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Special Notes

Standard is a broad term covering all APl documents that have been developed in accordance with API’s “Procedures
for Standards Development”. Users of this document should be aware that this publication is not a consensus
document developed in accordance with these procedures and therefore does not represent an industry consensus
standard. This publication is merely a report of technical research performed under contract with API. The materials
represent the opinions of the researchers, and neither API nor its standards committees have made any effort to
judge the content for technical accuracy or completeness. USERS OF THIS PUBLICATION SHOULD NOT RELY
SOLELY ON THE INFORMATION CONTAINED IN THIS DOCUMENT AND DO SO AT THEIR OWN RISK.

API is not undertaking to meet the duties of employers, manufacturers, or suppliers to warn and properly train and
equip their employees, and others exposed, concerning health and safety risks and precautions, nor undertaking their
obligations to comply with authorities having jurisdiction. Information concerning safety and health risks and proper
precautions with respect to particular materials and conditions should be obtained from the employer, the
manufacturer or supplier of that material, or the material safety data sheet.

Neither APl nor any of API's employees, subcontractors, consultants, committees, or other assignees make any
warranty or representation, either express or implied, with respect to the accuracy, completeness, or usefulness of the
information contained herein, or assume any liability or responsibility for any use, or the results of such use, of any
information or process disclosed in this publication. Neither APl nor any of API's employees, subcontractors,
consultants, or other assignees represent that use of this publication would not infringe upon privately owned rights.

API publications may be used by anyone desiring to do so. Every effort has been made by the Institute to assure the
accuracy and reliability of the data contained in them; however, the Institute makes no representation, warranty, or
guarantee in connection with this publication and hereby expressly disclaims any liability or responsibility for loss or
damage resulting from its use or for the violation of any authorities having jurisdiction with which this publication may
conflict.

API publications are published to facilitate the broad availability of proven, sound engineering and operating
practices. These publications are not intended to obviate the need for applying sound engineering judgment
regarding when and where these publications should be utilized. The formulation and publication of API publications
is not intended in any way to inhibit anyone from using any other practices.

Any manufacturer marking equipment or materials in conformance with the marking requirements of an API standard
is solely responsible for complying with all the applicable requirements of that standard. APl does not represent,
warrant, or guarantee that such products do in fact conform to the applicable API standard.

Nothing contained in any API publication is to be construed as granting any right, by implication or otherwise, for the
manufacture, sale, or use of any method, apparatus, or product covered by letters patent. Neither should anything
contained in the publication be construed as insuring anyone against liability for infringement of letters patent.

This document was produced under API standardization procedures that ensure appropriate notification and
participation in the developmental process and is designated as an API standard. Questions concerning the
interpretation of the content of this publication or comments and questions concerning the procedures under which
this publication was developed should be directed in writing to the Director of Standards, American Petroleum
Institute, 200 Massachusetts Avenue, NW, Washington, DC 20001-5571. Requests for permission to reproduce or
translate all or any part of the material published herein, or suggested revisions, should also be addressed to the
director.
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Foreword

Nothing contained in any API publication is to be construed as granting any right, by implication or otherwise, for the
manufacture, sale, or use of any method, apparatus, or product covered by letters patent. Neither should anything
contained in the publication be construed as insuring anyone against liability for infringement of letters patent.

The verbal forms used to express the provisions in this document are as follows.
Shall: As used in a standard, “shall” denotes a minimum requirement in order to conform to the standard.

Should: As used in a standard, “should” denotes a recommendation or that which is advised but not required in order
to conform to the standard.

May: As used in a standard, “may” denotes a course of action permissible within the limits of a standard.
Can: As used in a standard, “can” denotes a statement of possibility or capability.

This document was produced under API standardization procedures that ensure appropriate notification and
participation in the developmental process and is designated as an API standard. Questions concerning the
interpretation of the content of this publication or comments and questions concerning the procedures under which
this publication was developed should be directed in writing to the Director of Standards, American Petroleum
Institute, 200 Massachusetts Avenue, Suite 1100, Washington, DC 20001. Requests for permission to reproduce or
translate all or any part of the material published herein should also be addressed to the director.

Generally, API standards are reviewed and revised, reaffirmed, or withdrawn at least every five years. A one-time
extension of up to two years may be added to this review cycle. Status of the publication can be ascertained from the
API Standards Department, telephone (202) 682-8000. A catalog of API publications and materials is published
annually by API, 200 Massachusetts Avenue, Suite 1100, Washington, DC 20001.

Suggested revisions are invited and should be submitted to the Standards Department, API, 200 Massachusetts
Avenue, Suite 1100, Washington, DC 20001, standards@api.org.

