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CHAPTER ONE: 
INTRODUCTION 

1.0 Introduction 

TOPCAT is an analysis program intended for the preliminary structural design and assessment of 
fixed steel offshore platforms. The name stands for Template Offshore Platform Capacity 
Assessment Tools. TOPCAT is an outgrowth of the ULSLEA (Ultimate Limit State Limit 
Equilibrium Analysis) program, previously developed by the Marine Technology and 
Management Group at U. C. Berkeley. 

TOPCAT enables a user to quickly develop a simple structural model for one of several standard 
platform types and then analyze the model for the following conditions: 

Loads from the action of wind, wave and current. 
Loads from earthquakes. 
Fatigue from cyclic wave loading. 

TOPCAT is oriented towards the evaluation of major structural members (unbraced deck legs, 
diagonal braces, caisson guy-wires, piles) in platforms; features such as decks, boat-landings, 
and conductors as input as non-structural members, but are modeled for the purpose of 
determining attracted loads. The program has been developed to allow for analysis of the 
following types of platforms: 

.-- 

Four-, six-, eight- and twelve-leg jacket-type structures. The program will accept input for 
jackets which are either unbattered, b v e  symmetric baiter on one or both principal axes, or 
have a single vertical or single battered face. The legs supporting the deck section should be 
unbattered. All comer legs and main piles must be of the same type; for platforms with six 
or more legs, the interior legs and piles may be of a different type than the comer legs and 
piles. 
Three-leg (tripod) jackets. The program will accept input for tripods with either equilateral 
or isosceles plan layouts. Legs may be vertical, battered such that the centroid of the jacket 
top plan is directly above the centroid of the jacket bottom plan, or a single vertical leg may 
be specified. If a single vertical leg is specified, this leg must be opposite the odd-size face 
for jackets with isosceles plan. All comer legs and main piles must be of the same type. 
Braced (two identical braces at right angles in plan) or guyed (three identical wires, 120" 
apart in plan) caissons, with supporting braces or wires attached to vertical piles. 
Multi-jacket structures, which consist of several multi-leg jackets all supporting a common 
deck structure. The user specifies a single jacket type, and then may specify the layout of 
these jackets relative to one another. 

All platforms are assumed to be roughly symmetric, and assumed to possess no significant mass 
or projected area eccentricities which will result in torsion. The jacket-type platforms are 
assumed to be piled through the legs, but may also include skirt piles. Analysis options allow the - strength contributions of conductors, mud mats and mudline braces to be included. The soil 
beneath the platform can be specified as having up to ten layers of either sand or clay, with 
different strength properties. Users analyzing platforms with diagonal bracing have the option of 
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specifying braces or tubular joints as be grouted, or specifying braces as having significant out- 
of-straightness or denting damage. 

TOPCAT has been developed to function in the Microsoft Excel 7.0 environment together with 
Windows 95. The program consists of a single workbook, which contains all calculation, pre- 
processor and post-processor functions. Algorithms controlling the program input, output and 
calculations have been written in Microsoft Visual Basic, the macro language of Microsoft Excel 
7.0. Input files generated by the program are saved as separate workbooks consisting of a single 
Excel spreadsheet. 

How is TOPCAT Different from ULSLEA? 

TOPCAT represents major modifications to the ULSLEA series of programs. The following 
changes have been made: 

All program functions are controlled by a single Excel 7.0 workbook. Previous versions of 
ULSLEA relied upon a companion workbook to control the program menus and the taking 
and saving of input. 
Users now have the ability to directly access output tables fiom within the program, as 
opposed to having to print them out. These tables have been expanded to provide all values 
used to define the graphical output provided by the program. Output tables and graphs have 
been added for fatigue damage to tubular joints and platform horizontal mode shapes. 
Users can now enter and store data on fatigue analysis parameters and earthquake analysis 
parameters. 
Special input has been developed for caissons and tripod structures. 
Users may directly add deck bay diagonal braces, without having to "fool" the program as 
with ULSLEA v3.0. Input files from v3.0 of platforms that have deck bay bracing are 
automatically corrected to the new format used by TOPCAT. 
Users may now model jackets with a single vertical end-on face, and tripods with a single 
vertical leg. In addition, for jackets with more than six legs, users may specify the comer 
legs and piles as being of a different type than those in the center portions of the jacket. 
Users may designate up to ten soil layers of sand and clay, as opposed to a single layer. 
Users may input information on conductors and mud mats, and include these members' 
strength and stiffness contributions (along with those of mudline braces) in the foundation 
component. 
Users may input specific steel yield strengths, brace effective length factors, and joint stress 
concentration factors for individual members as opposed to defining these values globally. 
Users now have the option of using Cnoidal wave theory instead of Stokes fifth-order theory 
to define wave particle horizontal velocities. 

1.2 Getting Started with TOPCAT 

New users of the TOPCAT program should review Chapter Two, which explains the basic 
functions of the TOPCAT program, together with key assumptions and limitations, and carehlly 
read through Chapter Three, a tutorial which walks the user though the tasks of program 
installation, model preparation, analysis parameter specification, analysis, and output processing. 
It is essential that users read and understand these two chapters prior to using the program. 
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Following the reading of Chapters Two and Three, the user should review Chapter Four, whch 
Clr contains additional modeling examples. 

Users of the original ULSLEA program (v2.0, v2.1 and v3.0) can go directly to Chapter Three, 
and briefly review the program changes. ULSLEA users are encourages to review the program 
examples in Chapter Four. 

Several reports have been produced by the Marine Technology and Management Group 
(MTMG) at U. C. Berkeley concerning the theory and verification of the TOPCAT program. 
This manual makes reference to those reports; in the future, effort will be made to integrate the 
information contained in these reports into user manual appendices for ease of reference. The 
reports are: 

"A Probabilistic Screening Methodology for Use in Assessment and Requalification of Steel, 
Template-Type Offshore Platforms," by M. Mortazavi and R. G. Bea, Report to Screening 
Methodologies Project Sponsors, Department of Civil Engineering, U. C. Berkeley, January 
1996. 
"Earthquake Analysis of Offshore Platforms," by J. D. Stear and R. G. Bea, Bea, Report to 
Screening Methodologies Project Sponsors, Department of Civil and Environmental 
Engineering, U. C. Berkeley, June 1997. 
ULSLEA Enhancements: Fatigue Analysis 1 Earthquake Analysis I Additional 
Configurations," by J. D. Stear and R. G. Bea, Bea, Report to Screening Methodologies 

A - Project Sponsors, Department of Civil and Environmental Engineering, U. C. Berkeley, June 
1997. 
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CHAPTER TWO: 
TOPCAT PROGRAM BASICS 

.- 
2.0 Introduction 

This chapter reviews the basic functions of the TOPCAT program. The goal of this chapter is to 
give new users an overview of how platforms are idealized for a TOPCAT analysis, what the 
different analysis types do, and what output is returned to the user. References are made to the 
User Manual appendices, which contain complete explanations of the principals behind the 
TOPCAT strength and load calculation procedures. 

2.1 How Does TOPCAT Work? 

TOPCAT is a simple structural analysis program specifically designed to allow a user to quickly 
build and analyze models of jacket-type and caisson-type fixed offshore platforms for storms, 
earthquakes and long-term exposure to waves. The program consists of pre-processing features, 
which allow a user to quickly input the basic geometry and member characteristics of a platform 
and the environmental conditions; computational routines for storm, earthquake, and fatigue 
analysis; and post-processing features, which allow a user to obtain graphical and tabular output 
on the analyses performed. 

TOPCAT idealizes platforms as a series of structural sections or components, as shown in Figure 
2-1. 

Figure 2-1 : Structural Sections of a Jacket Platform 
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Jacket-type platforms are made up of the following components: a deck bay, jacket bays, and a 
foundation level. Deck and jacket bay components have a strength and a stiffness on each of the 
two principal horizontal axes; rotation about these axes is ignored (see Figures 2-2 and 2-3). 

Deck 
(assumed to act as Each leg provides: 

8s 
PU-BS~ k~~ 

I< PWEO~ k0 
\ 

Plane of Horizontal Frame 
(frame is assumed to act as Deck Leg Total Deck Bay k,=C k, of all legs 

rigid diaphragm) 
Total Deck Bay Pu-i=C Pwi of all legs 

Figure 2-2: Deck Bay Component (Unbraced Deck Bay) 

End-On Diagonal 
Braces n 

I 
Horizontal 

8s 

Broadside Diagonal 

(assumed to act as 
rigid diaphragms) 

In plane of BS or € 0  frames: Horizontal Component of Brace Capaci : PUU=PUi.cos0 2' p,, k Horizontal Stiffness of Brace: 16_1= hcl.cos 0 

verW 

B a y ~ ( j = € 0 0 r B S ) = C ~ ~  
Bay Pdi (lower-bound) = (P,MLF-I~~~LTF-~~).C 

Lateral Bay Pwli (upper-bound) = C P,&I, 

MLTF=Mat Likely to Fail Bracing M e m h  

Figure 2-3: Jacket Bay Component 

2-2 
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The strengths and stiffnesses are defined by the major structural elements which make up the 
component: column leg elements for the deck bay (if it is unbraced), tubular brace elements for 

,+-. the jacket bays (and deck bay if it is braced). Bracing elements are assumed to provide strength 
and stiffness only along the axis of the brace; therefore, braces in the broadside frames do not 
provide resistance in the end-on frames, and vice-versa. The foundation level component has 
strength and stiffness on both principal horizontal axes, as well as strength and stiffness for 
rotation about these axes (see Figure 24) .  The strengths and stiffnesses of the foundation level 
are defined by the piles which make up the foundation and, if specified as an option, also by 
conductors and mudline elements such as mud mats and mudline fiaming via bearing and sliding 
resistance. 

