governed by the lateral
capacities of the piles and conductors. The other extreme at a large overturning moment
corresponds to an overturning failure mechanism. This part of the interaction curve shows
a steep downward slope (critical base shear decreasing rapidly with increasing
overturning moment). In this portion of the interaction curve, the capacity of the
foundation system is governed by the axial capacities of the piles. The zone between
these two extremes on the interaction curve corresponds to a combination of shear and
overturning (i.e., both lateral and axial capacities are contributing to total system
capacity).

The foundation system capacity interaction curve essentially presents the foundation
capacity for all possible scenarios of environmental load profiles (from a small moment
arm to a large moment arm). On the contrary, a pushover analysis is typically performed
using a given environmental load profile and scaling this load profile with a series of load
factors until the platform collapses. In essence, the moment arm does not change
throughout the pushover analysis. As such, the result of a pushover analysis is
comparable to a point on the foundation system capacity interaction curve. The load path
of a pushover analysis, if drawn on the interaction diagram, starts at the original and
follows a straight line leading to the interaction curve. The slope of this linear load path is
the inverse of the moment arm.
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Figure 4.7 Foundation System Capacity Interaction Curve from Plasticity Model of
Platform 1 in the End-on Loading Direction

As with the pushover analysis, the capacity can be compared to the hindcast loading. The
maximum base shear and overturning moment applied by Hurricane Katrina in the
end-on direction (Table 4.2) are plotted in Figure 4.7. As for the pushover analysis, the
applied loading is significantly greater than the estimated capacity from the upper-bound
plasticity model for this platform. Possible reasons for this discrepancy will be discussed
in Sections 5.1.4 and 5.4.

4.3. Comparison of Results from Simplified Plasticity Model with
3-Dimensioinal Finite Element Method Model

While convenient for analyses, the simplified plasticity model is only useful if it provides
a reasonable estimate of the foundation system capacity. The objective of this section is to
compare the results from the simplified plasticity model with those from the more
rigorous 3-Dimensional Finite Element Method model (SACS™). Details of these
comparisons are provided in Matarek (2009) and Carpenter (2009).
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Platform 22 (Table 4.1) provides a convenient basis for comparison because it is a simple
structure with 4 piles and no conductors. The results from the two models are compared
on the capacity interaction curve in Figure 4.8. As expected and discussed previously, the
simplified plasticity model provides an upper-bound solution and overestimates the load
causing failure by about 10 percent (Figure 4.8). In order to account for this known bias,
the horizontal load causing failure from the plasticity model is reduced by a factor of 0.9;
the curve labeled “Estimated Pile System Capacity from Plasticity Model” in Figure 4.8
shows this adjustment. The adjusted capacity interaction curve from the plasticity model
and the failure load from the pushover analysis compare well (Figure 4.8). In the
pushover analysis, several joints above the foundation started to fail before the system
capacity of the foundation was reached, possibly causing a “premature” foundation
failure since the damaged structure was not able to redistribute load as effectively. In
order to study this possibility, the pushover analysis was repeated by increasing the yield
strength for the members in the jacket so that they did not fail before the foundation; this
result is labeled “Failure Load from 3-D FEM Pushover Analysis with Strengthened
Structure” in Figure 4.8. In this case, the results from the two models are nearly identical
(within a few percent of one another). In all subsequent results for the simplified
plasticity model presented in this report, the capacity interaction curve will be reduced by
a factor of 0.9 to provide a reasonably unbiased estimate.
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Figure 4.8 Foundation System Capacity Interaction Curve from Plasticity Model of
Platform 22 in the End-on Loading Direction

Platform 10 (Table 3.1) also provides a helpful basis for comparison of the two models
since it only has one small conductor and the failure mechanism is overturning. The
capacity interaction curve for this tripod foundation system is shown in Figure 4.9. One
interesting feature of this analysis is that the axial side shear capacity of the piles depends
on displacement, which is accounted for explicitly with the t-z curves in the pushover
analysis. However, in the simplified plasticity analysis, a governing value of side shear at
failure (or collapse) is assumed. Two capacity interaction curves are shown in Figure 4.9;
one using the peak unit side shear and the other using the residual unit side shear over the
length of the piles. The pushover analysis indicates that the governing capacity at failure
is close to the residual side shear, which is consistent with the results from the plasticity
model (Figure 4.9).
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Figure 4.9 Foundation System Capacity Interaction Curve from Plasticity Model of
Platform 10 in the Hurricane Ike Loading Direction

The presence of well conductors can have a significant effect on the foundation system
capacity, and this effect is difficult to capture in the simplified plasticity model because
their relative contribution to the system capacity will depend on displacement (which is
not considered in the simplified plasticity model). Comparisons of results from the
simplified plasticity model and the pushover analysis are shown in Figures 4.10, 4.11 and
4.12 for Platforms 12, 1 and 9, respectively.

For Platform 12, a pair of results is shown where the conductors were excluded and
included in both the simplified plasticity model and the pushover analysis. The failure
mechanism for the foundation system is shear, meaning that the lateral capacities of the
conductors contribute quite a bit to the total capacity of the foundation (Figure 4.10). The
simplified plasticity model provides a very good estimate of the system capacity in this
case and is able to account well for the contribution of the conductors (Figure 4.10).

For Platforms 1 and 9, the capacity from the pushover analysis is greater than the
capacity from the plasticity model if the conductors have no contribution but less than the
capacity from the plasticity model if the conductors provide their full contribution
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(Figures 4.11 and 4.12). In these cases, the full plastic capacity of the conductors is not
being realized at the deck displacement defined as failure in the pushover analysis.
Platform 9 is of particular interest because it has one relatively large conductor that
contributes significantly to both the shear and the overturning capacity of the foundation
system. In this case, the plastic moment capacity of the large conductor contributes to the
overturning capacity of the foundation.

In summary, a set of capacity interaction curves from the simplified plasticity model, one
where conductors are not included and one where conductors are included, provide
bounds on the capacity of the foundation system (Figures 4.10 to 4.12). The actual
system capacity is probably between these curves and closer to the curve including the
maximum effect of conductors than the one neglecting the conductors. Both curves will
be included in all subsequent results for the simplified plasticity model presented in this
report.
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Platform 12 in the End-On Loading Direction
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5. Findings

Based on detailed analyses of the 12 case study platforms, the following four major
findings were developed:

Field performance of foundation systems is consistent with design.

The failure mechanism is important in assessing foundation system capacity.
Structural factors are important in assessing foundation system capacity.
The presence of sand is important in assessing foundation system capacity.

A w b e

These major findings are discussed and illustrated in this chapter. Details of the analyses
that support these findings are provided in Appendix E.

5.1. Field Performance Consistent with Design

Based on the quantitative analyses in this study, the performance of platform foundation
systems is consistent with how they were designed and there is no direct evidence of
excessive conservatism. Table 5.1 summarizes the results for the 12 platforms that we
have analyzed in detail. The performance in the hurricanes generally matches up with
what is predicted based on the foundation design.

= In five cases where the platforms were loaded to less than the design capacities of
the foundation systems (Platforms 8, 22, 25, 27 and 29), there were no indications of
foundation system failures. (Shown in green cells in Table 5.1)

= In four cases where the platforms were loaded to near or beyond the shear capacity
of the foundation system (Platforms 9, 11, 12 and 30), there were no indications of
foundation system failures. This result is expected because of the reserved structural
capacity beyond what is modeled, which can contribute to the shear capacity of the
foundation system for a jacket (Sections 5.2 and 5.3). (Shown in yellow cells in
Table 5.1)

= In the one case we have of a reasonably definitive foundation failure (Platform 10),
the platform was loaded to the design axial capacity of the foundation and an
overturning failure of the foundation system apparently occurred. This result is not
surprising because the foundation was loaded to its capacity and the platform is a
tripod structure with little redundancy to overturning. (Shown in pink cells in Table
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5.1)

There is one pair of bridge-connected platforms (Platforms 1 and 2) that did not
experience foundation failures even though they were possibly loaded well beyond
the overturning capacities of the foundation systems. However, a site-specific soil
boring is not available for these platforms and the subsurface conditions in this
geologic setting are highly variable with significant layers of sand (Section 5.4),
making the inference of design capacities questionable in this case. (Shown in blue
cells in Table 5.1)
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Table 5.1 Summary of Results for Quantitative Analysis (Part 1 of 2)

Platform Year of Water Depth Indicator of Design Maximum Hindcast Observed Predicted
No. Installation (feet) Wave Height! (feet) Wave Height (feet) Performance Performance
8 1984 220 59 77 (Katrina, 2005) No Evidence of Foundation
Foundation Failure Capacity Not

Exceeded

22 1976 110 53 57 (Rita, 2005) No Evidence of Foundation
Foundation Failure Capacity Not

Exceeded

25 1967 90 51 44 (Katrina, 2005) No Evidence of Foundation
Foundation Failure Capacity Not

Exceeded

27 2000 300 61 75 (Rita, 2005) No Evidence of Foundation
Foundation Failure Capacity Not

Exceeded

29 1967 150 56 63 (Katrina, 2005) No Evidence of Foundation
Foundation Failure Capacity Not

Exceeded

' present-day sudden hurricane wave height criteria used in ultimate strength assessment for A-2 (Section 17 of API RP 2A-WSD 2000).
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Table 5.1 Summary of Results for Quantitative Analysis (Part 2 of 2)

Platform Year of Water Depth Indicator of Design | Maximum Hindcast Observed Predicted
No. Installation (feet) Wave Height' (feet) | Wave Height (feet) Performance Performance
9 1989 60 45 56 (Katrina, 2005) No Evidence of Shear/Overturning
Foundation Failure | Capacity Reached
11 2000 120 54 67 (Katrina, 2005) No Evidence of Shear Capacity
Foundation Failure Reached
12 1972 190 58 67 (Rita, 2005) No Evidence of Shear Capacity
Foundation Failure Reached
30 1973 150 56 63 (Katrina, 2005) No Evidence of Shear Capacity
Foundation Failure Reached
10 2001 360 61 71 (Ike, 2008) Evidence of Axial Overturning
Pile Failure Failure
1 1965 140 55 59 (Katrina, 2005) No Evidence of Overturning
Foundation Failure Failure
2 1966 140 55 59 (Katrina, 2005) No Evidence of Overturning
Foundation Failure Failure

' present-day sudden hurricane wave height criteria used in ultimate strength assessment for A-2 (Section 17 of API RP 2A-WSD 2000).
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5.1.1. Cases of No Foundation System Failures when Hurricane Loads Were
Less than Design Capacities

The foundation system capacity interaction curves for Platforms 8, 22, 25, 27 and 29 are
shown in Figures 5.1 to 5.5, respectively. Even considering the foundation capacity
without the contribution of conductors, the estimated hurricane loads are all less than the
foundation capacities for these platforms. Post-hurricane field observations of these
platforms also show no evidence of foundation failures, which is consistent with our
analyses.
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Figure 5.1 Foundation System Capacity Interaction Diagram from Plasticity Model of
Platform 8
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5.1.2. Cases of No Shear Failures of Foundation Systems when Hurricane Loads
Were Near Design Capacities

For Platforms 9, 11, 12 and 30, the estimated hurricane loads are very close to or beyond
the shear capacities of the foundation systems without the contribution of conductors
(Figures 5.6 to 5.9). However, there was no evidence of foundation system failures in
these structures based on post-hurricane inspections and assessments.

Even though they were loaded close to or beyond the design lateral capacities of the piles,
it is not surprising that there were no failures of the foundation systems. Structural factors,
such as the presence of conductors and yield strengths for steel members that are greater
than the nominal values used in assessment, can provide an additional margin of safety
for a shear type failure in the foundation. None of these structures were loaded beyond
the predicted capacity of the foundation system if the conductors provide their full
contribution (Figures 5.6 to 5.9). Additionally, penetration of jacket legs below the
mudline and grouting in the annuluses between the legs and piles can increase the
effective moment capacities of the piles near the mudline, which also increases the shear
capacity of the foundation. Therefore, while there may have been individual piles that
were close to or even yielded (which would be very difficult to detect in a post-hurricane
inspection), the foundations are not expected to fail as a system when the loads are near
the predicted capacities of the foundation systems.
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5.1.3. Case of Overturning Failure of Foundation System when Predicted

Platform 10 is a tripod structure where one of the piles also serves as a well conductor
(Pile A'in Figure 5.10). The platform was installed in 2003. It was loaded from the east by
Hurricane lke in 2008, and was left leaning to the west after the hurricane. Visual
(underwater) inspections have not detected any indication of structural failure to cause
the lean, and all indications suggest that the foundation system failed in overturning. The
displacement of the piles at the mudline was estimated to be a few feet because the base
of jacket including mudmats is below mudline. This platform is the first offshore
structure, excluding caissons, available to us to date where a reasonably definitive
foundation failure has been observed and documented.

The foundation system capacity interaction curve for Platform 10 (Figure 5.11) shows
that the foundation system was probably loaded beyond its overturning capacity. The
predicted foundation system failure is initiated by an axial pull-out failure of the back pile
in the hurricane loading (Pile C in Figure 5.10). Piles B and C are 205-foot long, 48-inch
diameter steel pipes driven into a normally consolidated marine clay. Geotechnical
information comes from a site-specific boring that was drilled in 2000 using modern
techniques for sampling and testing. The axial side shear on the piles is expected to
exhibit strain-softening behavior according to the design method. The residual side shear
on the t-z curve used in the pushover analysis for this platform is assumed to be 0.8 times
the peak value. When we use the residual side shear and no reverse end bearing for the
piles, we predict a foundation capacity that is less than the hurricane load (Figure 5.11).
This result indicates that strain softening may have occurred in the field, which is
consistent with design practice and what is used for t-z curves in a pushover analyses.

A simplified t-z analysis was performed for Pile C (the back pile in tension). The wall
thickness was assumed to be 1 inch, which is the thickness of the majority of the pile
length. The load-displacement curve of this pile considering strain softening is presented
in Figure 5.12. As shown in this figure, the maximum axial capacity is mobilized at a
pile-head displacement of 1.6 inches and then the capacity drops to a residual value at a
displacement of 2 inches. The maximum axial capacity is less than ultimate capacity
assuming peak side shear is mobilized simultaneously along the pile length, and the
available capacity after more than several inches of displacement is smaller than the
maximum and equal to the residual capacity (Figure 5.12). This finding is significant
because the pile length may be determined by structural engineers using the ultimate
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capacity versus pile penetration curves developed by geotechnical engineers. The strain
softening behavior is usually not included in these curves because the geotechnical
engineers do not know the pile wall thickness schedule at the time when they prepare
these curves. Instead, t-z curves are usually provided by the geotechnical engineers.
These t-z curves are used by structural engineers in the structural analysis to determine
the performance of the structure and its members. However, they are not necessarily used
to size the piles. As a result, the axial capacity of the piles can be 10 to 30 percent less
than its intended value for long, flexible piles embedded in normally consolidated marine
clays that exhibit strain softening.

The geometry of this tripod platform makes it less redundant than a 4, 6 or 8-leg structure.
The wave loading direction in Ike put single pile into tension (Pile C Figure 5.10). The
pull-out failure of that single pile would lead to the collapse of the foundation system (or
excessive rotation of the jacket). Pile A on the north side of the tripod also serves as a
well conductor, meaning that its axial capacity is probably greater than the pile alone due
to grouted connections within the casing strings. However, this potential reserve is not
effective in increasing the overturning capacity in the Hurricane Ike loading direction
because the system capacity is governed by pull-out of Pile C. The foundation capacity in
overturning is very sensitive to loading direction, as shown in Figure 5.13. This
sensitivity also indicates a lack of redundancy to overturning. Ironically, the greatest
capacity corresponds to a load from the north, which is not likely in a hurricane.
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5.1.4. Cases of No Overturning Failures of Foundation Systems when Predicted

Platforms 1 and 2 are 8 and 6-pile structures that are in the same location (connected by a
bridge). The foundation system capacity interaction curves for these platforms predict
overturning failures of the foundation systems because the predicted capacities are well
below the estimated hindcast loading from Hurricane Katrina (Figures 5.14 and 5.15).
However, both structures survived the hurricane intact and there is no evidence of distress
in the foundation system.
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Figure 5.14  Foundation System Capacity Interaction Diagram from Plasticity Model of
Platform 1
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While it is possible that these two cases provide evidence of conservatism in foundation
design, the most probable explanation for the apparent discrepancy between observed and
predicted performance is that the predicted capacities are based on an inappropriate soil
boring. We have not yet been able to locate a site-specific boring for these structures,
which were installed in the mid 1960’s. The closest boring that is available, and the
boring that was used in the assessment, was drilled in 1979 about 1,000 feet away. The
geologic setting is a complex and variable alluvial (fluvatile) deposit with interbedded
layers of clay and sand, making it difficult to extrapolate conditions over more than
hundreds or even tens of feet. In addition, the method used in the 1979 soil boring to
estimate the density and therefore shear strength of the sand layers was an outdated
Driven Penetration Test that generally met refusal and did not fully characterize these
layers.

There are two strong pieces of evidence suggesting that this boring does not properly
reflect the geotechnical conditions at the site. First, the piles were designed to tip in a
layer that did not optimize their axial capacity. As shown in Figure 5.16, if the piles had
been driven less than 10 feet deeper, the tip capacity would have been 70 percent greater
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and the total axial capacity almost 50 percent greater. Figures 5.17 and 5.18 show how
sensitive the foundation system capacity is to the density of the sand layer at the pile tips.
For Platform 2, this difference alone is enough to make the predicted capacity nearly the
same as the hurricane loading. For Platform 1, this difference is enough to change the
failure mechanism for the foundation system from overturning to shear, where there are
other sources of reserve in the structural system that can increase the foundation capacity
(see Section 5.1.2). The selection of pile length for these structures is not consistent with
typical practice if this soil boring accurately reflects the geotechnical conditions at the
site.

End Bearing 70% Greater

Figure 5.16  Schematic of Geologic Setting for Platforms 1 and 2
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Second, the large discrepancy between the hurricane loading and the predicted foundation
capacity in overturning is not consistent with any of the other structures that we have
analyzed (compare Figures 5.14 and 5.15 with Figures 5.1 to 5.9 and 5.11). The
maximum wave height at this location in Hurricane Katrina was 59 feet. For comparison,
the design maximum wave height for a present-day A-2 ultimate strength assessment is
55 feet. If we use the predicted capacity in Figures 5.14 and 5.15 as a guide, these
platforms were designed using a maximum wave height of less than 45 feet. While the
design standards in the mid 1960°s were not the same as today, they were not that much
lower, particularly considering that a major operator designed and installed these two
structures.

Therefore, we suspect that the explanation for the large discrepancy between observed
and predicted performance (Figures 5.14 and 5.15) reflects an underestimate of the actual
design capacity (the design capacity that would be obtained with a site-specific, modern
soil boring) and not conservatism in the design method.

5.2. Importance of Failure Mechanism for Foundation System Capacity

The type of failure mechanism is important in assessing the capacity of the foundation
system. There are two broad categories of failure mechanisms for the foundation system:
shear failure where the piles and conductors exceed their lateral capacities and
overturning failure where the piles exceed their axial capacities (Figure 5.19). For a shear
failure mechanism,

= the system capacity is relatively insensitive to the shear strength of soil,

= the system capacity is relatively sensitive to the yield strength of steel;

= the system capacity is relatively sensitive to conductors; and

= the system capacity is relatively insensitive to loading direction.
Conversely, for an overturning failure mechanism,

= the system capacity is relatively sensitive to the shear strength of soil;

= the system capacity is relatively insensitive to the yield strength of steel,;

= the system capacity is relatively insensitive to conductors; and

= the system capacity is relatively sensitive to loading direction.
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The importance of the failure mechanism is demonstrated in the following sections using
sensitivity analyses with the Case Study Platforms.
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Figure 5.19  Schematic Showing Failure Mechanisms for Foundation Systems

5.2.1. Sensitivity of Shear versus Overturning Capacity to Shear Strength of
Soil

The capacity of a foundation system in shear is much less sensitive to the shear strength
of the soil than the capacity of the system in overturning. A sensitivity analysis for the
foundation system capacity of Platform 1 is shown in Figure 5.20. First, the lateral
resistance provided by the soil, which is roughly proportional to the shear strength of the
soil over the upper 50 feet of the pile or conductor, was increased by 50 percent (the
curve labeled “NQlat = 1.5” in Figure 5.20). The results in Figure 5.20 show that
increasing the shear strength of the soil by 50 percent increases the load causing a shear
failure by about 10 percent. For comparison, the axial resistance provided by the soil to
an overturning failure mechanism was also increased by 50 percent (the curve labeled
“NQax = 1.5” in Figure 5.20). Again, this axial soil resistance is roughly proportional to
the shear strength of the soil, particularly over the lower third of the pile length. In this
case, increasing the shear strength of the soil by 50 percent increases the moment causing
an overturning failure by about 50 percent.
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Figure 5.20  Sensitivity Analyses of Foundation System Capacity to Lateral and Axial
Resistance Provided by Soil for Platform 1 in End-On Loading Direction

This relatively insensitivity of the shear capacity of the foundation system to the shear
strength of the soil may explain why structural engineers sometimes increase the shear
strength of the soil by factors of two or more to explain survival of platforms in
hurricanes. This practice is not appropriate for several reasons. First, we do not have any
evidence to suggest that the lateral resistance provided by the soil would be more than
two times greater than what the design method predicts. Second, arbitrarily changing the
shear strength of the soil along the entire pile length will have a much larger effect on the
axial resistance, which might change the governing failure mechanism from overturning
to shear (as illustrated in Figure 5.17).

5.2.2. Sensitivity of Shear versus Overturning Capacity to Yield Strength of Steel

The shear capacity of the foundation system is much more sensitive than the overturning
capacity to the yield strength of the steel piles and conductors. A sensitivity analysis for
the yield strength of the piles and conductors is shown on Figure 5.21. Pushover analyses
are typically conducted assuming that the yield strength of the steel in the members is
equal to the nominal yield strength, which is 36 ksi for the platform shown in Figure 5.21.
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However, the actual yield strength is expected to be greater than the nominal value and
generally the increase is on the order of 5 to 20 percent (Energo 2009). The yield strength
for the piles and conductors was increased by 15 percent in Figure 5.21. A 15 percent
increase in the yield strength increases the shear capacity of the foundation by roughly 10
percent, while it has a very small effect on the overturning capacity (Figure 5.21). A
comparison of Figures 5.20 and 5.21 shows that the shear capacity of this foundation
system is about three times more sensitive to the yield strength of the steel than the shear
strength of the soil.

The moment capacities of the piles and conductors can also be increased due to other
factors, such as the jacket leg penetration below the mudline, grouting between the jacket
legs and piles, and grouting between casing strings in conductors. All of these factors can
have a significant impact on the shear capacity of the foundation system.
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Figure 5.21  Sensitivity Analyses of Foundation System Capacity to Yield Strength of
Piles and Conductors for Platform 1 in End-On Loading Direction
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5.2.3. Sensitivity of Shear versus Overturning Capacity to Well Conductors

The shear capacity of the foundation system is much more sensitive than the overturning
capacity to the lateral resistance provided by well conductors. Figure 5.22 illustrates this
effect with Platform 11. This platform is equipped with four conductors, including one
large, 72-inch diameter conductor. The conductors serve to increase the shear capacity of
the foundation system by about 70 percent. If the conductors did not contribute to the
foundation capacity, it is possible that this foundation would have failed in Hurricane
Katrina (Figure 5.22).
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Figure 5.22  Foundation System Capacity Interaction Diagram from Plasticity Model of
Platform 11

5.2.4. Sensitivity of Shear versus Overturning Capacity to Loading Direction

The shear capacity of a foundation system is relatively insensitive to the loading direction
compared to the overturning capacity. The foundation capacity for Platform 30, a 6-pile
rectangular platform, is shown as a function of loading direction in Figure 5.23. In the
portion of the capacity interaction curve corresponding to a shear failure mechanism, the
capacity is insensitive to the loading direction. Essentially, each pile contributes roughly
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equally to the lateral capacity. Conversely in the portion of the capacity interaction curve
corresponding to an overturning failure mechanism, the capacity is sensitive to loading
direction since each individual pile contributes differently depending on the moment arm
between the pile and the center of the rotation for the platform in the direction of loading.
The tripod platform (Platform 10) illustrates an extreme example of the sensitivity of
overturning capacity to loading direction due to its geometry (Figure 5.13).
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Figure 5.23  Sensitivity Analyses of Foundation System Capacity to Loading Direction
for Platform 30

5.3. Importance of Structural Factors in Foundation System Capacity

While foundation capacity is generally associated with geotechnical factors such as the
strength of the soil, structural factors also affect the capacity of the foundation system:

= The moment capacity of piles and conductors affects the shear capacity of the
foundation system (e.g., Figure 5.21).

= Well conductors can provide a significant contribution to the shear capacity of the
foundation system if the structural framing allows the development of this
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contribution (e.g., Figure 5.22).

= The relative flexibility of an individual pile can affect its axial capacity in clay
layers that are susceptible to strain softening (e.g., Figures 4.9, 5.11 and 5.12).

= The rigidity or strength of the jacket structure can affect the capacity of the
foundation system because it affects the ability of the structure to redistribute
loads as individual piles are loaded to their capacity (e.g., Figure 4.8).

= Mudmats and other structural framing at the mudline can potentially contribute to
resisting overturning if they bear on or in the soil. However, the contribution of
these elements to the overturning capacity of the foundation is typically small
since they are bearing on the relatively weak soils near the mudline and would
require deformation much greater than that required to mobilize pile capacity. For
the few cases where these elements bear on relatively strong soils, the presence of
these elements can potentially help in understanding the discrepancy between the
observed and calculated capacities.

These points underscore the importance of considering the piles and conductors as one of
many members that make up the structural system.

5.4. Importance of Sand

Sand layers contribute to the axial and lateral pile capacity in 11 out of the 12 Case Study
Platforms (Platform 10 is the single exception). Furthermore, the contribution of sand
layers to pile capacity is substantial in the majority of these platforms. This finding was
unexpected as marine clays are the dominant soil type for pile foundations in the areas of
production in the Gulf of Mexico. However, many of the platforms that were loaded
heavily in these recent hurricanes are located on the shelf in areas where there are
significant deposits of sand.

Sand layers are generally associated with a complex and variable geologic setting, such
as alluvial (or fluviatile) deposits laid down by meandering streams and rivers. There can
be large variations in soil stratigraphy and properties over relatively short distances of
less than one hundred feet in these settings. As an illustration, the soil profile for Platform
1 is compared with that for Platform 30 in Figure 5.24. While these two locations are
from the same geologic setting several miles apart, the stratigraphy is significantly
different.
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Figure 5.24  Comparison of Stratigraphy at Two Locations in Similar Geologic Setting

Sand layers can be difficult to characterize with soil borings if the layers are too dense to
penetrate. The boring log from the 1979 boring drilled in the vicinity of Platforms 1 and 2
is shown in Figure 5.25. The density and strength of the sand layers is determined from
the penetration resistance for the driven sampler in the column labeled “Blow Count” in
Figure 5.25. For the sand layers at and below the tip of the pile, the sampler met refusal
as indicated by the entry of 30 for the blow count; once 30 blows were reached, they
would stop driving the sampler if it had not penetrated at least 2 feet. Therefore, the
inferred classification of this sand layer as Medium Dense in the APl Design Method
versus higher categories of Dense or Very Dense is debatable. The log for a more modern
Cone Penetration Test conducted about 3 miles away in the same geologic setting is
shown in Figure 5.26. This log shows that even the cone was not able to penetrate the
sand layers about 140 feet below the mudline (which may or may not be the same sand
layers as those at the location of the boring in Figure 5.25), and that these layers were
classified as Very Dense at this location. The sensitivity of the foundation capacity to this
classification of density is illustrated in Figures 5.17 and 5.18.
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Figure 5.26  Cone Resistance from a CPT Performed in the Neighboring Block of
Platforms 1 and 2 (Fugro-McClelland 2005)

The refusal of the cone penetrometer and the practice of performing cone penetration
tests in a borehole in most offshore applications result in a discontinuous cone tip

62



resistance profile (Figure 5.26). Furthermore, the cone tip resistance value increases
significantly from the beginning of the push to cone refusal. Engineering judgment is
required to develop a “design” cone tip resistance profile in order to use CPT-based
methods to estimate axial pile capacity. This process naturally introduces uncertainty in
the estimated axial pile capacity (that is, the capacity estimated by different geotechnical
engineers will likely be different). As such, qualified geotechnical engineers who are
experienced in interpreting CPT data and understand the limitations and reliability of
these CPT-based methods are required to provide a sound estimate of pile capacity.

Sand layers are also more complicated to model in a pushover analysis. In order to
calculate pile capacity for axial and lateral loading, clay layers require three input
parameters while sand layers require eight input parameters (Table 2.1). In reviewing
pushover analyses, we commonly found errors in the input values used for sand layers.
Examples of errors included using K = 1.0 (the program default) instead of K = 0.8 (the
API design method?), inter-changing the soil-pile interface friction angle & and the
internal friction angle ¢' (3 is used to calculate axial capacity and is generally assumed 5
degrees smaller than ¢’, which is used to calculate lateral capacity), and using values of
limiting unit side shear or unit end bearing that were not consistent with the other input
parameters for that layer. These seemingly small errors in modeling can have a large
impact on the assessment, as shown in Figure 5.27.

The most recent errata and supplement of API RP 2A published in October 2007 (Errata
and Supplement #3) presents a new table (Table 6.4.3-1) for the design parameters of
sand. In this table, K and & are combined into a dimensionless shaft friction factor, f,
which relates the effective overburden pressure to the unit side shear (shaft friction). With
the introduction of this new table and future updates of the software packages used for
pushover analyses, it is less likely for structural engineers to make the mistakes discussed

APl RP 2A-WSD (2000) recommends a K value of 0.8 for both tension and compression loadings of
open-ended pipe piles driven unplugged and a K value of 1.0 for full-displacement piles (plugged or closed
end). The default value of K in the software for pushover analyses is often set to be 1.0. It is common
practice for offshore geotechnical engineers to use a K value of 0.8 for open-ended pipe piles in both
tension and compression loadings because the “coring mode” usually dominates when the open-ended pipe
piles are driven and, therefore, they are driven unplugged. Unfortunately, K values are not typically
recommended or specified in the geotechnical reports. Consequently, most pushover analyses we reviewed

were performed with a default K value of 1.0 and the foundation capacities were overestimated.
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previously. However, care is still warranted to make sure that the design parameters (3,
fiim, Ng and qiim) are consistent for a given sand layer.

In addition to the new table for the design parameters of sand, the errata and supplement
also present four different CPT-based methods to estimate the axial capacity of piles in
sand. These methods are all based on direct correlations of pile unit friction and end
bearing data with cone tip resistance (gc) value from cone penetration tests. These
CPT-based methods are considered more reliable than the method presented in the main
text. However, more experience is required before any single method can be
recommended for the purposes of design or assessment.

Estimating pile capacity in sand layers is generally considered to be more difficult than
for clay layers, and there is more uncertainty in these estimates (e.g., Pelletier et al. 1993
and Tang and Gilbert 1993). Greater uncertainty naturally leads to greater conservatism in
estimating the capacity for the purposes of design. Therefore, all other factors aside, it is
not surprising that the two platforms with the largest discrepancy between the observed
and predicted performance, Platforms 1 and 2, have sand layers that contribute
significantly to the pile capacity (e.g., more than 70 percent of the axial capacity for the
piles in Platform 1 is contributed by sand layers).
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6. Practical Guidance for Platform Assessments

Guidance developed from the findings of this project are summarized in this chapter. The
guidance is organized into four categories: (1) Specific guidelines for how foundations
are modeled in platform assessments; (2) General guidance to improve the practice of
platform assessment; and (3) Recommendations for updating the APl Recommended
Practice documents for platform design and assessment. Three illustrative examples are
presented at the end to demonstrate how to implement this guidance in practice. The
notes from an expert panel meeting that was held to help formulate this guidance are
provided in Appendix F.

6.1. Guidelines for Modeling Foundations in Platform Assessments

The following guidelines are intended to provide a defensible and consistent approach for
modeling pile foundations in platform assessments:

1. When the foundation controls the assessment, include a geotechnical engineer
familiar with platform assessment. As in structural engineering, there are aspects
of geotechnical engineering that cannot be fully captured in a design standard or
recommended practice, including the basis and context for design
recommendations. Practical experience and expertise as a geotechnical engineer is
essential to understand how pile foundations should be modeled in platform
assessment. In addition, assessment is different than design so, as with structural
engineering, there is a need for the geotechnical engineers involved in a platform
assessment to be familiar with assessment as well as design.