Documents

! Document Sharing Hub

Full document details: API TR 2PY-2020


http://www.avadocuments.com/doc/api-tr-2py-2020
http://www.avadocuments.com/doc/api-tr-2py-2020

Documents

Document Sharing Hub

Full document details: API TR 2PY-2020


http://www.avadocuments.com/doc/api-tr-2py-2020
http://www.avadocuments.com/doc/api-tr-2py-2020

Contents

Page
EXecutive SUMMaArY. . .. ... . i ittt ettt a e et n e et 1
1 INtrodUCHtioON . . . ... e a e 2
11 BacKgroUund . ... ... i e 2
L2 © 1 = o2 3
1.3 Platform Selection. . .. ... ... e et a e 3
1.4 Structural Models and Analysis Techniques . . ............ . it innnnnns 4
1.5 Project Team ... ... it i i e e a s 4
2 API/ISO Pile Foundation Design Soil Reaction CurveUpdate ................... ... .. ... ..... 5
3 Assessment of Leaning Caisson in Hurricane Andrew. . . ......... ... .. i iiiiiininennn. 5
B R TR €71 3= - | 5
3.2 Caisson Structure Detail . ........ ... ... i e 5
3.3 Site Soil Data. .. ... i i a e 8
3.4 Hurricane Andrew HindcastData . ........... ... . . i i et e i nens 10
3.5 Dynamic Pushover Analysis ... ..... ...ttt i e et e st 10
3.6 Results and CompariSon . ........ ...ttt ittt aaansnnaasseereeanennnnnnnnnnnnnns 1
4  Assessment of Jacket Platform Damage in Hurricanelke ............... ... .. ... 15
By B €= o T - | 15
4.2 Jacket Platform Structure Detail . . ...... ... .. . e 15
4.3 SiteSoil Data. . ......... i e 18
4.4 Hurricanelke Hindcast Data . .......... ... . ittt aaa e e 20
4.5 Dynamic Pushover Analysis . ........ ..o ittt i e e et i a e 20
4.6 Results and CompPariSON .. .........iiiiiiiiniii i ittaneeeeesanannneeeeeannnnneeesss 21
5 Tripod Platform Natural Frequency Validation. ................. ... . ittt 31
LT TR € 7= o = o 28
5.2 Tripod Platform Structure Detail .. ........ ... ... . . . i i ittt ittt nanns 28
5.3 SiteSoilData. .. ... ...t i i e 31
5.4 Field Measured Platform Natural Frequencies. .. ......... ... ittt iiiiiineeeennnnnns 32
5.5 Natural Frequency Modal Analysisand Pluck Test. ... ... .......... .. i innnnnnnnnnn 34
5.6 Results and CompariSon . ........ ...ttt ttiinaet e taaannaeeeeesananneeeeennnns 34
6 L0 oo o 11 =T T 37
Annex A (informative) SS-Caisson Structure SoilData.............. ... ... . i, 38
Annex B (informative) SS-Platform SoilData .. ......... ... i i it e e e nas 51
Annex C (informative) EI-Tripod Platform Soil Data. . . ........ ... it e i e ennas 58
Annex D (informative) Methodology Used to Derive p-y CurvesinClays ........................... 67
Bibliography. . . ... o e e e e e 78

Documents

Document Sharing Hub

Full document details: API TR 2PY-2020


http://www.avadocuments.com/doc/api-tr-2py-2020
http://www.avadocuments.com/doc/api-tr-2py-2020

Contents

Page

Figures
3.1 Example Caisson Platform Leaning Damage. . ........... ..ottt rnrirnararneraenennnnnns 6
3.2 SS-Caisson Structural Detail . ... ....... ... i i e it a et 7
3.3 SS-Caisson Structure Model . .......... ... e e et e 8
3.4 SS-Caisson Soil DSS Strength Profile ... ...... ... .. i e e 9
3.5 SS-Caisson Response to Hurricane Andrew Wave Impact,

Model with APl 2GEO, 1st Edition p-y CUrves . . ... .. ittt i i et a e ae e ean s 12
3.6 SS-Caisson Response to Hurricane Andrew Wave Impact,

Model with Proposed APl 2GEO, 2nd Edition (Draft) p-y Curves ........... ... .. 12
3.7 SS-Caisson Damage to Hurricane ANdrew Wave lmpact. .. ...... ... ... ..., 14
3.8 SS-Caisson Hurricane Wave Load and Rotation.............. ... . . i, 14
4.1 SS-Platform (After Hurricanes) .. ....... ... i i et ettt e aa e eanns 16
4.2 SS-Platform Structure Model and Design Detail . ........ ... ... i eans 17
4.3 SS-Platform Damage After Hurricanes . . . . ... ... it i et 18
4.4 SS-Platform Soil DSS Strength Profile . ... i i e 19
4.5 SS-Platform Response to Hurricane lke Impact,

Model with APl 2GEO, 1st Edition p-y Curves . . ... .. ittt i e et ia e ae e aanns 22
4.6 SS-Platform Response to Hurricane lke Impact,