Jacket Base 
(assumed to act as - 

rigid diaphragm) 

P~I-' soil 1 

Each element provides: 

P"-es, kes 

Po-EO, ~ E O  

Piles 

Mats, Braces on Soil 

CGiswhaspWormEOnndBSueslntsrrect 

Lateral k,=C k, of all piles and mudline elements 
Lateral PA=C PWi of all piles and mudline elements 

Vertical k,=C k, of all piles and mudline elements 
Vertical P,=C P, of all piles and mudline elements 

Rotation L = C  kZ.l~co2 of all piles and mudline elements 
Rotation M&=C P M . L G  of all piles and mudline elements 

Figure 2 4 :  Foundation Strength and Stiffnesses 

Tripod jackets have component strengths and stiffnesses developed for the horizontal axes 
shown in Figure 2-5. Torsion is not included in the formulation. 
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Sides A, B must have equal lengths 

Frame A, B element strengths and 
stiffnesses are projected to BS axis 
to obtain components' BS strengths 
and stiffnesses 

i Frame A, B element strengths and 
stiffnesses are projected to EO axis 
to obtain element contributions to EO 
strengths and stiffnesses together 
with Frame C elements 

Figure 2-5: Tripod Principal Axes 

Caissons are assumed to consist of the following components, as shown in Figure 2-6: a top 
section, which is the portion of the platform above the bracing or guying point, and a supported 
section, which is the guyed or braced section. The strength and stiffness of the supported section 
are defined by the following series system: connection of support to the caisson, the support 
(brace or wire), and the support foundation (pile). 

Supported 
Section I 

Figure 2-6: Structural Sections of Caissons 

Caisson supports must be identical, i.e. the caisson must be supported by either two identical 
braces or three identical wires. As such, a caisson's strength and stiffness are formulated for 
only one axis. 

In addition to structural components, a TOPCAT model includes non-structural components. 
These include decks, boat landings, and appurtenances in the structural bays such as conductors 
and other piping. The non-structural components serve as load-attractors: their projected areas 
serve to generate additional hydrodynamic and aerodynamic loads, and their masses will affect 
the vibration properties of the platform. Deck components are located at the top of the deck bay; 
the boat landing is located at the top of the first jacket bay, and appurtenances exist in any bay. 

TOPCAT allows a user to perform the following assessments: 
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a 

A deterministic or probabilistic demand-capacity analysis of the platform for storm loading, 
with platform capacity defined on the two principal axes of the platform. 
A deterministic or probabilistic demand-capacity analysis of the platform for earthquake 
loading, with platform capacity defined on the two principal axes of the platform. 
A Miner's Rule-type fatigue analysis focused on the tubular joints to whlch the main 
diagonals are connected (or connection by which brace or wire is attached to a caisson), 
using stresses associated with wave action on the two principal axes of the platform. 

Each of these analysis procedures is summarized in the following sections. Where necessary, the 
user is referred to the appendices for further detailed information. 

2.2 Storm Analvsis 

For storm analyses, TOPCAT performs what is referred to as pure demand-capacity analysis. 
Instead of performing a conventional structural analysis (formulating a complete stiffness matrix 
for the entire platform model, applying a load vector to the model, solving for the displacements 
induced by the load vector, and then using the displacements to find forces induced in the 
platform components), TOPCAT formulates strength capacities for the different individual 
components, and then compares these component strength capacities with the loads each 
component must resist. These storm loads, calculated from wind, wave and current, are 
determined assuming the platform is a rigid structure, hence there is no need for use of a 
complete structural stifiess matrix. 

-- . 
Strength capacities for the different platform components are estimated by application of plastic 
analysis. Based on a presumed failure mode for the component, the load needed to force the 
component to the failure state is estimated; this load is thus taken to be the load capacity of the 
component. The basics of how these strengths are derived will be summarized; users desiring 
detailed information on the formulation of deck bay, jacket and foundation component strengths 
are referred to Appendix B (for leg and jacket members) and Appendix G (for foundation 
members). 

The failure mechanisms used to find the load capacities of jacket-type platform components are: 

Simultaneous hinging of the tops and bottoms of columns in an unbraced bay with lateral 
load applied at the top, as in Figure 2-7. 
Buckling and yielding of diagonal braces, or yielding or collapse of tubular joints to which 
braces are connected, in a braced bay with lateral load applied at the top, as in Figure 2-8. 
Both a lower-bound and an upper-bound capacity are estimated; the lower-bound is the load 
needed to force the weakest member in the bay to fail, while the upper-bound is based on the 
post-yield and post-buckling strengths of all members in the bay. 
Simultaneous yielding of all piles in a two-hnge mechanism with lateral load applied at the 
pile top, or by shear failure in the supporting soil, as in Figure 2-9. 
Rotation of the foundation to the first incidence of axial yielding of a pile, by either yielding 
of the pile steel or by yielding of all supporting soil around the pile, as in Figure 2-10. 
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Figure 2-7: Component Mechanism for Lateral Capacity of Unbraced Bays 

Figure 2-8: Component Mechanism for Lateral Capacities of Braced Bays 

Hinging of Piles Bearing Failure Along Entire 
Pile Length 

Figure 2-9: Lateral Foundation Mechanism 
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Figure 2- 1 0: Overturning Foundation Mechanism 

Limited demand-capacity interaction is accounted for in each of these strength capacity 
formulations. For unbraced bays, the maximum plastic hinge moment for each column (leg) is 
determined assuming M-P interaction between the moment and the axial load supported by the 
column. This load is the deck load, which is assumed to be shared equally by all columns in the 
bay. In addition, the lateral capacity of the bay is reduced by the P-A force associated with the 
deck load and the lateral deflection of the bay top reached when the assumed failure mechanism 
forms. 

For braced bays, the buckling capacities of diagonal braces are calculated using a three-hinge 
.... buckling formulation whch takes into account the presence of distributed local hydrodynamic 

load as calculated from wave and current action. These capacities may be formulated assuming 
the member has significant curvature, has dent damage, or has been grouted. In addition, the 
horizontal component of the axial force (from overturning) in battered legs is added to the 
effective lateral capacity of the bay. A reduction in effective capacity is taken for jacket bays 
immediately beneath an unbraced bay due to the moments which will be induced in the tops of 
the legs in the braced section. 

For foundation lateral capacity, the maximum plastic hinge moment for each pile is determined 
assuming M-P interaction between the moment and the axial load supported by the pile. This 
load is the deck load, assumed shared equally by all main piles, and the pile self-weight; axial 
load from overturning is not included by the program for resolution of P-M interaction, as this 
load is assumed to be taken by the soil surrounding the pile. The jacket weight is assumed to be 
supported by mud mats and mudline elements. The horizontal component of the axial force 
(from overturning) in battered piles is added to the effective lateral capacity of the foundation 
level. The axial capacities of piles, used for establishing the platform overturning capacity, are 
reduced by both the pile's self-weight and the pile's share of deck load, if any, prior to 
determining the maximum supportable overturning moment. 

Tripod capacities are developed much the same as for standard jackets, although the capacity is 
developed for the axes shown in Figure 2-5. Users should refer to Appendix D for further 
information on tripod demand and capacity formulations. 

,-,-- 

The mechanisms used to define the capacities of braced and guyed caissons are: 
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Hinging of the unsupported section above the point of support, Figure 2- 1 1 : 

Figure 2- 1 1 : Hinging of Unsupported Section of Caisson 

Failure of the connection-support-pile series system which supports the caisson against 
lateral load (Figure 2-12): 

Connection Wire Yielding or Brace Buckling Anchor Pull Out Anchor Side Slip 

Figure 2-12: Supported Section of Caisson Mechanisms 

The calculations used to determine the caisson capacities are documented in Appendix D. 

Wind, wave and current loads acting on the platform are calculated based on the projected areas 
of structural and non-structural platform components (decks, boat landings, appurtenances), 
assuming all loads are proportional to the square of the fluid velocity. The user specifies drag 
coefficients to use for decks and tubular members. For the purpose of estimating wave loads, the 
structure and non-structure areas are all assumed to be located at the wave crest, where fluid 
velocity is at maximum and fluid acceleration is at minimum; the inertial (fluid acceleration- 
based) component of the wave hydrodynamic force is neglected. Wave kinematics used in the 
calculation of hydrodynamic loads are calculated using either Stokes fifth-order theory or 
Cnoidal wave theory. The program uses the chart below to determine the range of applicability 
of each theory: 
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-..~ 

Figure 2-13: Range of Wave Kinematic Theory Applicability 

- The user is allowed to specify current blockage and a wave kinematics factor to modify the 
kinematics used to determine loads. Users desiring further information of the procedures used to 
calculate wave kinematics and hydrodynamic loads are referred to Appendix A. 