2. Include well conductors realistically and explicitly in the structural analyses. Well
conductors should be modeled the same as pile foundations below the mudline,
considering compatibility between forces and displacements in the conductors and
the soil. Care should be exercised in how the jacket framing that constrains and
engages the conductors is modeled so that the lateral displacements of the
conductors at the mudline are consistent with the behavior of the overall jacket
under a given loading condition, and that the conductor framing will fail at the
appropriate loading levels. In structural analyses, conductors should not be pinned
at the mudline and should not be connected rigidly to the jacket.
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3. Consider using mean rather than nominal yield strength for steel piles and well
conductors. The nominal yield strength is not the most likely or expected value,
rather a conservative estimate (Energo 2009). In a platform assessment, the
objective is to model the structure and the soil as accurately as possible and to
assess its ultimate capacity without any additional factor or margin of safety.
Therefore, unbiased, not conservative, estimates for input values should be used.

4. Use static versus cyclic p-y curves for lateral soil capacity. As pointed out by
Aggarwal et al. (1996) in conducting pushover analyses on platforms loaded by
Hurricane Andrew, the ultimate capacity of the platform system in shear is
reached as the piles push laterally at large displacements into undisturbed soil.
Therefore, the degradation effects of cyclic loading at relatively small
displacements prior to the point at which the ultimate capacity is reached will not
affect the ultimate lateral capacity at large displacements. This approach is
supported by both experimental data and numerical analyses (e.g., Murff and
Hamilton 1993; Hamilton and Murff 1995 and Jeanjean 2009).

5. Be careful in specifying the input for sand layers. Make sure that the earth
pressure coefficient, K, is set to 0.8 unless otherwise specified by geotechnical
engineers. Make sure that the soil-pile interface friction angle, 5, is not
inter-changed with the soil internal friction angle, ¢’ (5 should be less than ¢’ by
about 5 degrees). Make sure that the values for limiting side shear and limiting
end bearing are consistent with the values input for 6 and the end bearing factor,
Ng (all four values should correspond to the same API category). The newest
supplement for foundation design in APl RP 2A (Errata and Supplement #3) is an
attempt to minimize errors in modeling sand layers by reducing the number of
parameters that are specified, and can be used for quality control to back check
the input by ensuring that the input values for K and & produce the equivalent
value for 3 in Errata and Supplement #3. However, the commercial software
packages available for pushover analyses need to be updated to incorporate this
simpler approach for modeling sand layers.

6.2. General Guidance for Platform Assessments

In addition to the specific guidelines for how foundations are modeled in platform
assessments, the following general guidance is provided to improve the overall practice
of platform assessment:

67



1. Be careful when relying on a soil boring that was not drilled at the location of the
platform or was not drilled using modern methods of sampling and testing
(pushed, thin-walled tube sampling for clay layers and Cone Penetration Test for
sand layers). Particular care is needed in geologic settings that are spatially
variable, as in areas with fluvatile deposits where clay and sand layers are
interbedded. In such deposits, even having a boring within the 500 foot distance
required by MMS (30CFR 250.907) is not necessarily an accurate reflection of the
depth, thickness and density of sand layers at the platform site. When a modern,
site-specific boring is not available, sensitivity analyses are warranted.
Information from several borings in the platform vicinity together with
consultations with geotechnical engineers will help to guide these sensitivity
analyses.

2. Try to obtain pile driving records as well as soil boring logs to help estimate the
axial pile capacities. Pile driving records could be particularly useful in cases
where there are questions about the stratigraphy or densities of sand layers or the
actual final penetrations of the piles. In addition, pile driving records will indicate
the actual depths where the pile wall thickness changes, which can be important
for lateral pile capacity. Finally, these records may indicate that stronger steel was
used for piles or conductors than was specified in design.

3. When the pile foundation system is governing the capacity of the platform in a
pushover analysis, check the sensitivity of the foundation system capacity to the
lateral and axial capacity of the piles independently. This sensitivity analysis can
be implemented in practice by first changing the shear strength of the soils (the
shear strength is being used here as a surrogate for the lateral soil resistance) in
the upper 50 feet of the piles to assess the sensitivity to lateral resistance in piles
and conductors and then changing the shear strength of the soils below 50 feet to
check the sensitivity to axial resistance (the shear strength is being used here as a
surrogate for the axial side shear and end bearing resistance). If the foundation
system capacity is more sensitive to the lateral soil resistance, then the failure
mechanism is probably shear and there are a variety of structural factors to
consider in the assessment, especially the bending moment capacities of the piles
and conductors. If the foundation system capacity is more sensitive to the axial
soil resistance, then the failure mechanism is probably overturning and
geotechnical factors such as the stratigraphy and the soil properties are an
important consideration in the assessment. Also, carefully check to see if other
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structural members are prematurely failing and reducing the effectiveness of the
structure to redistribute loads among the piles and well conductors.
Do not arbitrarily increase the shear strength of the soil to account for perceived
conservatism in foundation design. The information we have to date suggests that
the performance of platform foundations in hurricanes is consistent with their
design. While there are well-documented sources of potential conservatism in
foundation design, with the primary factor probably being increases in capacity
with time due to long-term set-up (or aging) and preloading, increasing the shear
strength used to calculate lateral or axial capacity by more than a factor of two is
not supported by any available information. In addition, we do have evidence
from Hurricane lke of an axial pile failure in a normally consolidated clay
occurring approximately five years after installation at a load essentially equal to
the design capacity. When large increases in soil shear strength (factors of two or
more) are needed to explain a platform survival in a hurricane, look for the
following explanations to these large increases:
= |f the axial capacity of the pile is mostly due to sand layers acting in side
shear or end bearing, then increasing the undrained shear strength of clay
layers alone (which is common practice due to simplicity) may have very
little impact on the axial capacity. A large increase in clay shear strength
may be necessary to achieve a relatively modest increase in axial pile
capacity.
= |f the pile system is failing in shear, then the capacity of the system is much
more sensitive to the bending capacity of the piles and conductors than to
the shear strength of the soil. A relatively small increase in bending moment
capacity (such as steel yield strength change from nominal to mean) may
have a larger effect on the capacity of the pile system than a relatively large
increase in the shear strength of the soil.
= Recognize that the shear strength of the soil is being used as a convenient
surrogate for lateral and axial soil resistance since the soil shear strength
can be changed easily as input to a pushover analysis. However, the
relationship between lateral or axial soil resistance and shear strength is not
direct or proportional. Increasing the undrained shear strength of clay layers
causes the clay to be treated as more heavily overconsolidated in the design
recipe for axial side shear; in this case, the greater the undrained shear
strength the less sensitive the axial capacity will be to an increase in the
undrained shear strength. For example with a normally consolidated clay,
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increasing the undrained shear strength by two times only increases axial
side shear by 40 percent; increasing undrained shear strength by four times
only increases axial side shear by two times; and increasing undrained shear
strength by ten times only increases axial side shear by four times. Also,
increasing the shear strength for sand layers may have no impact if limiting
values control axial side shear or end bearing.

6.3. Recommendations for APl Recommended Practice

The following recommendations are intended to improve the APl Recommended Practice
for Platform Assessment:

1. Provide specific guidance for characterizing pile foundations in platform
assessments, incorporating the information in Sections 6.1 and 6.2 of this report
into a code format suitable for RP 2SIM.

2. Update p-y curves for clay in APl RP 2A. There is ample evidence now available
(e.g., Jeanjean 2009) that the ultimate lateral capacity and the lateral soil stiffness
for piles in normally consolidated clay layers are both greater than what is
recommended at present by API. While this change will not impact many new
designs since newer platforms are generally in deeper water and the foundation
capacity is governed by overturning, this change is important in assessing older
platforms and should be included in RP 2SIM per the previous recommendation.

3. Better clarify and update design guidance for sand in APl RP 2A. Include the
simpler approach for specifying design parameters for sand that has been
published as a supplement (Errata and Supplement #3) into the main document.
Provide specific guidance on how to incorporate split spoon sampler or cone
refusal in estimating density or unit side shear and unit end bearing. Also provide
specific guidance on how to treat layered profiles with interbedded clay and sand
layers, particularly in estimating unit end bearing.

4. Appropriately account for pile flexibility when determining the required pile
length. While the APl RP 2A recommends that pile flexibility be included, our
understanding of current practice is that pile lengths are selected on the basis of
design curves provided in geotechnical reports that may assume a perfectly rigid
pile. The discussion about this issue in RP 2A should be made more forceful and
specific guidance should be provided so that pile flexibility can be included
practically in design calculations.
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6.4. lllustrative Examples for Platform Assessments

Three illustrative examples are provided in this section to demonstrate how to incorporate
the practical guidelines discussed in Sections 6.1 to 6.3 in the post-hurricane assessments
of platforms.

6.4.1. Pushover Capacity Governed by Foundation Overturning when Piles
Embedded in Inter-bedded Layers of Sands and Clays

Inter-bedded layers of sands and clays are commonly found in water depths less than
about 300 feet, especially in the areas where old river or stream valleys formed during
periods of low sea level. Because these areas are generally closer to the coastline,
platforms located in these areas tend to be older ones, designed with older soil borings
and older versions of the APl RP 2A. The presence of even a relatively small amount of
sand can have a large impact on pile capacity because sand layers generally provide
greater side shear, end bearing and lateral resistance than clay layers.

Geotechnical engineers tend to be more conservative in making foundation
recommendations when inter-bedded layers of sands and clays are present. Driving piles
through inter-bedded layers of sands and clays can result in the dragdown of fine-grained
materials (silts or clays) through the soil-pile interface into the coarse-grained materials
(sands or gravels) below. Dragdown of fine-grained materials causes a reduction in the
side shear capacity of piles. As a result, the geotechnical engineers tend to recommend a
lower design category for the sands, either by assigning a material type with fines or a
lower density than measured in the boring. Also, the densities of sands can be
underestimated due to the standard of practice for drilling and sampling in the past,
Driven Penetration Testing. When a refusal blowcount of 30 is reached before 2 feet of
penetration in this test, the test is stopped. In addition, the length of the rods, the
efficiency of the driving hammer and the presence of fines can all affect the measured
blowcounts. Therefore, it is difficult to estimate the density of sand layers accurately with
this test, and geotechnical engineers will generally err conservatively in developing
design parameters.

The following additional information would be useful in assessing a platform where axial
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pile capacity is important and is affected by sand layers. Pile driving records can provide
information to better estimate soil stratigraphy (e.g., is the pile tip in sand), side shear and
end bearing resistance in sand layers, and pile length, which may be different from design
due to driving problems that can occur when sand layers are present. Soil borings from
within the vicinity of the platform, particularly any Cone Penetration Tests if available,
can provide information on the possible variations in the depths and thicknesses of sand
layers as well as their densities.

The following sensitivity analyses should be considered when sand layers are significant

to axial pile capacity and pushover capacity:

= Increase the shear strength of the soils that are deeper than 50 feet from the mudline
to confirm that the foundation capacity is governed by overturning. Increase the
shear strength of both clay and sand layers. This increase will affect the axial
capacity but not the lateral capacity of the piles and will increase the pushover
capacity if it is governed by overturning but not if it is governed by shear.

=  Upgrade the design categories for sand layers at all piles by increasing the assumed
relative density (e.g., use the parameters for a Dense Sand-Silt instead of a Medium
Dense Sand-Silt) or the gradation (e.g., use the parameters for a Medium Dense
Sand instead of a Medium Dense Sand-Silt). This sensitivity check will indicate how
potential conservatism in assigning design parameters for sand layers, particularly if
the design was based on an older soil boring with Driven Penetration Testing, might
affect the pushover capacity of the platform.

= If there is a question about in which layer the piles tip in (e.g., a sand versus a clay
layer), then shorten or lengthen the piles to determine how this uncertainty might
affect the pushover capacity. Assume reverse end bearing for piles that are in tension.
There is ample evidence that has been compiled in developing foundations for deep
water structures and since the APl RP 2A code was developed for jackets to suggest
that piles can develop reverse end bearing under rapid loading in both clay and sand
layers (e.g., APl RP 2SK 2005).

= Increase the yield strength for jacket members above the mudline to account for
nominal bias (Energo 2009) in order to establish how the overturning capacity might
be affected by the effectiveness of the structure in redistributing loads as piles reach
their axial capacities.

Care is required in developing the input to a pushover analysis when sand layers are
present in the foundation in order to ensure that all eight input parameters (Table 2.1) are
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consistent with APl RP 2A.

6.4.2. Pushover Capacity Governed by Foundation Overturning when Piles
Embedded in Clays

In water depths greater than about 300 feet, marine clays are present and dominant in the
subsurface profiles. These marine clays are typically normally consolidated to moderately
overconsolidated. Piles in these settings tend to be relatively long and derive most of their
axial capacity from side shear.

The standard of practice for soil borings until about 1980 was wireline percussion with
driven sampling. In the last few decades, the standard of practice has changed to the
pushed sampling method with larger thin-walled samplers and in situ testing, meaning
that the measured undrained shear strengths more closely resemble the in situ conditions
and tend to be higher. Quiros et al. (1983) investigated how the differences in sampling
and testing affect the measured shear strengths by drilling older and modern borings
adjacent to one another; they found that the older methods produced measured strengths
that were about 30 percent lower than the modern methods. However, the differences in
how the undrained shear strength is measured were and have been implicitly included in
developing design profiles. In other words, the design profile of undrained shear strength
versus depth from an older boring is expected to be about the same as that from a modern
boring drilled at the same location. Gambino and Gilbert (1999) found that the difference
in design undrained shear strength developed from older and modern soil borings was
less than 10 percent on average in an analysis from boring data for one offshore field in
Asia.

The major uncertainties in estimating axial capacity for piles in clays are the potential
increases in capacity due to rate of loading and aging and the potential decreases in
capacity due to cyclic degradation and strain softening. In the design method, the rate of
loading and cyclic degradation effects are assumed to compensate for one another, aging
is not considered and strain softening is considered.

The following sensitivity analyses should be considered when clay layers are significant

to axial pile capacity and pushover capacity:

= Increase the undrained shear strength for clay layers deeper than 50 feet from the
mudline to confirm that the foundation capacity is governed by overturning. This
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increase will affect the axial capacity but not the lateral capacity of the piles and will
increase the pushover capacity if it is governed by overturning but not if it is
governed by shear.

= Increase the undrained shear strength of all clay layers by 30 percent to account for
the possibility of rate effects dominating cyclic degradation effects in wave loading
or the possibility of aging. An increase of much more than 30 percent is possible, but
not supported by available information to date. In addition, an increase of 30 percent
is not necessarily available and should not be assumed but only checked in a
sensitivity analysis.

= Assume full strain softening (corresponding to 70 percent of the peak side shear) and
no strain softening (corresponding to the peak side shear) to provide lower- and
upper-bounds for the axial pile capacity.

6.4.3. Pushover Capacity Governed by Foundation Shear

In shallower water (relative to the width of the structure), the foundation capacity tends to
be governed by shear and the lateral capacities of the piles and conductors. Because these
platforms are generally located closer to the coastline, they tend to be older structures.

The lateral resistance is derived from soils in the upper 40 to 50 feet below the mudline,
which are mostly very soft to soft clays. The clays near the mudline can be difficult to
sample and test. Therefore, profiles of the design undrained shear strength near the
mudline tend to be conservative. In addition, there is ample information (e.g., Jeanjean
2009) that the p-y curves for soft clays are stiffer and stronger than API RP 2A suggests
by as much as 50 percent (e.g., Jeanjean 2009). In addition, the cyclic degradation of clay
strength from wave loading will probably not affect the ultimate pushover capacity since
the piles will push into undisturbed clay when they approach failure. There are two cases
in our database where thin (less than 10 feet) sand layers are present immediately below
the mudline. The depth of these layers can be important if they are in the vicinity of
where the second hinge forms in the pile (about 40 to 50 feet below the mudline).

The capacities of foundations in shear will generally be much more sensitive to the
bending moment capacities of the piles and conductors than to lateral resistance provided
by the soil. Structural considerations include the yield strength of the steel, the effect of
jacket legs penetrating below the mudline, the effect of inner casing strings within well
conductors, and the framing details for how the conductors interact with the jacket.
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The following sensitivity analyses should be considered when lateral pile capacity is
important to the pushover capacity:

Use static and not cyclic p-y curves.

Increase the design undrained shear strength by 50 percent for clay layers within 50
feet from the mudline to increase the stiffness and lateral resistance provided by the
soil. This increase in shear strength is actually a surrogate for increasing the ultimate
lateral resistance that the soil provides the pile; in actuality, this increase in lateral
resistance reflects a more realistic representation of the failure mechanism for the
pile moving through the soil. Do not increase the undrained shear strength below 50
feet as this change will inadvertently increase the axial pile capacity as well.

Increase the yield strength of the steel in piles and conductors to account for bias in
the nominal design value (Energo 2009).

Account for the penetration of jacket legs below the mudline.
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7. Conclusions and Recommendations

The objectives of this project were to determine the level of conservatism in foundation
design for the purposes of platform assessment, to identify and analyze the factors that
may contribute to the conservatism, and to provide guidance on how to incorporate this
information in assessing existing platforms. The methodology was to compile and
analyze data for existing platforms that have been subjected to loads near or greater than
the design capacity for the foundations. An expert panel of practitioners and researchers
was convened to guide the work.

7.1. Conclusions

The major conclusion from this work is that the performance of platform foundations in
recent hurricanes, based on the available but limited information that we have, is
consistent with expectations based on their design and there is no direct evidence of
excessive conservatism. In the cases we analyzed in detail, the following results were
obtained:
= In five cases where the platforms were loaded to less than the design capacities of
the foundation systems, there were no indications of foundation system failures.
= In four cases where the platforms were loaded to near or beyond the shear
capacity of the foundation system, there were no indications of foundation system
failures. This result is expected because there are many factors beyond the lateral
capacity of individual piles, including reserve capacity in the structural
components (e.g., steel being stronger than the nominal strength), which can
contribute to the shear capacity of the foundation system for a jacket.
= In the one case we have of a reasonably definitive foundation failure, the platform
was loaded to the design axial capacity of the foundation and an overturning
failure of the foundation system apparently occurred. This result is not surprising
because the foundation was loaded to its capacity and the platform is a tripod
structure with little redundancy to overturning.
= There is one pair of bridge-connected platforms (Platforms 1 and 2) that did not
experience foundation failures even though they were possibly loaded well
beyond the overturning capacities of the foundation systems. However, a
site-specific soil boring is not available for these platforms and the subsurface
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conditions in this geologic setting are highly variable with significant layers of
sand, making the inference of design capacities questionable in this case.

These results do not preclude the possibility of foundation capacities being greater than
expected based on design. One of the limitations of this study was lack of cases from
recent hurricanes where the ultimate strength of the foundation system was reached or
exceeded in hurricanes. Foundations are designed with a factor of safety, such as a factor
of 1.5 for axial loading under 100-year hurricane conditions. The magnitude of hurricane
conditions required to reach this value is significant, requiring extreme waves and
currents, and was not reached in most of the cases studied (i.e., a foundation failure was
not expected and indeed was not observed). Of all the cases obtained from MMS files and
industry sources, there were unfortunately only a few that met the high loading condition
required to truly test the foundation. In addition, there is redundancy in foundation
systems so that overload of a pile, either axially or laterally, does not necessarily lead to
collapse or even observable damage. Finally, the study was limited to platforms that were
not destroyed since little if any information is available about the performance of
platforms that were destroyed.

The major factor contributing to potential conservatism is the effect of set-up or
pre-loading; there is evidence from laboratory and field studies to suggest that both axial
and lateral pile capacities may increase with time beyond the values that are assumed for
design. However, we do not have any direct evidence of these effects in the performance
of actual platform foundations. In the cases where the platform foundations survived
hurricane loading, there are plausible explanations for these survivals that do not involve
increasing the capacity of the foundation above the design value. Also, in the one case
where we do have of a foundation failure (an axial pile failure in clay), there is no
evidence of the capacity being greater than the design value.

Platform foundations can fail both in shear where the piles are failing laterally (plastic
hinges forming due to bending) and overturning where the piles are failing axially
(plunging or pulling out). Therefore, both axial and lateral capacities are significant for
pile foundations in platforms. The axial capacity of piles is derived mostly from the soils
in the bottom one-third of the pile length. The axial capacity of the piles and, therefore,
the overturning capacity of the foundation are approximately proportional to the shear
strength of the soils along the length and at the tip of the piles. The lateral capacities of
the piles and conductors are derived mostly from the soils in the upper 40 to 50 feet
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below the mudline depending on their diameters. The lateral capacities of the piles and
conductors and the shear capacity of the foundation are much less sensitive to the shear
strength of the soils than the axial capacity for typical soil conditions in the Gulf of
Mexico.

Structural elements are important to the performance of a foundation system. Well
conductors can contribute significantly to the shear capacity of a foundation system, and
in some cases to the overturning capacity. The yield strength of steel in the piles also
affects the shear capacity of the foundation. Increasing the nominal yield strength to
reflect an average value can have a significant effect on the shear capacity for a
foundation system, and a much greater effect than increasing the shear strength of the soil
by the same amount.

The presence of sand layers contributing significantly to pile capacity was a notable
factor in the platforms analyzed herein. Sand is significant because it generally
corresponds to a geologic setting where there is significant spatial variability over rather
short distances. Therefore, a soil boring not drilled at the location of a platform, even if it
is within several hundred feet, may not provide representative information for the soil
conditions at the platform location. In addition, most historical soil borings in the Gulf of
Mexico used a Driven Penetration Test to characterize the shear strength of sand layers.
This method is generally considered to be outdated, it may not have fully penetrated the
sand layers due to sampler refusal, and it has been replaced over the past several decades
with Cone Penetration Testing. Finally, pile capacity models when sand layers are present
are more complex than for clay layers alone, and we identified numerous cases where
sand layers were inappropriately modeled in pushover analyses due to this complexity.

A final conclusion is that general trends in foundation performance cannot be drawn
easily based on qualitative assessments. Each platform case, considering the water depth,
vintage, structure, geologic setting, hurricane loading and platform performance, is
unique and a detailed analysis is required to understand how it performs.

7.2. Recommendations for Practice

The following guidelines are intended to provide a defensible and consistent approach for
modeling pile foundations in platform assessments:
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When the foundation controls the assessment, include a geotechnical engineer
familiar with platform assessment.

Include well conductors realistically and explicitly in the structural analyses.
Consider using mean rather than nominal yield strength for steel piles and well
conductors.

Use static versus cyclic p-y curves for lateral soil capacity.

Be careful in specifying the input for sand layers.

In addition to the specific guidelines for how foundations are modeled in platform
assessments, the following general guidance is provided to improve the overall practice
of platform assessment:

1.

3.

Be careful when relying on a soil boring that was not drilled at the location of the
platform or was not drilled using modern methods of sampling and testing
(pushed, thin-walled tube sampling for clay layers and Cone Penetration Test for
sand layers).

Try to obtain pile driving records as well as soil boring logs to help estimate the
axial pile capacities and as-built conditions.

When the pile foundation system is governing the capacity of the platform in a
pushover analysis, check the sensitivity of the foundation system capacity to the
lateral and axial capacity of the piles independently.

Do not arbitrarily increase the shear strength of the soil to account for perceived
conservatism in foundation design.

The following recommendations are intended to improve the APl Recommended Practice
for Platform Assessment:

Provide specific guidance for characterizing pile foundations in platform
assessments by incorporating the guidelines developed in this study into RP
2SIM.

Update p-y curves for clay in API RP 2A.

Better clarify and update design guidance for sand in APl RP 2A.

Appropriately account for pile flexibility when determining the required pile
length.
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7.3. Recommendations for Future Work

A major limitation of this study was not analyzing platforms that were destroyed by
hurricanes. If detailed analysis could be conducted on these platforms, they may provide
valuable information about how pile systems and the jackets they support performed
under extreme loading conditions and may allow us to refine our conclusions. In addition,
there may be additional platforms that survived even though the pile systems experienced
loads greater than their capacity. Such platforms should be considered for future study.
Finally, performing a Cone Penetration Test at the location of the two case study
platforms where we are uncertain about the geotechnical properties (Platforms 1 and 2)
could provide important information to better understand why those structures survived.
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Appendix A - Excerpt of APl RP 2A-WSD

Recoamenpen Pracmice Fom PLasning, Desicumc axo ConsTRucTmG Fixen OFFsnore Puatrorme—Workine StRess DesiGi it}

smooth to 2 radius greater than or equal to half the branch
thickness. Final gnnding marks should be fransverss to the
weld ax1s and the entire finsshed profile should pass magnetic
particle inspection.

5.5 STRESS CONCENTRATIOMN FACTORS

The X and X’ curves should be used with hot spot stress
ranges based on suitable stress concentranion factors. Stress
concentration factors may be demrved from fimite element
anzlyses, model tests or empmeal equations based on such
metheds.

For joints not meeting the requirements of Sechon 4.3.1,
e.g., connections in which load transfer 15 accomplished by
overlap (Section 4.3.2), or by pusset plates, rng saffeners,
ete. (Secton 4.3.5), 3 mimmom stress concentration factor
of 6.0 should be used in the brace member, m heu of addi-
tionzal analysiz. Where the chord and'or other joint remn-
forcement are not desizned to develop the full sta;c
capacity of the members joined, these elements should also
be checked separately.

6 Foundation Design

The recommended cntena of Secton 6.1 through Section
6.11 are devoted to pile foundations, and more specrcally to
steal eylindncal (pipe} pile foundations. The recommended
crteria of Section 6.12 through Section 6.17 are devoted to
shallew foundations.

6.1 GEMERAL

The foundation should be designed to cany static, cvelic
and transient loads wathout excessne deformazhons or vibra-
tions m the platform. Special attenfion should be given to the
effects of cychic and transient loading on the sirength of the
supportmg sowls as well as on the stuctwral response of piles.
(udanee provided in Sections 6.3, 6.4, and 6.5 15 based upen
static, monotomic loadings. Furthermore, this puidance does
not necessanly apply to so called problem soils such as car-
bonate matenal or volecamic sands or hughly sensitiee clanes.
The possitility of movement of the seafloor agamst the foum-
dafion members should be mmestgated and the forces caused
by such movements, if anficipated, should be considered m
the design.

6.2 PILE FOUNDATIONS

Types of pile foundations nsed to support offshere shue-
tures are as follows:
6.2.1 Driven Piles

Open ended piles are commonly wsed m foundations for
offshore platforms. These piles are usually drven into the
sea-floor with mmpact hammers which use steam diesel fnel

or hydraulic power as the source of energy. The pile wall
thickness should be adequate to resist axmal and laterz] loads
as well as the stresses during mile dimnng. It 1= possible to pre-
dict approsamately the shesses dwing pile dimving using the
principles of ope-dimensional slashe stress wave transmms-
sion by carefully selecting the parameters that govemn the
behavior of scil, pile, cushions, capblock and hammer. For a
more detzuled study of these prmeoples, refer to EAL
Smath's paper, “Pile Dhmving Analysis by the Wave Equation.”
Transactions ASCE, Vel. 127, 1962, Part 1, Paper Mo. 3306,
pp, 1145-1193. The above approach may also be used to
optmmze the pile hammer cushion and capblock with the aid
of computer analyses (commonly known as the Wave Equa-
tion Analyses). The design penetration of diven piles should
e deternuned in accordance with the prmeiples outlined in
Sections 6.3 through 6.7 and 6.9 rather than upon any coirela-
tion of pile capacity with the number of blows required to
ditve the pile 3 certain distance into the seafioor

When a pile refiizes before 1t reaches design penstration,
one or more of the following actions can be taken:

a. Eeview of hammer performance. A review of all aspects of
hammer performance, possibly with the aud of hammer and
pile head mstrmmentation, may identifyy problems which can
be solved by improved hammer operafion and maintenance,
or by the use of 2 more powerful hamomer.

b. Remaluabon of desizn penefration Reconsideration of
loads, deformations and required capacities, of both mdnad-
ual pales and other foundation elements, and the foundaton as
a whole, mav 1dentify reserve capactty available. An mterpre-
tation of dimning records m conjunchon with inshumentation
mentioned above may allow desizn soil parameters or stratifi-
cation to be revised and pile capacity to be mmereased.

c. Modifications to piling procedures, usually the last course
of acton, may mehide one of the following:

*  Plugz Removal. The soil phig mmde the pile 15 removed
by jeting and ar hfting or by dnlling to reduce pile
dimang messtance. If plug removal results in madequate
pile capacites, the removed soul plug should be replaced
by 2 gravel zout or concrete plug having sufficient load-
canying capactty fo meplace that of the removed scal
phuz. Attention should be paid to phuz/'mle load tansfer
charzctenistics. Plug removal may not be effectne mn
some cireumstanees particularty in cobesrre sols.

»  %oil Removal Below Pile Tip. Sou below the pale tip 15
removed either by dnlling an undersized kole or jetting
equipment 15 lowered through the pile which acts as the
cazing pipe for the operation. The effect on mle capac-
ity of dnlling an undersized hole 15 unpredictable unless
there has bean previcus expenence under sinalar condi-
tions. Jetting below the pile tip should mn zeneral be
avorded because of the umpredictability of the results.
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+  Two-State Driven Piles, A fust stage or outer pile 1=
dmven to 2 predeftermmed depth the soul phig 15
remrved, and a second stzge or immer pile 15 drven
m=de the first sfage pile. The anmmlus between the two
piles 1= grouted to permut load tansfer and develop
composite action

+ Dmlled and grouted msert piles as desentbed m 6.2 2(b)
below:

6.2.2 Drilled and Grouted Piles

Dmlled and zrouted piles can be used in soils which wall
hold an open hole with or without drnlling mud  Load transfer
between grout and pule should be demgned m accordance
with Sections 74.2, 7.4.3, and 7.4.4. There are two types of
dnlled and grouted piles, as follows:

a Single-Stage. For the mingle-staged, drlled and grouted
pile, an oversized hole 15 dnlled to the requured penetation, a
pile 1= lowered mmto the hole and the annulus beteveen the pile
and the seil is grouted. This tvpe pile can be mstalled only in
sotls which will hold an open hole to the surface. As an alier-
natrve method | the pile with excpendable cuthng tools attached
to the tp can be used as part of the dnll stem fo avoid the time
requured to renvove the drill bit and meert a pile.

b Two-Stage. The two-staged, drilled and srouted pile con-
sists of two concentmcally placed piles grouted to become a
composite section. A pile 15 drven to a penetation which has
been deterrumed to be achievable with the available equp-
ment and below which an open hole can be mamtaimed. Thas
outer pile becomes the casng for the next operation whach 15
to dnll through it to the required penetration for the inner or
“inzert” pile. The msert pile 15 then lowered into the drlled
hole and the anmb between the msert pile and the soi an
between the two piles are grouted. Under certain o1l condi-
tions, the drilled hole 15 stopped above required penstration,
and the msert pile 15 diven to required penetration. The diam-
eter of the drilled hole should be at least 6 inches (150 pam)

G.2.3 Belled Piles

Bellz may be constructed at the tp of piles to give ncreased
bearmy and uphft capacity through dwect beanng on the seal
Dmillng of the bell 1= camed out through the pale by under-
reamims with an expander tool A pilot hole may be dnlled
belowr the bell to act 25 a sump for unrecoverable cuttngs. The
bell and pile are filled with concrete to a heizght sufficient to
Ball= are comnected to the pile to transfer full uplift and bear-
mg loads uwsng steel remforems such as stuchal members
with adequate shear lugs, deformed remforcement bars or pre-
stressed tendons. Load transfer into the concrete should be
designed i accordance with ACT 318, The steel remnforcms
should be enclosed for their full length below the mle wath

spural remforcement meeting the requrements of ACT 318,
Load tran=fer between the concrete and the ple should be
desizned m accordance with Sections 7.4.2, 74.3, and 7.44.

6.3 PILE DESIGH
G.3.1 Foundation Size

When simng 3 pile foundation the followang items should
be considered: diameter, penetratton, wall duckness, type of
tip, spacing, mumber of piles, geometry, locztion, mudline
restramt, matenal stength, mstallaton method and other
parameters a5 mav be considered approprate.