Model with Proposed APl 2GEO, 2nd Edition (Draft) p-y Curves .......... ... . i, 23
4.7 SS-Platform Damage to Hurricane lke Wave Impact. .. ........ ... . . i 25
4.8 SS-Platform Hurricane Damage, Field Observed vs. Model Predicted. .. ......................... 26
4.9 SS-Platform Deformation CUrves . .. .. ... ... i ettt a e 27
5.1 ElI-Tripod Platform . . ... ... i i ittt ie it i e aa et aa e e e 29
5.2 Platform Orientation and Coordinate System . ... ...... ... .. .. i it en 29
5.3 El-Tripod Platform Structure Model. . . ... ... . i e et a e e 30
5.4 El-Tripod Platform Soil DSS Strength Profile............. ..o e 31
5.5 Main Deck Vibration Data Recording Samples ........... ..ottt it i e 33
5.6 Processed ReSpoNnse SpPecCtra .. ... ...t iiiii i ettt it e 33
5.7 El-Tripod Vibration Mode Shape Comparison . ......... ...t e et anans 36
A.1 Mean Ratio of Measured Strength to Design Strength Versus Depth—from Cheon, et al. (2015)...... 39
A.2 SHANSEP Frame work—From Liedtke, etal. (2019)...........cciiiiii i it e i enas 40
A.3 Correlations with Water Content—From Liedtke, etal. (2019).............. ..o it 4
A.4 Proposed DSS Strength Profile..... ... s i s 42
A.5 Soil Strength Profile for SS-Caisson. . ....... ...t i i ittt s 47
A.6 API 2GEO, 1st Edition Static vs. 2nd Edition Cyclic p-y Curves for SS-Caisson ................... 48
A.7 API 2GEO, 2nd Edition Cyclic p-y Spring Response ..............oiiiiirirnrrnrnrnnrnnnnnnnns 49
A.8 API2GEO, 1st Edition Static p-y Spring Response. . . ... ... i i i e 50
B.1 Soil Strength Profile for SS-Platform .. ........ ... .. i e e e 52
B.2 Soil Strength Profile Compared with Push Soil Sample Data from AdjacentBlocks ................ 53
B.3 API 2GEO, 1st Edition Static vs. 2nd Edition Cyclic p-y Curves for SS-Platform 36-inch Piles ....... 54
C.1 Soil Strength Profile . . ... ... i i i e ettt e 59
C.2 API2GEO, 1st Edition Static vs. 2nd Edition Fatigue p-y Curves for El-Tripod. . ................... 60
D.1 Normalized p-y Curves for Monotonic Loads/ActionsforClay............... ... .. oo, 70
D.2 Normalized p-y Curves for Monotonic Loads/ActionsforClay............... ... oo, 7
D.3 Comparison of Total Lateral Bearing Capacity Factor N,

According to RP 2GEO 15t and New Equations for Example 1 and Example 2................... 73
D.4 Cyclic Normalized Curves for Illustrative Clay Soil Profile with I, > 30%, OCR < 2,

and for GoM Cyclic Loading Conditions. . . ... ... ... ittt it et aaennnns 74

Documents

v Document Sharing Hub

Full document details: API TR 2PY-2020


http://www.avadocuments.com/doc/api-tr-2py-2020
http://www.avadocuments.com/doc/api-tr-2py-2020

D.5 Comparison of p-y Curve Recommendations Between RP 2GEO 1st
and This Study at a Depth z = 30 m for lllustrative Clay Soil Profile for GoM Conditions:

a) Full Scale and b) Low y/D Displacements .. ............ ... it iiiirrinernnennnnennnns 75
Tables
3.1 Hurricane Andrew Hindcast Metocean . .. ... ... i i et i e ens 10
4.1 Hurricane lke Hindcast Metocean . ... ... .. i i et a e 20
5.1 El-Tripod Measured Platform Natural Periods . ... ............. . . i i ittt iiaennnnenns 34
5.2 Platform Natural Period Comparison, Model Predicted vs. Measured ... ......................... 34
D.1 Normalized p-y Curves for Monotonic Loads/ActionsforClay............... ... . . i, 69
D.2 Cyclic Modifiers for p-y Curves in Clays .......... ..t et a s ena e aennn 4l

Documents

Document Sharing Hub

Full document details: API TR 2PY-2020


http://www.avadocuments.com/doc/api-tr-2py-2020
http://www.avadocuments.com/doc/api-tr-2py-2020

Documents

Document Sharing Hub

Full document details: API TR 2PY-2020


http://www.avadocuments.com/doc/api-tr-2py-2020
http://www.avadocuments.com/doc/api-tr-2py-2020

Executive Summary

Fixed offshore platform pile foundation design and assessment in the Gulf of Mexico (GOM) has been
based on API RP 2A (various editions) and API/ISO RP 2GEO, 1st Edition. Over the years, post-hurricane
observations of the platform performance in the GOM have shown that these standards tend to
underestimate soil stiffness and capacity. This underprediction does not necessarily lead to conservative
structural design and assessment. For example, fatigue design requires a realistic estimate of structural
dynamics and strength design with a clear definition of structural load path and failure mechanism.

Research work, consisting of small- and large-scale pile tests, laboratory testing, and numerical analyses,
has been carried out for years to understand this conservatism and define best-estimate geotechnical
criteria, i.e. best-estimate soil lateral reaction for pile foundation design. These efforts culminated in the
proposed draft of API/ISO RP 2GEO, 2" Edition, which systematically re-defines the clay soil lateral
reaction formulations for piles under monotonic, cyclic, and fatigue loads.

The goal of this study, sponsored by API SC2, was to perform structural analyses using soil models
developed by 2GEO, 1%t Edition criteria and 2GEO, 2" Edition draft criteria to determine the effect of the
new clay soil p-y formulations on the structural responses of these platforms. The predicted responses were
then compared with measured or observed platform performance in field.