The forces from wind, wave and current are used to determine the shear and overturning moment 
the platform is subject to, assuming the platform is a rigid structure. The shear at each level in 
the structure is compared to the strength capacity of the component at that level (Figure 2-14), 
while the overturning moment is compared to the moment capacity of the foundation. 

The program will return to the user the following information: 

Lateral strengths of all platform components for both principal directions of loading. 
Foundation overturning capacity. 
Axial strengths of all diagonal braces in the platform, formulated including the presence of 
local hydrodynamic load, or supporting wires if a guyed caisson. 
Axial and lateral strengths of all piles. 
Surface loads which must be supported by all mudline elements in order to function as 
sources of foundation strength. 
Connection loads for conductors. 
Water kinematics for wave and current. 
Shears induced by aero- and hydrodynamic loading at each component level of the platform, 
for both principal axes of loading. 
Overturning moments induced by aero- and hydrodynamic loading, about both principal axes 
of loading. 
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South Pass 62 A 

END-ON LOADING: STORM 
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1. Profile of storm shears imposed on platform by user-specified wind, 
wave and current 

2. Lateral load capacity of deck bay 
3. Lower-bound lateral load capacity of a jacket bay 
4. Upper-bound lateral load capacity of a jacket bay 
5. Lateral load capacity of a jacket bay based on tubular joint connection 

failure as opposed to diagonal brace failure 
6. Lateral load capacity of foundation 

Figure 2-14: Graphical Display of Storm Shear Imposed on Platform 
Plotted Together with Platform Component Lateral Capacities 

(Deck Bay, Six Jacket Bays, and Foundation Lateral Mechanism) 

In addition to the demand-capacity analysis, the user may also perform a limited reliability 
analysis. When the user supplies information on the uncertainties associated with the different 
strength components and loading mechanisms, the program will, using the component strengths 
and storm loads described above as the mean component strength and mean component demand, 
and applying mean-value first-order second-moment reliability theory with a linear limit-state 
function (capacity minus demand), determine the reliability of each component (Figure 2-1 5): 

The reliability is expressed as a safety index, fl  Assuming the platform capacity to be governed 
by the capacities of its components as a series system, the platform will fail when any one of its 
components fails. Therefore, the overall reliability of the platform will be equal to the lowest 
component reliability determined for each principal direction. Users desiring further 
information of the calculation procedures used to estimate platform reliability are referred to 
Appendix H. 
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South Pass 62 A 

END-ON LOADING: STORM 
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Figure 2-1 5: Graphical Display of Component Reliability 

P.., 2.3 Earthquake Analvsis 

For earthquake analysis, TOPCAT preserves the demand-capacity format for assessing platform 
performance, but some conventional structural analysis is necessary to determine the demands 
on components. TOPCAT uses the modal response spectrum method to determine earthquake 
loads. For jacket-type platforms, the primary tower shear, tower bending, foundation shear, 
rotation and uplift force-displacement mechanisms are used together with structural and non- 
structural member masses, including added mass for submerged components (added mass 
coefficient is specified by the user), to develop simple response models for both principal 
horizontal and the vertical directions. Users desiring more detailed information should review 
Appendix E. 

A simple approach is taken to determining the horizontal and vertical responses of a platform. 
For horizontal response, it is assumed the displacements are reflected by shear deformation in 
the deck bay and jacket bays. Modal analysis is thus applied to find the periods and mode 
shapes of the platform assuming a fixed base and only considering shear deformations; masses 
are lumped at the deck level and between the bay sections, hence giving the number of 
horizontal DOF as one plus the number of jacket bays. Rotational inertia of the platform 
horizontal cross-sections is ignored. The first horizontal period in each direction is then 
modified by a lengthening process to account for the additional flexibility of the foundation and 
tower. For vertical response, a simplified vertical model including only the pile axial and 
mudline element stifiesses and the mass of the entire structure is used to estimate the first 

" vertical period; vertical response is treated as SDOF. Figure 2-16 depicts the models for 
horizontal and vertical response: 
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stiffness of 
component 

Masses m lumped at deck 
and horizontal frames 

First horizontal mode periods 
are lengthened to account for 
foundation flexibility and tower 
bending 

Platform Simple Horizontal Response 
Model for Steel Structure 

Figure 2-16A: Horizontal Response Model for Jacket-Type Platform 

Platform 

Total mass M lumped at 
deck level 

Series spring made up of 4- a legs and piles 

Simple Vertical 
Response Model 

Figure 2-16B: Vertical Response Model for Jacket-Type Platform 

Tripod response models are developed for the two axes shown in Figure 2-5. This formulation 
does not account for any torsion arising from mass or stiffness eccentricities. Further 
information on tripod stiffnesses is contained in Appendix D. 

Caissons are idealized as 2 DOF systems for lateral response, and a simple 1 DOF system for 
vertical response, as shown in Figure 2-17. For lateral response, the stiffness of the top section is 
the bending stiffness of the unsupported section, while the supported section stiffness is a 
parallel spring made up of the caisson and a series spring made up of the support and its anchor 
pile. For vertical response, the stiffness is a series system made up of the axial stiffness of the 
unsupported section and a parallel system made up of the supported section of the caisson and 
the support-anchor series systems. 

Modal responses, and hence the total demands on platform components, are calculated using the 
API Response Spectrum (API, 1993) shown in Figure 2-18. The program can include up to three 
modes on each of the two principal horizontal axes, and also includes the first vertical mode. 
The user may choose either ABS or SRSS modal combination rules. 
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Platform component capacities are determined using the same procedures described in the storm 
anaIysis section, except that local load on diagonal braces is established from the response 

,-&.,. spectrum. The local acceleration acting perpendicular to the axis of the brace is assumed to be 
equal to the peak spectrum value (which for the API spectrum is ZPA x 2.5). 

Total mass M lumped / at deck level 

caisson section Masses m Series spring made up 
lumped at deck , of supported and 

k = k o f  + and support ' unsupported section 

support elements point i 
TST 

Caisson Simple Horizontal Simple Vertical 
Response Model Response Model 

Figure 2-1 7: Caisson Response Models 

S P E R C E N T  O F  

SA/G : 2 . 5  
C R I T I C A L  D A M P I N G  

- - - - - S A  = S P E C T R A L  A C C E L E R A T I O N  

- 
S * S A  = S P E C T R A L  V E L O C I T Y  - 

1 - SO -2  S A  = S P E C T R A L  O I S P L A C E M E N T  

P E R I O D - T - S E C O N D S  

A ROCK - CRYSTALLINE CONGLOMERATE OR SHALE LIKE 
MATERIAL GENERALLY HAVING SHEAR WAVE vELOC~T~ESIN 
EXCESSOF 914M'SEC1XCOFl  SECI 

B SHALLOW STRONG ALLUVIUM - COMPETENT SANDS SILTS 
AND STIFF CLAYS WITH SHEAR STRENGTHS IN EXCESS OF 
ABOUT 71 I P a l l X U  PSF I LIMI~ED TO OEPTHS OF LESS THAN 
ABOUT 61 M I~WFI I  &NO OVERLYING ROCK LIKE MATERI 
ALS 

C OEEP S I I O N G  ALLUVIUM - COMPETENT SANOS SILTS AND 
STIFF CLAYS WITH THICKNCSSES IN EXCESS Of ABOUT 
61  M I ~ ~ F T ,  AND OVERLYING ROCK LBKE MATERIALS 

Figure 2- 18: API Response Spectrum 
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The P-M interaction relationship used to estimate the plastic hinge moment in u~lbraced deck 
legs does not include the force from vertical response of the platform; this is assumed to be taken 
by the soil surrounding the pile. To calculate the rotation capacity of the foundation, the axial 
strengths of the piles are first reduced by the force from vertical response, which is assumed to 
be shared equally by all piles. 

The program will return to the user the following information: 

Lateral strengths of all platform components for both principal directions of loading. 
Foundation overturning capacity. 
Foundation vertical capacity. 
Axial strengths of all diagonal braces in the platform, formulated including the presence of 
local acceleration load, or axial strengths of supporting guy-wires 
Axial and lateral strengths of all piles. 
Axial and lateral stiffnesses of all piles. 
Surface loads which must be supported by all mudline elements in order to h c t i o n  as 
sources of foundation strength. 
Connection loads for conductors. 
Mode shapes and periods for up to three modes on each of the two horizontal axes, and the 
first vertical period. 
Shears induced by earthquake loading at each component level of the platform, for both 
principal axes of loading. 
Overturning moments induced by earthquake loading, about both principal axes of loading. 
The vertical force from earthquake loading. 

The user may also perform a limited reliability analysis for earthquake loading. When the user 
supplies information on the uncertainties associated with the different strength components and 
the earthquake response spectrum ordinate, the program will, using the component strengths and 
earthquake loads described above as the mean component strength and mean component 
demand, and applying mean-value first-order second-moment reliability theory with a linear 
limit-state function (capacity minus demand), determine the reliability of each component. The 
overall reliability of the platform will be equal to the lowest component reliability determined 
for each principal direction. 