6.3.2 Foundation Regsponse

A number of different analymis procedures may be whlhized
to determme the requrements of a foundsbon. At a pmm-
o, the procedure used should property stmulate the non-
Imear response behavior of the soul and assure load-deflecton
compatbility between the stucture and the prle-sol system.

G.3.3 Deflections and Rotations

Deflections and rotatons of ndividual piles and the total
foundation system should be checked at all enfical locatons
which may melude pile tops, points of contaflecture, nmd-
Ime. ate. Deflachons and rotations should not excesd samace-
abality limmts whach would render the structure madequate for

G.2.4 Pile Penetration

The design pile penetmaton should be sufhcient to develop
adequate capacity fo resist the maxarmm computed axal
beanng and pullout loads with an appropriate factor of safety.
The ultimate pile capacibies can be computed m accordance
with Sections 6.4 and 6.5 or by other methods which are sup-
parted by reliable comprehensrve datz. The allowable pile
capacibies are determumed by dnading the ultimate pile capac-
ities by appropriate factors of safety which should not be less
than the followimg values:

Factors of
Load Condition Safety

1. Design emwronmental conditions with

appropriate drlling loads 1.5

dnlhng operations 20
3. Design emvironmental conditions with

appropriate producing loads 1.5
4. Operating emmonmental condrmons during

producing operations 20
5. Design emvironmentzl conditions with

muimrman loads (for pallout) 15
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6.3.5 Alternative Design Methods

The provisions of this recommended practice for sizmg the
foundation pile are based on an allowable stress (working
stress) methed except for pile penstration per Sechon 6.3.4.
In thic method, the foundation piles should conform to the
requmements of Sections 3.2 and 6.10 in addition to the prov-
sions of Section 6.3, Any altemnatre method supported by
sound engmesrng methods and empiical evidence may also
be uhhzed Such altermative methods include the it state
desizn approach or ultimate strength desizn of the totzl foun-
dation system.

6.3.6 Scour

Seabed scowr affects both latersl and aoal pile perfor-
mance and capacity. Scour predichion remains an uncertain
art. Sediment tansport studies may assist in defimng scour
design cutenia but local expenence 15 the best gwmde. The
mncertanty on design enfena should be handled by robust
design. or by an opersting strategy of momtorng and remed-
ation as needed. Tvpical remediation expenence 15 doou-
mented m “Erosion Protechon of Produchon Structures,” by
Posey, CJ., and Sybert, JH., Proc. %th Com: IAHE,
Diobrovmuk, 1961, pp. 1157-1162, and “Scour Repar Meth-
ods in the Southemn North Sea”™ by Angus, MM, and Moare,
E.L.. OTC 4410, May 1982, Scour design criteria will usually
be a combmation of local and global scour.

6.4 PILE CAPACITY FOR AXIAL BEARING LOADS

6.4.1 Ultimate Bearing Capacity
The ultimate beanng capacity of piles, includmg belled
piles, 3 should be defermmed by the equation:

Ga=0r+ Op=fi;+adp (6.41-1)

Oy = skin friction resistance, Ib (K],
Op = total end bearmg, Ik kM),

= umit skin friction capacity, Ib/ft% (kPa),
A = side swrfice ez of pile, #2 (md)

g = unit end bearing capacity, Ib/f2 (kPa),
Ap = gross end area of pile, £ (m?).

Total end beanng, Op, should not exceed the capacity of
the mternzl plug. In computing pile loadng and capacity the
weight of the pile-soal plug system and hydrostatie uphft
should be considerad

In determuming the load capacity of a pile, consideration
should be grven fo the relative deformations between the soil

and the pile as well as the compres=ibility of the soul pils sys-
tem. Eq. 64.1-1 assumes that the maximum skin fiichon
ments along the pils ave not necessanly dwecthy addrtrve, nor
15 the ultimate end beanng necessanly addiive to the ultimate
sk friction In some creumstances this effect may result in
the capacity bemng less than that given by Eq. 6.4.1-1. In such
cases a more explicit consideration of axal pile performance
effects on pile capacity may be warranted. For additional dis-
cussion of these effects mefer to Sechon 6.6 and ASCE Jowr-
nal of the Soil Mechanics and Foundarions Division for Lead
Trangfer for Axially Loaded Piles in Clay, by HM. Coyle and
L.C. Reese, Vol. 92, Mo. 1052, March 1966, Murff, 1D, “Pile
Capacity m a Softemmg Soill™ Imtermational Jowmnal for
Numerical and Anahtical Methods in Geomechamics (1980,
Vol 4, No. 2, pp. 185-189, and Randolph, HF, “Deagn
Considerations for Offshore Piles,” Geotechnical Practice in
Ofhore Enginesring, ASCE, Anstin 1983, pp. 422430,

The foundaton confimurations should be bazed on those
that expenence has shown can be installed consistently, prac-
tically and econcmically under smmilar condihons with the
pile size and installation equipment bemgz wsed. Alternatres
for posable remedial action i the event desizn objectves
cannot be obtamed durmg mstallation should alse be omest-
gated and defined pnor to construction.

For the pile-bell syvstem the factors of safety should be
those ziven m Section 6.3.4. The allowzble dan fiichon val-
ues on the pile section should be those gven m this section
and in Section 6.5. Skm fnchon on the upper bell suwrface and
possibly above the bell on the pile should be discounted n
computing skin friction resistance, ¢ The end beanng area
of a pilot hole, if dnlled, should be discounted m computing
total beanng avez of the bell.

G.4.2 Skin Friction and End Bearing in Cohesive
Soils

For pipe piles in cohesive soils, the shaft fiction. £ in Ihifd
(kFa) at anv pomt along the pile may be caloulated by the
equation.

f=oe (64.2-1)

where
ot = adimensonless factor,
¢ = undrained shear strength of the soul at the point
m question.
The factor, o, can be computed by the equations:
o= 05y diys10
o= 05y 0B y=10

(6427
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with the constramt that, o< 1.0,
where
W = po/p, forthe pomt m question,
Py = effective overburden pressure at the pomt m
question T2 (kPa).

A discussion of appropnate methods for determunmy the
undramed shear strength, ¢, and effecine overburden pres-
sure, p,. mcludmg the effects of various sampling and testing
procedures 15 mehided m the commentzry. For underconsclh-
dated claws (clavs with excess pore presmures undergoms
actrve consolidation), o, can nsually be taken a5 1.0. Due to
the lack of pile load tests i soils hawing o/p, ratios greater
than three, equation 6.4.2-2 should be appled wath some
engmesring udzment for high op); values. Simular udzment
should be apphed for deep penetrating piles in soils with kngh
undramed shear strength ¢, where the computed shaft fine-
tions, f usmg equaton 6.4.2-1 above, are genemlly higher
than previously specified in KPP 24

For very long piles some reduction in capacity may be war-
ranted, parhiculaly where the shaft fichon may degrade to
some lesser residual value on continued displacement Thas
effect 15 discussed m more detail mn the commentary.
based on sound engineenmyz princrplas and are consistent with
mdustry expenence are pemmissible. A more detailed diseus-
sion of alternate predichion methods 15 included m the com-
mentary.

For piles end beanmg in cobesive soils, the unit end bearmg
g. in o/’ (kPa), may be computed by the equation

g="5% (6.4.2-3)

The shaft fichon f acts on both the m=1de and cut=ide of
the pile. The totzl resistance 15 the sum of: the external shaft
finetion; the end beanng on the pile wall annulus; the total
infernal shaft frichion or the end beanng of the plug, which-
ever 15 less. For piles considered to be plugged, the bearms
pressure may be assumed to act over the entire cross sechon
of the pile. For unphigped piles, the beanng pressure acts on
the pile wall anouhes only, Whether a pile 15 considered
pluzeed or unphuzred may be based on static caleulations.
For example, a pile could be drven m an wnplugzed condiion
but act plugged under static loadngs.

For piles dimven 1n undersized dnlled holes, piles jetted 1
place, or piles dnlled and grouted mm place the selection of
shaft frnction values should take mto account the sod distur-
bance msuling from mstallahon In generzl § should not
exceed values for dimven piles; however, in some cases for
dnlled and grouted piles m overcomsolidated clay, f may
exceed these values. In determumng f for dnlled and growted
piles, the strength of the soil-grout interface, mehidmsz poten-

tial effects of dnlling mmd, should be considered. A further
check should be made of the allowable bond stress between
the pile steel and the grout a5 recommended m Sechon 7.4.3.
For further discussion refer to “State of the Art: Ultimate
Amal Capaaty of Grouted Piles™ by Eraft and Lyons, OTC
2081, May, 1974

In lavered soils, shaft friction values, f, mn the cobestve lay-
ers should be as gven m Eqg. (6.4.2-1). End beanng values for
piles tipped m cobesrve lavers wath adjacent weaker lavers
may be as gven m Eg. (6.4.2-3), assuming that the pile
aclueves penetration of two to tuee dlameters or more mito
the layer n queshion and the tp 1= appro;omately three dizme-
ters above the bottom of the laver to preclude punch through.
Where these distances are not achieved, some modification m
the end beanng meastance may be necessary. Where adjacent
lavers are of comparzble strength to the laver of mterest, the
prozamity of the pile tip to the mberface 15 not a concam.

6.4.3 Shaft Friction and End Bearing in
Cohesionless Soils

For pipe piles mn cobesionless soils, the shaft fiction, f m
I/fi? (kPa) may be caleulated by the equation:

f=KEp,tan & (64.3-1)

where

K = coefhcient of lateral earth presswre (ratio of hori-
zontal to vertical normal effectve stress),

pp = effective overbwrden pressure Tbift {kPa) at the
pomt In queshon,
& = frichon angle between the so0il and pile wall

For open-ended pipe piles dirven unphazged. it 1= wsually
appropriate to asmume K as 008 for both tension and compres-
sen leadmgs. Values of K for full displacement piles
(pluzged or closed end) may be assumed to be 1.0. Table
6.4.3-1 mav be used for selechion of & if other data are not
available For long piles f may not indefimtely merease lin-
sarly with the everburden pressure as implied by Eq. 6.4.3-1.
In such cases 1t mav be appropriate to hmat f to the vales
grven in Table 6.4.3-1.

For piles end bearing m cohesionless scils the umt end
l:-BEler:lgqtl:Lllzr»"i’l—-I (kPa) may be computed by the equation

a =Dy (643-2)
wher=
pp = effectve overburden pressure Tbif? {(kPa) at the
pile tip,
.-\’E. = dmmersionless beanng capacity factor.
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Table 6.4_3-1—Design Parameters for Cohesionless Siliceous Soil*

Soil-File Limitine Skin Limiting Uit End
Friction Angle, Fl'i.EﬁDI_I;T‘ﬂl'IE Bemmri' Values

Density Soil Description i DiagTees kipsfi- (kPa) Ny kip=/ft= (MPa)
“Very Loase Sand 15 1.0(47.8) E] 40018
Loose Sand-Silp**
Mediom Sit
Loose Sand 0 14 (67.0 12 60 (29
Medimrm Sand-Silp*
Dianze Sit
Mediom Sand 25 1.7 (81.3) 0 100 (4.8)
Diense Sand-Silp**
Diance Sand 30 20057 40 200 (9.6)
ery Dense Sand-Silp*
Dianze Gravel is 1401148 50 250 (12.00
“ery Dense Sand

*The parameters listed in this table are intended as guidelines only. Where detailed information such as in sin cone tests, strength tests on high
queality samples, model tests, or pile driving performance is avatlable, other vahes may be justafied
*+Sand-5ilt inchudes those soils with significant fractions of both sand and silt. Soength valoes generally increase with increasing sand fractions

and decrease with increasing silt fractions.

Eecommended vahies of Ny arve presented m Table 6.4.3-1.
The shaft fnction. £, acts on both the inside and outside of the
piles. However, the tofal resistance mn excess of the external
shaft fiicion plus anmular end bearing 15 the total internal
shaft friction or the end bearmgz of the plug, whichever 15 less.
For piles consnidered to be plugzed the bearnng presswre may
be assumed to act over the entive cross section of the pile. For
unphuzped piles the bearmg pressure acts on the pile anmmlbus
only. Whether a pile 15 considered to be plugged or unplugzed
mizy be based on statie caleulations. For exampls, 3 pule could
be dmven m an unphlozged condimon but act phigeed umder
static loading.

Load test data for piles m sand {see “Companson of Mea-
sured and Acial Load Capaciives of Steel Pipe Piles mm Sand
with Capacities Calculated Using the 1986 API RP2A Stan-
dard,” Final Report to API, Dec. 1987, by E. E. Olson) indi-
cate that vanabihity m capacity predichions may exceed those
for piles in clay. Other data (see Toolan and Ims (1988)) (1)
suggest that for piles in loose sands and long pales (= 50 m)in
tension the method may be less conservatrve than for com-
pression piles m medmm dense to dense sands. Therefore, In
unfamilizr situztions, the designer may want to account for

this uncertainty through a selection of conservatve desigm
parameters and'or safety fectors. This may be especially
important where load sheddmgs subsequent to peak load
development leadmg to an abrupt (brittle) falhwe may ocour
such as the case for short piles under tension loading.

For soils that do not £l within the anges of s0u density
and descriphon grven m Table 6.4.3-1, or for matenals wath
unusually weak grams or compressible stuchures, Table
6.4.3-1 mav not be approprate for selechon of design param-
eters. For example. very loose silts or soils contammng large
amounts of mica or voleanie mrams may require spectal labo-
ratory or field tests for selechon of design parameters. Of par-
tienlar importance are sands contmimng calemm carbonate
which are found extensmvely i many areas of the oceans.
Avalable data suggest that driven piles m these soils may
have substantially lower design strength parameters than
grven m Table 6.4.3-1. Dnlled and grouted pales in carbonate
zands, however, may have sigmficantly higher capamtes than
dimven piles and have been used successfully in mamy carbon-
ate areas. The charactensties of carbonate sands are ghly
varmable and local expenience chould dictate the desigm
parzmeters selected For example, avalable qualitatrve data
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suggest that capacity 15 mproved in carbonate soils of lngh
densites and lugher gquartz contents. Cementation may
ncrezse end beanng capacity, but result m a loss of lateral
pressure and a comespondmyg decrease m fictional capacity.
These matenials are discussed further in the Commentary,

For piles dnven in undersized dilled or jetted holes in
cohesionless soils the values of fand g should be determinad
by some reliable method that accounts for the amount of soul
distarbance due to mstzllation but they should not excesd val-
ues for diven piles. Except in unusual soil tyvpes such as
described above, the values of fand g in Table 6.4.3-1 may be
used for dnlled and grouted pales, with considerabon ziven to
the sirength of the soil grout interface.

In layered sods shaft fncton values, f, in the cobesionless
layers should be as cuthned m Table 6.4.3-1. End beanng val-
ues for piles tipped in cobesionless lavers with adjacent soft
layers may also be taken from Table 6.4.3-1, assumng that
the pile achieves peretration of two fo three diameters or
more into the cohesionless laver, and the tip 15 approximately
three diameters above the bottom of the laver to preclude
punch through Where these distances are not achieved, some
modification 1n the tabulated vahies may be necessary. Where
adjacent lavers are of comparzble strength to the layer of
interest, the proximity of the pile tip to the mterface 1= not a
COnCeIn.

6.4.4 Skin Friction and End Bearing of Grouted
Piles in Rock

The vt skin fuchon of grouted piles m jetted or dnlled
holes in rock should not exceed the tnacal shear sirength of
the rock or grout, but 1n general should be much less than thas
valee based on the amount of reduced shear strength from
mstallation. For example the strength of dry compacted shale
mazy be greatly reduced when exposed to water from jetting
or dnllmg. The sidewall of the hole mayv develop a layer of
slaked mmd or clay which will never regain the strength of the
rock. The limiting vahe for this type pile may be the allow-
able bond stress between the pile stesl and the zrout as rec-
ommeended m 7.4.3.

The end beanng capacity of the rock should be determined
from the tnamal shear strength of the rock and an appropriate
bearmg capacity factor based on sound engineering practice
for the rock materials but should not exceed 100 tons per
square foot (9.58 MPa).

6.5 PILE CAPACITY FOR AXIAL PULLOUT LOADS

The ultimate pile pullout capacity may be equal to or less
than but should not excesd O the total skin fuction resms-
tance. The effectrve werght of the pile mehudimg hydrostatie
uphft and the zo1l plug shall be considered in the analysis to
determine the ultimate pulleut capacity. For clay, #should be
the same a5 stated m 6.4 2. For sand and silt, Fshould be com-
puted according to 6.4.3.

For rock, fshould be the same as stated mn Secton 6.4.4.

The allowzble pullowt capacity should be determuned by
applying the factors of safety m 6.3.4 to the ultmate pullout
capacity.

6.6 AXIAL PILE PERFORMANCE
6.6.1 Static Load-deflection Behavior

Piling axal deflechions sheould be within acceptzble ser-
viceability limits and these deflactons should be compatible
with the souchwal forces and movements. An analviical
method for determinmg aaal pile performance 15 provided m
Computer Predictions of Axially Loaded Piler with Non-lin-
ear Supports, by B T. Meyer, et al, OTC 2186, May 1975
This method makes use of azl pile shear transifion vs. local
pile deflection (r-z) curves to model the axal support pro-
vided by the soil along the size of the pile. An addiional {O-
=) curve 15 used to model the tip and bearning vs. the deflechon
response. Methods for constcting #-z and O cwves are
zven m Section 6.7, Pile response 15 affected by load direc-
tions, load types, load rates, loading sequence mstallzhon
techmique, sod type, axial pule stffress and other parameters.

Some of these effects for cohesme sols have been
observed mn both laboratory and field tests.

In some cwewmstances, 1e., for soils that exhibit stain-
sofrening behavior and'or where the piles are axially fexnble,
the actual capacity of the mle may be less than that zrven by
Eq. 64.1-1. In these cases an explicit considerahon of these
effects onultimate amal capacity may be warranted. MNote that
other factors such as mereased axal capacity under loadimg
rates associzted with storm waves may counteract the above
affects. For more infoomation see Section §.2.2, its commean-
tary, as well as “Effects of Cyclic Loading and Pile Flesabality
on Asnal Pile Capacties mm Clay™ by T. W Dunnanant, E. C.
Clukey and J. D. Mwmff, OTIC 6374, May 1990,

G.6.2 Cyclic Response

Unusnal ple loading condihons or lmitafions on design
pile penetrations may warant detailed consideration of cvehe
loading effects.

Cyche losdmgs (mchoding mertial loadings) developed by
emironmental conditons such as storm waves and earth-
quzkes can have two potentially counteractve effects on the
stafic axial capacity. Fepetitve loadings can cause a tempo-
rary or permanent decrease m load -canving resistance, and'or
an acoummlaton of deformation. Ramdly apphed loadmgs
can cause an merease m load-canying resistance andor shff-
pess of the pile. Very slowly applied loadings can cause a
decreaze m load-camving resistance and'or stiffness of the
pile. The resultant influence of cyclic loadings will be a fime-
tion of the combined effects of the mapmitudes, eyeles, and
rates of applied pile loads, the strucharal charactenstics of the
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pile, the tvpes of soils, and the factors of safety used m desizn
of the piles.

The design pile penetration should be sufhcient to develop
an effactrve pile capacity to resist the desipn static and cyclic
loadings as discussed in 6.3.4.
ing pile response analyses of the pile-soil system subjected to
static and cyelic loadmgs. Analytcal methods to perfom
such analyses are described m the commentary o this Sec-
tion. The pile-soil reastance-displacement f-z, -z character-
izations are discussed in Sechon 6.7.

6.6.3 Owverall Pile Response Analyses

When any of the above effects are exphcitly considered mm
pile response amalysis, the design static and evehe loadmes
should be imposed on the pale top and the resistance-displace-
ments of the pile determined. At the completion of the desizn
loadings, the maomuwm pile resistance and displacement
should be determmed. Pile deformations should meet shuc-
fure serviceability requirements. The total pile remistance after
the desizn loadimgs should meet the requrements of 6.3 4.

6.7 SOIL REACTION FOR AXIALLY-LOADED
PILES

G.7.1

The pile foundation should be designed to resist the static
and eyelic amal loads. The axial resistance of the soil 5 pro-
vided by a combinzhon of axal soil-mle adhesion or load
transfer along the sides of the pile and end bearmg resistance
at the pile iip. The plotted relanonship between mebilized
so1l-pile shear transfer and local pile deflection at any depth 15
described wmz 2 -z cwve. Simlardy, the relationship
between mobilized end beanng remistance and amal tp
deflection 15 deseribed wsmg a O-z curve.

General

6.7.2 Axial Load Transfer (f-z) Curves

Vamous empiical and theoretical methods are available
for developmz cwrves for axial load transfer and pile dis-
placement, (f-z} curves. Theoretical cwves desembed by
Eraft, et al. (1981) may be constructed. Empanical -2 curves
based on the results of modsl and full-scale pile load tests
may follow the procedures m clay soils desenibed by Cole
and Reese (1966} or gramalar soils by Coyle, HM. and
Suliaman_ I H. Skin Fricrion for Stesl Pilez in Sand, Journal
of the Soul Mechanies and Foundation Dinvision, Procesdmes
of the Amenican Society of Civil Engmeers, Vol. 93, No.
Shi6, November, 1967, p. 261-278. Addiional cwrves for
elays and sands are prowided by Vijawvvergiva, VM., Load
Movement Characteristics of Piles, Procesdmzs of the Ports
“T7 Conference, Amencan Society of Cnal Enginears, Vol
IO p. 269284

Load deflection relationships for grouted pales are dis-
cussed m Criteria for Design of Avially Loaded Dvilled
Shaits, by L. C. Reese and M. O"Neill, Center for Haghway
Fesearch Feport, Unmversity of Texas, August 1971, Curves
developed from ple load tests in representative soil profiles
or based on Lboratory soil tests that model ple mstallabion
may also be justhed Other mformation may be wsed, pro-
vided such information can be shown to result m adequate
safepnards against excessve deflection and rotation.

In the absence of more defimtive critena, the followmng =
curves are recommended for non-carbonate soils. The recom-
mended curves are shown m Figure 6.7.2-1

Clays =D i
0.0015 0.30
0.0031 0.50
0.0057 075
0.0080 090
0.0100 1.00
0.0200 0.70 to .90
oo 0.70 1o 090
Sands z (im) -
0.000 Q.00
0.100 1.00
oo 1.00
where

z = local pule deflection, m. (oom),
D = pile diameter, in. (mm),
¢ = mobilized soil pile adhesion, /2 (kPa),
fyor = Daxmourn soil pile adhesion or umt skm fichon

capacity computed according to Section 6.4, i
{kFa).

The zhape of the &z curve at displacements greater than
Zmr a5 shown m Figure 6.7 2-1 should be carefully conmid-
ered. Valies of the residual adhesion rafio g typ at the axal
pile displacement at which 1t ocours (T} are a fimchon of
soil stress-strain behavior, stress lhustory, ppe mstallation
methed pile load sequence and other factors.

The value of trg /ey can range from 0.70 to 0.90. Labora-
tory, 1 s1fn or model pile tests can provide vahoable mforma-
fion for determumng values of fyo'tmn and S for vanous
soils. For addibonal information see the histed references at
the beginning of 6.7.2.
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Figure 6.7.2-1—Typical Axial Pile Load Transfer—Displacement (§-z) Curves
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6.7.3 Tip-load—Displacement Curve

The end beaning or fip-load capacity should be determined
as desemibed 1 6.4.2 and 6.4.3. However, relatively large pile
fip movements are required to mobilize the full end bearing
resistance. A pile tip displacement up to 10 percent of the pils
dizmeter may be required for full mobihration in both sand
and clay soils. In the absence of more definitrve enteria the
following curve 15 recommended for both sands and elayvs.

=D 00,

0.002 0.25

0.013 0.50

0042 0.75

0.073 0.90

0.100 100

where
z = amal ip deflection in. (mm),
D = pile diameter, in. (mmm),
0 = mobilized end beanng capacity, Ib (EI).
QP = total end bearng, Ib (E), computed accordmg

to Sechon 6.4.

The ecommended curve is shown in Figure 6.7.3-1.

o =il+—————— —— — —

6.8 SOIL REACTION FOR LATERALLY-LOADED
PILES

6.8.1 General

The pile foundation should be designed to sustain lateral
loads, whether statie or cyclic. Addihonally, the designer
should consider overload cases m which the desipn lateral
loads on the platform foundztion are increased by an appro-
priate safety factor. The designer should satisfy humself that
the overall structural foundzton system will not fal under the
overloads. The lateral resistance of the soil near the surface 1=
significant to pile desizn. and the effects on this resistance of
scowr and so01l disturbance dunng pile mstallzhon should be
constdered. Generally, under lateral loading, clav souls behave
as a plastc matenal which makes 1t necessary to relate pale-
soll deformation to soul resistance. To facibitate this proce-
dure, lateral soil resistance deflection (p-y) curves should be
constructed using stress-stram data from laboratory soul sam-
ples. The ordmate for these curves 15 soil resistance. p, and
the abseis=a 1= sodl deflechon, 32 By iterative procedures, a
compatble set of load-deflection values for the pile-soil svs-
tem can be developed.

For a more detailed study of the construchon of p-v curves
refar to the following publications.

Soft Clay: OTC 1204, Correlations for Design of Laterally
Loadead Piles i Soft Clay, by H. Matlock, April 1970

|
2D Wiy
0.002 0.25
0013 0.50
0.042 0.75
0.073 0.00
0.100 1.00

zh

l
I
iz, = 0.10 x Pile Diameter (D)

Figure 6.7.3-1—Pile Tip-load—Displacement (&-2) curve
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Saff Clay: OTC 2312, Field Testing and Analy=is of Later-
ally Loaded Piles in Saff Clay, by L. C. Feese and W B Cox,
Apml 1975,

Sand: “Tan Evaluation of p-y Relattonships mm Sands" by M.
W, O'Nell and J. M. Murchimson. A report to the Amencan
Petroleum Institute, May 1983,

In the absence of more definitive enteria, procedires rec-
ommended mm 6.8.2 and 6.83 may be used for constuctmz
ultimate lateral bearing capacity curves and p-y curves.

6.8.2 Lateral Bearing Capacity for Soft Clay

For static lateral loads the ultimate unit lateral bearng
capactty of soft clay py has been found to vary between 8c
and 12¢ except at shallow depths where fahwe ocoms mm a
different mode due fo minmmem overburden pressure. Cyvelic
loads cawse detenorzton of lateral beanng capacity below
that for statie loads. In the absence of more defmitive critera,
the followmng is recommended:

Py ncreases from 3¢ to % as X moreases from 0 to if
accordmg to:

p,=3c+pX+J] %f (68.2-1)
and
=% fur X2 Xy (65.2-2)
where

P, = ultimate resistance, pai (kPa),

¢ = undrained shear strength for undistuwbed clay
so1l samples, psi (kPz),

D = pile diameter, m. (mn),

-
Il

effective unit weizht of soil, Ih/in? (ME'm),

J = dimensionless empmical constant with values
rangmg from 0.25 o 0.5 having been deter-
muned by field testing. A value of 0.5 15 appro-
pnate for Gulf of Mexaco clays,

X = depth below soil surface, in (mm),

Xy = depth below soul surface to bottom of reduced
resistance zone m o (oum). For a condibon of

constant strength with depth, Equations 6.8.2-1
and 6.8.2-2 are solved simmltaneonsly to give:

an
E+_}'

c

Where the stength venes wath depth, Equa-
tions 6.8.2-1 and 6.8.2-2 may be sobved by plot-
ting the two eguations, 1e., py vs. depth The
point of first mtersection of the two equations 1=
taken to be Xp. These empmical relahonships
may not apply where strength vanabons are
amatic. In general, mmimmm values of Ip
should be about 2.5 pile diameters.

6.8.3 Load-deflection (p-y) Curves for Soft Clay

Lateral zoul resistance-deflection relationships for pales m
soft clay are generally pon-lmear, The p-y cuwrves for the
short-term static load case may be generated from the follow-
mg table:

PPy ¥
0.00 0.0
0.50 1.0
0.72 EX1]
1.00 g0
1.00 o

p = acial laterz] resistance, pa (kPa),

¥ = actual lateral deflection, m. {mum}),

¥e = 25e, D, m (mm),

g = stram which ocows at one-half the maximum
stress on laboratory undrained compression
tests of undisturbed so1l samples.

For the case where equibibrmam has been reached under
cwvehic loadmg, the p-y curves may be generated from the fol-
lowing table:

X=Xp XXy

Pp, e PPy e

0.00 0.0 0.00 0.0

0.50 10 0.50 10

0.72 30 0.72 30

0.72 = 0T EE; 150
02EE =

6.8.4 Lateral Bearing Capacity for Stiff Clay

For static lateral loads the ultimate beanng capacity py of
stff elay (¢ = 1 T3f or 96 kPa) as for soft clay would vary
between Er and 12e. Due to rapid detenorabion under ovche
loadings the ulfimate resistance will be reduced to somethmg
considerably lass and should be so considered m cyelic desizn.
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6.8.5 Load-Deflection {p-y) Curves for Stiff Clay
While stuff clays also have non-hnear stress-strain relztion-
ships, they are generally more bnttle than soft clays. In devel-
oping shess-sham cwves and subsequent p-y cwrves for
cyclic loads, zood judzment should reflect the rapid deteno-
ration of load capacity at large deflections for shff clays.

6.8.6 Lateral Bearing Capacity for Sand

The ultirnate lateral beanng capacity for sand has been
found to vary from a vahie at shallow depths determumed by
Eg. 6.3.6-1 to a value at deep depths determined by Eq. 6.8.6-
2. At a grven depth the equation grving the smallast value of
Py, should be used as the ultimate bearing capacity.

Pp=O=xH+G=xDy=y=H (6.8.6-1)

Pui=CixDxy=H (6.8.6-2)
whers
Py = ulbmate resistance (forcefunit length), Tbs/in.
(EM'm) (= = shallow, d = deep],
T = effective soil weight, Thin ¥ (FN/m),
H = depth in {m),
¢ = angle of mternzl friction of sand. deg.,
(1. Cy. O3 = Coefhiments determmned from Figure 5.8.6-1
as fimction of
D = average pile diameter from surface to depth,
in. (o).
6.8.7 Load-Deflection {p-¥) Curves for Sand

The lateral seil resistance-deflection (p-1) relahonships for
sand are zlso non-hnear and in the ahsence of more definitve
information may be approxmated at any specific depth 7, by
the following expression:

k= H
P = Axp,xtanh [ 2o x;] (6.87-1)
where
A = factor to account for cyelic or stafic loadmg condi-

tion. Evaluated bry:
A = 09 for cvehie loading.
A= ( 10-08 g] > 0.9 for static loading.
Py = uliimate bearing capacity at depth H, he/in. (KM/m),
kF = 1zl modubus of subgrade reaction. Iin.? (Y

mE}. Determne from Figure 6.8.7-1 as function of
angle of mtemnal fiichon, §.

Values of Coaflicents C, and C;
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Figure &.8.6-1—Coefficients as Function of ¢”
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lateral deflection. inches (m).
depth. inches (m)

¥
H

6.9 PILE GROUP ACTION
6.9.1 General

Consideraton should be grven to the effects of closely
spaced adjacent piles on the load and deflechon charactens-
ties of pile groups. Generally, for pile spacing less than exght
(8) diameters, group effects may have to be evaluated For
more detaled discussions refer to the following fowr papers:
“Group Action m Offshore Piles” by ONeull, M. W, Pro-
ceedings, Confersnce en Geotechmical Practice in Offthore
Enginsering, ASCE, Austin, Texas, pp. 25-64; “An Approach
for the Analyas of Offhore Pile Groups,” by Poulos, H. G,
Procesdings, Izt Imtermational Comference on Numerical
Mesthod: in Ofthore Piling, Instiufion of Crvil Enginears,
London, pp. 119-126; “The Analysis of Flexible Raft-Pile
Swstem™ by Han, 5. 1, and Lee, I K., Geotechnique 28, No.
1, 1978; and Ofzhore Technology Conference paper nurnber
OTC 2838, Analysis of Thres-Dimensional Pile Groups with
Non-Linear Soil Response and Pile-Seil Intsvaction by M. W
O'Madll et al., 1977

6.9.2 Axial Behavior

For piles embedded m clays, the zroup capacity mav be
less than a single solated pile capacity mmltphed by the
mamaber of piles m the group; comersely, for piles embeddad
i sands the group capacity may be higher than the sum of the
capacthies in the elated piles. The zroup settlement in either
clay or =and would normally be larper than that of a single
pile subjected to the average pile load of the pile group.