Three (3) featured fixed offshore platforms in the GOM, i.e. a free-standing caisson structure, a jacket type
platform, and a tripod platform, were selected as representative structures for the study. The selected
platforms are actual platforms in operation in the GOM. The caisson structure and jacket platform were
damaged in Hurricanes Andrew and Ike, respectively. Platform vibration of the tripod platform was
measured and recorded in the field to verify the tripod structural integrity. All relevant platform design,
operation, and maintenance data of these structures are sufficient and available for the study.

Results of the analyses performed in this study demonstrate that structural models using the soil reaction
formulations of the proposed 2GEO, 2" Edition (draft), in combination with the best-estimate soil profiles
interpreted based on the standard direct simple shear (DSS) tests, adequately predicted the platform
responses observed in hurricanes and in normal sea conditions.

The clay soil p-y reaction formulations (monotonic, cyclic, and fatigue), when used with best-estimate DSS
shear strength profiles as proposed in the draft of 2GEQ, 2™ Edition, show significant improvement over
the formulations in 2GEO, 1t Edition and older RP 2A editions (e.g. the so-called “Matlock curves”), and
are endorsed and recommended for pile foundation design and assessment. In particular, the use of the
new cyclic p-y curves is recommended for platform structural analysis under extreme environmental
conditions.
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1 Introduction
1.1 Background

Post-hurricane observations of fixed offshore platform performance in the Gulf of Mexico (GOM) often
demonstrate platform structural damage or failure rather than foundation failure. However, platform analysis
and assessment by API RP 2A (various editions) and API/ISO RP 2GEO, 1st Edition (Ref. 1, 2) foundation
design approach are frequently governed by the foundation capacity and predict failure in the piles rather
than the jacket structure.

Subsea wellhead and conductor fatigue design and analysis also predict unrealistic fatigue life expectancy
due to the deviated dynamics caused by underestimated soil stiffness near the mudline. These have led to
questions of unknown reliability and level of conservatism in the current APl recommended pile foundation
design approach.

Unrealistic conservatism in pile foundation design may have significant impact on new platform design and
existing platform assessment. For new platform design, it may lead to excessively larger, deeper pile design
associated with higher cost. Fatigue life can also be miscalculated due to inadequate estimates of platform
dynamics (e.g. natural periods). For existing platform assessment, it may lead to misjudgment of platform
actual capacity (due to pre-mature foundation failure in analysis) and locations of critical structural
components (for platform repair and strengthening).

Research work and studies on fixed offshore platform performance in GOM hurricanes, funded by
MMS/BSEE, API, and industries, have been carried out for decades (Ref. 5-12, 14-15, 23-26). A general
perception indicates that pile foundations appear to be stronger and stiffer than calculated. Pushover
analysis for jacket structures to their ultimate capacities commonly indicates that the foundation governs
the capacity of the structural system. However, there are few, if any, observed pile foundation failures that
have occurred in these hurricanes.

Discrepancy between predicted and observed performance of platform foundation system may be in part
due to:

— underestimation of soil stiffness and capacity on the soil-structure interaction curves, especially the pile
foundation soil lateral p-y curves for clays;

— interpretation of geotechnical soil boring and test data;

— loading rate and cyclic effect on pile capacity under short term wave loading conditions;
— aging effect of increased pile capacity for years or decades after installation;

— platform computer modeling inaccuracies and over-simplifications;

— disproportionate redundancies associated with structure components and foundation system in existing
design practice;

— incomplete or misguided structural data and information.

Geotechnical research work, consisting of small- and large-scale pile tests, laboratory testing, and
numerical analyses, has been performed for years to check the pile foundation design and define the best-
estimate geotechnical criteria (Ref. 16-18, 20, 29-33). This culminated in the proposed draft of API/ISO RP
2GEO, 2" Edition (Ref. 3, Annex D), which systematically re-defined the soil lateral reaction formulations,
especially for clays.
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1.2 Objectives

This study, functioning as an engineering practice and exercise, is to perform structural analysis and
assessment on real GOM platforms, using field collected data, detailed structural modeling and advanced
analysis techniques, to test the best-estimate geotechnical criteria based on the proposed 2GEO update
(Annex D). The structural analyses performed are mainly in the form of nonlinear dynamic pushover
analysis.

The objectives of this study include:

— Compare the effect of different geotechnical criteria (current design API RP 2A and 2GEO, 1°t Edition
vs. proposed 2GEO, 2" Edition draft) on platform performance;

— Compare analytical model prediction to field platform performance and measurement;
— Determine and offer best-estimate geotechnical criteria based on these;
— Identify issues related to design application.

The study includes extensive work of literature review, structure identification and selection, platform field
data collection and comparison, and required structural modeling and analytical work.

This study mainly focuses on analysis of fixed offshore platforms to compare with their field performance.

Studies on subsea wellhead/conductor system have been performed by others (Ref. 13, 19, 22, 27, 28, 30,

31) and are not covered in the scope of this study.