2.4 Fatigue Analysis 

The TOPCAT fatigue analysis is oriented towards assessing the accumulated fatigue damage, 
and hence expected fatigue life, of main lateral load-carrying member connections. For jacket- 
type platforms, these are diagonal brace tubular joint connections, as shown in Figure 2-19. For 
caissons, the focus is on three locations: the connections of the main supports, in the caisson 
directly above the point of support attachment, and in the caisson at the mudline, as shown in 
Figure 2-20. 

Conventional structural analysis methods are used to estimate the fatigue stresses at the joints. 
Using forces estimated from a storm loading pattern, the axial forces in all diagonal bracing 
members or guy-wires are estimated. This analysis is performed only on the principal axes of 
the platform, and it is assumed that members in one set of frames or support direction to not 
contribute resistance to the other set or direction. 

2-14 
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Figure 2- 19: Diagonal Brace Joint Connections 

Figure 2-20: Fatigue-Critical Areas in Caissons 

The axial force in each brace or wire is converted to stress, which is then modified by either 
user-supplied or program-calculated stress concentration factors (TOPCAT calculates stress 
concentration factors for tubular joints from using the relationshps in Table Commentary F.l-1 
from API RP2A-LRFD, 1993). In addition to the stress from axial force, bending stresses at 
brace ends due to bending induced by local hydrodynamic loads are calculated. These stresses 
are also modified by user-supplied or. program calculated stress concentration factors. The 
stresses are based entirely on loads in-plane with the frame or section in which the member is 
located. No out-of-plane loads are considered. 

Once the stresses have been calculated, the program applies a simplified Miner's-Rule approach 
to estimate the accumulated damage, and hence the fatigue life, for each diagonal brace joint or 
support attachment point. The approach used is described in Appendix F; stresses at joints are 
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assumed proportional to a "fatigue design" wave height loading pattern. The stresses are 
combined with information on the number of cycles of waves at the platform location, to obtain 
the total number of stress cycles. The wave cycle information is assumed to consist of two parts, 
as shown in Figure 2-2 1 ; a nominal condition spectrum and a storm condition spectrum. 

N. NUYBER Cf WAVES EXCEEDING n ( C Y C L E S  PER 100 YR5.I 

I I 
Where: H,, is the maximum normal wave height over period T. 

H, is the maximum hurricane wave height over period T. 
N., is the number of wave cycles from normal distribution over period T 
N, is the number of wave cycles from hurricane distribution over period T. 
T is the duration of the long-term wave height distribution. 
, is the parameter de f i n i n~  the'shape of the Weibull normal distribution. Value of 1.0 corresponding to the 

exponentisl distribution results in a straight line. 
, is the parameter defining the shape of the Weibull hurricane d~rtr~but ion. 

Figure 2-2 1 : Sample Two-Part Wave Height Distribution (API RP2A-LRFD, 1993) 

The user specifies both the slope and the intercept of the S-N curve used to evaluate behavior of 
the joint or connection, as shown in Figure 2-22. 

The program returns to the user: 

The accumulated fatigue damage at each diagonal brace-joint (or support connection and 
caisson seams). 
The expected fatigue life of each diagonal brace-joint (or support connection and caisson 
seams). 

NOTE: Uses must be aware that this analysis is extremely approximate, and is not intended to 
provide actual fatigue life values. The numbers generated are intended to provide guidance in 
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ranking connections relative to one another, so that a user can quickly establish which joints 
might be problematic relative to others. 

#% 

PERMISSIBLE CYCLES OF LOAD N 
NOTE - These curves may be represented mathemat~cally as 

N = 2 1 0 s ( A z ) . m  

where N 1s the perm~sslble number o f  cycles lor appl~ed cycllc stress range 10, with l o r e f  and m as listed below. 

AO ref rn 
STRESS RANGE AT INVERSE ENDURANCE LIMIT AT 

CURVE 2 MILLION CYCLES LOG-LOG SLOPE 2W MILLION CYCLES 
X 1W MPa (14.5 k s ~ )  4.38 35 MPa (5.07 ksi) 
X' 79 MPa (1 1 4 ks\) 3.74 23 MPa (3 33 ksi) 

Figure 2-22: Example S-N Curve 

2.5 Program Limitations 

Users must be aware of the key simplifying assumptions and limitations of the TOPCAT 
program : 

The program only assesses structural behavior on the principal axes of the platform. While 
loads may be declared for directions between these axes, the program will resolve the loads 
into principal axes components. Torsional loading is not currently considered. 

--" 
The program assumes horizontal bracing members either do not cany significant load, or are 
not in danger of failing from the loads they do carry, and hence are not analyzed as structural 
members. It is important for users to understand that some bracing configurations, such as 
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K-braces or single braces oriented in the same direction, will have horizontal members which 
are subject to loads equal to the horizontal component of the load of the diagonal braces with 
which they are associated, as shown in Figure 2-23. These braces may need to be checked 
separately by the user to ensure they are not the weakest elements in the load path. 

Loads Applied at Jacket Top 
P P P 

Loads Transferred to Piles 

Figure 2-23: Horizontal Braces in the Load Path 

X-braces are assumed to buckle only in-plane, in the mode shown in Figure 2-24: 

Figure 2-25: Buckling of X-braces 

All joints in the platform are modeled as simple joints as per API RP2A-LRFD (1993). The 
equations used to develop joint punching and pullout capacities are very conservative, and 
hrthermore, it is known that the simple joint procedure is far too conservative for modeling 
joints between braces of similar sizes, such as an X-brace intersection or the connection 
between braces in a K-configuration and the supporting horizontal brace. 
The program assumes piles above the mudline are of uniform construction, and hence only 
need to be checked for axial force from overturning at the base, where moment is a 
maximum. This may not be true for newer platforms which are not piled through the legs, 
which often have very dfferent sections connected together to form legs. The program also 
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assumes that jacket legs on standard platforms are not in danger of failure, as they are not 
considered to carry significant load. 
Foundation elements are treated as sharing load equally, irrespective of local stiffnesses. 
This may be inappropriate in some cases, such as when piles have dramatically different 
stiffnesses, or, more likely, when more flexible elements such as conductors, mud mats and 
mudline braces are included in the capacity formulation. Some of these more flexible 
elements may be unable to achieve full capacity before some of the stiffer platform elements 
fail completely and suffer strength loss. 
Interaction between pile lateral and axial demand-capacity behavior is not considered by the 
program. The program currently uses loads from gravity to determine P-M interaction when 
determining the plastic moment capacity of piles. Vertical loads from overturning and 
earthquake vertical response are not accounted for; it is assumed that these loads are quickly 
shed with depth due to friction from the surrounding soil. Deck structure weight is assumed 
to be carried by the main piles, while jacket weight is assumed to be supported by mudline 
elements. This may be an inappropriate assumption is certain instances; for example, when 
soil has been scoured away around the mudline elements, or when a jacket has settled over 
time due to creep in the soil. 
Uses must be aware that the fatigue analysis is extremely approximate, and is not intended to 
provide actual fatigue life values. The numbers generated are intended to provide guidance 
in ranking connections relative to one another, so that a user can quickly establish which 
joints might be problematic relative to others. Also, the program is limited in what critical 
locations it can evaluate. 

Users should be sure they understand the implications of these limitations and analytical 
simplifications. 
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CHAPTER THREE: 
USING THE PROGRAM 

3.0 Introduction 

The goal of this chapter is to familiarize the user with using the TOPCAT program. The user 
will be shown how to install and start the program, and the basic program features will be 
demonstrated. 

Using a small platform as an example, the user will be walked through the process of buildmg a 
platform analysis file for a standard jacket-type platform. This will familiarize the user with use 
of the TOPCAT input interface. Once the user has finished building the example analysis file, 
the user will be walked through the different analyses whch TOPCAT can perform. This latter 
part will include getting the user familiar with using the TOPCAT output interface. Paragraphs 
headed by the word TUTORIAL denote special information relevant to completing the tutorial 
exercise contained in this chapter. 

3.1 Program Installation and Startuu 

The TOPCAT program has been developed to work in the Microsoft Excel v7.0 environment. 
The program uses Excel spreadsheets to store platform analysis file data, to hold values for 
graphing results, and to make output tables. Excel charts are utilized to present graphical output. 
TOPCAT is menu-dnven, and input is handled via a series of dialog boxes which are called up 
by the input menu. 

Installing TOPCAT: 

The TOPCAT program consists of one Microsoft Excel v7.0 workbook, TOPCAT.xls. This file 
may be found on the software distribution diskette issued with this manual. Make a suitable 
directory on the host machine, and copy this file to the directory. 

To start TOPCAT: 

Follow these steps: 

1. Open Microsoft Excel v7.0. 
2. Close the blank workbook. If this is not done, TOPCAT may not function properly. 
3. Choose OPEN from the FILE menu; locate and select TOPCAT.xls and press OPEN. 

l%s starts the process of opening the TOPCAT workbook program. The TOPCAT background 
screen will appear and the usual Excel menu will be replaced by the TOPCAT menu, as shown 
in Figure 3-1. The program is now ready for use. 