In general group effects depend considerzsbly on pile
group gecmety and penefrations, and thickness of any bear-
g strata undemeath the pile tips. Refer to “Group Action 1n
Offhore Piles™ by O'Nall M. W, Procesdings, Conference
on Geotechmical Practice in OfEhore Enginearing, ASCE,
Anstm, Texas, pp. 25-64: “Pile Group Analy=is: A Smdy of
Twe Methods,” by Poulos, H. G., and Randolph. M. ., Jowr-
nal Geoteckhnical Enginesring Divizsion, ASCE, Vol, 109, No.
3. pp. 3535-37T2

6.9.3 Lateral Behavior

For piles with the same pile head fiaty condibons and
embedded 1 erther cohesmre or cohesionless soils, the pile
group would noomally expenence greater lateral deflection
than that of a single pile under the average pie load of the
comesponding group. The major factors mlwencing the group
deflections and load distmbution among the piles are the pule
spacing, the rato of pile penetraton to the diameter, the pile
flexbality relative to the soil the domensions of the group, and

the variatons in the shear strength and shffvess modulus of
the soil with depth.

O'Neill and Dunnavant (1985), m a recent AFl-sponsored
project, [4An Evaluation of the Behavior and Analysiz of Lar-
erally Loaded Pile Groups, APL PRAC 84-32, Unrveraity of
Houston, Unmversity Park, Department of Civil Engineenng,
Research Report No. UHCE 85-11] found of the four group
analysis methods examined m ths study, the following
methods to be the most appropniate for use 1o desizming
group pile foundations for the grven loadmg conditions: {2}
advanced methods, such as PILGP2E. for defimng imital
group stiffness; (b) the Focht-Eoch (1973) methed [“Ratio-
pal Analysis of the Lateral Performance of Offshore Pile
Groups,” OTC 1896] az modihed by Feese et al (1984)
[“Analysis of a Pile Group Under Lateral Loading,” Larer-
ally Loaded Deep Foundations: Analysiz and Performance,
ASTM, STP 833, pp. 36-71] for defiming group deflactions
and averagze maximum pile moments for desgn event
loads—deflechons are probably wnderpredicted at loads grv-
ing deflechons of 20 percent or more of the diameter of the
indridual piles m the group; (o) largest value obtained from
the Focht-Eoch and b methods for evaluatmg maxmum pile
load at a grven group deflechon.

Past expenence and the results of the study by O Nerll
and Dunnavant (1985) confim that the available tools for
analy=is of laterally loaded pile proups provide approsmi-
mate apswers that sometimes deviate sigmificantly from
observed behavior, particularly with regard to deflechion
caleulations. Also, himitations m =ite imvestgation proce-
dures and in the ability to predict single-pile soul-pile mter-
action behavior produce uncertainty regarding proper soil
input to group anabyses. Therefore multiple anakyses should
be performed for pile zroups, using fwo or more appropri-
ate methods of analy=is and upper-bound and lower-bound
values of soil properties in the analyses. By performing
such analvses, the desizner will obtain an appreciation for
the uncertainty mmvolved in s predichions of foundaton
parformance and can make more mformed decisions
regarding the stmcturzl design of the foundation and super-
shucture elements.

6.9.4 Pile Group Stiffness and Structure Dynamics

When the dynamuc behavior of a struchure 15 determmed to
be sensitive to vanatons in foundzhion shifness, parameine
analyses such as those desemibed in 6.9 3 should be performed
to bound the vertical and lateral foundation stiffness values to
be used m the dynamic shuctural analyses. For msight regard-
mg how changes m foumdation shffness can mmpact the natu-
ral frequencies of tall steel jacket platforms, see K. AL Dhere
et al. (1989), “The Design of the Bullwinkle Platform ™ OTC
G060,
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6.10 PILE WALL THICKMNESS

6.10.1 General

The wall thickness of the pile may vary along 15 length
and may be controlled at a parficular pomt by any one of sev-
eral leadmy conditions or requirernents which are dismissed
1 the paragraphs beloar.

6.10.2 Allowable Pile Stresses

The allowrable pils stresses should be the same 2= those
permuited by the AISC specification for a compact hot rolled
section grving due consideration to Sechions 3.1 and 33 A
rational analy=is considenng the restramts placed upon the
pile by the structure and the soil should be used to deternume
the allowable stresses for the porion of the pile whach 15 not
laterally restrained by the sedl. General column buckling of
the portion of the pile below the pmdline nead not be conmid-
ered unlezs the pile 15 behieved to be laterally unsupported
because of extremealy low soil shear strengths large computed
lateral deflactions, or for some other reason.

6.10.3 Design Pile Stresses

The pile wall thickness m the vicmity of the mudline, and
possibly at other pomis, 15 povmally controlled by the com-
bmed axal load and bending moment whach results from the
desizn loading condiions for the platform The monzent
cwrve for the pile may be computed with seil reachons deter-
mmed m accordance with Section 6.8 zrving due consider-
ation to possible soil removal by scour. It may be assumed
that the axial load is removed from the pile by the soul at a
rate equal to the ultmate soil-pile adhesion draded by the
approprizte pile safety factor from 6.3 4. When lateral deflec-
tions associated with cyelic loads at or near the mudline are
relatrvely large (e g, exceading 3 as defmed m 6.8.3 for soft
clay), conmideration should be grven to reducing or pesleching
the soul-pile adbesion through this zone.

6.10.4 Stresses Due toWeight of Hammer During
Hammer Placement

Each pile or conductor secthon on which a pile hammer
{pale top dnlling ng, ete.) will be placed should be checkad
for stresses due to placms the equipment. These loads may ba
the linuting factors m estabhishing maxinmm length of add-
on sections. This 15 particularly true n cases where pilmz wall
be doven or dnlled on a batter. The most frequent effects
inchide: stafic bending, axial loads, and amesting lateral loads
generated during mital hammer placement.

Expenence mdicates that reasonable protecton from fal-
we of the mle wall due to the above loads 15 provided if the
static stresses are caleulated as follows:

1. The pile projecting section should be considered as 2
freestanding cohmmn wath 3 mminmm effective length fac-
tor K of 2.1 and a mmimmm Feduction Factor O of 1.0

2. Bendmp moments and axal loads should be caleulated
uzsing the full weight of the pile hammer, cap, and leads
acting through the center of gravity of thewr combined
masses, and the weight of the pile add-on section with dus
considerafion to pile batter eccentricines. The bendms
moment so determaned should not be less than that come-
sponding o a load equal to 2 percent of the combmned
weizht of the hammer, cap, and leads apphed at the pile
head and perpendicular to its centerline.

3. Allowzble stresses mn the pile should be calculated m
accordance with Secthions 3.2 and 3.3, The ope third
merease n stress should not be allowed.

6.10.5 Stresses During Driving

Conziderafion should alse be grven to the stesses that
ocour i the freestandimg pale section dunmg drving. Gener-
ally, stresses ate checked based on the conservatmve critenion
that the swm of the strasses due to the impact of the hanmer
(the dynamuc stresses) and the stresses due to 2ozl load and
bending (the static stresses) should not exceed the mminmmm
vield stress of the steal. Less conservatmee crtfteria ave permmit-
analyses and empmeal evidence. A method of analyss based
on wave propagation theory should be used to determime the
dynamic stresses (see 6.2.1). In general. it may be assumed
that cohmom buckling wall net cecur as 2 result of the dymamue
porton of the diving stresses. The dyvnamme stresses should
not excesd 30 to 90 percent of wield depending on specific
crcumstances such as the locahon of the maromum stresses
down the length of pile, the pumber of blows, previous expe-
nence with the pile-hammer combination and the confidence
level mn the analyses. Separate considerations apply when ag-
nificant drving stresses may be transputted into the stucture
and damage to appurtenances must be avoided The static
stress dumng dmang may be tzken to be the sthess resultmz
from the weight of the pile above the poant of evaluation phus
the pile hammer components actually supported by the pile
dunnyg the hammer blows, melding any bendmg stresses
resuliing there from When wmg hydrauhe hanomers 1t 15
possible that the diming energy may excead the rated energy
and this should be considered in the analyses. Also, the stafic
stresses induced by bvdranlic hammers need to be computed
with spectal care due to the possible vanations in dimang con-
fizurations, for example when drmong verfical piles without
lateral restraint and exposed to emronmental forces (see also
12 5.7 3). Allowable static stresses in the pile should be caleu-
lated m accordance with Sections 3.2 and 3 3. The one-third
increases 1o sitress should not be allowed. The pile hapumers
evaluated for use dunng dving should be noted by the
desipner on the mstallation drawings or specifications.
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6.10.6  Minimum Wall Thickness

The DVt raho of the entive length of a pile should be small
encuzh to prechode local buckhng at stresses up to the yield
strenzth of the pile matenal. Consideration should be zrven to
the different loading siuations cccwmng during the installa-
tion and the service life of a pilling. For m-service conditions,
and for those mstallabon siuations where normal pile-dmnz
15 anficipated or where pilling nstallation wall be by means
other than driving, the limitations of Section 3.2 should be
considered to be the minimmm requirements. For piles that
are to be mstalled by dmving where sustamed hard dmvng
(250 blows per foot [820 blows per meter] with the largest
size hammer to be used) 15 anficipated, the pumrmmm pilms
wall thickness used should not be less than

. D

= j —

t= 02+
Metnie Formmla (6.10.6-1)

. D

t=635+ STali

r = wall thickness, i {mm),
D = diameter, in. (mom).

Mmimam wall theckness for nomally used pile sizes
should be az listed m the following table:

Mininmm Pile Wall Thickness
Pile Dizmeter Miominal Wall Thickness, ¢
in. mm in mm
4 &10 Ly 13
) 762 s 14
914 i 16
) 1067 e 17
43 1219 E 12
60 1524 Ty n
7 1820 1 25
24 2134 1 ]
06 2438 11y 3
108 2743 13y EX]
120 ENTE 112 37

The preceding requirement for 2 lesser D ratio when hard
drving 1= expected may be relaxed when 1t can be shown by
past expenence or by detailed analy=is that the pale will notbe
damaged dunng its installation.

6.10.7  Allowance for Underdrive and Overdrive

With piles having thickensd sechons at the mudline. con-
sideration should be grven to providing an extra length of

beavy wall matenal mn the vicimty of the mudime =o the pile
will not be overstressed at this point if the desizn penetration
15 not reached. The amount of underdrme allowance provided
m the design will depend on the degres of uncertainty regard-
mg the penetration that can be obtained. In some instances an
overdmmve allowance should be pronded 1 3 spular manmer
m the event an expected beanng shatum 1= pot encountered at
the anficipated depth.

6.10.8 Driving Shoe

The pwpose of dimving shoes 15 to assist piles to penetrate
through hard lavers or to reduce dmving resistances allowing
greater penetrations to be achieved than would otherwize be
the caze. Dhiferent design considerations apply for each use.
If an mternal diving shoe 1s prowaded to dve through a hard
layer it should be designed to ensure that unacceptably high
diming stresses do not ocour at and above the tansthon pomt
between the normal and the thickened section at the pile ap.
Alzo 1t should be checked that the shoe does not reduce the
end beanng capacity of the sod phloz below the alue
assumed m the design. External shoes are not normally used
as they tend to reduce the skin fiichen along the length of
pile above them

6.10.92 Driving Head

Any dmang head at the top of the pile should be desizned
m association with the installation contractor o ensure that it
15 fully compatble with the proposed installaton procedures

6.11 LENGTH OF PILE SECTIONS

In selecting pile sechon lengiths considerstion should be
given to: 1) the capability of the Lift equipment to raise, lower
and stab the sections; 2) the capabihty of the kft equpment to
place the pile diming hammer on the sections to be drven: 3)
the posability of a large amount of downward pile movement
mmmediztely following the penstration of a jacket leg closume:
4) streszes developed i the pile section while hiftmg; 3) the
wzll thickness and matenal properties at field welds; &)
avording mterference with the plarmed conewrent dming of
peighboring piles; and 7) the type of soil m which the pile tip
15 posttioned dunng diving mtermiphions for fisld welding to
attzch additiomal sectons. In addibion, stabe and dynanme
stresses due to the harmmer weight and operation should be
constdered as discussed m 6.10.4 and 6.10.5.

Each pile sechon on whech diving 15 requived should con-
tam a cutoff allowance to permit the removal of material dam-
aged by the mmpact of the pile dmang hammer The noimaal
allowance 15 2 to 5 ft. (0.5 to 1.5 meters) per sechon. Where
possible the eut for the remonzl of the cutoff allowance
should be made at a convemently accessible elevation.
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6.12 SHALLOW FOUNDATIONS

Shallow foundations are these foundations for which the
depth of embedment 15 less than the mminmm lateral domen-
sion of the foundation element. The desizn of shallow foun-
dattons should melnde, where appropriate to the miendsd
application, considerztion of the following:

1. Stability, meldmg falure due to overtmming, bearing,
shiding or combinations thereof.

2. Static foundaton deformatons, meluding peossible
damzpe to components of the struchure and 1t= foundation
or attached facilines.

3. Dhmamie foundation chavactenistios, meludmez the
influence of the foundation on strachural response and the
performance of the foundation itself under dynamie
loadmg.

4, Hydraubic instability such as scowr or pipmg dus to
wave pressures, mcludmg the potental for damage to the
structure and for foundation metabality.

5. Installation and remenal, includng penstration and
pull cut of shear skurts or the foundation base tizalf and the
effects of pressure buld up or draw down of trapped water
undemeath the base.

Fecommendations pertaiming to these aspects of shallow
foundation desizn are grven in 6.13 through 6.17.

6.13 STABILITY OF SHALLOW FOUNDATIONS

The equattons of tus parsgraph should be considered
evaluatng the stzbiity of shallow foundations. These equa-
tions are apphicable to 1dealized conditions, and a discussion
of the hmutations and of alfermate approaches 15 given m the
Commentary. Where use of these equahons 15 not ustified. a
more refined amalvmis or special considerafions should be
considered.

6.13.1 Undrained Bearing Capacity (¢ =10}

The maxmum gross vertical load which a footing can sup-
port under undrained conditions 15

O = (NS =7 DA (6.13.1-1)
where
¥ = maarmmm vertical load at falure,
= undramed shear strength of so1l,
N, = adimensicnless constant, 5.14 for =1,

# = undmmed fiction angle =10,
¥ = total unit weight of o1l

D = depih of embedment of foundation,

A" = effective area of the foundation depending on the
load eccenimcty,

K. = comection factor which accounts for load melma-

tion, footmg shape, depth of embedment, mebma-
tion of base, and mehnaton of the ground swface.

A method for determming the comrechion factor and the
effective area 1= grven m the Commentary. Taro special cases
of Eg. 6.13.1-1 are frequently encountered. For 2 vertical con-
centmie load zppled to 2 foundahon at ground level where
both the foundatbon base and ground are homzontal Egq.
6.13.1-1 15 reduced below for two foundation shapes.

1. Infmitely Long Stip Footing.
@y = 3.14cd; (6.13.1-2)
where
0 = maximum veriical load per unit length of

footing
Ay = actual foundation area per umt length

2. Circular or Square Footing.
0 = 6174
where

A = actual foundation area

(6.13.1-3)

6.13.2 Drained Bearing Capacity

The maxmnm net verfical load which a footng can sup-

port under drammed conditions 15
O = (o Nele + aNglog + Vay BNGE) 47 (6.132-1)
where
Q= mammmm net vertical load at fathre,
e = effectrve cohesion infercept of Mohr Emre-
lope,
Ng=  (E=p [F tand]) (tam?(45° + ¢'/2)), 2 dimen-
sionless funchon of &,
Ny = (Ng— 1) cotd’, a dumensionless finction of 7,
N, = an empincal dimensionless fimcton of ¢
that can be approsamated by 2(N; + 1) tang,
b= effective friction angle of Mobhr Emvelope,
¥ = effectrve unit weight,
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g = 7D, where I) = depth of embedment of foun-
dation,
E = munmmum lateral foundation dimension,
A" = effecine area of the foumdation depending on
the load eccentmicity,

E. g Iy = comechon factors which account for load
melmation, footing shape, depth of embed-
ment, mclination of base, and mehnation of
the ground swface, respectvely. The sub-
soripts ¢, g, and f refer to the parbeular term
m the equation.

A complate desenphion of the K fetors, as well as curves
showing the mumerical values of Ny, Ni, and Nyas a function
of & are grven n the Commentary.

Two special cases of Eq. 6.13.2-1 for ¢ = 0 (usually sand)
are v encountered. For a wvertical cenme load
apphied to a foundation at ground level where both the foun-
dation base and ground are bonzental Eq 6.13.2-1 is
reduced below for two foundation shapes.

1. Infmitely Long Stip Footing.

Qg = 0.5 v BNpdg (5.13.2-2)
2. Circnlar or Square Footing.
g = 03v BNA (5.13.2-3)

5133 Sliding Stability

The lmiting conditions of the beanng capacity equations
m $6.13.] and 6.13.2, wath respect to inchned loading, repre-
sent shdmg fathwe and result in the followmg equatons:

1. Undramed Analvsis:

H=cd (6.13.3-1)
where
H = honzontal load at fahare.
2. Drained Analysis:
H=c4d+0tné (6.13.3-2)

6.13.4 Safety Factors

Foundations should have an adequate margm of safety
aganst falure under the design loading condiions. The fol-
lowing factors of safety should be used for the specific falure
micdes indicated:

Failure Mode Safety Factor
Bearing Failare 20
Sliding Faihme 15

These values should be used after cyclic loadms effects
have been tzken into account. Where peotechmical data ave
sparse or site condifions are parficularly uncertain, mereases
m these valies may be wamanted See the Commentary for
firther diseusmion of safety factors.

G6.14 STATIC DEFORMATION OF SHALLOW
FOUNDATIONS

The mawmum foundaton defonmation under state or
equivalent statie loading affects the stuctnzl mtegnity of the
platform, 1t= sericeabuhty, and 1tz components. Equations for
evaluzting the static deformaton of shallow foundztons are
zoven m 6.14.1 and 6.14.2 below. These equahons are apph-
czble to idealred condiions. A disenssion of the hmstations
and of altermnate approaches 15 ziven in the Commentary.

6.14.1 Short Term Deformation

For foundation matenials whach can be assumed to be 1mo-
tropic and homogenecus and for the condibhon where the
struchure base 1s coreular, ngid, and rests on the soil swface,
the deformations of the base under vanous loads are as fol-
lows:

. 1-v
Vertical: == 6.141-1
“ (4611]‘ ( )
Horizontal:  m, = [& (6.14.1-)

Sl ETy T
. 31 —1)}

Rocking: o, M 6.14.1-3
( 8GR ( )

. 3
Torsion: 8, = [ ]T 61414
" \iser ‘ )

where

tiy Uy = wertical and honzontal displacements,
@ H = vertical and honzontal loads,
bty By = overtmming and torsional rotatons,
M T = overhnning and torsional moments,
& = elastic shear modulus of the soil,
v = poisson’s rato of the sodl,
R = radmes of the base.

These sclutons can also be used for approcomating the
mesponse of a square base of equal amea.
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6.14.2 Long Term Deformation

An estimate of the vertical settlement of a ol laver under
an mposed vertical load can be determuned by the following
equation:
= BC g, T7Ae

l+ag,

(6.142-1)

v
a

whers
by = verheal settlement,
h = laver thickness,
&; = mihal voud ratio of the soil,
£ = compression index of the soil over the load
range considered,
g, = mhal effectrve verhieal stress,
Ag = added effective vertical stress.

Where the vertical stress vanes within a thin layer, as m
the case of a dimimshing stress, estmates may be determined
by using the shess at the mudpomt of the layver Thick homo-
peneous layers should be subdnaded for analyms. Where
more than one laver 15 mvolved, the estimate 15 sumply the
sum of the settlement of the layers. Compression charactens-
ties of the so1l are determined from cns-dimensional consali-
dation tests.

6.15 DYMAMIC BEHAVIOR OF SHALLOW
FOUNDATIONS

Drmamic loads are mposed on a stucture-foundation sy=s-
tem by cwrrent, waves, ice, wind, and earthquakes. Both the
mfinence of the foundation on the stuchual response and the
imtegrity of the foundaton itself should be considered.

616 HYDRAULIC INSTABILITY OF SHALLOW
FOUNDATIONS

6.16.1 Scour

Positrve measures should be taken to prevent erosion and
undercuting of the so1l beneath or near the stucture base due
to scowr. Examples of such measures are (1) scour skirts pene-
tratmg through erodible lavers mbo scour resistant matenals or
to such depths as to eliminate the scowr hazard, or (2) nprap
emplaced around the edges of the foundation. Sediment trans-
port studies may be of value m planning and desizn.

G.16.2 Piping

The foundation should be so designed to prevent the cre-
ation of excessive hydraulic gradients (piping condibons) 1
the soil due to emironmental loadings or operations camed
out during or subsequent to stuchure metallafion.

6.17 INSTALLATION AMD REMOVAL OF SHALL
FOUNDATIONS

Installafion should be planned to ensure the foundation can
be properly seated at the mtended zrte withowt excessve dis-
turbance to the supporing so1l. Where remonal 15 anticipated
an analy=s should be made of the forces generated durmg
removal to ensure that removal can be accomphshed with the
means avatlzhble.

Reference

1. Toolan F E., and Ims. B. W, “Impact of Recent Changes
m the AFI Recommendsd Practice for Offzhere Piler in
and Sand Clays, Underwatsr Technolagy, V. 14, No. 1
(Spring 1988) pp. 01329,

7 Other Structural Components and
Systems

7.1 SUPERSTRUCTURE DESIGH

The supersbucture may be modeled in a simphified form
for the analysis of the platform jacket, or substruchure; how-
ever, recogmition should be grven to the vertical and honzon-
tal soffnesses of the system and the likely effect on the
substuctore. Thes medeling should consider the overhommng
effects of wind load for emaronmental loading conditions, the
proper location of superstruchire and equpment masses for
spizme loading condihons, and the zlternate locanons of
beavv gravity loads such as the dermck.

The superstructure itzelf may be analyzed as one or more
independent stuctures dependme upon it confipuration:
bowever, consideration should be ziven to the effect of deflec-
tions of the substructure 1n modelms the boundary supports.
Differential deflechions of the support pomts of heavy deck
modules placed on zkid beams or trusses at the top of the sub-
stctwre may result in 3 sigmficant redismbution of the sup-
port reactions. In such a case, the analvsic model should
include the deck modules and the top bay or two of the sub-
stctme to facilitate acowrate simlaton of support condi-
tions. This model should be apalvzed to develop support
reaction conditions which reflect these effects.

Depending upon the confipuration of a platform designed
with a meodular superstucture, consideration should be grven
to connectng adjacent deck modules to resist lateral emaron-
mental forces. Connection may also have the advantage of
providing addifronal redundancy to the platform in the event
of damage to a member supporting the deck modules.

In areas where seismue forces may govem the design of
supersbucture members, a pseudo-static analyvsis may be
used The analysis should be based on peak deck accelera-
tions determined from the overall platform se1zmme analy=is.
The height at which the acceleration is selected should be
based upon the struchwal confimuration and the location of the
domunant superstructore masses,
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Appendix B — Platform Database

Platform | Hurricane |[Number|Length of| Year of | Age of Soil Stratigraphy Tip Sampling and Testing |Water| Number of | Maximum | API Section 17 | (Hma/Hagn)® | EXxpected Mode
Database | Exposure | of Piles | Piles (ft) [Installation| Piles Bearing Method Depth Well Wave Height, | A-2 ULS Wave of Failure for
No. Event(s) Stratum (ft) | Conductors Hmax (ft) Height, Hygn (ft) the Piles
1 Katrina 8 135 1965 40 Stratum 1: very soft to firm clay (90" Stratum 5:| Sampling Method: driven | 140 18 59 55 1.14 Axial
Stratum 2: fine sand (12") sandy silt | Testing Method: miniature
Stratum 3: firm clay (12") vane, torvane, unconfined
Stratum 4: interbedded sandy silt and firm compression and UU
silty clay (19" triaxial tests
Stratum 5: sandy silt (10"
Stratum 6: silty fine sand (10"
2 Katrina 6 140 1966 39 Stratum 1: very soft to firm clay (90" Stratum 5:| Sampling Method: driven | 140 12 59 55 1.14 Axial
Stratum 2: fine sand (12") sandy silt | Testing Method: miniature
Stratum 3: firm clay (12") vane, torvane, unconfined
Stratum 4: interbedded sandy silt and firm compression and UU
silty clay (19" triaxial tests
Stratum 5: sandy silt (10"
Stratum 6: silty fine sand (10"
3 Andrew 8 175 1963 29 Stratum 1: firm to very stiff clay (184")  |Stratum 1:| Sampling Method: both 140 12 61 55 1.23 Combined
Stratum 2: dense to very dense fine sand (93")| very stiff driven and pushed Axial/ Lateral
Stratum 3: very stiff to hard clay (118" clay Testing Method: miniature
vane, torvane, unconfined
compression and UU
triaxial tests
4 Andrew 4 165 1969 23 Stratum 1: firm clay (158) Stratum 2:| Sampling Method: driven | 60 0 51 46 1.21 Lateral
Stratum 2: fine sand (14") fine sand | Testing Method: miniature

Stratum 3: silty clay (6"
Stratum 4: fine-to-medium sand (78"

vane, unconfined
compression and UU
triaxial tests
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Platform | Hurricane |[Number|Length of| Year of | Age of Soil Stratigraphy Tip Sampling and Testing |Water| Number of | Maximum | API Section 17 | (Hma/Hagn)® | EXxpected Mode
Database | Exposure | of Piles | Piles (ft) [Installation| Piles Bearing Method Depth Well Wave Height, | A-2 ULS Wave of Failure for
No. Event(s) Stratum (ft) | Conductors Hmax (ft) Height, Hygn (ft) the Piles
5 Andrew 187 1965 27 Stratum 1: soft to stiff clay (141") Stratum 5:| Sampling Method: driven | 140 16 60 55 1.20 Axial
Stratum 2: clayey silt (4) stiff clay | Testing Method: miniature
Stratum 3: silty fine sand (13") vane, unconfined
Stratum 4: laminated clay, silt & sandy silt compression and UU
(178" triaxial tests
Stratum 5: stiff clay (13"
Stratum 6: silty fine sand (8")
Stratum 7: stiff silty clay (32")
Stratum 8: stiff clay (92')
6 8 290 40 60 Lateral
7 Katrina 4 360 470 21 >62
8 Katrina 4 274 1984 21 Stratum 1: very soft to soft clay (30" Stratum 5:| Sampling Method: both 220 12 77 59 1.70 Axial
Stratum 2: silty fine to fine sand (56" silty fine driven and pushed
Stratum 3: interbedded firm to stiff clay and sand | Testing Method: miniature
fine to silty fine sand (37") vane, torvane, unconfined
Stratum 4: firm to very stiff clay (56" compression and UU
Stratum 5: silty fine sand (101") triaxial tests
Stratum 6: very stiff clay (52"
9 Katrina 4 118 1989 16 Stratum1: silty fine sand (5") Stratum 5:| Sampling Method: driven 1 56 45 1.55 Combined
Stratum 2: firm clay (20" interbedde| Testing Method: miniature Axial/ Lateral
Stratum 3: silty fine sand (11" dvery | vane, torvane, unconfined
Stratum 4: fine sand (71" stiff clay compression and UU
Stratum 5: interbedded very stiff clay and | and silty triaxial tests
silty fine sand (44" fine sand
Stratum 6: fine sand (50"
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Platform | Hurricane |[Number|Length of| Year of | Age of Soil Stratigraphy Tip Sampling and Testing |Water| Number of | Maximum | API Section 17 | (Hma/Hagn)® | EXxpected Mode
Database | Exposure | of Piles | Piles (ft) [Installation| Piles Bearing Method Depth Well Wave Height, | A-2 ULS Wave of Failure for
No. Event(s) Stratum (ft) | Conductors Hmax (ft) Height, Hygn (ft) the Piles
10 Ike 3 220/ 265 2001 5 Stratum1: very soft clay (11" Stratum 2:| Sampling Method: pushed | 360 1 71 61 1.35 Axial
Stratum 2: soft to hard clay (337") very stiff | Testing Method: miniature
clay vane, torvane, pocket
penetrometer and UU
triaxial tests
11 Katrina 4 239/ 309 2000 5 Stratum 1: fine sand (9') Stratum 9:| Sampling Method: both 4 67 54 1.54 Lateral
Stratum 2: soft to firm clay (27') silty fine driven and pushed
Stratum 3: fine sand (64") to fine | Testing Method: miniature
Stratum 4: stiff clay (8") sand/ | vane, torvane, unconfined
Stratum 5: fine sand (9" Stratum compression and UU
Stratum 6: stiff to very stiff clay (6.5") 11: fine triaxial tests
Stratum 7: silty fine to fine sand (13.5") sand
Stratum 8: stiff to very stiff clay (71')
Stratum 9: silty fine to fine sand (73")
Stratum 10: very stiff silty clay (7")
Stratum 11: fine sand (27')
12 Rita 4 255 1972 33 Stratum 1: stiff to firm clay (37.5") Stratum 4:| Sampling Method: driven 12 67 58 1.33 Lateral
Stratum 2: medium dense silty fine sand very | Testing Method: miniature
grading to clay silt below 56' (34.5) dense vane, unconfined
Stratum 3: stiff to very stiff clay (144")  |(silty) fine|  compression and UU
Stratum 4: very dense (silty) fine sand (100" | sand triaxial tests
Stratum 5: very stiff clay (25"
Stratum 6: very dense sandy silt (15
Stratum 7: very stiff clay (N/A)
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Platform | Hurricane |[Number|Length of| Year of | Age of Soil Stratigraphy Tip Sampling and Testing |Water| Number of | Maximum | API Section 17 | (Hma/Hagn)® | EXxpected Mode
Database | Exposure | of Piles | Piles (ft) [Installation| Piles Bearing Method Depth Well Wave Height, | A-2 ULS Wave of Failure for
No. Event(s) Stratum (ft) | Conductors Hmax (ft) Height, Hygn (ft) the Piles
13 12 372/ 374/ Stratum 1: very soft to medium stiff clay (20")|Stratum 3:| Sampling Method: both 270 18 60 Lateral

230 Stratum 2: stiff clay (170" stiff to driven and pushed
Stratum 3: stiff to hard clay (>261") hard clay | Testing Method: miniature
vane, torvane, unconfined
compression and UU
triaxial tests
14 12 365 1030 30 >62
15 12 350 to Stratum 1: very soft to firm clay (66' to 86") [Stratum 4:| Sampling Method: driven | 400 18 62
357 Stratum 2: medium sandy silt (12' to 20" medium | Testing Method: miniature
Stratum 3: firm to very stiff clay (226'to | silty fine | vane, torvane, unconfined
229" sand compression and UU
Stratum 4: medium silty fine sand (55' to 60") triaxial tests
Stratum 5: very stiff clay (72" to 74)
Stratum 6: medium silty fine sand (>11")
16 Ivan 8 400 1971 33 190 57 Lateral
17 Ivan 8 400 1971 33 210 58
18 Ivan 8 400 1973 31 190 58
19 Ivan 8 398 1971 33 190 58
20 Ivan 8 400 1980 24 210 58
21 Ivan 8 400 1986 18 190 58
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Platform | Hurricane |[Number|Length of| Year of | Age of Soil Stratigraphy Tip Sampling and Testing |Water| Number of | Maximum | API Section 17 | (Hma/Hagn)® | EXxpected Mode
Database | Exposure | of Piles | Piles (ft) [Installation| Piles Bearing Method Depth Well Wave Height, | A-2 ULS Wave of Failure for
No. Event(s) Stratum (ft) | Conductors Hmax (ft) Height, Hygn (ft) the Piles
22 Rita 290 1976 29 Stratum 1: very soft to firm clay (106")  |Stratum 8:| Sampling Method: driven | 110 0 57 53 1.16 Lateral
Stratum 2: silty fine sand (21") firmto | Testing Method: miniature
Stratum 3: stiff clay (13.5") stiff silty | vane, torvane, unconfined
Stratum 4: silty fine sand (27.5") clay compression and UU
Stratum 5: stiff clay (49.5") triaxial tests
Stratum 6: laminated stiff clay and silty fine
sand (27.5")
Stratum 7: silty fine sand (26")
Stratum 8: firm to stiff silty clay (69"
23 Katrina 1964 41 Stratum 1: very soft to soft clay (40" 150 8 56
Stratum 2: soft to medium stiff clay (30"
Stratum 3: stiff clay (110
Stratum 4: very stiff clay (225"
24 Katrina 128 /102 1956 49 Stratum 1: firm clay (5") Stratum 3:| Sampling Method: both 100 6 52
1132 Stratum 2: medium dense silty fine sand (12')| firm to driven and pushed
Stratum 3: firm to very stiff clay (146" very stiff | Testing Method: miniature
Stratum 4: dense fine sand (>43") clay vane, torvane, pocket
penetrometer and UU
triaxial tests
25 Katrina 4 169 1967 38 Stratum 1: firm clay (5" Stratum 4:| Sampling Method: both 90 4 44 51 0.74 Lateral
Stratum 2: medium dense silty fine sand (12') [dense fine driven and pushed
Stratum 3: firm to very stiff clay (146" sand | Testing Method: miniature
Stratum 4: dense fine sand (>43") vane, torvane, pocket
penetrometer and UU
triaxial tests
26 Rita 4 181 1994 11 100 2 52 Lateral
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Platform | Hurricane |[Number|Length of| Year of | Age of Soil Stratigraphy Tip Sampling and Testing |Water| Number of | Maximum | API Section 17 | (Hma/Hagn)® | EXxpected Mode
Database | Exposure | of Piles | Piles (ft) [Installation| Piles Bearing Method Depth Well Wave Height, | A-2 ULS Wave of Failure for
No. Event(s) Stratum (ft) | Conductors Hmax (ft) Height, Hygn (ft) the Piles
27 Rita 4 281/ 264 2000 5 Stratum 1: very soft clay (14") Stratum 4: 300 2 75 61 151 Lateral

Stratum 2: firm to stiff clay (86") very stiff
Stratum 3: medium dense sand (15") clay
Stratum 4: very stiff clay (>185")
28 Rita 8 1981 24 Stratum 1: stiff clay (10') 60 15 45 Lateral
Stratum 2: very stiff clay (15')
Stratum 3: medium dense sand (170"
Stratum 4: very stiff sandy clay to silt (15"
Stratum 5: medium dense sand (130"
Stratum 6: hard clay (10"
29 Katrina 8 140 1967 38 Stratum 1: very soft to firm clay (75" Stratum 2:| Sampling Method: driven | 150 12 63 56 1.27 Lateral
Stratum 2: dense to very dense sand (80") | dense to | Testing Method: miniature
Stratum 3: silty clay (5.5") very vane, unconfined
Stratum 4: dense to very dense sand (N/A) dense compression and UU
sand triaxial tests
30 Katrina 6 210 1973 32 Stratum 1: very soft to firm clay (75" Stratum 4:| Sampling Method: driven | 150 12 63 56 1.27 Lateral
Stratum 2: dense to very dense sand (80") | dense to | Testing Method: miniature
Stratum 3: silty clay (5.5") very vane, unconfined
Stratum 4: dense to very dense sand (N/A) dense compression and UU
sand triaxial tests
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Appendix C — Description of 3-D FEM Model

Structural Analysis Computer Software (SACS™) was used to conduct 3-Dimensional
Finite Element Method analyses of the case study platforms. SACS™ is a suite of
modular software developed by Engineering Dynamics, Inc. for use in both offshore
structures and general civil engineering applications (Engineering Dynamics 2005). Use
of this software was donated in-kind for this project by Engineering Dynamics, Inc. The
inputs to this model are the structural properties of all members and connections
including the piles, the behavior of the soil surrounding the piles (i.e., t-z and p-y curves
as a function of depth along each pile and a Q-z curve at the tip), and the environmental
loading including the magnitude and direction of waves, wind and current. The primary
output from this model includes the total load on the structure, typically expressed as a
base shear, the displacement of the deck, and the loads, moments and deformations in
individual members.