1.3 Platform Selection

The goal of this study is to perform a direct comparison of the structure field performance and analytical

prediction. Selection of the candidate offshore platforms is key to the following work. The platform selection

criteria include the following major aspects:

— Auvailability of reliable and relevant site-specific soil data (all-clay sites preferred);

— Availability of platform historical design, installation, operation, and maintenance data, such as
drawings, models, photos, topsides weight and platform condition at storm time, platform historical

inspection reports, etc.;

— Platform performance in large storms/hurricanes, including damage or failure condition, pre- and post-
storm inspection data etc.;

— Storm/hurricane hindcast metocean data at specific sites;

— Platform monitoring or field measurement data, such as deck acceleration and vibration recording;

— Structures with minimal structural complexity (such as a caisson) preferred.

Candidate structures were screened and identified from previous research studies (Ref. 5-9, 14-15, 23-26)
and industry projects. Structural data and information were collected, and preliminary assessment was
carried out to finalize the selection to following three (3) structures in the GOM, for detailed study:

— SS-Caisson. This is a single column caisson structure, damaged in Hurricane Andrew;

— SS-Platform. A jacket type platform, damaged in Hurricane Ike;
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— ElI-Tripod. A tripod structure with platform natural frequency measurement data, survived Hurricanes
Katrina, Rita, and lke with no major structural damage.

Although these platforms have been anonymized for confidentiality reasons, their structural data and
information are all based on real platform data, historical records, and structural performance in hurricanes.

1.4 Structural Models and Analysis Techniques

The structure computer models were developed in CAP (Capacity Analysis Program, CAPFOS Inc.) using
available platform data, information, and computer models.

CAP is an advanced offshore structural analysis program developed for nonlinear static/dynamic,
pushover/failure analysis under the effect of wave, earthquake, and wind loadings. Compared to other
industry software packages, such as SACS and Sesam/Usfos, CAP provides more options for special
analysis elements, especially for pile-soil interaction, and modeling techniques tailored for more advanced
users.

This study requires a significant amount of analytical and computational work to assess the platform
performance and predict its field response in large storms. This involves fully nonlinear structural analysis
to consider nonlinear soil springs (p-y, t-z, Q-z springs), dynamic wave effects, tubular member yielding
and buckling, tubular joint damage and failure, and structural collapse with large deformation etc. The
structural models (member elements and tubular joints) developed in this study are capable of capturing
these damage and failure modes, if occurred.

The structural models developed are based on the best-estimate structural data, including best-estimate
geotechnical criteria and best-estimate structural details. Many structural details and factors may potentially
affect the analysis results. Significant effort has been made to extract correct data and accurately model
the structures to their best-estimate “as-was” conditions during the time of the concerned events. This is to
single out the effect of soil models from other structural details and factors, and to focus on the study
objectives.

Pushover analysis, in a static way as we generally imply, is a standard analysis technique to assess the
structural ultimate capacity. In pushover analysis, the lateral environmental loadings on the structure are
statically increased until the structure collapses, which also assumes a quasi-static structural response.
This is generally conservative and acceptable from a design and assessment point, but does not fully reflect
the actual cycles of structure dynamic reactions and wave responses in hurricanes. This limitation should
be noted when using the static pushover analysis.

In this study, an explicit dynamic pushover analysis technique was adopted to more accurately simulate the
dynamic wave effect on structures. This dynamic pushover analysis is to run a wave train (either regular
wave or random wave) through the structure dynamically in the time domain to monitor the structure
dynamic response and actual performance. For this specific study, this approach is considered a more
realistic and better approach than the static pushover, though computational complexity increases.

Other special structural modeling techniques have also been used in the study for specific reasons.
Although this study focuses on the best-estimate geotechnical criteria, a lesson learned is that selection of
appropriate structural modeling techniques and analysis methods is also important and should be properly
addressed in engineering practice.

1.5 Project Team

This study was funded/supported by APl Subcommittee 2 (SC2) on Offshore Structures and its resource
groups. Energo Engineering was the main interface and prime contractor for the study, and performed most
project related data gathering, analysis and reporting work.
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2 API/ISO Pile Foundation Soil Reaction Curve Update

The soil-structure interaction curves for lateral soil resistance to piles and conductors (i.e. p-y curves), as
currently formulated in API/ISO RP 2A and 2GEOQ, 15! Edition (Ref. 1, 2), tend to underestimate soil stiffness
and capacity for clays. This can result in underestimation of fatigue life and structural foundation capacity
for fixed offshore structures and floating platform riser/wellhead systems.

The current API p-y criteria for marine clay were based on Matlock (Ref. 21) and originally intended for
design of shallow water jacket pile foundations. The p-y curves tend to underestimate both initial stiffness
and ultimate resistance of lateral soil response for clays. Several p-y criteria were developed recently to
improve the prediction of structural performance for specific applications. For example, Jeanjean (Ref. 18)
proposed the monotonic p-y curves in clays and Zhang (Ref. 32, 33) proposed the corresponding cyclic p-
y curves. Zakeri (Ref. 30, 31) developed the applicable p-y curves for fatigue assessment of subsea
riser/wellhead/conductor systems. Additionally, the Jeanjean p-y curves (Ref. 16) were demonstrated to
provide a much-improved agreement on the dynamic responses of a jacket structure under earthquake
excitations than the current design APl RP 2A and 2GEO, 1%t Edition p-y criteria in a recent seismic soil-
structure interaction centrifuge test by Litton (Ref. 20).