TUTORIAL: The user should follow the above steps, installing the program and then starting it. 
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Figure 3-1: TOPCAT Program Environment in Excel 

3.2 TOPCAT Operating Environment and Menu Structure 

The TOPCAT program has five main menu items: 

The FILE menu. The items in this menu control the opening of existing platform analysis 
files, the saving of platfirm analysis files, the closing (without saving) of platform analysis 
files, and the creation of new (blank) platform analysis files. This menu also allows the user 
to print output, as well as exit the TOPCAT program and return to Excel. These menu items 
are shown in Figure 3-2; their use is described in Section 3.3. 
The INPUT menu. This menu controls the input preprocessor functions of TOPCAT. Using 
this menu, a user can build a platform analysis file. The user also uses this menu to set one 
or more analysis options which will control how certain analysis tasks are performed The 
menu has three sub-menus: ENVIRONMENT, GLOBAL PARAMETERS, and LOCAL 
PARAMETERS. The INPUT menu and the sub-menu items can be seen in Figures 3-3,3-4 
and 3-5. Use of the INPUT menu to construct a platform analysis file is described in 
Sections 3.4,3.5 and 3.6. 
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Firmre 3-2: TOPCAT FILE Menu 

Figure 3-3: TOPCAT INPUT Menu, with ENVIRONMENT Sub-menu 
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Figure 3-5: TOPCAT INPUT Menu, with LOCAL PARAMETERS Sub-menu 

3-4 
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Figure 3-6: TOPCAT ANALYSIS Menu 

Baun LLsllJd -.- - *- ------- -. 

Figure 3-7: TOPCAT OUTPUT Menu, with STRUCTURE Sub-menu 

3-5 
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The ANALYSIS menu. This menu controls the start of the three program analysis options. 
The user simply selects the desired option, and the program will perform the necessary 
calculations. This menu may be seen in Figure 3-6. Use of the ANALYSIS menu, and the 
OUTPUT menu, is described in Sections 3.7,3.8 and 3.9. 
The OUTPUT menu. This menu acts as a post-processor for TOPCAT. With the items on 
this menu, a user can view the various graphs and tables which are produced when TOPCAT 
performs an analysis. The menu contains one sub-menu, STRUCTURE. The OUTPUT 
menu may be seen in Figure 3-7. Use of the OUTPUT menu, and the ANALYSIS menu, is 
described in Sections 3.7,3.8 and 3.9. 
The RETURN menu. l lus  menu is simply a switch which returns the user to the TOPCAT 
input environment, after examining graphs and tables. It is recommended, but not required, 
that users always use this menu item to return to the TOPCAT input environment after 
reviewing output but before making any changes in an analysis file. 

3.3 Usinn the FILE Menu 

When a user enters data in TOPCAT, the program creates a new Excel workbook consisting of a 
single sheet, and then stores the data in the cells of ths  sheet. This new workbook thus becomes 
the platform analysis file for whatever platform is being modeled. A user may save this file at 
any time, and previously-saved files may be opened again. One platform analysis file holds all 
data on the platform structure and on the three load cases (storm, earthquake and fatigue). 

The FILE menu is used to create new (blank) input files, open and close existing input files, save 
input files, as well as control the printing of output and exiting the program. Each of the menu 
items is described below: 

This item closes without saving any open input file, and then creates a new blank input file. This 
menu item is used to dump a currently open input file from memory and start a new one. 

Open 

When this item is selected, the user may open previously-saved input files. If this item is 
selected while an input file is already open in TOPCAT, the file currently open will be closed 
without saving, and the new file will be opened in its place. 

Close 

When CLOSE is selected from the FILE menu, the current analysis file is closed, giving the user 
an opportunity to save any changes, and a new blank file is opened in its place. 

This item allows a user to save the current open input file. The program asks for a file name, 
and allows the user to specifL the directory where the file will be saved. The input file is kept 
open in TOPCAT. 
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TUTORIAL: In the course of the tutorial steps in this chapter, the user will be asked to assemble 
-. an input file. At any time during the tutorial session, the user may save the partially-completed 

input file, and then exit the program. The user may return to the tutorial exercise by starting 
TOPCAT, and then opening the previously-saved example input file. 

This item activates the printing options dialog box, as shown below. The items on the dialog 
box are the tables and graphs whch can be viewed with the OUTPUT menu. The user simply 
checks which tables and graphs are desired for printing, and then clicks OK. The selected 
graphs and tables will be printed. 

I 

I 
I r ~~d s b a u e  ma 
I 

i 
I 

1 T Main D i a p l  - EO 
I 

i 
L I 
1 r M & I D ~ - B S  I 1 i 

Figure 3-8: Printed Output Selection 

Exit - 

When this item is selected, the TOPCAT program will close any open input file, and then close 
the TOPCAT workbook. The user will be returned to the Microsoft Excel environment. The 
user is NOT gven the option to save changes to the input file when EXIT is selected, so users 
should be sure to save their work using SAVE prior to exiting TOPCAT. 

3.4 Starting an Input File 

- To analyze a platform using TOPCAT, the user must build an input file. This file will contain 
the following information: 
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Platform type and global dimensions. 
Location and sizes of main structural members: legs, diagonal braces (or wires, for caissons), 
joint connections for diagonal braces, and piles. 
Location, sizes and masses of non-structural members: decks, appurtenances, and horizontal 
braces in the platform, which are not modeled as structural members. 
Location and sizes of optional structural members, such as mud mats and conductors. 
The soil profile beneath the platform. 
Analysis parameters such as material strengths, buckling strength and post-buckling strength 
factors for diagonal braces, and load and strength biases and uncertainties. 
Load coefficients used to estimate aerodynamic, hydrodynamic and inertia (earthquake) 
loads. 
Storm, earthquake and fatigue parameters for the different types of analyses. 

Thls information is declared in three stages: 

1. Defining global characteristics of the platform, i.e. type, dimensions, arrangement of braces, 
piles, and non-structural elements, soil characteristics below the platform, and various 
analysis parameters such as biases and force coefficients. 

2. Defining the local characteristics of platform structural and non-structural elements, i.e. 
diagonal brace Qameters, thicknesses, steel yield strengths, joint connections, deck 
dimensions and weights, etc. 

3. SpecifLing the storm, earthquake and fatigue parameters for analysis cases; i.e. wave height, 
wave period, current velocity, wind speed, earthquake response spectrum ZPA, fatigue stress 
nominal wave height and other load-associated variables. 

Sections 3.5, 3.6 and 3.7 of this chapter guide the user through the process of completing these 
tasks when developing input for a four-, six-, eight- or twelve-leg jacket. Use of the INPUT 
menu items is explained, and their application is demonstrated through reference to a tutorial 
exercise involving the input and analysis of a small four-leg platform. Additional modeling 
examples, namely a tripod, a braced caisson and a guyed caisson, are contained in Chapter Four. 
Users desiring to build input files for tripods and caissons should review this chapter first, and 
then proceed to the examples in Chapter Four. 

3.5 Defining Global Parameters 

A user starts building an input file by defining what are termed "global parameters": 

The platform type: three-, four-, six-, eight-, twelve-leg jacket, or guyed or braced caisson. 
The overall dimensions of the platform structure: base dimensions, number of jacket bays, 
bay heights. 
General structural and non-structural information: the number of diagonal braces in both the 
end-on and broadside frames, the number of horizontal braces in the bottom of each bay, the 
number of decks. 
Structure materials: default steel yield strength, modulus of elasticity, default brace buckling 
length factor, brace post-buckling strength. 
Soil properties: the number of soil layers, and the makeup and strength of those layers. 
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Force coefficients: load multipliers on the current load pattern, hydrodynamic drag 
coefficients for tubular members and decks, added mass coefficients for tubular members, 

II- water kinematics modifiers for current blockage and directional spreading. 
Biases and uncertainties: user-specified modifications (biases) and, if reliability results are 
desired, uncertainties, for brace, joint, pile strengths, and to storm and earthquake load 
magnitudes. 

Al.1 of this information is entered using the GLOBAL PARAMETERS sub-menu items on the 
INPUT menu. The following GLOBAL PARAMETERS sub-menu items must be accessed first, 
and in the listed order, prior to accessing any others when creating an input file: 

1. Platform Type 
2. Platform Layout and Dimensions 
3. Bay Heights and Numbers of Braces 

The remaining GLOBAL PARAMETERS sub-menu items may be accessed in any order, 
including after the declaration of local parameters (which are described in Section 3.6): 

Structure Materials 
Soil Properties 
Force Coefficients 
Biases and Uncertainties: Structure 
Biases and Uncertainties: Load 

The dialog boxes associated with all of these menu items are shown below, along with examples 
of their use. 

TUTORIAL: The user will begin to define an input file for the small platform shown in Figure 3- 
9. 

U 

Figure 3-9: Example Platform 
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Ths platform, known as the Southern California Example Structure, is a design for a platform 
for use off Southern California in the San PedroISanta Barbara Channel area. The soil beneath 
the platform is stiff clay, with a surface-level shear strength of 2.5 ksf, and a submerged specific 
weight of 50 lbs/ft3. The shear strength increases with depth at a rate of 0.01 ksflft. The 
platform is made entirely of 36 ksi steel. Braces are rigidly connected to the legs, given an 
effective length factor of 0.5. 