The software uses large deflection, elasto-plastic, nonlinear, finite-element analysis to
determine the load-displacement relationship of a jacket structure. When a full plastic
collapse (pushover) analysis is performed, the software also determines the load at which
the structure collapses. The solution process involves three levels of iteration. For any
global load increment, a beam-column solution is performed for each plastic member
using the cross section sub-element details. The global stiffness iteration is then
performed including the effects of connection flexibility, plasticity and failure and the
foundation stiffness iteration including the nonlinear pile/soil effects. During any global
solution iteration, the deflected shape of the structure is determined and compared to the
displacements of the previous solution iteration. If convergence is not achieved, the new
global displacements of the joints along with the beam internal and external loads are
used to recalculate the elemental stiffness matrices. The structural stiffness iteration is
then repeated including the effect of the foundation until the displacements meet the
convergence tolerance.

The solution of the pile/soil foundation also requires an iterative procedure. Initially, soil
forces and stiffness is calculated assuming deflections and rotations are zero along the
full length of the pile. For the given pilehead displacement, the pile deflections and
rotations are then determined. New soil forces and stiffness are calculated based on these
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new displacements and rotations. Using the segment deflections and rotations, the
program computes the pile segment internal loads and then calculates the pile segment
plasticity. The resulting plastic forces are then applied to the pile segment for the next
iteration. This procedure is repeated until all of the deflections and rotations along the
pile length have converged. At the final deflected position, the program calculates the
pilehead stiffness matrix by incrementally varying the pilehead deflections and rotations
and computing the pilehead restraining forces and moments. The resulting pilehead
plastic forces are transformed into the global coordinates and added to the global plastic
force vector for the next global increment or iteration.

Brief discussions of various modules of the software and how to perform a pushover
analysis and a hindcast analysis are provided herein. More details of the software can be

found in the user’s manuals (Engineering Dynamics 2005).

Description of Various Software Modules

The SACS IV module is an executive module. It utilizes the COLLAPSE and PSI
modules to perform a pushover analysis to determine the ultimate capacity of an offshore
jacket platform. The SACS IV model input file, designated as *“sacs.inp,” contains
pertinent information for the program to function and can be developed using the
graphical user interface within the program or using a text file. The model input file
consists of the analysis option, post processing option, material and section property data,
element data, joint data and load data. This model input file contains the information of
the entire structure and is called upon when any type of analysis is performed using the
SACS™ suite of software.

The SEASTATE module is an environmental load module that operates within the SACS
IV module to generate load data for the analysis. The user can input parameters for the
wave, wind and current conditions, dead load, and buoyancy of the structure. SEASTATE
takes the environmental load parameters and generates distributed loads that vary along
the members of the platform. Together with the SACS IV module, SEASTATE can
reduce all environmental loads to a resultant horizontal force and overturning moment at
various locations on the structure. At the mudline elevation, these forces represent the
base shear and overturning moment that the foundation system would be subjected to
during a storm.
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The COLLAPSE module is a large deflection, elasto-plastic, nonlinear finite-element
analysis module used to perform the pushover analysis of the structure. The collapse
input file, designated as “clp.inp” tells the SACS™ suite of software the types of analysis
to perform, options to consider while performing the analysis and the convergence
criteria that must be satisfied to terminate the analysis. The collapse input file also
specifies the load combinations and incremental load factors for the analysis. Additionally,
it tells the SACS™ suite of software whether to include the effects of a non-linear
pile/soil foundation. The COLLAPSE module uses the information from the collapse
input file to apply a series of incremental loads to the structure until it collapses.

The Pile Structure Interaction (PSI) module analyzes the behavior of a pile-supported
structure by representing the structure above the mudline as a linear elastic model, while
the pile below the mudline is represented as a beam-column on a nonlinear elastic
foundation. The module reduces the loads on the linear structure above the mudline to an
equivalent linear stiffness matrix involving only six degrees of freedom at each pile head
joint. It then uses a finite difference method to obtain the pile axial solution and then uses
the resulting internal axial forces to obtain the lateral solution of the pile. The nonlinear
foundation model, including the pile and soil, is specified in the PSI input file designated
as “psi.inp.”

The PSI input file contains information related to the analysis option, tolerance and
convergence criteria. It contains all information about the piles and well conductors,
including the diameter, wall thickness, Young’s modulus, shear modulus, nominal yield
strength, unit weight of steel and segment length. It also contains the soil parameters to
generate the axial, lateral and torsional responses of the pile/soil foundation. The PSI
module uses these soil parameters to generate the axial load transfer (t-z) curves, tip
load-displacement (Q-z) curves and lateral load-deflection (p-y) curves based on APl RP
2A-WSD (2000).

To illustrate, the structural model for Platform 1 developed in SACS™ is shown in Figure

C.1 and the geotechnical design information used to estimate pile capacity and establish
t-z, Q-z and p-y curves is shown in Figure C.2.
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Figure C.1  An lllustration of the SACS™ model for Platform 1 (Energo 2006)
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Hindcast Analysis

The hindcast analysis can be performed using the SACS IV module with the SEASTATE
and PSI modules. The environmental load parameters for the hurricane are entered into
the SEASTATE module. Each environmental load parameter has a set of inputs that must
be specified. For the waves, the wave height, period and direction are required. The wind
and current are both defined in terms of velocity and direction. In order to account for the
worst-case scenario where the waves, wind and current all approach the structure from
the same direction, the environmental load parameters are defined in the same direction
in this study. The loading direction is typically governed by the direction of the waves
because the waves generate a significant portion of the horizontal environmental load. To
illustrate, the environmental load parameters used to develop the hindcast base shear and
overturning moment on the foundation of Platform 1 are presented in Table C.1. Since the
direction of the waves is approximately the end-on direction of this platform (toward
Platform North in Figure C.1), the environmental load parameters in Table C.1 are all
defined in the end-on direction.

Once the environmental load parameters are defined, a “Linear Static Analysis with Pile
Soil Interaction” can be performed to determine the hindcast base shear and overturning
moment. The output of the analysis is documented in the “psilst” file, under the heading
“Seastate Basic Load Case Descriptions Relative to Mudline Elevations.” The output
hindcast forces on the foundation are reported in 6 degrees of freedom (F, Fy, Fz, My, My,
M,), where the x- and y-directions are the two horizontal directions and the z-direction is
the vertical direction. In order to obtain the hindcast base shear (Pumingcast) and
overturning moment (Muingcast) ON the foundation, these forces are resolved using the
following equations.

F2+F2

I:)H Hindcast — X y

2 2
Hindcast — M X + M y

M

For example, the hindcast base shear and overturning moment (Table C.1) on the
foundation of Platform 1 are determine to be approximately 4,000 kips and 362,000
ft-Kips, respectively.
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Table C.1 Environmental Load Parameters for the Hindcast Analysis of Platform 1 in the
End-on Direction

Wave | Wave | Wind | Current | Vertical| Hindcast |Hindcast Overturning
Height | Period | Speed | Velocity| Load | Base Shear Moment
(ft) | (sec) |(knots)| (knots) | (Kips) (Kips) (ft-Kips)
58.7 | 16.1 | 68.9 1.9 2500 4053 362323

Pushover Analysis

The pushover analysis can be performed similarly as the hindcast analysis. The
environmental load parameters used in the pushover analysis may or may not correspond
to those used in the hindcast analysis and will depend on the load factor at which failure
occurs in the pushover analysis. If the load factor at failure is higher than 1.2 or lower
than 0.8, the environmental load parameters used in the hindcast analysis are not suitable
for use in the pushover analysis as explained in the next paragraph. With the
environmental load parameters defined in the SEASTATE module and the SACS 1V,
COLLAPSE and PSI input files developed, the user can select the “Full Plastic Collapse
Analysis” option in the SACS™ suite of software to perform a pushover analysis.

The SEASTATE module will propagate the waves, wind and current through the structure
to determine the maximum loading condition and transform the environmental loads into
distributed loads that vary along the member lengths. The COLLAPSE module will
multiply the maximum load determined by the SEASTATE module by a load factor. The
distributed loads are increased monotonically with an increasing load factor and applied
to the structure until it collapses. For example, at a load factor of 0.0 there would be no
environmental loads applied to the structure whereas at a load factor of 1.0 the full
environmental loads would be applied. The COLLAPSE module starts at a load factor of
0.0 and increases at a specified interval until either the maximum load factor specified by
the user is reached or until the structure collapses. Ideally, the load factor at failure should
be between 0.8 and 1.2. If the load factor at failure is higher than 1.2 or lower than 0.8,
the shapes of the environmental load profiles may change significantly from the hindcast
conditions and scaling of the environmental load profiles linearly with a load factor may
not be representative of the load causing the structure to fail. For example, the load factor
at failure for Platform 1 in the initial pushover analysis using the same environmental
load parameters as in the hindcast analysis is approximately 0.4. Consequently, the wave
height and wave period used in the subsequent pushover analysis (Table C.2) are reduced
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from the values used in the hindcast analysis (Table C.1) and the load factor at failure
becomes 0.84, which is within the reasonable range.

Table C.2Environmental Load Parameters and Results of the Pushover Analysis of
Platform 1 in the End-on Direction

Wave | Wave Pushover Pushover Failure| Pushover Failure
Height | Period | Failure Load Base Shear Overturning Moment
Factor
(ft) (sec) (kips) (ft-kips)
50 12.5 0.84 2305 214614

An example output from the pushover analysis of Platform 1 in the end-on direction is
shown in Table C.3. This table shows the joint displacement report from the “clprst”
output file from the pushover analysis of Platform 1, where some load steps are removed
for clarity. The load step, load factor and displacements in the x-, y- and z-direction (Jx,
dy and J,) are taken directly from the output file. The base shear and overturning moment
corresponding to a load factor of 1.0 [Py(r=1) and Mr=1)] can be determined from the
“psilst” output file under the heading “Seastate Basic Load Case Descriptions Relative to
Mudline Elevations” similarly as the hindcast base shear and overturning moment. The
horizontal deck displacement (dn), base shear (Py) and overturning moment (M)
corresponding to each load factor can be calculated using the following equations.

5, =46, +03,°
Py = PH(LF:l) -LF

M =M, -LF

where:
LF is the load factor.
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The results from the above calculations are summarized in Table C.3. The base shear
versus horizontal deck displacement relationship is usually presented graphically. This
relationship for Platform 1 in the end-on direction is shown in Figure C.3. Tables C.2 and
C.3 show that Platform 1 fails at a load factor of 0.84, a horizontal deck displacement of
32 inches, a base shear of 2,300 kips and an overturning moment of 215,000 ft-Kips,
approximately. The failure in the pushover analysis is contributed by a failure in the
foundation, which consequently causes the entire platform to collapse. Specifically, piles
Al and A2 (Figure C.1) are overloaded in compression and start to plunge, which then
causes piles D1 and D2 to be loaded to capacity in tension. According to the pushover
analysis, the failure is an overturning failure of the foundation, as none of the piles
reaches 50 percent of their available structural capacity.

Table C.3Partial Output from the Pushover Analysis of Platform 1 in the End-on

Direction
Load | Displacements |Horizontal Deck| Base |Overturning
Load
Factor, (in.) Displacement, 6n| Shear, |Moment, M
Step
LF S« S | 8, (in.) Pu (kips)| (ft-kips)
5 0.19 | 2.62 |-0.03|-0.49 3 521 48544
10 | 0.41 |6.23(0.00(-0.40 6 1125 104752
15 | 0.58 |9.73(0.04(-0.35 10 1591 148186
20 | 0.69 |13.71/0.09-0.92 14 1893 176290
25 | 0.79 |26.92(0.92(-3.41 27 2167 201840
27 | 0.84 |32.05/0.61(-4.37 32 2305 214614
28 | 0.86 Platform collapsed — numerical analysis did not converge
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Figure C.3  Base Shear versus Deck Displacement for Platform 1 in the End-on
Direction
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Appendix D — Description of Simplified Plasticity Model

The simplified plastic collapse model uses an upper-bound kinematically admissible
solution to define the combinations of base shear and overturning moment that cause the
complete collapse of the foundation system (Murff and Wesselink 1986). The
upper-bound method assumes a plastic collapse mechanism, where all elements of
resistance are characterized as rigid and perfectly plastic (Murff 1987). The piles in the
system collapse when one hinge forms at the pile head and a second hinge forms at some
depth below the pile head. The collapse of the entire system occurs when two hinges
form in each of the piles in the system as shown schematically in Figure D.1.

The performance of the foundation system is measured by comparing the ratio of the rate
of internal dissipation of energy related to the resistance provided by the piles embedded

in soils (W,,) to the rate of external work related to the system loads applied to the

foundation (W,,) as shown by the performance function, g(x), presented below (Tang

and Gilbert 1992).

W,
X) = —" 1.0
g(x) W

ext

The rate of internal dissipation of energy can be separated into the following four
components:

» the dissipation of energy due to the axial deformation of the soil between the two
plastic hinges that form at the pile head and at depth,

» the dissipation of energy due to the lateral deformation of the soil between the two
plastic hinges,

» the dissipation of energy due to the plastic yield of the pile at the first hinge that
forms at the pile head, and

» the dissipation of energy due to the plastic yield of the pile at the second hinge at
depth.
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Figure D.1  Schematic of Pile System Collapse Due to the Formation of Plastic Hinges
(Lee 2007)

The external work rate consists of the contributions from the vertical and horizontal loads
on the foundation system due to the platform base translating laterally and rotating about
a point at the mudline. The foundation system collapses when the external work rate is
equal to the rate of internal dissipation of energy, i.e. g(x) = 0.0. The solution is an
upper-bound approximation to the system capacity because it does not explicitly satisfy
force and moment equilibrium. Also, the structure supported by the piles is assumed to be
perfectly rigid and can distribute loads as necessary cause a complete collapse of the
foundation system. Comparisons between this upper-bound solution and more rigorous
pushover analyses indicate that the upper-bound model overestimates the total horizontal
force causing failure by about 10 percent (Murff and Wesselink 1986).

The original model developed by Murff and Wesselink (1986) and extended by Tang and
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Gilbert (1992) was updated for this study to incorporate multiple soil layers and pile wall
thicknesses below the mudline. In addition, the contribution of well conductors to the
foundation system capacity was included. The conductors are modeled as piles that are
connected to the structure with rollers (Figure D.2) such that the structure can move the
conductors horizontally but not vertically (that is, the conductors contribute lateral
resistance but not axial resistance to the foundation system).

To account for the modifications made to the simplified plastic collapse model, the input
structure of the program was re-arranged to offer more flexibility and transparency to the
user. The model requires four different types of input files, all of which are text files that
can be developed using a text editing program such as Microsoft® Notepad. The four
input file types can be considered as:

the routing input file
the executive input file
the pile structural capacity input file

YV V V V

the pile geotechnical capacity input file

Rigid Structure

\

Mudline 8
Plastic Hinges/
W
. Well _
Pile Pile

Figure D.2  Schematic of the Updated Plastic Collapse Model for Piles and Wells

The routing input file, designated as “TOPCATF.inp,” contains only the name of the
executive input file. This allows for several executive input files containing differing
parameters to be developed so that a parametric analysis can be performed simply by
changing the name of the executive input file specified herein.

The executive input file contains the system load data, number of piles and conductors,
pile and conductor geometry, pile structural capacity input file name, and pile
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geotechnical capacity input file name. Under the system load data section of the
executive input file, there are six lines of text which represent:

the horizontal load (Py),

the moment arm of the horizontal load above the mudline (h),

the eccentricity of the horizontal load in the y-direction (r),

the skew angle measured counterclockwise from the positive x-axis (o),
the vertical load applied to the platform (Py), and

the eccentricity of the vertical load (e)

VvV VV V V V

The above system load parameters are shown schematically in Figures D.3 and D.4.

Py | ]
r y
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— ] Pile i
a) Plan View
F,H
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h e PV
’_" Sea Floor
' Pile i
b) Elevation

Figure D.3  System Load Parameters for the Simplified Plastic Collapse Model (Tang
and Gilbert 1992)
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Plan View

Figure D.4  Orientation of the Skew Angle in the Simplified Plastic Collapse Model
(Tang and Gilbert 1992)

The next section of the executive input file contains information about the piles and
conductors. The number of piles is specified in the input file, where conductors of the
same size are usually accounted for as one additional pile regardless of the number of
conductors that the platform is actually equipped with. For example, in an 8-pile platform
with 20 identical conductors, the number of piles specified in the input file would be 9. If
the same platform were to be analyzed without considering the conductors, the number of
piles can simply be changed from 9 to 8. Each pile is given a number in the input file and
seven pile geometric parameters are defined on a single line of the input separated by a
space between each of them. The geometric parameters are:

the x-coordinate (X),

the y-coordinate (),

the batter angle in the x-direction (THETAX),

the batter angle in the y-direction (THETAY),

the pile length (L),

the axial constraint parameter (0 or 1), and

the number of piles or conductors in the group (NGROUP).

YV V V V V VY

The axial constraint parameter defines whether the pile is constrained axially. A value of
0 denotes that the pile is not constrained in the axial direction and is free to move
independently of the platform in the axial direction. This assumption is used to model the
conductors. A value of 1 denotes that the pile is constrained in the axial direction and is
used to model the pile. NGROUP is typically set to 1 when modeling the pile since every
pile has unique geometric parameters. When conductors are modeled in the analysis,
NGROUP can be set to the number of conductors to account for the contribution of many
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conductors of the same size. Considering the previous example of an 8-pile platform with
20 conductors, the ninth pile in the input would have an axial constrain parameter of 0
and an NGROUP value of 20. The x- and y-coordinates of the conductor group should be
the center of the entire conductor group.

The final two input parameters defined for each pile in the executive input file are the
names of the pile structural capacity input file and pile geotechnical capacity input file.
The updated plastic collapse model no longer calculates the pile structural capacity and
geotechnical capacity internally. Instead, it allows the user to perform the calculations
externally (for example, using Microsoft® Excel) and import the calculated structural and
geotechnical capacities into these input files. Only the names of the pile structural
capacity input file and pile geotechnical capacity input file are specified in the executive
input file. The pile structural capacity input file and geotechnical capacity input file are
typically designated as “WPILE.inp” and “WSOIL.inp,” respectively. A letter “C” is
usually added to denote that the file is for conductors, and a number “1” or “2” is usually
added to denote how many directions the foundation pile is battered in.

The pile structural capacity input file contains the axial structural capacity in compression
and tension (Qmax) and the moment capacity in bending (Mmax) over a given pile length
(2). The recent update to the program allows up to three pile sections to be defined. The
following equations are used to calculate the axial structural capacity and moment
capacity of a steel pipe pile with a diameter of D and a pile wall thickness of t.

Qmax :%[Dz _(D _2t)2] fY

Mmax :%[D3 _(D _2t)3] fY

where:
fv is the nominal yield strength of the steel.

The pile geotechnical capacity input file contains the number of rows of data in the input

file (NDEPTH) and the depth increment (DZ). Following these, it contains four columns
of data which from left to right correspond to:

» the length along the pile (Z),
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> the axial capacity of the pile in compression at length Z (Qc),
» the axial capacity of the pile in tension at length Z (Qr), and

» the lateral capacity of the pile at length Z (R).

This input file defines the capacity of a pile at specified intervals along the pile. The
geotechnical capacity input file is developed using a custom-built spreadsheet that
calculates Z, Qc, Qr and R based on the recommended design parameters in the
geotechnical report for the study platform. The calculations in the spreadsheet follow the
recommendations in APl RP 2A-WSD (2000), which is included in Appendix A.

The critical horizontal collapse load (that is, base shear, Py) of the foundation system at a
specified moment arm above the mudline (h) can be determined by varying the horizontal
load such that the external work applied by the system load is equal to the internal work
associated with the system capacity. When this occurs, the performance function, g(x),
should be sufficiently close to 0.0 (less than 1x107®). The critical collapse loads at various
moment arms can be determined for a foundation system. A base shear versus overturning
moment (M) interaction curve for a foundation system can be developed from the
combinations of critical collapse load and its moment arm, using the following equation.

M =P, xh

To illustrate, the foundation system capacity interaction curve for Platform 1 in the
end-on loading direction is shown in Figure D.5. This interaction curve includes the
contribution from the 8 piles as well as the 18 well conductors. The interaction curve is
an envelope; for hurricane loads located within the envelope, the foundation system is
expected to be stable. The first zone corresponds to the shear failure mechanism, which is
the initial part of the interaction curve at a small overturning moment. This part of the
interaction curve slopes upward gently (increases in base shear with increasing
overturning moment) because of pile batters. In this portion of the interaction curve, the
capacity of the foundation system is governed by the lateral capacities of the piles and
conductors. The other extreme at a large overturning moment corresponds to an
overturning failure mechanism. This part of the interaction curve shows a steep
downward slope (critical base shear decreasing rapidly with increasing overturning
moment). In this portion of the interaction curve, the capacity of the foundation system is
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governed by the axial capacities of the piles. The zone between these two extremes on the
interaction curve corresponds to a combination of shear and overturning (i.e., both lateral
and axial capacities are contributing to total system capacity).

The foundation system capacity can be compared to the hindcast loading. The maximum
base shear and overturning moment applied by Hurricane Katrina in the end-on direction
(Appendix C) are also plotted in Figure D.5. The applied loading is significantly greater
than the estimated capacity from the upper-bound plasticity model for this platform.

5000
Upper-Bound Pile System
Capacity from Plasticity Model Katrina Hindcast
] Load
4000 A
E 1 Shear
= 3000 4 Failure
H] Combined Shear
_?;’ and Overturning
v | Failure
@ 2000 A
m -
o
1000 A
Overturning
1 Failure
0 T T T T T T T T T T T T T LA |
0.0E+00 1.0E+05 2.0E+05 3.0E+05 4.0E+05

Overturning Moment (ft-kips)

Figure D.5  Foundation System Capacity Interaction Curve from Plasticity Model of
Platform 1 in the End-on Loading Direction
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Appendix E — Quantitative Analyses of Case Study Platforms

The details of the quantitative analyses of the 12 case study platforms are presented in
this Appendix. Simplified plastic collapse analyses of the foundations were performed for
all case study platforms. Parametric analyses using the simplified plasticity models were
also performed for selected platforms. The results from these analyses form the basis for
evaluating the performance of the case study platforms in the hurricanes, upon which the
major findings in this study were synthesized.

The inputs to the simplified plasticity model are the loads on the foundation system, the
geometry of the piles and conductors including locations and batters, the axial and lateral
resistance versus depth for each pile and conductor, and the structural capacity of each
pile and conductor. The above inputs for each case study platform are documented in this
Appendix. Specifically, the loads on the foundation system and geometry of the piles and
conductors can be found in the executive input file of each platform presented herein. A
description of the input parameters in the executive input file is provided in Appendix D.
The axial and lateral resistance versus depth for each pile and conductor (provided in the
pile geotechnical capacity input file) can be determined using the custom-built
spreadsheet developed for this study, based on the recommended design soil profile and
parameters for each case study platform, following the recommendations in APl RP
2A-WSD (2000). The input parameters for this custom-built spreadsheet as well as the
axial and lateral capacities versus depth for the piles and conductors of each case study
platform are presented herein. The structural capacity of each pile and conductor can be
found in the pile structural capacity input file, which is summarized in a tabular format in
this Appendix.

Typically, foundation system capacity interaction curves in the 3 principal loading
directions, namely the end-on, broadside and diagonal directions, are presented. The
hurricane hindcast loads on the foundations were estimated from the hindcast analyses
(Appendix C) in the approximate loading direction of the waves. These hindcast loads on
the foundations are compared only with the foundation system capacity interaction curves
in the directions of the waves. Parametric analyses, if performed, are also in terms of
those directions. For each loading direction, the foundation system capacity interaction
curves with and without the contribution of the well conductors are both presented. Due
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to confidentiality considerations, details of the platforms, such as platform designations,
locations, structural drawings and geotechnical information, are not presented herein.
However, Table 3.1 and Appendix B provide the critical information of each case study
platform and can be referenced if some levels of details about each platform are desired.

E.1 Platform 1

Platform 1 is an 8-leg structure supported by 8 piles and equipped with 20 conductors.
The direction of the waves in Hurricane Katrina is approximately the end-on direction of
this platform. The executive input file of this platform in the end-on direction is presented

hereafter.

Executive Input File for Platform 1

PLATFORM 1 (ALL UNITS IN LB., IN., AND DEGREES)

SYSTEM LOAD DATA (PH,H,R,SKEW,PV,ECCENT)
2.0E6

1.0E2

1.00E-10

90.0

2.557E6

1.00E-10

NUMBER OF PILES (NPILE)
9

PILE 1

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.66625E+02 -7.66625E+02 -7.13 -7.13 1.668E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 2
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GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.66625E+02 -7.66625E+02 7.13 -7.13 1.668E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 3

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.66625E+02 7.66625E+02 -7.13 7.13 1.668E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 4

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.66625E+02 7.66625E+02 7.13 7.13 1.668E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 5

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.66625E+02 -1.80E+02 -7.13 0 1.668E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL1.INP

PILE 6

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.66625E+02 -1.80E+02 7.13 0 1.668E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP
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SOIL CAPACITY (INPUT FILE)
WSOIL1.INP

PILE7

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.66625E+02 1.80E+02 -7.13 0 1.668E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL1.INP

PILE 8

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.66625E+02 1.80E+02 7.13 0 1.668E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL1.INP

CONDUCTORS

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
0.00E+00 0.00E+00 0.00 0.00 1.62E+03 0 20

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEC.INP

SOIL CAPACITY (INPUT FILE)

WSOILC.INP

The input parameters for the custom-built spreadsheet to calculate the axial and lateral
resistance of the 4 corner piles battered in 2 directions, the 4 side piles battered in 1
direction, and the 20 conductors are presented in Tables E.1, E.2 and E.3, respectively.
The design soil profile and parameters common for all piles and conductors are presented
in Table E.4. The axial capacities of the 4 corner piles in compression and in tension are
presented in Figure E.1. The lateral resistance of these piles is presented in Figure E.2.
The same figures for the 4 side piles are not presented since they are similar to those for
the corner piles. The lateral resistance of the conductors is presented in Figure E.3.
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Table E.1 Input Parameters for the Piles of Platform 1 Battered in 2 Directions

Seafloor Elevation (ft, MSL) -140
Seasurface Elevation (ft, MSL) 0

Top of Pile Elevation (ft,MSL) -140

Pile Length (ft) 139

Pile Diameter (ft) 2.75

Pile Tip Wall Thickness (in.) 0.5

Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8
Pile Batter in x-direction (deg.) 7.125

Pile Batter in y-direction (deg.) 7.125
Xr (ft) 16.2

Table E.2 Input Parameters for the Piles of Platform 1 Battered in 1 Direction

Seafloor Elevation (ft, MSL) -140
Seasurface Elevation (ft, MSL) 0

Top of Pile Elevation (ft,MSL) -140

Pile Length (ft)] 139

Pile Diameter (ft) 2.75

Pile Tip Wall Thickness (in.) 0.5

Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended| Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8

K Tension 0.8

Pile Batter in x-direction (deg.) 0
Pile Batter in y-direction (deg.) 0
Xg (ft) 16.5
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Table E.3 Input Parameters for the Conductors of Platform 1

Seafloor Elevation (ft, MSL) -140
Seasurface Elevation (ft, MSL) 0

Top of Pile Elevation (ft,MSL) -140

Pile Length (ft) 135

Pile Diameter (ft) 1.67

Pile Tip Wall Thickness (in.) 0.5

Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8

Pile Batter in x-direction (deg.) 0
Pile Batter in y-direction (deg.) 0
Xr (ft) 11.5
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Table E.4 Design Soil Profile and Parameters for All Piles and Conductors of Platform 1

c, at
Total ’ ~ |soil Pile
Top Bottom ) | Submerged |the Top Friction|
. ) ) Thickness | Unit ) ) dc,/dz Friction | fax Omax
Layer Soil Type |Elevation | Elevation ) Unit Weight| of Angle, Nq C. | C | C
(ft) Weight (psfft) Angle, 8| (ksf) (ksf)
(ft, MSL) | (ft, MSL) (pcf) Layer ¢' (deg.)
(pcf) (deg.)
(psf)
1 Cohesive -140 -177 37 97.4 35 100 5
2 Cohesive =177 -197 20 102.4 40 300 5
3 Cohesive -197 -227 30 102.4 40 400 10
4 Cohesionless | -227 -239 12 122.4 60 35 30 20 (40 (200| 3.0 | 3.4 | 54
5 Cohesive -239 -251 12 120.4 58 700 6.67
6 Cohesionless | -251 -270 19 120.4 58 25 20 14 12|60 | 12|20 15
7 Cohesionless | -270 -280 10 112.4 50 25 20 14 12|60 | 12|20 15
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Figure E.1  Ultimate Axial Capacities of the Corner Piles of Platform 1
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Figure E.2  Ultimate Lateral Capacity of the Corner Piles of Platform 1
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Figure E.3  Ultimate Lateral Capacity of the Conductors of Platform 1

The structural capacity input files of the piles and conductors are summarized in Tables
E.5 and E.6, respectively.