Post-hurricane observations of fixed platform performance in the GOM have indicated that the pile
foundation capacities are higher than those established by analysis (Ref. 6-9, 14, 15, 23-26). Subsea
wellhead and conductor fatigue monitoring and analysis also predict unrealistic fatigue life due to the effect
of weak soll stiffness near the mudline (Ref. 13, 19, 22, 27, 28).

A review of the historical studies on post-hurricane observations suggest that a validation of the new clay
soil p-y curve formulations and an update to industry recommended practice is required. Updating the p-y
curve formulation for clays, as proposed in the draft version of API RP 2GEO, 2" Edition (ISO 19901-4 3

Edition) (Ref. 3, Annex D), may significantly improve the industry design and practice of fixed offshore
structures and floating systems riser/wellhead systems.

3 Assessment of Leaning Caisson in Hurricane Andrew
3.1 General

SS-Caisson is a single column caisson type of platform in the West-Central region of the GOM. The platform
was damaged with a reported 15-degree tilt during Hurricane Andrew in 1992 (Ref. 5, 24, 25).

3.2 Caisson Structure Detail

The SS-Caisson is a free-standing wellhead platform in 53 ft water depth installed in 1983 in GOM. The
original design drawings showed a 48 ft water depth, whereas the actual water depth at the caisson location
was reported as 53 ft, which is determined to be the correct water depth.

The caisson was damaged during Hurricane Andrew in 1992 with a 15-degree leaning angle at waterline.
No other structural damage was observed and reported, and it was suspected that the leaning was caused
by foundation failure below the mudline. Figure 3.1 shows a similar caisson platform leaning damage in
hurricanes.

Figure 3.2 provides the structural details of the caisson design. The major platform characteristics are:

— Caisson installed in 1983;

— Water depth 53 ft;

— Caisson & pile tubular 48”@ 1.0"~2.0” (diameter and wall thickness);
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— Marine growth thickness 1.5”, based on API recommendation;

— Caisson material A36 steel;

— Caisson soil penetration 95 ft, site soil—soft clay;

— Topsides main deck at EL(+) 14’-6” above MLW level, deck size ~ 25'x14’;

— Topsides total weight approximately 30 kips (steel+equipment+inner_string_tension);

— Caisson damaged during Hurricane Andrew in August 1992, leaning 15 degree at waterline.

The caisson has multiple inner production casings. They are not grouted in the annuli over the length of the
caisson. The diameters of inner casing strings are small (7-10”) as compared with the caisson diameter,
therefore their string tension effect on caisson compression buckling capacity is negligible. Only the caisson
tubular is considered the main structural component to contribute to structural strength.

For structural ultimate capacity assessment, the mean yield strength should be considered instead of the
specified minimum yield strength for design. Mean yield strength of A36 steel is approximately 42 ksi, which

was used to define the caisson material strength.

Figure 3.3 shows the structure computer model.

Figure 3.1—Example Caisson Platform Leaning Damage
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Figure 3.2—SS-Caisson Structural Detail
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Figure 3.3 — $S-Caisson Structure Model
3.3 Site Soil Data

The original soil boring data collected in 1983 are site-specific. The caisson site mainly consists of soft clay
in the top layers.

Historically, the shear strength of clay sample has been determined with different soil sampling and testing
methods (Ref. 29). The updated API/ISO RP 2GEO, 2" Edition formulations to calculate clay lateral
resistance (p-y curves) require the determination of the undrained shear strength profile, based on the
standard direct simple shear (DSS) testing on 3” diameter push-samples.

Therefore, the best-estimate DSS shear strength profile of the clays at site was determined from the original
soil boring samples. Figure 3.4 summarizes the procedure and the proposed DSS strength profile. This
interpreted DSS shear strength profile was used to calculate the clay p-y curves for both 2GEO, 15t Edition
and 2" Edition draft. Details of the soil boring data and shear strength calculations are documented in
Annex A for reference.
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Figure 3.4—SS-Caisson Soil DSS Strength Profile
Two (2) sets of clay p-y curves were calculated and modeled at multiple depths of the soil layers:

— p-y curve model 1, static p-y curves based on current API/ISO standards, i.e. APl RP 2A and 2GEO,
1st Edition.

— p-y curve model 2, cyclic p-y curves based on proposed API/ISO update, i.e. API RP 2GEO, 2" Edition
(Draft).

2GEO, 2™ Edition has provided guidance and comparison of p-y curves developed from both 2GEO, 1st
and 2" Editions. The difference of these two (2) sets of p-y curves developed for the site-specific soil are
also compared in Annex A.

Other soil spring curves (t-z & Q-z curves) were also created according to the formulations of corresponding
standards. These t-z and Q-z spring curves are generally identical for the two (2) soil models.