GLOBAL PARAMETERSfPlatform Type: 

Figure 3- 10: Platform Type Declaration 

Users can specify the platform type, and provide a name for the analysis session. The analysis 
session name is not the input file name; it is an identifier printed on all output sheets. NOTE: 
the "10-Leg Jacket" option is not currently available; it defaults to "8-Leg Jacket" if selected. 
Plan views of the pile layouts associated with the different standard jacket types are in Figure 3- 
1 1, along with the principal axis definitions used by the platform. 

I FOUR-LEG I 

BS or EO 

Frames 

/ LBS Frames 1 

Figure 3-1 1A: Plan View of Pile Layouts Assumed by TOPCAT for Standard Jackets 
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( EIGHT-LEG I 

'I 
I LBs Frames / 
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Figure 3-1 1B: Plan View of Pile Layouts Assumed by TOPCAT for Standard Jackets 

NOTE: all dialog boxes in the program will typically have both an OK and a Cancel button. If 
OK is selected, the input supplied to the dialog box will be entered into the current input file. If 
Cancel is selected, the input supplied will not be entered into the current input file. 

TUTORIAL: enter data on the example platform in Figure 3-9. Select "4-Leg Jacket," and entitle 
the analysis session as "TUTOFUAL 4-LEG." Click OK when done. 

GLOBAL PARAMETERSPlatform Layout and Dimensions: 

If the platform is a four-, six-, eight-, or twelve-leg jacket, the dialog box in Figure 3-12 is used 
by the program. 

The user would enter the following information, referring to Figure 3-13 for guidance in term 
definitions: 

Water Depth (fi): the distance from the mudline to the non-storm condition water level. Do 
not include storm surge or storm tide. 
Sinkage Below Mudline (fi): the distance from the mudline to the bottom horizontal frame of 
the jacket. If the jacket is resting on the mudline, this distance is zero. 
Number of Decks: the number of decks the platform has. TOPCAT allows a user to specify - 
up to five decks. 
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Number of Jacket Bays: the number of bays or stories in the jacket structure, and does not 
include the deck bay (the bay or section immechately below the decks). The number of jacket 
bays must be between 1 and 30. 
1 Vertical Face (EO): some platforms are battered only on three sides, leaving one vertical 
face. This face must be perpendicular to the end-on axis. 
Skirt Piles: thls box should be checked if the platform being modeled has skirt piles (attached 
to the jacket in the bottom jacket bay) in addition to main piles (which pass through the 
jacket legs). TOPCAT is not intended for the analysis of platforms which are only supported 
by skirt piles. 
Plan Dimensions: these inputs define the jacket top plan and bottom plan. Only eight-leg and 
twelve-leg platforms have middle sections. 

- S W w  ms ---------.- 

a Walsr Depth*) - I rlVabcdFs.601 A 

Figure 3-12: Platform Global Layout and Dimensions 

TUTORIAL: enter the global layout and dimensions for the example platform in Figure 3-9. Thls 
platform is in 100 ft of water, and the jacket is resting on the mudline (sinkage is zero); therefore 
the user enters "100" and "0". The platform has one deck, and two jacket bays (while the deck 
bay is braced, it is not part of the jacket). The platform has no skirt piles, and has zero batter on 
all faces, so both the skirts and single vertical EO face box should remain unchecked. The 
jacket top and bottom dimensions are 60 ft on a side; therefore the user should enter "60" for all 
jacket top end-on and broadside and bottom end-on and broadside dimensions. The platform, 
being a four-leg structure, has no middle section width. Click OK when done. 
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Figure 3-1 3:  Terminology for Platform Global Layout and Dimensions, Using an Eight-Leg 
Platform for Reference 
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GLOBAL PARAMETERSA3av Heights and Numbers of Braces: 

The program will display the following dialog box: 

Bag 1 

Bay 2 

" Bay 3 

Figure 3-14: Bay Heights and Numbers of Braces 

The user inputs data on the elevated dimensions of the platform structure, and also supplies the 
numbers of broadside and end-on main diagonal and horizontal braces in each bay. The bay 
heights are the elevated dimension of each structural bay, as shown in Figure 3-13. Figure 3-1 5 
shows the classification of braces into either broadside main diagonal, end-on main diagonal, 
and horizontal. Main diagonals are organized by whch principal set of framing (either end-on or 
broadside) they are part of. Horizontal braces are organized by which horizontal frame they are 
in; the horizontal braces associated with a bay are those in the horizontal frame at the bottom of 
the bay. 

The user is required to specify at least one diagonal brace in each jacket bay. A maximum of 
100 braces can be specified for each given bay orientation (end-on, broadside or horizontal). 
The deck bay can have zero braces, as can the horizontal frames. 

NOTE: if there are more than six jacket bays, input will be taken by a series of screens until all 
bays are accounted for. 

TUTORIAL: for the example platform in Figure 3-9, enter bay heights, starting with the deck bay 
and going down: "30", "60", and "60". Next, enter numbers of braces. The platform has four 
main diagonal braces (K-brace configuration) in each principal direction in the deck bay, and 
four horizontal braces in the frame at the bottom of the bay; hence, the user will enter "4", "4" 
and "4" for broadside frame main diagonals, end-on frame main diagonals, and horizontal frame 
main diagonals for the deck bay. Similarly, the first and second jacket bays of the platform are 
seen to have four main diagonal braces (X-brace configuration) in each principal direction in the 
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bay, and four horizontal braces in the frame in the bottom of each bay. The user will enter "4", 
"4", "4" for the first jacket bay and "4", "4", "4" for the second jacket bay. Click OK. 

Plane of Broadside Frame 
Horizontal Frame 

Figure 3-1 5A: Main Diagonal and Horizontal Bracing 

\ DeckBayBS 
. . . , . Diagonals 0 

: I* Jacket Bay BS 
Diagonals = 6 

) 2"6 Jacket Bay BS 
Diagonals = 6 

Figure 3-1 5B: Main Diagonal Braces in Broadside Frames 

3-15 
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' Deck Bay BS 
I Diagonals = 0 

Figure 3-1 5C: Main Diagonal Braces in End-On Frames 

Horizontals, Bottom of 
Deck Bay = 7 

Horizontals, Bottom of 
la Jacket Bay = 7 

Horizontals, Bottom of 
2& Jacket Bay = 7 

Figure 3-1 5D: Braces in Horizontal Frames 

GLOBAL PARAMETERSIStructure Materials 

The program displays the following dialog box: 

3-16 
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Figure 3-1 6: Structure Materials 

The user designates a "default" steel yield strength, an elastic modulus for steel members, a 
"default" brace buckling length (k) factor, and a brace post-buckling strength factor. The default 
steel yield strength and brace buckling length factor can be over-ridden by specifying specific 
yield strengths for individual members, as discussed later in the local parameters section. The 
brace post-buckling strength factor is used when the program estimates the "upper-bound" 
capacity of a braced bay; for the upper-bound capacity, the program assumes all members have 
reached their plastic limits. For braces in tension, the yield strength is taken to be the plastic 
strength, so the post-yield strength factor is 1.0 or 100%; for braces in compression, the post- 
buckling strength is dependent upon both the stockiness of the brace and the amount of imposed 

"- inelastic displacement. While the program default for the post-buckling strength of braces is 
also 1 .O, it is recommended that users supply a value which is more indicative of braces which 
have reached a compression ductility of four or so. For this situation, most braces will have a 
post-buckling strength of perhaps 30% (0.3) or 2090 (0.2), as shown in Figure 3-17. 

Figure 3- 17: Post-Buckling Strength of Braces 

TUTORIAL: the example platform is made from 36 ksi steel, with an elastic modulus of 29,000 
ksi. Enter "36" for yield strength, and "29000" for elastic modulus. The main diagonal braces 
in the platform have very rigid end connections, which provide a k factor of 0.5. Enter "0.5" for 
effective length factor, and enter a post-buckling strength factor of "0.3". Click OK. 

GLOBAL PARAMETERSJSoil Prowrties: 

The program will first display this dialog box: 
3-17 
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Figure 3-1 8: Number of Soil Layers 

The user can enter up to ten layers of soil, either predominantly clay or predominantly sand, to 
characterize the soil profile beneath the platform. At least one layer must be specified; the user 
need only specify the number of layers through which the piles penetrate. A layer can be 
specified (1) sand with constant angle of friction, (2) clay with constant undrained shear 
strength, or (3) clay with linearly-varying shear strength through the layer. The scour depth 
refers to the amount of soil which has been scoured away from the bottom of the platform, as 
measured from the base of the jacket. 

TUTORIAL: the example platform in Figure 3-9 has one major layer of soil beneath it, into 
which the piles penetrate. There is no scour. Enter "1" and "0" respectively, then click OK. 

Upon entering the number of soil layers and clicking OK, the program displays the following 
dialog box: 

Figure 3-19: Soil Layer Characteristics 

The user must now supply information on each soil layer, starting with the shallowest layer and 
then proceeding downward (see Figure 3-20). 
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Mudline ----\ Piles 

Layer 1 

Layer 2 

Layer 3 

Figure 3-20: Soil Layers Beneath a Platform 

When a sand layer is specified, the user must enter the effective angle of fnction for the soil. 
When a clay layer is specified, the user must enter the undrained shear strength of the clay at the 
top and bottom of the layer. If these two shear strengths are different, the program assumes the 
strength varies linearly in the layer. For each layer, the user must also supply the submerged 
specific weight of the soil, and the distance from the mudline to the bottom of the soil layer. For 
the last layer, the distance needs to be specified such that it is deeper than the pile penetrations. 