Table E.5 Structural Capacity of the Piles of Platform 1
Wall Starting Length|Axial Structural] Moment

Thickness, t| along Pile, z | Capacity, Q |Capacity, M

@in.) (in.) (Ibs) (in.-lbs)

1.5 0 5.344E+06 |5.362E+07
0.75 480 2.736E+06 | 2.809E+07
0.5 972 1.838E+06 | 1.901E+07
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Table E.6 Structural Capacity of the Conductors of Platform 1

Wall Starting Length|Axial Structural] Moment
Thickness, t| along Pile, z | Capacity, Q |Capacity, M

(in.) (in.) (Ibs) (in.-Ibs)
0.5 0 1.103E+06 | 6.846E+06
0.5 600 1.103E+06 | 6.846E+06
0.5 1200 1.103E+06 | 6.846E+06

Based on the above input parameters, the base case foundation system capacity
interaction curves in the end-on, broadside and diagonal directions are presented in
Figures E.4, E.5 and E.6, respectively. The direction of the waves is approximately the
end-on direction of this platform. Therefore, the hurricane hindcast load on the
foundation is also presented in the interaction diagram for the end-on direction.
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Figure E4  Base Case Foundation System Capacity Interaction Diagram of Platform 1
in the End-on Direction
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Figure E.5  Base Case Foundation System Capacity Interaction Diagram of Platform 1
in the Broadside Direction
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Figure E.6  Base Case Foundation System Capacity Interaction Diagram of Platform 1
in the Diagonal Direction
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In addition to the base case, parametric analyses were also performed for Platform 1 in
the end-on direction. The unit side shear and end bearing, which are roughly proportional
to the shear strength of the soil in the lower third of the pile, can be increased by a
multiplier, NQax, for all piles. The unit lateral resistance, which is roughly proportional
to the shear strength of the soil over the upper 50 feet of the pile or conductor, can also be
increased by a multiplier, NQIlat, for all piles and conductors. Parametric analyses
performed using these two multipliers are insightful in understanding the effects of axial
and lateral capacities on the overturning and shear capacities of the foundation because
the axial capacity can be increased independently of the lateral capacity and vice versa.
Results from the parametric analyses performed using a combination of these two
multipliers are presented in Figure E.7. Discussions on the sensitivity of shear versus
overturning capacity of the foundation to the shear strength of the soil are provided in
Section 5.2.1.
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Figure E.7  Parametric Analyses for Platform 1 in the End-on Direction Using
Capacity Multipliers

Other types of parametric analyses (ones without using the capacity multipliers) can also
be performed. For example, a parametric analysis was performed using the lateral
resistance corresponding to the static (versus cyclic) loading condition in the end-on
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direction. The result of this analysis is shown and compared to the result from the base
case assuming the cyclic loading condition. As shown in Figure E.8, the lateral capacities
of the piles and conductors and, therefore, the shear capacity of the foundation are higher
assuming the static loading condition than the cyclic loading condition.
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Figure E.8  Parametric Analysis for Platform 1 in the End-on Direction Assuming
Static (versus Cyclic) Loading Condition

The density of the pile tipping layer can be increased independently of other input
parameters. Figure E.9 shows the result of the analysis of increasing the density of the
pile tipping layer from “Medium Sand-Silt” to “Very Dense Sand.” As shown, such an
increase has a significant effect on the overturning capacity of the foundation.
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Figure E.9  Parametric Analysis for Platform 1 in the End-on Direction Increasing the
Density of the Pile Tipping Layer

The yield strength of the steel piles and conductors can also be increased independently
of other input parameters. Figure E.10 shows the result of the analysis of increasing the
yield strength from the nominal value of 36 ksi using in the base case to 41.2 ksi, which
is more representative of the average value. As shown, such an increase changes the shear
capacity of the foundation proportionally.

A variety of parametric analyses with combinations of changes (as illustrated above) can
also be performed as necessary with the flexibility of the custom-built spreadsheet to
calculate the axial and lateral resistance of the foundation elements. However, only those
that provide insight into the behavior of the foundation system and those that are
reasonable to explain the survival of the platform are presented herein.
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Figure E.10  Parametric Analysis for Platform 1 in the End-on Direction Increasing the
Yield Strength of the Steel Piles and Conductors

E.2 Platform 2

Platform 2 is a 6-leg structure supported by 6 piles and equipped with 12 conductors. The
direction of the waves in Hurricane Katrina is approximately the end-on direction of this
platform. The executive input file of this platform in the end-on direction is presented
hereafter.

Executive Input File for Platform 2

PLATFORM 2 (ALL UNITS IN LB., IN., AND DEGREES)

SYSTEM LOAD DATA (PH,H,R,SKEW,PV,ECCENT)
2.5E6

1.0E3

1.0E-10

00.0

2.20E6
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1.0E-10

NUMBER OF PILES (NPILE)
7

PILE 1

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.665E+02 -5.865E+02 -7.13 -7.13 1.680E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 2

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.665E+02 -5.865E+02 7.13 -7.13 1.680E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 3

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.665E+02 5.865E+02 -7.13 7.13 1.680E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 4

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.665E+02 5.865E+02 7.13 7.13 1.680E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP
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PILE 5

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.665E+02 1.0E-10 -7.13 0.00 1.680E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOILL.INP

PILE 6

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.665E+02 1.0E-10 7.13 0.00 1.680E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOILL.INP

CONDUCTORS

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
0.00E1 0.00E1 0.00 0.00 1.680E+03 0 12

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEC.INP

SOIL CAPACITY (INPUT FILE)

WSOILC.INP

The input parameters for the custom-built spreadsheet to calculate the axial and lateral
resistance of the 4 corner piles battered in 2 directions, the 2 side piles battered in 1
direction, and the 12 conductors are presented in Tables E.7, E.8 and E.9, respectively.
The design soil profile and parameters common for all piles and conductors are presented
in Table E.10. The axial capacities of the 4 corner piles in compression and in tension are
presented in Figure E.11. The lateral resistance of these piles is presented in Figure E.12.
The same figures for the 2 side piles are not presented since they are similar to those for
the corner piles. The lateral resistance of the conductors is presented in Figure E.13.
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Table E.7 Input Parameters for the Piles of Platform 2 Battered in 2 Directions
Seafloor Elevation (ft, MSL) -140
Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft,MSL) -140
Pile Length (ft) 140
Pile Diameter (ft) 3
Pile Tip Wall Thickness (in.)] 0.625
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8
Pile Batter in x-direction (deg.) 7.125

Pile Batter in y-direction (deg.) 7.125
Xr (ft) 17.2

Table E.8 Input Parameters for the Piles of Platform 2 Battered in 1 Direction
Seafloor Elevation (ft, MSL) -140
Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft,MSL) -140
Pile Length (ft) 140
Pile Diameter (ft) 3
Pile Tip Wall Thickness (in.)] 0.625
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended| Open

Open-ended Pile Tip Condition| Plugged

Loading Condition| Cyclic

K Compression 0.8

K Tension 0.8

Pile Batter in x-direction (deg.) 7.125

Pile Batter in y-direction (deg.) 0
Xg (ft) 16.4
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Table E.9 Input Parameters for the Conductors of Platform 2
Seafloor Elevation (ft, MSL) -140
Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft,MSL) -140
Pile Length (ft) 140
Pile Diameter (ft) 2
Pile Tip Wall Thickness (in.) 0.5
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8

Pile Batter in x-direction (deg.) 0
Pile Batter in y-direction (deg.) 0
Xr (ft) 12.5
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Table E.10

Design Soil Profile and Parameters for All Piles and Conductors of Platform 2

Total c, at the ~|Sail Pile
Top Bottom ) | Submerged Friction|
) ) ) Thickness | Unit ) ) Top of | dc,/dz Friction | frax Omax
Layer| Soil Type |Elevation |Elevation ] Unit Weight Angle, Nq C. | C| Cs
(ft) Weight Layer | (psf/ft) Angle, 8| (ksf) (ksf)
(ft, MSL) | (ft, MSL) (pcf) ¢’ (deg.)
(pcf) (psf) (deg.)
1 Cohesive -140 -177 37 97.4 35 100 5
2 Cohesive -177 -197 20 102.4 40 300 5
3 Cohesive -197 -227 30 102.4 40 400 10
4 | Cohesionless| -227 -239 12 122.4 60 35 30 2.0|40|200| 3.0 | 3.4 | 54
5 Cohesive -239 -251 12 120.4 58 700 6.67
6 |Cohesionless| -251 -270 19 120.4 58 25 20 14112160 |12 | 20| 15
7 |Cohesionless| -270 -280 10 112.4 50 25 20 14112160 | 1.2 |20 15
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Figure E.11  Ultimate Axial Capacities of the Corner Piles of Platform 2
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Figure E.12  Ultimate Lateral Capacity of the Corner Piles of Platform 2
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Figure E.13  Ultimate Lateral Capacity of the Conductors of Platform 2

The structural capacity input files of the piles and conductors are summarized in Tables
E.11 and E.12, respectively.

Table E.11  Structural Capacity of the Piles of Platform 2

Wall Starting  |Axial Structural| Moment

Thickness, |Length along| Capacity, Q |Capacity, M

t(@n) | Pile z(in. (Ibs) (in.-Ibs)
1.75 0 6.779E+06 | 7.397E+07
15 780 5.853E+06 | 6.431E+07

1 1020 3.958E+06 | 4.411E+07
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Table E.12  Structural Capacity of the Conductors of Platform 2
Wall Starting | Axial Structural| Moment

Thickness, |[Length along| Capacity, Q | Capacity,

t (in.) Pile, z (in.) (Ibs) M (in.-lbs)
0.75 0 1.972E+06 |1.460E+07
0.75 600 1.972E+06 |1.460E+07
0.75 1200 1.972E+06 |1.460E+07

Based on the above input parameters, the base case foundation system capacity
interaction curves in the end-on, broadside and diagonal directions are presented in
Figures E.14, E.15 and E.16, respectively. The direction of the waves is approximately
the end-on direction of this platform. Therefore, the hurricane hindcast load on the
foundation is also presented in the interaction diagram for the end-on direction.
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Figure E.14 Base Case Foundation System Capacity Interaction Diagram of Platform 2
in the End-on Direction
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Figure E.15 Base Case Foundation System Capacity Interaction Diagram of Platform 2
in the Broadside Direction
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Figure E.16 Base Case Foundation System Capacity Interaction Diagram of Platform 2
in the Diagonal Direction
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A parametric analysis was performed to investigate why the foundation of Platform 2
survived the loading in Hurricane Katrina while the analysis (Figure E.14) indicated
otherwise. In this analysis, the density of the pile tipping layer was increased from
“Medium Sand-Silt” to “Very Dense Sand.” As shown in Figure E.17, such an increase
has a significant effect on the overturning capacity of the foundation and is enough to
make the predicted capacity nearly the same as the hurricane loading.
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Figure E.17  Parametric Analysis for Platform 2 in the End-on Direction Increasing the
Density of the Pile Tipping Layer

E.3 Platform 8

Platform 8 is a 4-leg structure supported by 4 piles that are symmetrical and equipped
with 12 conductors. Seven of the conductors are 26 inches in diameter and five of the
conductors are 24 inches in diameter. In the foundation model, an equivalent of ten
26-inch diameter conductors was assumed for the foundation. The executive input file of
this platform in the diagonal direction is presented hereafter.
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Executive Input File for Platform 8

PLATFORM 8 (ALL UNITS IN LB., IN., AND DEGREES)

SYSTEM LOAD DATA (PH,H,R,SKEW,PV,ECCENT)
1.859E6

4E3

1.00E-11

45.0

2.955E6

1.00E-10

NUMBER OF PILES (NPILE)
5

PILE 1

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4 536E+02 -4.536E+02 -5.6 -5.6 3.288E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 2

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.536E+02 -4.536E+02 5.6 -5.6 3.288E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 3

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.536E+02 4.536E+02 -5.6 5.6 3.288E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP
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SOIL CAPACITY (INPUT FILE)
WSOIL2.INP

PILE 4

GEOMETRY (X,Y, THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.536E+02 4.536E+02 5.6 5.6 3.288E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

CONDUCTORS

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-6.00E+01 0.00E+02 0.00 0.00 3.288E+03 0 10

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEC.INP

SOIL CAPACITY (INPUT FILE)

WSOILC.INP

The input parameters for the custom-built spreadsheet to calculate the axial and lateral
resistance of the 4 piles battered in 2 directions and the ten 26-inch diameter conductors
are presented in Tables E.13 and E.14, respectively. The design soil profile and
parameters common for all piles and conductors are presented in Table E.15. The axial
capacities of the 4 piles in compression and in tension are presented in Figure E.18. The
lateral resistance of these piles is presented in Figure E.19. The lateral resistance of the

conductors is presented in Figure E.20.
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Table E.13  Input Parameters for the Piles of Platform 8
Seafloor Elevation (ft, MSL) -220
Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft,MSL) -225
Pile Length (ft) 274
Pile Diameter (ft) 4
Pile Tip Wall Thickness (in.) 15
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8

Pile Batter in x-direction (deg.) 5.6

Pile Batter in y-direction (deg.) 5.6
Xr (ft) 9.5

Table E.14  Input Parameters for the Conductors of Platform 8

Seafloor Elevation (ft, MSL) -220
Seasurface Elevation (ft, MSL) 0

Top of Pile Elevation (ft,MSL) -225

Pile Length (ft) 274

Pile Diameter (ft) 2.17

Pile Tip Wall Thickness (in.) 0.75

Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Unplugged

Loading Condition|  Cyclic

K Compression 0.8

K Tension 0.8

Pile Batter in x-direction (deg.) 0
Pile Batter in y-direction (deg.) 0
Xg (ft) 8.5
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Table E.15  Design Soil Profile and Parameters for All Piles and Conductors of Platform 8
Total c, at the ~|Sail Pile
Top Bottom ) | Submerged Friction|
) ) ) Thickness | Unit ) ) Top of | dc,/dz Friction | frax Omax
Layer| Soil Type |Elevation |Elevation ] Unit Weight Angle, Nq C, | C | GCs
(ft) Weight Layer | (psf/ft) Angle, 8| (ksf) (ksf)
(ft, MSL) | (ft, MSL) (pcf) ¢’ (deg.)
(pcf) (psf) (deg.)
1 Cohesive -220 -232 12 87.4 25 50 0
2 Cohesive -232 -247 15 107.4 45 50 10
3 | Cohesionless -247 -303 56 122.4 60 30 25 1720|100 | 19 | 2.7 | 29
4 | Cohesionless -303 -340 37 112.4 50 30 25 1720|100 | 19 | 2.7 | 29
5 Cohesive -340 -387 47 109.4 47 800 14.89
6 Cohesive -387 -396 9 106.4 44 1500 |103.33
7 | Cohesionless -396 -497 101 122.4 60 30 25 1720|100 | 19 | 2.7 | 29
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Figure E.18 Ultimate Axial Capacities of the Piles of Platform 8
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Figure E.19  Ultimate Lateral Capacity of the Piles of Platform 8
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Figure E.20  Ultimate Lateral Capacity of the Conductors of Platform 8

The structural capacity input files of the piles and conductors are summarized in Tables
E.16 and E.17, respectively.

Table E.16  Structural Capacity of the Piles of Platform 8
Wall Starting | Axial Structural | Moment
Thickness, t|Length along| Capacity, Q |Capacity, M
(in.) Pile, z (in.) (Ibs) (in.-Ibs)
2 0 1.040E+07 1.524E+08
1.75 528 9.154E+06 1.348E+08
15 648 7.889E+06 1.168E+08
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Table E.17  Structural Capacity of the Conductors of Platform 8

Wall Starting  |Axial Structural] Moment

Thickness, |Length along| Capacity, Q | Capacity, M

t(in.) Pile, z (in.) (Ibs) (in.-Ibs)

0.75 0 2.142E+06 | 1.722E+07
0.75 600 2.142E+06 | 1.722E+07
0.75 1200 2.142E+06 | 1.722E+07

Based on the above input parameters, the base case foundation system capacity
interaction curves in the end-on and diagonal directions are presented in Figures E.21 and
E.22, respectively. Due to the symmetry of the piles, the foundation capacity in the
broadside direction is the same as that in the end-on direction. The direction of the waves
is approximately the diagonal direction of this platform. Therefore, the hurricane hindcast
load on the foundation is also presented in the interaction diagram for the diagonal
direction. The magnitudes of the base shear and overturning moment on the foundation in
Katrina were estimated to be 2,600 kips and 419,700 ft-kips. Note that these estimates
were not obtained from the detailed hindcast analysis using a 3-D model. Rather, they
were inferred from the results of ultimate strength analysis using metocean criteria that
are similar to the Katrina hindcast conditions. The overturning capacity of the foundation
in end-on direction is apparently greater than that in the diagonal direction while the
shear capacity is similar in these two directions (Figures E.21 and E.22). From Figure
E.22, the failure mechanism of the foundation is dominated by overturning. The Katrina
hindcast load on the foundation is apparently lower than the base case foundation system
capacity.

Due to the uncertainty in the magnitudes of hindcast base shear and overturning moment

and the fact that the base case foundation system capacity is already higher than the
Katrina hindcast load, parametric analyses were not performed.
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Figure E.21  Base Case Foundation System Capacity Interaction Diagram of Platform 8
in the End-on Direction
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E.4 Platform 9

Platform 9 is a 4-leg structure supported by 4 piles that are symmetrical and equipped
with one 72-inch diameter conductor. The direction of the waves in Hurricane Katrina is
approximately the end-on direction of this platform. The executive input file of this
platform in the end-on direction is presented hereafter.

Executive Input File for Platform 9

PLATFORM 9 (ALL UNITS IN LB., IN., AND DEGREES)

SYSTEM LOAD DATA (PH,H,R,SKEW,PV,ECCENT)
0.901E6

1.5E3

1.00E-11

90.0

0.640E6

1.00E-10

NUMBER OF PILES (NPILE)
5

PILE 1

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-2.58E+02 -2.58E+02 -7.13 -7.13 1.44E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEL.INP

SOIL CAPACITY (INPUT FILE)

WSOIL1.INP

PILE 2

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
2.58E+02 -2.58E+02 7.13 -7.13 1.44E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEL.INP

SOIL CAPACITY (INPUT FILE)
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WSOIL1.INP

PILE 3

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-2.58E+02 2.58E+02 -7.13 7.13 1.44E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEL.INP

SOIL CAPACITY (INPUT FILE)

WSOILL.INP

PILE 4

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
2.58E+02 2.58E+02 7.13 7.13 1.44E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEL.INP

SOIL CAPACITY (INPUT FILE)

WSOILL.INP

CONDUCTOR

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
0.78E+00 0.00E+02 0.00 0.00 1.236E+03 0 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEC72.INP

SOIL CAPACITY (INPUT FILE)

WSOILC72.INP

The input parameters for the custom-built spreadsheet to calculate the axial and lateral
resistance of the 4 piles battered in 2 directions and the 72-inch diameter conductor are
presented in Tables E.18 and E.19, respectively. The design soil profile and parameters
common for all piles and conductor are presented in Table E.20. The axial capacities of
the 4 piles in compression and in tension are presented in Figure E.23. The lateral
resistance of these piles is presented in Figure E.24. The lateral resistance of the 72-inch

diameter conductor is presented in Figure E.25.
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Table E.18  Input Parameters for the Piles of Platform 9

Seafloor Elevation (ft, MSL) -60
Seasurface Elevation (ft, MSL) 0

Top of Pile Elevation (ft, MSL) -60

Pile Length (ft) 120

Pile Diameter (ft) 2.5

Pile Tip Wall Thickness (in.) 0.75

Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8
Pile Batter in x-direction (deg.) 7.125

Pile Batter in y-direction (deg.) 7.125
Xr (ft) 24.1

Table E.19  Input Parameters for the Conductor of Platform 9
Seafloor Elevation (ft, MSL) -60

Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft, MSL) -60
Pile Length (ft) 103

Pile Diameter (ft) 6

Pile Tip Wall Thickness (in.) 1
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended| Open

Open-ended Pile Tip Condition| Plugged

Loading Condition| Cyclic

K Compression 0.8

K Tension 0.8

Pile Batter in x-direction (deg.) 0
Pile Batter in y-direction (deg.) 0
Xg (ft) 23.5
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Table E.20  Design Soil Profile and Parameters for All Piles and Conductor of Platform 9
c, at ~ | Limiting Limiting
Total o Soil Pile )
Top Bottom ) | Submerged | the Friction o Skin End
) ) | Thickness | Unit ) ) dc,/dz Friction o )
Layer| Soil Type |Elevation|Elevation ) Unit Weight | Top of Angle, ¢' Friction |Ng| Bearing | C, | C, | C3
(ft) Weight (psf/ft) Angle, &
(ft, MSL) | (ft, MSL) (och) (pcf) Layer (deg.) (deg) Value Value
pc eg.
(psf) (ksf) (ksf)
1 | Cohesionless -60 -66 6 112.4 50 30 25 1.7 |20 100 |19|2.7|29
2 Cohesive -66 -86 20 102.4 40 500 15
3 | Cohesionless -86 -97 11 122.4 60 30 25 1.7 |20 100 |19|2.7|29
4 | Cohesionless -97 -142 45 122.4 60 35 30 20 |40f 200 |3.0|35|55
5 | Cohesionless -142 -168 26 122.4 60 40 35 24 |50 250 |4.7|4.3|100
6 Cohesive -168 -190 22 112.4 50 2000 | 22.73
7 Cohesive -190 -212 22 112.4 50 2500 | 22.73
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Figure E.23  Ultimate Axial Capacities of the Piles of Platform 9
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Figure E.24  Ultimate Lateral Resistance of the Piles of Platform 9

166



Ultimate Lateral Capacity (kips)

0 500 1000 1500
O 1 1 1

2000

10 -

20 1

Pile Penetration below Mudline (ft)

40 A

50

Figure E.25 Ultimate Lateral Resistance of the Conductor of Platform 9

The structural capacity input files of the piles and conductor are summarized in Tables
E.21 and E.22, respectively.

Table E.21  Structural Capacity of the Piles of Platform 9
Wall Starting  |Axial Structural| Moment
Thickness, | Length along| Capacity, Q | Capacity,
t(in.) Pile, z (in.) (Ibs) M (in.-lbs)
1 0 3.280E+06 |3.029E+07
0.75 1200 2.481E+06 |2.311E+07
1 1380 3.280E+06 |3.029E+07

167



Table E.22  Structural Capacity of the Conductor of Platform 9
Wall Starting  |Axial Structural] Moment
Thickness, | Length along | Capacity, Q | Capacity,
t(in.) Pile, z (in.) (Ibs) M (in.-Ibs)
1.5 0 1.196E+07 |2.684E+08
1.75 120 1.390E+07 |3.110E+08
1.5 564 1.196E+07 |2.684E+08

Based on the above input parameters, the base case foundation system capacity
interaction curves in the end-on and diagonal directions are presented in Figures E.26 and
E.27, respectively. Due to the symmetry of the piles, the foundation capacity in the
broadside direction is the same as that in the end-on direction. The direction of the waves
is approximately the end-on direction of this platform. Therefore, the hurricane hindcast
load on the foundation is also presented in the interaction diagram for the end-on

direction.
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Figure E.26  Base Case Foundation System Capacity Interaction Diagram of Platform 9

in the End-on Direction
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Figure E.27 Base Case Foundation System Capacity Interaction Diagram of Platform 9
in the Diagonal Direction

As shown in Figures E.26 and E.27, the presence of the 72-inch diameter conductor
contributes significantly to the shear and overturning capacities of the foundation. Also,
the overturning capacities of the foundation in the end-on and diagonal directions are
notably different. This is due to the non-redundant nature of this 4-pile structure.
Parametric analyses were performed in the end-on direction to investigate the effects of
the lateral resistance of the soil and the yield strength of the steel for the conductor on the
foundation system capacity. In the first analysis, the ultimate lateral resistance, which is
roughly proportional to the shear strength of the soil over the upper 50 feet of the
conductor, was increased by 50 percent with a multiplier, NQlat, of 1.5. Unlike the
parametric analysis for Platform 1, the multiplier was only applied for the conductor in
this analysis. In the second analysis, the yield strength of the steel conductor was
increased by 15 percent beyond its nominal value (fy= 41.4 ksi). The results of these two
parametric analyses are presented in Figure E.28 where the base case foundation system
capacity interaction curve is also presented. As shown, the increase in the shear capacity
of the foundation due to increasing the ultimate lateral resistance of the conductor by 50
percent is very similar to that due to increasing the yield strength of the conductor by 15
percent. Increasing the yield strength of the conductor also increases the overturning
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capacity of the foundation marginally because the plastic moment capacity of the
conductor contributes to the overturning capacity of the foundation. However, increasing
the ultimate lateral resistance of the conductor does not increase the overturning capacity.
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Figure E.28 Parametric Analyses for Platform 9 in the End-on Direction Increasing the
Ultimate Lateral Resistance and Yield Strength of the 72-inch Diameter Conductor

E.5 Platform 10

Platform 10 is a 3-leg structure supported by 3 piles and equipped with one 20-inch
diameter conductor (Figure E.29). The foundation system is highly asymmetrical. Pile A
is a vertical pile with a diameter of 48 inches and a length of 265 feet. This pile also
houses a well inside with a series of casing strings. Piles B and C are battered in 2
directions. The diameter and length of these two piles are 48 inches and 220 feet,
respectively. The direction of the waves in Hurricane ke is approximately from the
southeast to the northwest (290 degrees clockwise from the true north). The executive
input file of this platform in the direction of the waves is presented hereafter.
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Executive Input File for Platform 10

PLATFORM 10 (ALL UNITS IN LB., IN., AND DEGREES)

SYSTEM LOAD DATA (PH,H,R,SKEW,PV,ECCENT)
1.4E6

4E3

1.00E-11

160.0

3.116E6

1.00E-10

NUMBER OF PILES (NPILE)
4

PILE 1

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
0.0E+02 5.435E+02 0.0 0.0 3.18E+03 11

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEO.INP

SOIL CAPACITY (INPUT FILE)

WSOILO.INP

PILE 2

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-6.276E+02 -5.435E+02 -5.71 -9.83 2.64E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE2.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 3

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
6.276E+02 -5.435E+02 5.71 -9.83 2.64E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE2.INP

171



SOIL CAPACITY (INPUT FILE)
WSOIL2.INP

CONDUCTOR

GEOMETRY (X,Y, THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
0.0E+02 6.335E+02 0.0 0.0 3.18E+03 0 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEC.INP
SOIL CAPACITY (INPUT FILE)
WSOILC.INP
True
North O Conductor
<«— Vertical Pile
Ike Hindcast
Wave Direction ‘
(290 degrees Loading from
from True South to North
North)
Batter Pile .
\ / Batter Pile

Direction of Batter Direction of Batter

Loading from
Northto South
(180 degrees
from True
North)

Figure E.29  Plan View of Foundation System for Platform 10

The input parameters for the custom-built spreadsheet to calculate the axial and lateral
resistance of Pile A, Piles B and C, and the 20-inch diameter conductor are presented in
Tables E.23, E24 and E.25, respectively. The design soil profile and parameters common
for all piles and conductor are presented in Table E.26. The axial capacities of Pile A in
compression and in tension are presented in Figure E.30. The lateral resistance of Pile A
is presented in Figure E.31. The axial capacities of Piles B and C in compression and in
tension are presented in Figure E.32. The lateral resistance of Piles B and C is presented
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in Figure E.33. The lateral resistance of the 20-inch diameter conductor is presented in

Figure E.34.

Note that the axial capacity profiles presented herein represent the residual (versus peak)
side shear with a residual adhesion ratio, trs/tmax, Of 0.8, because the piles are embedded
entirely in clays where strain softening will affect the axial pile capacity adversely.

Table E.23

Input Parameters for Pile A of Platform 10

Seafloor Elevation (ft, MSL) -360

Seasurface Elevation (ft, MSL) 0

Top of Pile Elevation (ft,MSL) -360

Pile Length (ft) 265

Pile Diameter (ft) 4

Pile Tip Wall Thickness (in.) 1.25

Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8

K Tension 0.8

Pile Batter in x-direction (deg.) 0
Pile Batter in y-direction (deg.) 0
Xr (ft) 35.5
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Table E.24  Input Parameters for Piles B and C of Platform 10
Seafloor Elevation (ft, MSL) -360
Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft,MSL) -360
Pile Length (ft) 220
Pile Diameter (ft) 4
Pile Tip Wall Thickness (in.) 1.25
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8
Pile Batter in x-direction (deg.) 571

Pile Batter in y-direction (deg.) 9.83
Xr (ft) 35.8

Table E.25  Input Parameters for the Conductor of Platform 10

Seafloor Elevation (ft, MSL) -360
Seasurface Elevation (ft, MSL) 0

Top of Pile Elevation (ft,MSL) -360

Pile Length (ft) 265

Pile Diameter (ft) 1.67

Pile Tip Wall Thickness (in.) 0.5

Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended| Open

Open-ended Pile Tip Condition| Unplugged

Loading Condition| Cyclic

K Compression 0.8

K Tension 0.8

Pile Batter in x-direction (deg.) 0
Pile Batter in y-direction (deg.) 0
Xg (ft) 15.5
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Table E.26  Design Soil Profile and Parameters for All Piles and Conductor of Platform 10
Total c, at the ~|Soil Pile
Top Bottom . | Submerged Friction|
] ] . Thickness | Unit _ _ Top of | dc,/dz Friction | foax Omax
Layer| Soil Type | Elevation | Elevation ] Unit Weight Angle, Nq C. | C | Cs
(ft) Weight Layer | (psf/ft) Angle, 8| (ksf) (ksf)
(ft, MSL) | (ft, MSL) (pcf) ¢’ (deg.)
(pcf) (psf) (deg.)
1 |Cohesive| -360 -369 9 924 30 30 9.09
2 |Cohesive| -369 -381 12 105.4 43 320 40.42
3 |Cohesive| -381 -408 27 106.4 44 805 16.85
4 |Cohesive| -408 -447 39 108.4 46 1260 10.5
5 |Cohesive| -447 -508 61 109.4 47 1669.5 | 10.5
6 |Cohesive| -508 -574 66 109.4 47 2310 | 105
7 |Cohesive| -574 -706 132 113.4 51 3003 | 105
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Figure E.30  Ultimate Axial Capacities of Pile A of Platform 10
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Figure E.31  Ultimate Lateral Resistance of Pile A of Platform 10
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Ultimate Axial Capacities of Piles B and C of Platform 10
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Figure E.33  Ultimate Lateral Resistance of Piles B and C of Platform 10
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Figure E.34  Ultimate Lateral Resistance of the Conductor of Platform 10

The structural capacity input files of Pile A, Piles B and C, and the conductor are
summarized in Tables E.27, E.28 and E.29, respectively.

Table E.27  Structural Capacity of Pile A of Platform 10

Wall Starting  |Axial Structural| Moment

Thickness, t| Length along | Capacity, Q | Capacity,

(in.) Pile, z (in.) (Ibs) M (in.-Ibs)
1.75 0 9.154E+06 |1.348E+08
15 600 7.889E+06 |1.168E+08
1.25 1080 6.609E+06 |9.837E+07
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Table E.28  Structural Capacity of Piles B and C of Platform 10

Wall Starting | Axial Structural| Moment

Thickness, t| Length along| Capacity, Q |Capacity, M

(in.) Pile, z (in.) (Ibs) (in.-Ibs)

15 0 7.889E+06 |1.168E+08

1.25 660 6.609E+06 | 9.837E+07
1 900 5.316E+06 | 7.954E+07

Table E.29  Structural Capacity of the Conductor of Platform 10
Wall Starting  |Axial Structural| Moment

Thickness, t| Length along| Capacity, Q |Capacity, M

(in.) Pile, z (in.) (Ibs) (in.-Ibs)
0.5 0 1.103E+06 | 6.846E+06
0.5 600 1.103E+06 | 6.846E+06
0.5 1080 1.103E+06 | 6.846E+06

Based on the above input parameters, the base case foundation system capacity
interaction curves corresponding to the direction of the waves in Hurricane Ike (Figure
E.29), loading from south to north, loading from north to south, and loading from east to
west are presented in Figures E.35, E.36, E.37 and E.38, respectively. Note that these
interaction diagrams were developed using the residual side shear, which corresponds to
80 percent of the peak side shear along the entire length of the piles. As shown in these
figures, the 20-inch diameter conductor contributes insignificantly to the foundation
system capacity.