Therefore, two (2) structural models were developed, with identical structural modeling detail but using
different soil spring models.
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3.4 Hurricane Andrew Hindcast Data

Hurricane Andrew metocean data at the caisson site were primarily based on the GOMOS2014 hindcast
data by Oceanweather. GOMOS2014 metocean data include tropical storm hurricanes from 1900 to 2014.
The hurricane metocean data provide seastate time series with a 15 minutes resolution for a 7 km grid. The
grid points closest to the caisson site were identified and interpolated to define the site-specific sea state.
Hurricane hindcast data from other sources (Ref. 24, 25) were also compared and referred. Table 3.1
provides a summary of Hurricane Andrew hindcast metocean.

Table 3.1—Hurricane Andrew Hindcast Metocean

Metocean Hurricane Andrew Data
Storm tide (ft) 1.6
Wave height Hmax (ft) 42.6
Wave period Tmax (s) 12.2
Wave direction (deg) 249
Current speed Vs (ft/s) 6.0
Current direction (deg) 232
Wind speed Ws 1hr@10m (ft/s) 143.0
Wind direction (deg) 204
Notes:
1. Direction is “to which” direction, clockwise from true North in
degrees.
2. Max wave height is close to breaking wave height.
3. Wave kinematics factor 0.88.
4. API hydrodynamics definition applied.

3.5 Dynamic Pushover Analysis

An explicit dynamic pushover approach was adopted to predict the platform response to repetitive wave
loadings in this study. In this approach, the hurricane waves were dynamically run though the structure in
the time domain, pounding the platform repeatedly to accumulate deformation and/or damage on the
structure, more realistic to reflect the actual event.

For comparison purpose, both static and dynamic pushover analyses were performed in this case to gain
insight on the difference between these two (2) analysis approaches. Traditional static pushover is to
monotonically ramp up wave loading on structure until its collapse in a quasi-static way. Dynamic pushover
is to run the wave through the structure dynamically multiple times for repeated cyclic loading effect. In this
study, the focus was to simulate the hurricane wave dynamic effect explicitly and best estimate the
structural response, so as to make meaningful comparison to the real platform behavior in storm. Therefore,
dynamic pushover approach, with both wave hydrodynamics and structural dynamics explicitly included,
suited this purpose better to produce more realistic results. This is especially true for this single free-
standing caisson case, with predicted structural response to be a progressive accumulating process. For
comparison, static pushover analysis was first performed and showed that the caisson would have
completely toppled on seafloor because the global bending moment created by wave loading exceeded the
caisson pile full plastic hinge capacity.
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3.6 Results and Comparison
3.6.1 General

The caisson topsides elevation, as shown in Figure 3.3, was relatively low and therefore was fully inundated
below the waves when the hurricane hit the platform. For all waves with wave heights over 20 ft, the wave
crests should exceed the main deck level. For such case, the caisson response to wave action would be
similar for a range of waves with wave heights over 20 ft.

The Hurricane Andrew wave height at the site was actually maxed out to the shallow water breaking wave
limit. Due to this fact, a large number of wave cycles close to the maximum wave condition, and their
repeated impacts on the structure, should be expected at the time.

Given these considerations, multiple waves near the defined hurricane wave height were expected. In the
dynamic analysis, 20 cycles of hurricane wave (see Table 3.1) were run through the structure to check their
accumulated pounding effects on the platform. This is a simplified analysis approach as compared to the
more realistic random sea analysis with wave trains. Probabilistic calculation of Hurricane Andrew wave
cycles (using the Forristall distribution) indicates that the assumed 20 hurricane wave cycles reasonably
represent the number of effective waves and their effect on the structure in the storm.

3.6.2 Model with APl 2GEO, 1st Edition p-y Curves

Due to the relatively softer clay and p-y springs, the caisson pile yielded and formed a clear plastic hinge
at about 40 ft below the mudline (at a weaker section of the pile) in the first one or two wave cycles due to
the wave pounding loads. With the continued wave impacts in following cycles, the plastic hinge angle kept
increasing in each cycle and the caisson global deformation and leaning angle kept developing. After about
20 wave impacts, the caisson tilted to approximately 35 degrees and should have almost toppled after this
point.

Figure 3.5 provides a sequence of snapshots to show the platform response to wave impacts in multiple
cycles. The platform is predicted to lean more than 35 degrees after 20 wave cycles and may have possibly
toppled after Hurricane Andrew.

3.6.3 Model with Proposed API 2GEO, 2" Edition p-y Curves

The caisson pile yielded initially along a segment 30 ft below the mudline in the first one or two wave cycles
under the wave pounding loads. With the continued wave impacts in following cycles, the plastic hinge
gradually formed at around 30 ft below the mudline and caisson global rotation started to accumulate. At
around 20 wave impacts, the plastic hinge rotation stabilized at around 16 degrees of global tilting due to
the stronger soil p-y springs in top layers. It is estimated that a balance between wave loading and soil
resistance is achieved near this point.