NOTE: the toggle below the OK/Cancel buttons allows the user to navigate through the different 
soil layer input. By selected either next or previous layer, the user can sequentially review the 
soil layer data which has been entered. The entry sequence terminates when either (1) the last 

-. soil layer has been entered, and the user clicks OK with advance to next layer specified, or (2) 
the user selects the QUIT option and clicks OK. 

TUTORIAL: the soil beneath the platform is stiff clay, with a surface shear strength of 2.5 ksf. 
The strength of the soil increases 0.01 ksflft with depth. Selects "clay", and enters a top layer 
strength of "2.5". The bottom layer cut-off must be chosen to be deeper than the pile penetration 
(150 ft); a depth of 200 fl is chosen for the layer bottom, so enter "200". The bottom layer 
stren h is thus 4.5 ksf, so enter "4.5" for this value. The specific weight of the soil is about 50 gt lbslft , so enter "0.05". Click OK to proceed. 

GLOBAL PARAMETERSIForce Coefficients: 

The program will display the dialog box shown in Figure 3-2 1. The user specifies: 

A wave lclnematics factor and a current blockage factor to modify wave and current 
horizontal velocities in the water column (Appendix A). 
An added mass coefficient, to determine the amount of added hydrodynamic mass to include 
with each member when determining platform mass for a modal analysis (Appendx E). 
A hydrodynamic drag coefficient, CD, to enable drag forces to be calculated on tubular 
members and appurtenances in the platform (Appendix A). 
Special hydrodynamic drag and wind speed coefficients for each deck, to enable forces to be 
calculated for waves in the deck and wind on projected areas (Appendix A). 
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The user may also specify a load factor. This linearly scales the load on the platform from 
storms, earthquakes, and the baseline analysis used to estimate fatigue stresses. The default 
value is unity. 

Figure 3-2 1 : Force Coefficients 

TUTORIAL: specify the load factor as "1.0". Referring to API RP-2A LRFD (1993), enter wave 
kinematics factor as "1.0", current blockage as "0.8", and hydrodynamic drag coefficient on 
tubular members and appurtenances as "1.05". As the platform members are very stiff, use an 
added mass coefficient of "1 .O". The deck can be considered heavily equipped, so enter a deck 
hydrodynamic drag coefficient of "2.5" and a wind speed coefficient of " 1 .O" for Deck 1. Click 
OK. 

GLOBAL PARAMETERSIBiases and Uncertainties: Structure: 

The program will display the dialog box in Figure 3-22. The user can specify biases and 
uncertainties for the axial strengths of tubular braces, the punching or pullout strength of tubular 
joint connections, and pile head axial and lateral strengths and stiffnesses. The biases are simply 
percentage modifiers to the values of these quantities calculated by the program. The 
uncertainties, expressed as coefficient of variation or COV (standard deviation divided by mean 
value), are associated with the assumed log-normal distribution of the strength or stiffness 
characteristic in question; the value calculated by the program and modified by bias is assumed 
to be the mean value of the characteristic's distribution. The COVs are used by the program 
when performing reliability calculations (Appendix H). The program defaults all biases to unity 
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if they are unspecified. COV input is optional; if no COVs are input the program will not return 

# .. any reliability results. 

Figure 3-22: Structure Biases and Uncertainties 

TUTORIAL: assign biases of "1.0" to all of the above characteristics, except for pile head axial 
'.. . 

stiffness; for this characteristic, assign a bias of "3". To demonstrate the reliability features of 
TOPCAT, enter values of COV for all components. Assign COV of "0.3" to both brace and joint 
connection strength, and COV of "0.4" for pile head axial and lateral strength and pile head axial 
stiffness and lateral stiffness. 

GLOBAL PARAMETERSBiases and Uncertainties: Load: 

The program displays the following dialog box: 

Figure 3-23: Load Biases and Uncertainties 

As for structure biases and uncertainties, the user can supply biases and uncertainties for forces 
from storms and earthquakes. These biases are percentage modifiers to the magnitude of the 
wave force on the deck, the wave force on the jacket, and the API (1993) acceleration response 
spectrum ordinate used to calculate loads from response spectrum analysis, while the COVs 
represent the uncertainties associated with the assumed log-normal distributions of these 

3-2 1 
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quantities (the values calculated by the program and modified by bias are assumed to be the 
mean values). The biases default to unity, while if no COVs are input the program will not 
return reliability results. 

TUTORIAL: assign biases of unity ("1.0") to wave force in deck, wave force on jacket, and 
earthquake modal forces. Assign COV of "0.4" to the wave forces, and a COV of "0.8" to the 
earthquake modal forces. 

3.6 Defining Local Parameters 

With the definition of global parameters complete, the user can now supply information on the 
"local parameters" of the platform. These are: 

1. Tubular joint connection dimensions, and if desired, fatigue stress concentration factors; 
these are the connections between the main diagonals and either jacket legs or other main 
hagonals (X-bracing). 

2. Main diagonal brace diameter, thickness, orientations, bracing configuration, and if desired, 
specific strength parameters andtor damage. 

3. Deck and jacket leg diameter and thickness. 
4. Horizontal brace diameter, thickness, length and orientation. 
5. Main pile diameter, thickness, penetration, and if desired, specific strength parameters. 
6.  Skirt pile diameter, thickness, penetration, and if desired, specific strength parameters. This 

item can only be selected if the platform was declared as having shrt piles (Section 3.5, 
GLOBAL PARAMETERSPlatform Layout and Dimensions). 

7. Conductor hameter, weight per ft of length, plastic hinge capacity, cross-section moment of 
inertia, and penetration, if it is desired to include conductors in either an earthquake analysis 
(modal properties determination) or as strength and stiffness elements in the calculation of 
foundation strength and stiffness (Appendix E and G). 

8. Mud mat areas, and soil bearing and sliding strength and stiffness modifiers if considering 
the bearing and sliding action of mud mats and mudline braces when calculating foundation 
strength and stiffness (Appendix G). 

9. Projected areas and weights of decks and boat landings. 
10. Projected areas of appurtenances, and marine growth on structural members. 
11. An equipment period of vibration, if deck-level accelerations from earthquake response are 

desired for mounted equipment design. 

The user must supply items 1, 3 and 5. All other items can be left unassigned. Input for tubular 
joint connections (connections of main diagonals) need only be input if the user desires to (1) 
assess the strength of the connections, or (2) perform a fatigue analysis. If either of these two 
options is desired, tubular joint input must be supplied before diagonal brace input. Otherwise, 
all local parameter items can be input in any order. 

LOCAL PARAMETERSITubular Joints 

TOPCAT can base the axial strength of main diagonal braces on either the axial tension or 
buckling capacity of the brace, or on the punching or pullout strength of the tubular joints at 
either end of the brace by which the brace is attached to other structural members: 
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Figure 3-24A: Axial Strength of Diagonal Braces, Accounting for Connections 

1-1 1 , Brace axial strengths, including joints. 

I 
1 1  Brace A: P, = P,- or Min(P,w-r, Pwnt-2, 
! , Brace C ,; A 

I I puidra-3) 
! 

\ i Brace B: P, = P,- or Min(Pw4, Pwm-5) 
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Brace D: P, = P- or Min(Pwma, PUpm.s) 

Figure 3-24B: Axial Strength of Diagonal Braces, Accounting for Connections 

When entering data on diagonal braces, user must specifjr tubular joint connection types for both 
.-- brace ends if the strengths of connections are to be evaluated along with the axial strength of the 

attached brace. TOPCAT can model tubular joints which fall into the category of "simple" 
tubular joints, i.e. there is no overlap of principal braces framing into the joint, and the joint has 
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no gussets, diaphragms or stiffeners. Tubular joint connections are categorized by the load they 
carry, as per API (1993) suggestions: K, T or Y, and X, as shown in Figure 3-25. 

Figure 3-25: API (1993) Joint Classification 

For each joint type, the user must enter the chord (member to which the brace attaches) diameter 
and thickness, the branch (brace) diameter and the angle between the axis of the chord and the 
axis of the brace, as shown in Figure 3-24. Users must also specify any gap in K-joints. For 
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braces in an X-brace or K-brace configuration, such as Braces A and B, the X-joint and K-joint 
to which these braces attach has another bracing member as the chord, not a jacket leg. For 

- "  example, Brace A is connected to Joint 2. The branch diameter will be the diameter of Brace A, 
while the chord thickness and diameter will be the diameter and thickness of Brace B. 

An X-brace effectively has three connections: two at either end (Joints 1 and 3 for Brace A), and 
one at the cross-point in the X configuration (Joint 2). TOPCAT only allows a user to specify 
two connection types per brace, assumed to be at either end. Users entering joint types for X- 
braces can enter type definitions for each joint (assuming this is necessary, due to differences in 
joint configurations), and then during the course of an analysis, try the brace with different end 
joint types to find which two types of the three are limiting in terms of strength. 