The foundation system capacities (without the contribution of the conductor) in different
loading directions are compared in Figure E.39. As shown, both the shear and overturning
capacities of the foundation are very different in different loading directions. This is due
to the asymmetrical and non-redundant nature of the foundation.

A parametric analysis was performed in the hindcast wave direction using the peak side
shear. The result of this analysis is shown in Figure E.40. As shown, the overturning
capacities of the foundation using the peak and residual side shear values are very
different. It underscores the importance of considering the effect of strain softening on
pile capacity for long, flexible piles embedded in clays.

181



3000
2500 ] Pile System Capacity
1 Including Conductors
E 2000 1 Ike Hindcast
= . Load
= ]
© 1500 /
2 ]
(7] -
Q ] Pile System Capacity
& 1000 A Excluding Conductors
] [
500 o ,'
O 1 T T T T T T T T T T T T T T T T
0.0E+00 1.0E+05 2.0E+05 3.0E+05 4.0E+05 5.0E+05
Overturning Moment (ft-kips)
Figure E.35 Base Case Foundation System Capacity Interaction Diagram of Platform
10 in the Direction of the Waves in Hurricane Ike
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Figure E.36  Base Case Foundation System Capacity Interaction Diagram of Platform

10 Corresponding to Loading from South to North
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Figure E.37 Base Case Foundation System Capacity Interaction Diagram of Platform
10 Corresponding to Loading from North to South
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Figure E.38 Base Case Foundation System Capacity Interaction Diagram of Platform
10 Corresponding to Loading from East to West
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Figure E.39  Comparison of Foundation Capacities in Different Loading Directions for

Platform 10
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Figure E.40 Parametric Analysis for Platform 10 in the Hindcast Wave Direction Using
the Peak Side Shear Capacity
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E.6 Platform 11

Platform 11 is a 4-leg structure supported by 4 piles and equipped with 4 conductors. One
of the conductors is 72 inches in diameter and the others are 26 inches in diameter. The
72-inch diameter conductor was included in the foundation model. The foundation
system is highly asymmetrical. Two of the piles are battered in 2 directions (double batter
piles) and they are 239 feet long. The other two piles battered in 1 direction (single batter
piles) are 309 feet long. All of the piles are 42 inches in diameter. The direction of the
waves in Hurricane Katrina is approximately the end-on direction of this platform
(loading from the side of the double batter piles to the side of the single batter piles). The
executive input file of this platform in the end-on direction is presented hereafter.

Executive Input File for Platform 11

PLATFORM 11 (ALL UNITS IN LB., IN., AND DEGREES)

SYSTEM LOAD DATA (PH,H,R,SKEW,PV,ECCENT)
2.0E6

1.0E2

1.00E-10

270.0

6.0E6

1.00E-10

NUMBER OF PILES (NPILE)
5

PILE 1

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.2E+02 3.747E+02 -7.13 7.13 2.868E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE2.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 2
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GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.2E+02 3.747E+02 7.13 7.13 2.868E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE2.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 3

GEOMETRY (X,Y, THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.2E+02 -3.747E+02 -7.13 0 3.708E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEL.INP

SOIL CAPACITY (INPUT FILE)

WSOILL.INP

PILE 4

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.2E+02 -3.747E+02 7.13 0 3.708E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEL.INP

SOIL CAPACITY (INPUT FILE)

WSOIL1.INP

CONDUCTOR

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
0.00E+00 -4.947E+02 0.00 0.00 1.560E+03 0 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEC.INP

SOIL CAPACITY (INPUT FILE)

WSOILC.INP

The input parameters for the custom-built spreadsheet to calculate the axial and lateral
resistance of the double batter piles, the single batter piles and the 72-inch diameter
conductor are presented in Tables E.30, E31 and E.32, respectively. The design soil
profile and parameters common for all piles and conductor are presented in Table E.33.
The axial capacities of the double batter piles in compression and in tension are presented
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in Figure E.41. The lateral resistance of the double batter piles is presented in Figure E.42.
The axial capacities of the single batter piles in compression and in tension are presented
in Figure E.43. The lateral resistance of the single batter piles is presented in Figure E.44.
The lateral resistance of the 72-inch diameter conductor is presented in Figure E.45.

Table E.30  Input Parameters for the Double Batter Piles of Platform 11

Seafloor Elevation (ft, MSL) -120
Seasurface Elevation (ft, MSL) 0

Top of Pile Elevation (ft,MSL) -120

Pile Length (ft) 239

Pile Diameter (ft) 35

Pile Tip Wall Thickness (in.) 0.75

Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8
Pile Batter in x-direction (deg.) 7.125

Pile Batter in y-direction (deg.) 7.125
Xr (ft) 32.0
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Table E.31  Input Parameters for the Single Batter Piles of Platform 11

Seafloor Elevation (ft, MSL) -120
Seasurface Elevation (ft, MSL) 0

Top of Pile Elevation (ft,MSL) -120

Pile Length (ft) 309

Pile Diameter (ft) 35

Pile Tip Wall Thickness (in.) 0.75

Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8
Pile Batter in x-direction (deg.) 7.125

Pile Batter in y-direction (deg.) 0
Xr (ft) 32.2

Table E.32  Input Parameters for the 72-inch Diameter Conductor of Platform 11
Seafloor Elevation (ft, MSL) -120

Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft,MSL) -120
Pile Length (ft) 130

Pile Diameter (ft) 6

Pile Tip Wall Thickness (in.) 1
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended| Open

Open-ended Pile Tip Condition| Plugged

Loading Condition| Cyclic

K Compression 0.8

K Tension 0.8

Pile Batter in x-direction (deg.) 0
Pile Batter in y-direction (deg.) 0
Xg (ft) 355
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Table E.33  Design Soil Profile and Parameters for All Piles and Conductor of Platform 11
Total c, at the o Soil Pile
Top Bottom ) | Submerged Friction o
) ) ) Thickness | Unit ) ) Top of | dc,/dz Friction | fiax Omax
Layer| Soil Type |Elevation |Elevation ] Unit Weight Angle, Nq C. | C| Cs
(ft) Weight Layer | (psf/ft) Angle, & | (ksf) (ksf)
(ft, MSL) | (ft, MSL) (pcf) ¢’ (deg.)
(pcf) (psf) (deg.)
1 | Cohesionless -120 -128 8 119.9 57.5 30 25 1.7 |20 100 | 1.9 | 2.7 | 28
2 Cohesive -128 -139 11 89.9 275 250 36.36
3 Cohesive -139 -155 16 94.9 325 650 6.25
4 | Cohesionless -155 -219 64 124.4 62 35 30 2.0 40| 200 | 3.0 | 3.4 | 54
5 Cohesive -219 -227 8 113.4 51 1000 0
6 |Cohesionless| -227 -236 9 122.4 60 35 30 2.0 |40| 200 | 3.0 | 3.4 | 54
7 Cohesive -236 -242.5 6.5 120.4 58 1800 0
8 |Cohesionless | -242.5 -256 13.5 122.4 60 30 25 1.7 (20100 | 1.9 | 2.7 | 28
9 Cohesive -256 -327 71 117.9 555 1800 | 21.13
10 |Cohesionless| -327 -364 37 122.4 60 30 25 1.7 |20| 100 | 1.9 | 2.7 | 28
11 | Cohesionless| -364 -400 36 122.4 60 35 30 2.0 |40| 200 | 3.0 | 3.4 | 54
12 Cohesive -400 -407 7 120.4 58 2300 0
13 | Cohesionless -407 -434 27 122.4 60 35 30 2.0 40| 200 | 3.0 | 3.4 | 54
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Figure E.41  Ultimate Axial Capacities of the Double Batter Piles of Platform 11
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Figure E.42  Ultimate Lateral Resistance of the Double Batter Piles of Platform 11
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Figure E.43  Ultimate Axial Capacities of the Single Batter Piles of Platform 11
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Figure E.44  Ultimate Lateral Resistance of the Single Batter Piles of Platform 11
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Figure E.45 Ultimate Lateral Resistance of the Conductor of Platform 11

The structural capacity input files of the double batter piles, single batter piles and
conductor are summarized in Tables E.34, E.35 and E.36, respectively.

Table E.34  Structural Capacity of the Double Batter Piles of Platform 11
Wall Starting  |Axial Structural| Moment
Thickness, t|Length along| Capacity, Q | Capacity,
(in.) Pile, z (in.) (Ibs) M (in.-lbs)
1.75 0 7.966E+06 [1.021E+08
15 720 6.871E+06 |8.861E+07
1.25 960 5.761E+06 |7.475E+07
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Table E.35  Structural Capacity of the Single Batter Piles of Platform 11

Wall Starting  |Axial Structural| Moment

Thickness, t| Length along| Capacity, Q | Capacity,

(in.) Pile, z (in.) (Ibs) M (in.-Ibs)

2 0 9.048E+06 |1.153E+08

1.75 720 7.966E+06 |1.021E+08

1.25 1080 5.761E+06 |7.475E+07

Table E.36  Structural Capacity of the Conductor of Platform 11

Wall Starting  |Axial Structural| Moment

Thickness, t|Length along| Capacity, Q | Capacity,

(in.) Pile, z (in.) (Ibs) M (in.-lbs)

1.75 0 1.390E+07 |3.110E+08

15 360 1.196E+07 |2.684E+08

1 840 8.030E+06 |1.815E+08

Based on the above input parameters, the base case foundation system capacity
interaction curves in the end-on direction are presented in Figure E.46. The direction of
the waves in Hurricane Katrina is approximately the end-on direction of this platform.
The magnitude of the base shear and overturning moment on the foundation in Katrina
was roughly estimated to be 3,500 kips and 213,500 ft-kips. Note that this estimate was
not obtained from the detailed hindcast analysis using a 3-D model. This hindcast load is
compared with the foundation system capacity interaction curves in the end-on direction.

As shown in Figure E.46, the 72-inch diameter conductor contributes significant shear
capacity to the foundation. The hurricane load is nearly equivalent to the foundation
capacity including the four piles and this large conductor. The foundation of this platform
did survive the hurricane. Its survival is explainable if the contribution of all four
conductors is included.

A parametric analysis was performed in the end-on direction to increase the yield strength
of the steel for the piles and the 72-inch diameter conductor by 15 percent to represent the
average value. The result is presented in Figure E.47. As shown, increasing the yield
strength of steel further increases the shear capacity of the foundation. Consequently, the
survival of the foundation for this platform is not a surprise.
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E.7 Platform 12

Platform 12 is a 4-leg structure supported by 4 piles and equipped with 12 conductors.
One of the conductors is 36 inches in diameter and the others are 26 inches in diameter.
All conductors were included explicitly in the foundation model. The foundation system
is symmetrical. All four piles are 48 inches in diameter and battered in 2 directions. The
direction of the waves in Hurricane Rita is approximately the end-on direction of this
platform. The executive input file of this platform in the end-on direction is presented
hereafter.

Executive Input File for Platform 12

PLATFORM 12 (ALL UNITS IN LB., IN., AND DEGREES)

SYSTEM LOAD DATA (PH,H,R,SKEW,PV,ECCENT)
2.899E6

3E3

1.00E-11

90.0

3.936E6

1.00E-10

NUMBER OF PILES (NPILE)
6

PILE 1

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.995E+02 -4.995E+02 -7.13 -7.13 3.06E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEL.INP

SOIL CAPACITY (INPUT FILE)

WSOIL1.INP

PILE 2
GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.995E+02 -4.995E+02 7.13 -7.13 3.06E+03 1 1
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PILE STRUCTURAL CAPACITY (INPUT FILE)
WPILEL.INP

SOIL CAPACITY (INPUT FILE)

WSOIL1.INP

PILE 3

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.995E+02 4.995E+02 -7.13 7.13 3.06E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEL.INP

SOIL CAPACITY (INPUT FILE)

WSOILL.INP

PILE 4

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.995E+02 4.995E+02 7.13 7.13 3.06E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEL.INP

SOIL CAPACITY (INPUT FILE)

WSOIL1.INP

CONDUCTORS

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
0.00E+00 0.68E+02 0.00 0.00 1.80E+03 0 11

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEC26.INP

SOIL CAPACITY (INPUT FILE)

WSOILC26.INP

CONDUCTORS

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
0.00E+00 0.68E+02 0.00 0.00 1.80E+03 0 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEC36.INP

SOIL CAPACITY (INPUT FILE)

WSOILC36.INP
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The input parameters for the custom-built spreadsheet to calculate the axial and lateral
resistance of the piles, 36-inch diameter conductor and 26-inch diameter conductors are
presented in Tables E.37, E38 and E.39, respectively. The design soil profile and
parameters common for all piles and conductor are presented in Table E.40. The axial
capacities of the piles in compression and in tension are presented in Figure E.48. The
lateral resistance of the piles is presented in Figure E.49. The lateral resistance of the
36-inch and 26-inch diameter conductors is presented in Figures E.50 and E.51,
respectively.

Table E.37  Input Parameters for the Piles of Platform 12
Seafloor Elevation (ft, MSL) -190
Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft, MSL) -190
Pile Length (ft) 255
Pile Diameter (ft) 4
Pile Tip Wall Thickness (in.) 1.25
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8

K Tension 0.8

Pile Batter in x-direction (deg.) 7.125

Pile Batter in y-direction (deg.) 7.125
Xr (ft) 32.0
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Table E.38  Input Parameters for the 36-inch Diameter Conductor of Platform 12
Seafloor Elevation (ft, MSL) -190
Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft, MSL) -190
Pile Length (ft) 150
Pile Diameter (ft) 3
Pile Tip Wall Thickness (in.) 0.5
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8

Pile Batter in x-direction (deg.) 0
Pile Batter in y-direction (deg.) 0
Xr (ft) 25.5

Table E.39  Input Parameters for the 26-inch Diameter Conductors of Platform 12
Seafloor Elevation (ft, MSL) -190
Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft, MSL) -190
Pile Length (ft) 150
Pile Diameter (ft) 2.167
Pile Tip Wall Thickness (in.) 0.5
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended| Open

Open-ended Pile Tip Condition| Plugged

Loading Condition| Cyclic

K Compression 0.8

K Tension 0.8

Pile Batter in x-direction (deg.) 0
Pile Batter in y-direction (deg.) 0
Xg (ft) 19.5
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Table E.40

Design Soil Profile and Parameters for All Piles and Conductors of Platform 12

c, at Limiting Limiting
Total ~ |Soil Pile )
Top Bottom ) | Submerged | the Friction| Skin End
) ) | Thickness | Unit ) ) dc,/dz Friction| .
Layer| Soil Type |Elevation|Elevation ) Unit Weight | Top of Angle, Friction |Ng| Bearing |C,| C, | Cs
(ft) Weight (psf/ft) Angle, &
(ft, MSL) | (ft, MSL) (och) (pcf) Layer ¢' (deg.) (deg) Value Value
pc eg.
(psf) (ksf) (ksf)
1 Cohesive -190 -226 36 108.4 46 400 | 10.53
2 |Cohesionless | -226 -260 34 112.4 50 25 20 14 (12| 60 |[1.2/2.0]15
3 Cohesive -260 -288 28 116.4 54 1200 | 8.33
4 Cohesive -288 -316 28 116.4 54 1433 | 8.33
5 Cohesive -316 -344 28 116.4 54 1667 | 8.33
6 Cohesive -344 -372 28 116.4 54 1900 | 8.33
7 Cohesive -372 -400 28 116.4 54 2133 | 8.33
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Figure E.48 Ultimate Axial Capacities of the Piles of Platform 12
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Figure E.49 Ultimate Lateral Resistance of the Piles of Platform 12
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Figure E.50 Ultimate Lateral Resistance of the 36-inch Diameter Conductor of
Platform 12
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Figure E.51 Ultimate Lateral Resistance of the 26-inch Diameter Conductors of
Platform 12

The structural capacity input files of the piles, 36-inch diameter conductor and 26-inch
diameter conductors are summarized in Tables E.41, E.42 and E.43, respectively.

Based on the above input parameters, the base case foundation system capacity
interaction curves in the end-on and diagonal directions are presented in Figures E.52 and
E.53, respectively. Due to the symmetry of the piles, the foundation capacity in the
broadside direction is the same as that in the end-on direction. The direction of the waves
is approximately the end-on direction of this platform. Therefore, the hurricane hindcast
load on the foundation is also presented in the interaction diagram for the end-on
direction.
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Table E.41  Structural Capacity of the Piles of Platform 12

Wall Starting | Axial Structural| Moment
Thickness, t |Length along| Capacity, Q |Capacity, M
(in.) Pile, z (in.) (Ibs) (in.-Ibs)
1.5 0 7.889E+06 | 1.168E+08
1.375 840 7.251E+06 | 1.076E+08
1.25 960 6.609E+06 | 9.837E+07
Table E.42  Structural Capacity of the 36-inch Diameter Conductor of Platform 12
Wall Starting | Axial Structural| Moment
Thickness, t | Length along| Capacity, Q |Capacity, M
(in.) Pile, z (in.) (Ibs) (in.-lbs)
0.5 0 2.007E+06 | 2.269E+07
0.5 480 2.007E+06 | 2.269E+07
0.5 600 2.007E+06 | 2.269E+07
Table E.43  Structural Capacity of the 26-inch Diameter Conductors of Platform 12
Wall Starting  |Axial Structurall Moment
Thickness, t |Length along| Capacity, Q |Capacity, M
(in.) Pile, z (in.) (Ibs) (in.-lbs)
0.5 0 1.442E+06 | 1.171E+07
0.5 480 1.442E+06 | 1.171E+07
0.5 600 1.442E+06 | 1.171E+07
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Figure E.52 Base Case Foundation System Capacity Interaction Diagram of Platform
12 in the End-on Direction
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Figure E.53 Base Case Foundation System Capacity Interaction Diagram of Platform
12 in the Diagonal Direction
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As shown in Figures E.52 and E.53, the presence of the 12 conductors contributes
significantly to the shear capacity of the foundation. Also, the overturning capacities of
the foundation in the end-on and diagonal directions are notably different. This is due to
the non-redundant nature of this 4-pile structure. Parametric analyses were performed in
the end-on direction to investigate the effects of the lateral resistance of the soil and the
yield strength of the steel for the conductors on the foundation system capacity. In the
first analysis, the ultimate lateral resistance, which is roughly proportional to the shear
strength of the soil over the upper 50 feet of the conductors, was increased by 50 percent
with a multiplier, NQlat, of 1.5. Unlike the parametric analysis for Platform 1, the
multiplier was only applied for the conductors in this analysis. In the second analysis, the
yield strength of the steel conductors was increased by 15 percent beyond its nominal
value (fy= 41.4 ksi). The results of these two parametric analyses are presented in Figure
E.54 where the base case foundation system capacity interaction curve is also presented.
As shown, the foundation capacities as a result of increasing the ultimate lateral
resistance of the conductors and increasing the yield strength of the conductors are nearly
identical in this case.
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Figure E.54  Parametric Analyses for Platform 12 in the End-on Direction Increasing
the Ultimate Lateral Resistance and Yield Strength of the Conductors
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E.8 Platform 22

Platform 22 is a 4-leg structure supported by 4 piles. This platform is not equipped with
any well conductor. The foundation system is symmetrical. All four piles are 42 inches in
diameter and battered in 2 directions. The nominal yield strength of the piles is 50 ksi
from the mudline to an approximate depth of 111 feet below the mudline and then it
changes to 36 ksi below that depth. The direction of the waves in Hurricane Rita is
approximately the end-on direction of this platform. The executive input file of this
platform in the end-on direction is presented hereafter.

Executive Input File for Platform 22

PLATFORM 22 (ALL UNITS IN LB., IN., AND DEGREES)

SYSTEM LOAD DATA (PH,H,R,SKEW,PV,ECCENT)
3.5E6

1.0E2

1.00E-10

90.0

2.973E6

1.00E-10

NUMBER OF PILES (NPILE)
4

PILE 1

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.125E+02 -4.125E+02 -7.13 -7.13 3.480E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 2
GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.125E+02 -4.125E+02 7.13 -7.13 3.480E+03 1 1
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PILE STRUCTURAL CAPACITY (INPUT FILE)
WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 3

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.125E+02 4.125E+02 -7.13 7.13 3.480E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 4

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.125E+02 4.125E+02 7.13 7.13 3.480E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

The input parameters for the custom-built spreadsheet to calculate the axial and lateral
resistance of the piles are presented in Tables E.44. The design soil profile and parameters
are presented in Table E.45. The axial capacities of the piles in compression and in
tension are presented in Figure E.55. The lateral resistance of the piles is presented in
Figure E.56. The structural capacity input file of the piles is summarized in Table E.46.

Based on the above input parameters, the base case foundation system capacity
interaction curves in the end-on direction are presented in Figure E.57. Due to the
symmetry of the piles, the foundation capacity in the broadside direction is the same as
that in the end-on direction. The direction of the waves is approximately the end-on
direction of this platform. Therefore, the hurricane hindcast load on the foundation is also
presented in Figure E.57. Parametric analyses for this platform were not performed.
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Table E.44  Input Parameters for the Piles of Platform 22

Seafloor Elevation (ft, MSL) -100
Seasurface Elevation (ft, MSL) 0

Top of Pile Elevation (ft,MSL) -100

Pile Length (ft) 290

Pile Diameter (ft) 35

Pile Tip Wall Thickness (in.) 1.25

Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8

Pile Batter in x-direction (deg.) 0
Pile Batter in y-direction (deg.) 0
Xr (ft) 24.5
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Table E.45

Design Soil Profile and Parameters for the Piles of Platform 22

c, at
Total o Soil Pile
Top Bottom ) ) Submerged | the Friction o
) ) . Thickness Unit ) ] dc,/dz Friction | frax Omax
Layer| Soil Type |Elevation| Elevation _ Unit Weight | Top of Angle, ¢' Nq C.|C,|Cs
(ft) Weight (psfft) Angle, 8| (ksf) (ksf)
(ft, MSL) | (ft, MSL) (pcf) Layer (deg.)
(pcf) (deg.)
(psf)
1 Cohesive -100 -140 40 97.4 36 100 | 9.43
2 Cohesive -140 -165 25 102.4 39 477.5| 9.43
3 Cohesive -165 -206 41 102.4 37.5 713 | 9.43
4 | Cohesionless| -206 -227 21 122.4 60 30 25 1.7 {20 | 100 |1.9|2.7| 28
5 Cohesive -227 -241 135 120.4 40 1000 0
6 | Cohesionless | -240.5 -268 27.5 120.4 60 30 25 1.7 20| 100 |1.9|2.7| 28
7 Cohesive -268 -280 12 112.4 56 750 | 68.75
8 Cohesive -280 -318 37.5 112.4 56 1575 0
9 Cohesive -317.5 -345 27.5 112.4 56 1500 | -3.6
10 | Cohesionless| -345 -371 26 112.4 60 30 25 1.7 {20 | 100 |1.9|2.7| 28
11 Cohesive -371 -400 29 112.4 60 600 | 82.75
12 Cohesive -400 -405 5 112.4 60 3000 | 12.5
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Figure E.55 Ultimate Axial Capacities of the Piles of Platform 22

213



Ultimate Lateral Capacity (kips)

0 50 100 150
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

200

10 A

20 A

30 A

Pile Penetration below Mudline (ft)

40 A

50

Figure E.56  Ultimate Lateral Resistance of the Piles of Platform 22

Table E.46  Structural Capacity of the Piles of Platform 22
Wall Starting Axial Structural | Moment
Thickness, t| Length along | Capacity, Q | Capacity,
(in.) Pile, z (in.) (Ibs) M (in.-lbs)
1.75 0 1.106E+07 |1.418E+08
1.875 564 1.182E+07 |1.510E+08
1.75 1212 1.106E+07 |1.418E+08
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Figure E.57 Base Case Foundation System Capacity Interaction Diagram of Platform
22 in the End-on Direction

E.9 Platform 25

Platform 25 is a 4-leg structure supported by 4 piles and equipped with 4 conductors. The
conductors are 30 inches in diameter and located outside the jacket. The foundation
system is highly asymmetrical. Two of the piles are battered in 2 directions (double batter
piles) and they are 169 feet long. The other two piles are vertical piles that are also 169
feet long. All of the piles are 36 inches in diameter. The direction of the waves in
Hurricane Katrina is approximately the end-on direction of this platform (loading from
the side of the double batter piles to the side of the vertical piles). The executive input file
of this platform in the end-on direction is presented hereafter.

Executive Input File for Platform 25

PLATFORM 25 (ALL UNITS IN LB., IN., AND DEGREES)

SYSTEM LOAD DATA (PH,H,R,SKEW,PV,ECCENT)
3.671E6
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3E2
1.00E-11
90.0
1.142E6
1.00E-10

NUMBER OF PILES (NPILE)
5

PILE 1

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
-3.56E+02 -3.73E+02 -3.576 -8.746 2.028E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEL.INP

SOIL CAPACITY (INPUT FILE)

WSOILL.INP

PILE 2

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
3.56E+02 -3.73E+02 3.576 -8.746 2.028E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEL.INP

SOIL CAPACITY (INPUT FILE)

WSOIL1.INP

PILE 3

GEOMETRY (X,Y, THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
-0.54E+02 3.73E+02 0.00 0.00 2.028E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE2.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 4
GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
0.54E+02 3.73E+02 0.00 0.00 2.028E+03 1 1
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PILE STRUCTURAL CAPACITY (INPUT FILE)
WPILEZ2.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

CONDUCTORS

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
0.00E+00 4.72E+02 0.00 0.00 2.004E+03 0 4

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEC30.INP

SOIL CAPACITY (INPUT FILE)

WSOILC30.INP

The input parameters for the custom-built spreadsheet to calculate the axial and lateral
resistance of the vertical piles, double batter piles and conductors are presented in Tables
E.47, E48 and E.49, respectively. The design soil profile and parameters common for all
piles and conductor are presented in Table E.50. The axial capacities of the double batter
piles in compression and in tension are presented in Figure E.58. The lateral resistance of
these piles is presented in Figure E.59. The same figures for the vertical piles are not
presented since they are similar to those for the double batter piles. The lateral resistance
of the conductors is presented in Figures E.60.

The structural capacity input files of the double batter piles, vertical piles and conductors
are summarized in Tables E.51, E.52 and E.53, respectively.

Based on the above input parameters, the base case foundation system capacity
interaction curves in the end-on, broadside and diagonal directions are presented in
Figures E.61, E.62 and E.63, respectively. The direction of the waves is approximately
the end-on direction of this platform. Therefore, the hurricane hindcast load on the
foundation is also presented in the interaction diagram for the end-on direction.

As shown in Figures E.61, E.62 and E.63, the overturning capacity of the foundation is
notably different in different loading directions (highest in the end-on and lowest in the
broadside direction). This is due to the asymmetrical and non-redundant nature of the
foundation. Note that even if this platform is a 4-leg structure, the two vertical legs are
located close to each other. Therefore, it behaves like a 3-leg structure effectively.
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Table E.47  Input Parameters for the Vertical Piles of Platform 25
Seafloor Elevation (ft, MSL) -90
Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft, MSL) -90
Pile Length (ft) 169
Pile Diameter (ft) 3
Pile Tip Wall Thickness (in.) 0.75
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8

Pile Batter in x-direction (deg.) 0
Pile Batter in y-direction (deg.) 0
Xr (ft) 28.5

Table E.48  Input Parameters for the Double Batter Piles of Platform 25
Seafloor Elevation (ft, MSL) -90
Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft, MSL) -90
Pile Length (ft) 169
Pile Diameter (ft) 3
Pile Tip Wall Thickness (in.) 0.75
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended| Open

Open-ended Pile Tip Condition| Plugged

Loading Condition| Cyclic

K Compression 0.8

K Tension 0.8

Pile Batter in x-direction (deg.)| 3.576

Pile Batter in y-direction (deg.)| 8.746
Xg (ft) 28.1
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Table E.49  Input Parameters for the Conductors of Platform 25

Seafloor Elevation (ft, MSL) -90
Seasurface Elevation (ft, MSL) 0

Top of Pile Elevation (ft, MSL) -90

Pile Length (ft) 167

Pile Diameter (ft) 2.5

Pile Tip Wall Thickness (in.) 0.75

Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8

Pile Batter in x-direction (deg.) 0
Pile Batter in y-direction (deg.) 0
Xr (ft) 235
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Table E.50

Design Soil Profile and Parameters for All Piles and Conductors of Platform 25

_ | Limiting Limiting
Total c, at the ~ |Soil Pile )
Top Bottom ) | Submerged Friction Skin End
) ) . Thickness | Unit . . Top of | dc,/dz Friction| )
Layer| Soil Type |Elevation| Elevation ) Unit Weight Angle, Friction |Ng| Bearing |C,|C,|Cs
(ft) Weight Layer | (psf/ft) Angle,
(ft, MSL) | (ft, MSL) (pcf) ¢' (deg.) Value Value
(pcf) (psf) (deg.)
(ksf) (ksf)
1 Cohesive -90 -96 6 110.4 48 350 36
2 | Cohesionless -96 -108 12 120.4 58 30 25 1.7 |20/ 100 |1.9|2.7|29
3 Cohesive -108 -181 73 110.4 48 850 14.7
4 Cohesive -181 -254 73 115.4 53 1925 | 14.7
5 |Cohesionless| -254 -284 30 122.4 60 35 30 2.0 |40 200 |3.0(3.5/50
6 |Cohesionless| -284 -314 30 122.4 60 35 30 2.0 |40 200 |3.0(3.5/50
7 |Cohesionless| -314 -350 36 122.4 60 35 30 2.0 |40 200 |3.0(3.5/50
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Figure E.58 Ultimate Axial Capacities of the Double Batter Piles of Platform 25
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Figure E.59 Ultimate Lateral Resistance of the Double Batter Piles of Platform 25
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Figure E.60  Ultimate Lateral Resistance of the Conductors of Platform 25

Table E.51  Structural Capacity of the Double Batter Piles of Platform 25

Wall Starting  |Axial Structural| Moment

Thickness, t| Length along | Capacity, Q | Capacity,

(in.) Pile, z (in.) (Ibs) M (in.-Ibs)
1.625 0 6.318E+06 |6.918E+07
1.25 312 4.913E+06 |5.436E+07
0.875 552 3.476E+06 |3.887E+07
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Table E.52  Structural Capacity of the Vertical Piles of Platform 25
Wall Starting  |Axial Structural| Moment
Thickness, t| Length along| Capacity, Q | Capacity,
(in.) Pile, z (in.) (Ibs) M (in.-Ibs)
1.625 0 6.318E+06 |6.918E+07
1.25 312 4.913E+06 |5.436E+07
0.875 552 3.476E+06 |3.887E+07
Table E.53  Structural Capacity of the Conductors of Platform 25
Wall Starting  |Axial Structural| Moment
Thickness, t| Length along | Capacity, Q | Capacity,
(in.) Pile, z (in.) (Ibs) M (in.-lbs)
1.625 0 5.215E+06 |4.715E+07
1.25 312 4.064E+06 |3.722E+07
0.875 552 2.882E+06 |2.673E+07
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Figure E.61 Base Case Foundation System Capacity Interaction Diagram of Platform

25 in the End-on Direction
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Figure E.62 Base Case Foundation System Capacity Interaction Diagram of Platform
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Figure E.63 Base Case Foundation System Capacity Interaction Diagram of Platform
25 in the Diagonal Direction
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Parametric analyses were performed in the end-on direction to investigate the effects of
the lateral resistance of the soil and the yield strength of the steel for the conductors on
the foundation system capacity. In the first analysis, the ultimate lateral resistance, which
is roughly proportional to the shear strength of the soil over the upper 50 feet of the
conductors, was increased by 50 percent with a multiplier, NQIlat, of 1.5. Unlike the
parametric analysis for Platform 1, the multiplier was only applied for the conductors in
this analysis. In the second analysis, the yield strength of the steel conductors was
increased by 15 percent beyond its nominal value (fy= 41.4 ksi). The results of these two
parametric analyses are presented in Figure E.64 where the base case foundation system
capacity interaction curve is also presented. As shown, the increase in the shear capacity
of the foundation due to increasing the ultimate lateral resistance of the conductors by 50
percent is very similar to that due to increasing the yield strength of the conductors by 15
percent. Increasing the ultimate lateral resistance or yield strength of the conductors does
not increase the overturning capacity of the foundation since the conductors are relatively
small.
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Figure E.64 Parametric Analyses for Platform 25 in the End-on Direction Increasing
the Ultimate Lateral Resistance and Yield Strength of the Conductors
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E.10Platform 27

Platform 27 is a 4-leg structure supported by 4 piles and equipped with 2 conductors. The
conductors are 30 inches in diameter and located outside the jacket. The foundation
system is symmetrical in one direction but asymmetrical in the other direction. Two of the
piles are battered in 2 directions (double batter piles). They are 264 feet long and 48
inches in diameter. The other two piles are battered in 1 direction (single batter piles).
They are 281 feet long and 60 inches in diameter. The direction of the waves in Hurricane
Rita is approximately the end-on direction of this platform (loading perpendicular to the
plane of symmetry). The executive input file of this platform in the end-on direction is
presented hereafter.