Figure 3.6 shows a sequence of snapshots of the platform response to wave impacts in multiple cycles for
this case.
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Figure 3.6—SS-Caisson Response to Hurricane Andrew Wave Impact,
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3.6.4 Comparison

To compare the difference of two (2) soil models, the expected caisson behaviors and positions after
Hurricane Andrew impact are presented in Figure 3.7 for these two (2) cases. Figure 3.8 provides the
caisson hurricane wave load vs. global rotation curves of two dynamic pushover runs. The analysis clearly
shows that the caisson performance predicted by the stronger 2GEO, 2" Edition p-y curves closely
matches the actual reported caisson leaning position after the hurricane. If the soil lateral resistance is close
to the 2GEO, 15! Edition p-y curves, the caisson should have tilted much more or possibly toppled.

AP1 2GEO 1* edition
static p-y curves

Waterline

Close to field
observation

Mudline

16 deg r [

API 2GEO 2™ edition (draft)
cyelic p-y curves

Figure 3.7—SS-Caisson Damage to Hurricane Andrew Wave Impact
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Figure 3.8—SS-Caisson Hurricane Wave Load and Rotation
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4 Assessment of Jacket Platform Damage in Hurricane lke
4.1 General

SS-Platform is a jacket type of platform located in West-Central region of the GOM. The platform was
damaged during Hurricanes Gustav & Ike in 2008 (Ref. 12).

4.2 Jacket Platform Structure Detail

The SS-Platform is comprised of two (2) 4-pile jackets connected above waterline. The platform is located
in a 100 ft water depth and the two (2) jackets were installed in 1969 and 1972.

Figure 4.1 provides a picture of the platform after Hurricanes Gustav & Ike. Figure 4.2 shows the structural
computer model and some of the structure features and details of the original design. The platform “as-
was” condition before Hurricanes Gustav & lke are considered. The major platform characteristics are:

— Combined two (2) 4-pile jacket platforms, jackets only connected above waterline at EL(+) 7’;

— Original jacket platform installed in 1969 on the East, auxiliary jacket platform installed in 1972 on the
West;

— Water depth 100 ft;

— Original jacket piles (4) 36" 0.5"~1.5", auxiliary jacket piles (4) 42’0 0.75"~2.0";
— Jacket vertical main bracing, K braces;

— Marine growth thickness based on historical underwater inspection measurements;
— Pile & jacket main frame material A36 steel;

— Pile soil penetration 180 ft, site soil—soft clay;

— Original platform cellar deck BOS EL(+) 40’, auxiliary platform cellar deck BOS EL(+) 43’ (both incurred
wave-in-deck loads in Hurricane lke);

— Topsides main deck at EL(+) 59'-6” above MLW level, total main deck size ~ 150’x 65’;
— Topsides total weight approximately 1500 kips (steel+equipment);

— Platform damaged during Hurricanes Gustav & lke in September 2008, with tubular joint failures and
member damage/buckling.

The original jacket has a vintage 1968 design. Its tubular joint and member design does not fully comply
with the requirements of modern jacket design standards. This leads to untypical weak tubular joint and
bracing system design, and also slender bracing members, as shown in Figure 4.2.

The platform was damaged during Hurricanes Gustav & lke in September 2008. The damage was mainly
concentrated on the original jacket structure, consisted of joint failures and member damage/buckling, as
shown and described in Figure 4.3. The auxiliary jacket, though designed only a few years later, has an
improved design more compliant to modern design concepts. Therefore, no significant structural damage
was observed on that side of the platform.

For structural ultimate capacity assessment, the mean yield strength should be considered instead of the
specified minimum yield strength for design. Mean yield strength of A36 steel is approximately 42 ksi, which
was used to define the steel material.
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SS-Platform Post Hurricane lke

Figure 4.1—SS-Platform (After Hurricanes)
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SS-Platform Hurricane Ike Damage (Sept. 2008)
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Figure 4.3—SS-Platform Damage After Hurricanes

4.3 Site Soil Data

The platform site soil boring data, dated in 1979, are based on a borehole percussion sampling at
approximately 2,000 ft away from the site in the same GOM block. Three (3) other boreholes (push samples)
within 3 miles are also referred and compared. All boring data are consistent and show similar clay profile
and properties in top layers.

The updated API/ISO RP 2GEO, 2™ Edition formulations to calculate clay lateral resistance (p-y curves)
requires the determination of the undrained shear strength profile, based on the standard direct simple
shear (DSS) testing on 3” diameter push samples.

Similar to the caisson case, the best-estimate DSS shear strength profile of the clays at site was determined
from the original soil boring samples. Figure 4.4 summarizes the procedure and the proposed DSS strength
profile used to calculate soil clay p-y cures (for both 2GEO, 1%t Edition and 2" Edition draft). Details of the
soil boring data and shear strength calculations are documented in Annex B for reference.
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Figure 4.4—SS-Platform Soil DSS Strength Profile
Two (2) sets of clay p-y curves were calculated and modeled at multiple depths of the soil layers:

— p-y curve model 1, static p-y curves based on current API/ISO standards, i.e. API RP 2A and 2GEO,
15t Edition;

— p-y curve model 2, cyclic p-y curves based on proposed API/ISO update, i.e. API RP 2GEQ, 2" Edition
(Draft).

Other soil spring curves (t-z & Q-z curves) were also created according to the formulations of corresponding
standards. These t-z and Q-z spring curves are generally identical for the two (2) soil models.

Therefore, two (2) structural models were developed, with identical structural modeling detail but using
different soil spring models.
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