Executive Input File for Platform 27

PLATFORM 27 (ALL UNITS IN LB., IN., AND DEGREES)

SYSTEM LOAD DATA (PH,H,R,SKEW,PV,ECCENT)
2.867E6

5E3

1.00E-11

180.0

4.602E6

1.00E-10

NUMBER OF PILES (NPILE)
5

PILE 1

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-5.62E+02 -5.491E+02 -4.76 -9.09 3.168E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE48.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 2
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GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
5.62E+02 -5.491E+02 4.76 -9.09 3.168E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE48.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 3

GEOMETRY (X,Y, THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
-5.62E+02 5.491E+02 -4.76 0.0 3.372E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEGO.INP

SOIL CAPACITY (INPUT FILE)

WSOILL.INP

PILE 4

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
5.62E+02 5.491E+02 4.76 0.0 3.372E+031 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEGO.INP

SOIL CAPACITY (INPUT FILE)

WSOIL1.INP

CONDUCTORS

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
0.00E+02 5.97E+02 0.00 0.00 3.372E+03 0 2

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEC.INP

SOIL CAPACITY (INPUT FILE)

WSOILC.INP

The input parameters for the custom-built spreadsheet to calculate the axial and lateral
resistance of the double batter piles, single batter piles and conductors are presented in
Tables E.54, E55 and E.56, respectively. The design soil profile and parameters common
for all piles and conductor are presented in Table E.57. The axial capacities of the double
batter piles in compression and in tension are presented in Figure E.65. The lateral
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resistance of these piles is presented in Figure E.66. The axial capacities of the single
batter piles in compression and in tension are presented in Figure E.67. The lateral
resistance of these piles is presented in Figure E.68. The lateral resistance of the
conductors is presented in Figures E.69.

The structural capacity input files of the double batter piles, single batter piles and
conductors are summarized in Tables E.58, E.59 and E.60, respectively.

Table E.54  Input Parameters for the Double Batter Piles of Platform 27
Seafloor Elevation (ft, MSL) -300
Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft,MSL) -300
Pile Length (ft) 264
Pile Diameter (ft) 4
Pile Tip Wall Thickness (in.) 1.25
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8
Pile Batter in x-direction (deg.) 4.76

Pile Batter in y-direction (deg.) 9.09
Xr (ft) 34.0
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Table E.55  Input Parameters for the Single Batter Piles of Platform 27
Seafloor Elevation (ft, MSL) -300
Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft,MSL) -300
Pile Length (ft) 281
Pile Diameter (ft) 5
Pile Tip Wall Thickness (in.) 15
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8
Pile Batter in x-direction (deg.) 4.76

Pile Batter in y-direction (deg.) 0
Xr (ft) 41.4

Table E.56  Input Parameters for the Conductors of Platform 27

Seafloor Elevation (ft, MSL) -300
Seasurface Elevation (ft, MSL) 0

Top of Pile Elevation (ft,MSL) -300

Pile Length (ft) 281

Pile Diameter (ft) 2.5

Pile Tip Wall Thickness (in.) 0.75

Unit Weight of Water (pcf) 62.4
Depth Increment (ft) 1

Open- or Close-ended| Open

Open-ended Pile Tip Condition| Unplugged

Loading Condition| Cyclic

K Compression 0.8

K Tension 0.8

Pile Batter in x-direction (deg.) 0
Pile Batter in y-direction (deg.) 0
Xg (ft) 23.5
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Table E.57

Design Soil Profile and Parameters for All Piles and Conductors of Platform 27

c, at
Total ~ |Soil Pile
Top Bottom ) | Submerged | the Friction|
) ) ] Thickness | Unit ] ) dc,/dz Friction | fyax Omax
Layer| Soil Type |Elevation|Elevation ) Unit Weight | Top of Angle, Nq Ci | C | Cs
(ft) Weight (psf/ft) Angle, | (ksf) (ksf)
(ft, MSL) | (ft, MSL) (pcf) Layer ¢' (deg.)
(pcf) (deg.)
(psf)
1 Cohesive -300 -317 17 92.4 30 100 | 4.67
2 Cohesive -317 -402 85 109.4 47 700 | 12.94
3 | Cohesionless| -402 -416 14 122.4 60 30 25 1.7|20(100| 19 | 2.7 | 29
4 Cohesive -416 -452 36 117.4 55 2000 | 10.75
5 Cohesive -452 -502 50 117.4 55 2387 | 10.75
6 Cohesive -502 -552 50 117.4 55 2924.5| 10.75
7 Cohesive -552 -602 50 117.4 55 3462 | 10.75
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Figure E.65 Ultimate Axial Capacities of the Double Batter Piles of Platform 27
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Figure E.66  Ultimate Lateral Resistance of the Double Batter Piles of Platform 27
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Figure E.67 Ultimate Axial Capacities of the Single Batter Piles of Platform 27
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Figure E.68 Ultimate Lateral Resistance of the Single Batter Piles of Platform 27
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Figure E.69 Ultimate Lateral Resistance of the Conductors of Platform 27

Table E.58  Structural Capacity of the Double Batter Piles of Platform 27

Wall Starting  |Axial Structural| Moment

Thickness, t| Length along| Capacity, Q |Capacity, M

(in.) Pile, z (in.) (Ibs) (in.-Ibs)

1.25 0 6.609E+06 | 9.837E+07
1 588 5.316E+06 | 7.954E+07

0.75 1308 4.008E+06 | 6.028E+07
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Table E.59  Structural Capacity of the Single Batter Piles of Platform 27

Wall Starting  |Axial Structural| Moment

Thickness, t [Length along| Capacity, Q |Capacity, M
(in.) Pile, z (in.) (Ibs) (in.-Ibs)

15 0 9.924E+06 | 1.848E+08

1.25 552 8.306E+06 | 1.553E+08

1 1152 6.673E+06 | 1.253E+08

Table E.60  Structural Capacity of the Conductors of Platform 27

Wall Starting  |Axial Structural| Moment

Thickness, t| Length along| Capacity, Q |Capacity, M
(in.) Pile, z (in.) (Ibs) (in.-bs)

0.75 0 2.481E+06 |2.311E+07

0.75 600 2.481E+06 |2.311E+07

0.75 1200 2.481E+06 |2.311E+07

Based on the above input parameters, the base case foundation system capacity
interaction curves in the end-on direction are presented in Figures E.70. The direction of
the waves is approximately the end-on direction of this platform. Therefore, the hurricane
hindcast load on the foundation is also presented in Figure E.70.

A parametric analysis was performed to investigate the effect of loading direction on the
foundation system capacity. Only the four piles were considered in this analysis.
Furthermore, the yield strength of the piles was assumed to be 50 ksi (instead of 36 ksi as
in the base case). The foundation system capacity interaction curves in the end-on,
broadside and diagonal directions (corresponding to a skew angle, o= 180, 90 and 135
degrees, respectively) are shown in Figure E.71. Note that the definition of the skew
angle is provided in Appendix D.

As shown in Figure E.71, the overturning capacity of the foundation is notably different
in different loading directions (highest in the broadside and lowest in the diagonal
direction). Additionally, the shear capacity of the foundation is slightly different in
different loading directions. This is due to the asymmetrical and non-redundant nature of
the foundation.
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Figure E.70 Base Case Foundation System Capacity Interaction Diagram of Platform
27 in the End-on Direction
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Platform 27
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E.11Platform 29

Platform 29 is an 8-leg structure supported by 8 piles and equipped with 12 conductors.
The direction of the waves in Hurricane Katrina is approximately the broadside direction
of this platform. The executive input file of this platform in the broadside direction is
presented hereafter.

Executive Input File for Platform 29

PLATFORM 29 (ALL UNITS IN LB., IN., AND DEGREES)

SYSTEM LOAD DATA (PH,H,R,SKEW,PV,ECCENT)
3.0E6

1.0E2

1.00E-11

180.0

4.00E6

1.00E-10

NUMBER OF PILES (NPILE)
9

PILE 1

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.935E+02 -8.415E+02 -7.13 -7.13 1.68E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 2

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.935E+02 -8.415E+02 7.13 -7.13 1.68E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)
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WSOIL2.INP

PILE 3

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.935E+02 8.415E+02 -7.13 7.13 1.68E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 4

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.935E+02 8.415E+02 7.13 7.13 1.68E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILES

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.935E+02 -1.80E+02 -7.13 0.00 1.68E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL1.INP

PILE 6

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.935E+02 -1.80E+02 7.13 0.00 1.68E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOILL.INP

PILE 7
GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
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-4.935E+02 1.80E+02 -7.13 0.00 1.68E+03 1 1
PILE STRUCTURAL CAPACITY (INPUT FILE)
WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL1.INP

PILE 8

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.935E+02 1.80E+02 7.13 0.00 1.68E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOILL.INP

CONDUCTORS

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
0.00E+00 3.84E+02 0.00 0.00 1.68E+03 0 12

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILEC.INP

SOIL CAPACITY (INPUT FILE)

WSOILC.INP

The input parameters for the custom-built spreadsheet to calculate the axial and lateral
resistance of the 4 corner piles battered in 2 directions, the 4 side piles battered in 1
direction, and the 12 conductors are presented in Tables E.61, E.62 and E.63, respectively.
The design soil profile and parameters common for all piles and conductors are presented
in Table E.64. The axial capacities of the 4 corner piles in compression and in tension are
presented in Figure E.72. The lateral resistance of these piles is presented in Figure E.73.
The same figures for the 4 side piles are not presented since they are similar to those for
the corner piles. The lateral resistance of the conductors is presented in Figure E.74.
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Table E.61  Input Parameters for the Piles of Platform 29 Battered in 2 Directions
Seafloor Elevation (ft, MSL) -150
Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft,MSL) -150
Pile Length (ft) 140
Pile Diameter (ft) 35
Pile Tip Wall Thickness (in.)|] 0.875
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8
Pile Batter in x-direction (deg.) 7.125

Pile Batter in y-direction (deg.) 7.125
Xr (ft) 22.2

Table E.62  Input Parameters for the Piles of Platform 29 Battered in 1 Direction
Seafloor Elevation (ft, MSL) -150
Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft,MSL) -150
Pile Length (ft) 140
Pile Diameter (ft) 35
Pile Tip Wall Thickness (in.)] 0.875
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended| Open

Open-ended Pile Tip Condition| Plugged

Loading Condition| Cyclic

K Compression 0.8

K Tension 0.8

Pile Batter in x-direction (deg.) 0
Pile Batter in y-direction (deg.) 0
Xg (ft) 21.5
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Table E.63  Input Parameters for the Conductors of Platform 29
Seafloor Elevation (ft, MSL) -150

Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft,MSL) -150
Pile Length (ft) 140

Pile Diameter (ft) 2

Pile Tip Wall Thickness (in.) 1
Unit Weight of Water (pcf) 62.4
Depth Increment (ft) 0.75

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8

Pile Batter in x-direction (deg.) 0
Pile Batter in y-direction (deg.) 0
Xr (ft) 7.1
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Table E.64  Design Soil Profile and Parameters for All Piles and Conductors of Platform 29
Total c, at the ~|Soil Pile
Top Bottom ) | Submerged Friction|
) ) ) Thickness | Unit ) ) Top of | dc,/dz Friction | fhax Omax
Layer| Soil Type |Elevation |Elevation ] Unit Weight Angle, Nq C, | C | GCs
(ft) Weight Layer | (psf/ft) Angle, 3| (ksf) (ksf)
(ft, MSL) | (ft, MSL) (pcf) ¢ (deg.)
(pcf) (psf) (deg.)
1 Cohesive -150 -163 13 90.9 285 80 0
2 Cohesive -163 -183 20 96.9 34.5 80 15
3 Cohesive -183 -228 45 101.4 39 380 7.1
4 | Cohesionless -228 -306 78 122.4 60 35 30 2.0|40(200| 3.0 | 3.4 | 54
5 | Cohesionless -306 -307 1 122.4 60 35 30 2.0|40(200| 3.0 | 3.4 | 54
6 | Cohesionless| -307 -308 1 122.4 60 35 30 2.0|40|200| 3.0 | 3.4 | 54
7 | Cohesionless| -308 -309 1 122.4 60 35 30 2.0|40|200| 3.0 | 3.4 | 54
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Figure E.72  Ultimate Axial Capacities of the Corner Piles of Platform 29
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Figure E.73  Ultimate Lateral Capacity of the Corner Piles of Platform 29
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Figure E.74  Ultimate Lateral Capacity of the Conductors of Platform 29

The structural capacity input files of the piles and conductors are summarized in Tables
E.65 and E.66, respectively.

Table E.65  Structural Capacity of the Piles of Platform 29
Wall Starting | Axial Structural| Moment
Thickness, t| Length along| Capacity, Q | Capacity,
(in.) Pile, z (in.) (Ibs) M (in.-lbs)
1.25 0 5.761E+06 |7.475E+07
1.375 216 6.318E+06 |8.173E+07
1.25 816 5.761E+06 |7.475E+07
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Table E.66

Based on the above input parameters, the base case foundation system capacity
interaction curves in the end-on, broadside and diagonal directions are presented in
Figures E.75, E.76 and E.77, respectively. The direction of the waves is approximately
the broadside direction of this platform. Therefore, the hurricane hindcast load on the
foundation is also presented in the interaction diagram for the broadside direction.

Structural Capacity of the Conductors of Platform 29

Wall Starting  |Axial Structural| Moment
Thickness, t| Length along| Capacity, Q | Capacity,
(in.) Pile, z (in.) (Ibs) M (in.-Ibs)
0.75 0 1.972E+06 |1.460E+07
0.75 600 1.972E+06 |1.460E+07
0.75 1200 1.972E+06 |1.460E+07

Parametric analyses were not performed for this platform.
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Figure E.75 Base Case Foundation System Capacity Interaction Diagram of Platform
29 in the End-on Direction
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Figure E.76  Base Case Foundation System Capacity Interaction Diagram of Platform
29 in the Broadside Direction
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Figure E.77 Base Case Foundation System Capacity Interaction Diagram of Platform
29 in the Diagonal Direction
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E.12Platform 30

Platform 30 is a 6-leg structure supported by 6 piles and equipped with 12 conductors.
The direction of the waves in Hurricane Katrina is approximately the diagonal direction
of this platform. The executive input file of this platform in the diagonal direction is
presented hereafter.

Executive Input File for Platform 30

PLATFORM 30 (ALL UNITS IN LB., IN., AND DEGREES)

SYSTEM LOAD DATA (PH,H,R,SKEW,PV,ECCENT)
1.181E6

1E4

1.00E-11

45.0

4.038E6

1.00E-10

NUMBER OF PILES (NPILE)
7

PILE 1

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.9575E+02 -6.1575E+02 -7.13 -7.13 2.472E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 2

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.9575E+02 -6.1575E+02 7.13 -7.13 2.472E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)
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WSOIL2.INP

PILE 3

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.9575E+02 6.1575E+02 -7.137.13 2.472E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILE 4

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.9575E+02 6.1575E+02 7.137.13 2.472E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL2.INP

PILES

GEOMETRY (X,Y,THETAX,THETAY,L,AXIAL CONSTRAINT,NGROUP)
-4.9575E+02 0.00E+02 -7.13 0.00 2.472E+03 11

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOIL1.INP

PILE 6

GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
4.9575E+02 0.00E+02 7.13 0.00 2.472E+03 1 1

PILE STRUCTURAL CAPACITY (INPUT FILE)

WPILE.INP

SOIL CAPACITY (INPUT FILE)

WSOILL.INP

CONDUCTORS
GEOMETRY (X,Y,THETAX, THETAY,L,AXIAL CONSTRAINT,NGROUP)
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0.00E+00 0.00E+02 0.00 0.00 1.224E+03 0 12
PILE STRUCTURAL CAPACITY (INPUT FILE)
WPILEC.INP

SOIL CAPACITY (INPUT FILE)

WSOILC.INP

The input parameters for the custom-built spreadsheet to calculate the axial and lateral
resistance of the 4 corner piles battered in 2 directions, the 2 side piles battered in 1
direction, and the 12 conductors are presented in Tables E.67, E.68 and E.69, respectively.
The design soil profile and parameters common for all piles and conductors are presented
in Table E.70. The axial capacities of the 4 corner piles in compression and in tension are
presented in Figure E.78. The lateral resistance of these piles is presented in Figure E.79.
The same figures for the 2 side piles are not presented since they are similar to those for
the corner piles. The lateral resistance of the conductors is presented in Figure E.80.

Table E.67  Input Parameters for the Piles of Platform 30 Battered in 2 Directions
Seafloor Elevation (ft, MSL) -150

Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft,MSL) -150
Pile Length (ft) 206

Pile Diameter (ft) 4

Pile Tip Wall Thickness (in.) 1
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8
Pile Batter in x-direction (deg.) 7.125

Pile Batter in y-direction (deg.) 7.125
Xr (ft) 9.4
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Table E.68  Input Parameters for the Piles of Platform 30 Battered in 1 Direction
Seafloor Elevation (ft, MSL) -150

Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft,MSL) -150
Pile Length (ft) 206

Pile Diameter (ft) 4

Pile Tip Wall Thickness (in.) 1
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended Open

Open-ended Pile Tip Condition| Plugged

Loading Condition|  Cyclic

K Compression 0.8
K Tension 0.8
Pile Batter in x-direction (deg.) 7.125

Pile Batter in y-direction (deg.) 0
Xr (ft) 9.4

Table E.69  Input Parameters for the Conductors of Platform 30
Seafloor Elevation (ft, MSL) -150
Seasurface Elevation (ft, MSL) 0
Top of Pile Elevation (ft,MSL) -150
Pile Length (ft) 102
Pile Diameter (ft) 2
Pile Tip Wall Thickness (in.) 0.75
Unit Weight of Water (pcf) 62.4

Depth Increment (ft) 1

Open- or Close-ended| Open

Open-ended Pile Tip Condition| Unplugged

Loading Condition| Cyclic

K Compression 0.8

K Tension 0.8

Pile Batter in x-direction (deg.) 0
Pile Batter in y-direction (deg.) 0
Xg (ft) 8.0
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Table E.70  Design Soil Profile and Parameters for All Piles and Conductors of Platform 30
Total c, at the o Soil Pile
Top Bottom ) | Submerged Friction o
) ) ) Thickness | Unit ) ) Top of | dc,/dz Friction | fyax Omax
Layer| Soil Type |Elevation |Elevation ] Unit Weight Angle, Nq C, | C | Cs
(ft) Weight Layer | (psf/ft) Angle, & |(ksf) (ksf)
(ft, MSL) | (ft, MSL) (pcf) ¢’ (deg.)
(pcf) (psf) (deg.)
1 Cohesive -150 -163 13 924 30 60 0
2 Cohesive -163 -183 20 97.4 35 60 14.5
3 Cohesive -183 -228 45 101.4 39 350 8
4 | Cohesionless -228 -300 72 122.4 60 36 30 2.0 140{ 200 | 3.3 | 3.7 | 61
5 | Cohesionless -300 -400 100 122.4 60 36 30 2.0 140{ 200 | 3.3 | 3.7 | 61
6 | Cohesionless| -400 -500 100 122.4 60 36 30 2.0140/200| 3.3 | 3.7 | 61
7 | Cohesionless| -500 -600 100 122.4 60 36 30 2.0140/200| 3.3 | 3.7 | 61
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Figure E.78  Ultimate Axial Capacities of the Corner Piles of Platform 30
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Figure E.79  Ultimate Lateral Capacity of the Corner Piles of Platform 30
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Figure E.80 Ultimate Lateral Capacity of the Conductors of Platform 30

The structural capacity input files of the piles and conductors are summarized in Tables
E.71 and E.72, respectively.

Table E.71  Structural Capacity of the Piles of Platform 30

Wall Starting Axial Structural | Moment

Thickness, t| Length along| Capacity, Q |Capacity, M

(in.) Pile, z (in.) (Ibs) (in.-Ibs)

1.75 0 9.154E+06 | 1.348E+08
15 1152 7.889E+06 | 1.168E+08
1.25 1272 6.609E+06 | 9.837E+07
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Table E.72  Structural Capacity of the Conductors of Platform 30

Wall Starting Axial Structural | Moment

Thickness, t|Length along| Capacity, Q |Capacity, M

(in.) Pile, z (in.) (Ibs) (in.-Ibs)

0.5 0 1.329E+06 | 9.942E+06
0.5 600 1.329E+06 | 9.942E+06
0.75 1164 1.972E+06 | 1.460E+07

Based on the above input parameters, the base case foundation system capacity
interaction curves in the end-on, broadside and diagonal directions are presented in
Figures E.81, E.82 and E.83, respectively. The direction of the waves is approximately
the diagonal direction of this platform. Therefore, the hurricane hindcast load on the
foundation is also presented in the interaction diagram for the diagonal direction.
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Figure E.81 Base Case Foundation System Capacity Interaction Diagram of Platform
30 in the End-on Direction
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Figure E.82 Base Case Foundation System Capacity Interaction Diagram of Platform
30 in the Broadside Direction

7000 A
1 Pile System Capacity
6000 1 Including Conductors
5000 -
iy i
R ]
= 4000 1
p ]
© i
Q -
K= 4
v 3000 o
2 ] Katrina Hindcast \
@ ] Load \
2000 o \
] /’
] Pile System Capacity !
1000 7 Excluding Conductors
0-'l'lll"'l""l""l""l'l'l
0.0E+00 2.0E+05 4.0E+05 6.0E+05 8.0E+05 1.0E+06 1.2E+06
Overturning Moment (ft-kips)

Figure E.83 Base Case Foundation System Capacity Interaction Diagram of Platform
30 in the Diagonal Direction
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A parametric analysis was performed to investigate the effect of loading direction on the
foundation system capacity. Only the six piles were considered in this analysis. The
foundation system capacity interaction curves in the end-on, broadside and diagonal
directions (corresponding to a skew angle, o= 90, 0 and 45 degrees, respectively) are
shown in Figure E.84. Note that the definition of the skew angle is provided in Appendix
D.

As shown in Figure E.84, the overturning capacity of the foundation is notably different
in different loading directions (highest in the broadside and lowest in the diagonal
direction). This is because each individual pile contributes differently depending on the
moment arm between the pile and the center of the rotation for the platform in the
direction of loading. On the contrary, the shear capacity of the foundation is identical in
these 3 loading directions (approximately 3,000 kips). This is because the foundation
system is reasonably symmetrical and redundant. Therefore, the lateral capacity of each
pile can be mobilized more uniformly than that for an asymmetrical and less redundant
(i.e., 3-pile or 4-pile) foundation system.
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Figure E.84 Comparison of Foundation Capacities in Different Loading Directions for
Platform 30

260



Appendix F — Expert Panel Meeting

An expert panel meeting was convened on March 23, 2009 at the University of Texas at
Austin to discuss the preliminary findings in this project and solicit input from the expert
panel including experienced or knowledgeable members of the industry and academia.
Table F.1 shows the list of attendees in the expert panel meeting.

Table F.1 List of Attendees in the Expert Panel Meeting

Name Affiliation
Alan Young GEMS
Bill Quiros Private Geotechnical Consultant
Bob Gilbert UT-Austin
Britain Materek UT-Austin
Christy Bohannon* MMS
Don Murff TAMUY/Consultant
Frank Puskar Energo Engineering
Fung Hassenboehler MMS
Hudson Matlock Professor Emeritus, UT-Austin
Jiun-Yih Chen UT-Austin
John Cushing* MMS
Justin Carpenter UT-Austin
Lori D’Angelo* MMS
Lymon Reese Ensoft
\enessa Bertrand MMS

* Participated via a teleconference call.

Important points that were discussed during the expert panel meeting are summarized
below.

1. A very clear distinction should be made between assessments of existing structures,
which is the focus of this project, compared to new designs.

2. Potential factors that can contribute to a difference between the design capacity and
the actual capacity for platform foundations include limitations in site
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characterization data (i.e., wireline percussion versus pushed sampling techniques,
SPT blow counts versus CPT tip resistance), conservatism in developing design
profiles of shear strength, set-up and aging increasing the pile capacity long after pile
driving, periodic pre-stressing and subsequent consolidation of soils adjacent to the
pile causing the shear strength to increase, actual storm loading corresponding to
limited cycles of the largest storm loads in any particular direction applied at a
relatively high rate, the use of cyclic p-y curves for lateral resistance that were
intentionally developed to provide a lower bound on the lateral capacity, and
contributions of structural elements such as mudmats and well conductors.

Pile driving records and as-built pile penetration are very important in understanding
the actual capacity of the foundation. Consideration should be given to making these
records mandatory submittal items to the MMS for new platforms so that they are
available in the future for engineering studies related to platform assessments.

We should continue to pursue any information about potential foundation failures and
attempt to obtain as much information as possible about these cases.

The interaction between structural and geotechnical engineers is very important in
assessments. Miscommunication or no communication between the two disciplines
can result in overly conservative (or un-conservative) assessments.

Various factors contributing to potential conservatism in pile design should be
documented succinctly in the final report with key references. Presenting typical
ranges of multipliers to address the discrepancy between the estimated and real
capacities of foundation is not recommended as these may be used out of context and
perhaps where not applicable. However, it would be useful to put a bound on what is
not reasonable because it cannot be supported by any information that we have to date,
such as increasing the shear strength by four times or more. Providing an illustrative
example of the considerations that could go into modeling the foundation for an
assessment would be valuable.

Both the base shear and the overturning moment are important concerning the
foundation behavior. Guidance on how to obtain and make use of information about
the overturning moment for a platform assessment would be helpful.

In addition to these summary points, comments provided by Dr. Lymon Reese in his letter
after the expert panel meeting are presented in Figure F.1. The discussions and comments
by the expert panel are incorporated in this final report. A draft of the final report was
submitted to the expert panel for review and additional comments before it is finalized.
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March 23, 2009

Bob, at the outset | am amazed that no foundation failures were reported due to storm
loading of offshore platforms. Is it possible that some piles moved and caused a failure which was
incorrectly classified as a structural failure? By the way, how many platforms were heavily loaded
by storms and how many were damaged?

After I left the meeting today, I decided to write a few comments about what you might do
on the current project. The comments shown below are "rough” and not indicated to represent
more than a few thoughts that arose during the meeting. Two categories of suggestion are given:
the first for use in what 1 think to be your current study, and the second, probably much maore
expensive, for a follow-up study.

GEOTECHNICAL INFORMATION FOR DESIGN OF FIXED OFFSHORE PLATFORMS

The following points relate to the work of the pectechnical engineer and the manner
findings arc reported to the structural engincer. The Owner is also involved because appropriate
funds must be authorized for the geotechnical engineer to do proper work.

1. A soil boring must be performed at the site.

The boring nust be done at the location of the construction or reasonably nearby. If
nearby, a geological profile must be made to show the boring is representative of the conditions at
the site. Care must be exercised if a submerged river bed could have afffect the boring or the
COnSrclion.

2. The procedures used in making the boring must follow approved techniques. Approved
techniques must be defined.

3. The properties defining the soil must be presented as a function of depth.  These properties must
be consistent with those employed offshore of the United States.

4. Load-transfer functions must be recommended in order to carry out structural designs. The
properties should reflect the affect on the soil of pile installation, the nature of the loading, and
whether for lateral loading or axial loading. The peotechnical engineer may use differing soil
parameters in reflecting behavior under axial loading and behavior under lateral loading. When
recommending load-transfer functions for cvclic loading, the number of eveles should be indicated.

Data show that only a small number of the maximum wave loads will oceur during a storm.

Phone; (512) 833-5180 Talofar 512 873 0087 a-mail: LymonReesofiaol.com

Figure F.1 Comments in Dr. Lymon Reese’s Letter (Part 1 of 3)
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5. hmmmemmﬁnﬂimwmmMmbcmndmmﬂmmuﬁm
of close spacing of piles.

6. Ammmmmmmmwmmm
appmnimhxﬁnﬂﬂﬁmahmxlhcmﬂmﬂimbdnviwindmim:nuﬁhﬂmpwum.

EFFECT OF PILE INSTALLATION ON SOIL PROPERTIES

mmmmmmmmwmwmadﬁmpucm
vmmmm&wmmMWW Mot only are
ﬂ:apmpmﬁudijhuﬂhnm-iaﬁwmmﬁmthewaﬂuf&epﬂemi Furthermore, adding,
mﬁ:mmplﬁmﬁmismuﬂwpmpuﬁﬂnfsﬂamundadmupﬂamﬁnw—dqmduﬂ. Dramatic
aﬁocummmmmﬂsmnwhdofammwﬁuﬁm,mmmﬂylm
hnpurtuﬁ&nmmmmmmlmgpaiudsofﬂm

1. A document should be developed that prescnts general information on the subject. Some of the
siems 1o be addressed are: densification of sand and/or crushing of sand grains, general and decay
dmmspmmmmmmaﬁmknﬁﬁm%ﬁwsﬂmmmmﬂ
the dramatic (disastrous) effect for a particular soil, and some indication of the time-dependent
effect on load-transfer functions for both axial and lateral loading. The document should consider
the driving of a closed-endexd pile or an open ended pile.

2. With the guidance of the above document, review all of the data from pile-load tests on which
mmm&:mmmmmmMmmmdmmﬁm
of the test pilc as a function of depth.

3 Hpmsibh,femmmﬂnmm:w&mmdmmpafmndmifﬂumﬁhsﬁﬂ
remains in place, r&kndﬂ:cpﬂemohmmﬁrnﬂﬁmmwrewiﬂlmcmﬂiﬂmm,

4. Search the technical literature and perform Step 2 for all of the load tests where instruments
were used to obtain load-transfer curves, for both axial and lateral loading.

5, Mupammmﬁngwngmp:ﬂwmpmﬂnmﬁmwhmhmm
mlpmpmﬁmufmepmsi:gofamﬂalbcd}r(ﬂnwaﬂahpﬂe]ﬁrmghan undisturbed specimen
of soil can be measared.

&, mmmwum«&mmmmmwfww
measurement of load-transfer curves as a function of depth, in deposits that are principally sand
and arc principally clay. The instruments would inchude those that can measure porewater
pressure as a function of time. Plan to re-load the pile with time, taking care that the loading does
not cause damage to the soil surrounding the driven pile.

T. Tmuﬂdhﬂmsmmbemdmmmdaﬂandwmddmmdmdrd:vdupmuf

new and unique ways to measure the propertics of the along a pile, in the vicinity of the pile wall,
after the time-dependent response of the soil has occurred completely. {Can dovices for the

Phome: (§17) 833-5180 e-rrafl; LymronReeseitaol. com Fax: (512) 244-6087

Figure F.1 Comments in Dr. Lymon Reese’s Letter (Part 2 of 3)
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samplingcfsuiimunwnﬂufadﬁmpﬂcbcinma]hibcﬁnedmmgmdmﬂ samples extracted
and retricved afler the pile achieves equilibrium?)

8. Pmﬁnmﬁeﬂkndmmmvﬂywpihsasmmswi Consider a testing
prqgmdaﬂwﬂlutalmglhypuindofﬁme,ﬁhngmﬁafmwﬁnhdmm“
seriously affect the soil prior to a subsequent test.,

CLOSING COMMENT

Bob, you can understand that the above ideas were developed “off the cuff™ and not after
long consideration. 1 hope some of the ideas above will be useful.

Your 5
Lython|C. Reese
C:-aﬂr: STw
Phone: (612) £33-5180 emall: LymonResseflacd.com Fax: (612 244-808T

Figure F.1 Comments in Dr. Lymon Reese’s Letter (Part 3 of 3)
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