Users need not enter a joint type for every single joint connection in the platform. For example, 
Brace D in Figure 3-24 is connected to the jacket legs by Joints 8 and 9. If the chord diameter 
and thickness for Joints 8 and 9 are the same and both joints have the same load pattern, and 
Brace D makes the same angle with each chord, then Joints 8 and 9 are of the same type, and 
thus the user need only declare a single joint type to represent these two connections. Similarly, 
if Brace C has the same diameter as Brace D, and Joints 6 and 7 have the same chord properties 
and load pattern as Joints 8 and 9, and Brace C makes the same angle with the chords as Brace D 
does, then Joints 6, 7, 8, and 9 are all of the same type, and only one joint type need be specified 
to represent them. Joint types in TOPCAT do not refer to specific connections; they refer to 
connections which have identical characteristics. 

-* When the TUBULAR JOINTS item is selected, the program displays the following dialog box: 

Figure 3-26: Number of Joint Types 

The user supplies the total number of joint types for main diagonal brace connections in the 
platform. After supplying this number, the program displays the dialog box shown in Figure 3- 
27. For each joint, the user must specify as a minimum the joint load-path type, the chord 
diameter and thickness, the branch diameter, the angle between the brace and chord, any gap 
existing in K-joints, and whether or not the joint is grout-filled. Additional information, namely 
steel yield strength (if the can material is different fiom the attached braces and legs) and special 
stress concentration factors (to override the default values used by the program; see Appendix F) 
can also be supplied. 

, ".~ 
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Figure 3-27: Tubular Joints 
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Figure 3-28: Number of Joint Types in Example Platform 
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The user will declare joints sequentially (the order of input of types is irrelevant). The 
navigation menu can be used to move backwards and forwards through the joint types, either 

, .-* stcppng by one or stepplng by ten. The box marked "paste" can be used to copy data from one 
joint to the next. WARNING: users should be cautious with the paste feature; if it is 
inadvertently left checked while reviewing previously-entered data, this data will be copied over 
by the data for whatever joint was being examined when the paste box was first selected. 

TUTORIAL: The user will supply input for tubular joints. A11 of the tubular joint connections of 
main diagonal braces in the example platform can be represented by six joint types, as seen in 
Figure 3-28. These joint types are: 

I .  K-joint, by which the lower ends of the 36" I$ main diagonals in the deck bay are attached to 
the top of the jacket legs. The joint can is 80" 4 with 1.875" w.t. The angle between the 
brace and the chord is 4S0. The gap in the K-joint is I8", effectively the diameter of the 
horizontal which attaches to the joint can. The steel yield strength of the joint can is 50 ksi. 

2. K-joint, by which the upper and lower ends of the X-braced 24" 4 main diagonals in the first 
jacket bay are attached to the legs. The joint can is 80" I$ with 1.875" w.t. The angle between 
the brace and the chord is 4S0. The gap in the K-joint is 18". The steel yield strength of the 
joint can is 50 ksi. 

3. X-joint, the intersection between the X-braced 24" I$ main diagonals in the first jacket bay. 
The intersection chord diameter is 24" 4 with 0.5" w.t. The angle between the brace and the 
chord is 90". The steel yield strength of the joint is the same as the braces, so it may be left 
unassigned, hence taking the default structure value of 36 ksi entered previously in 
STRUCTURE MATERIALS. 

4. K-joint, by which the upper ends of the X-braced 30" 4 main diagonals in the second jacket 
bay are attached to the legs. The joint can is 80" 4 with 1.875" w.t. The angle between the 
brace and the chord is 4S0. The gap in the K-joint is 18". The steel yield strength of the 
joint can is 50 ksi. 

5. X-Joint, the intersection between the X-braced 30" 4 main diagonals in the second jacket 
bay. The intersection chord diameter is 30" 4 with 0.625" w.t. The angle between the brace 
and the chord is 90". The steel yield strength of the joint is the same as the braces, so it may 
be left unassigned, hence taking the default structure value of 36 ksi entered previously in 
STRUCTURE MATERIALS. 

6. T/Y-joint, by which the lower ends of the X-braced 30" 4 main diagonals in the second 
jacket bay are attached to the legs. The joint can is 80" 4 with 1.875" w.t. The angle between 
the brace and the chord is 45". The steel yield strength of the joint can is SO ksi. 

The upper ends of the deck bay main diagonals fiame into the deck structure, and are assumed to 
have sufficiently rigid connections to avoid collapse or tearing. The user should step through the 
input dialog boxes, entering the above information. The stress concentration factor inputs will 
be left blank (thus accepting the program's default API-based values; see Appendix F). 

LOCAL PARAfulETERSMain Diagonal Braces 

The user enters information on each main diagonal brace in the platform using the following 
dialog box: 
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Figure 3-29: Main Diagonal Braces 

The pi-ogfam Will allow the user to m p t  the braces, m e  at a time, in the following sequence: 

1. Broadside frame main diagonal haces, stading in the first (top) jacket bay and working 
d m .  

2. Broadside frame main diagonal haces in the deck bay, if any were declared in BAY 
E I G W S  AND BRACE NUMBERS. 

3. End-m frame main diagonal haces, stafting in the first (top) jacket bay and wmking down. 
4. End* frame main diagonal braces in the deck bay, if my were declared in BAY EIGHTS 

AND BRACE NUMBERS. 

I ~ I  addition to tracking braces by frame and bay, the pogram makes use of several other 
characteristics when modeling these members: orientation, configtifation, md position within a 
bay (fm p la t fms  with six m mme legs). These are used to ensure TOPCAT sizes the braces 
correctly, and to tell the program to calculate a brace's buckling capacity or tension capacity. It 
is impmkmt that the user understand these t m s .  

Orientation is characterized by the type of axial load a brace Will mrq, eithm tension or 
cmpession. The TOPCAT user needs to establish this mientation by idealizing the frame in 
which the brace is located in m elevation view, and then considering the frame to be loaded at 
the t q  from left to right in this view. The loads in the braces in this frame are then established 
fiom static considerations: main diagonals w i n g  from upper-left to lower-right in the view 
will be placed in compression, and hence the pogram will calculate their axial cmpession 
capacities, while main diagonals d n g  from lower-left to upper-right in the view will be 
placed in tension, and hence the Fogram will calculate their axial tension capacities. This 
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process is demonstrated in Figure 3-30. When the user selects the elevation to be used, the user 
is effectively choosing the direction the platform will be loaded from for the given axis. 

& 

< 
observer 

Suppose user chooses South Elevation for BS Frames: 
Load Direction for Orientation 

.... I* Jacket Bay 
'--.-3 

- - *  .... M:::::::: ......... H:::::::: ......... 1::::::: ....... 2Rd Jacket Bay 

observer 

--$ 
'-.3 A ........ 

B.--* 

Frame 1 Frame 2 Frame 3 

BS frame braces will have the following orientations: 

l* Jacket Bay: 1 =compression, 2=tension, 3=compression 
2"d Jacket Bay: l =tension, 2=compression, 3=tension 

Suppose user chooses North Elevation for BS Frames: 

Load Direction for Orientation 

. . . .  . . .  ....... 

....... ......... ......... .... 16' Jacket Bay 

....... ......... ......... .... 

Frame 3 Frame 2 Frame 1 

BS frame braces will have the following orientations: 

1" Jacket Bay: l =tension, 2=compression, 3=tension 
2"d Jacket Bay: 1 =compression, 2=tension, 3=compression 

Figure 3-30: Establishing Orientation of Main Diagonal Braces 

A brace's configuration identifies the arrangement of a brace in a horizontal section of frame, 
where a "section" is defined as the space between two jacket legs. The common configurations 
are single, K-braced (with the "K" directed either up or down) and X-braced. These 
configurations are shown in Figure 3-3 1. 

Position refers to the where a brace is located in a frame which has more than one horizontal 
section, where a "section" is defined as the space between two jacket legs. Horizontal sections 
are identified by reference to the elevation view selected by the user for identifying brace 
orientation: left, center, right. All broadside frames of four-, six- and eight-leg jackets have one 
section (center), while broadside frames of twelve-leg jackets have two sections (left, right). 
End-on frames of four-leg jackets have a single section (center), end-on frames of six-leg jackets 
have two sections (left, right), whlle end-on frames of eight- and twelve-leg jackets have three 



TOPCAT USER MANUAL CHAPTER THREE 

sections (left, center, right). Figure 3-32 depicts the sections of the end-on frames of the six-leg 
platform in Figure 3-30. 

Section 
I 

Sections 
1 

Section Section 7 Sections 1 

Figure 3-3 1 : Bracing Configurations 

The input ordering of braces in a given set of frames for a given jacket bay is irrelevant. For the 
end-on frames shown in Figure 3-32, the end-on braces in each jacket bay could be entered in 
any order. It is important that each brace has its orientation, configuration and position correctly 
identified when entering data for the brace. 

As a minimum, a user must input the brace diameter and thickness. In addition, the user can 
supply specify a specific steei yield strength and specific k-factor for a brace, as opposed to using 
the default set in STRUCTLJRE MATERIALS. If the user wishes to include the consideration of 
tubular joint punching or pullout strength, the types of joints at either end of the brace (or one 
end and the cross-connection, for X-braces) can be entered. 

NOTE: platforms with more than six-legs and having batter only on three sides must have an 
elevation view selected for the end-on frames which places the vertical face section on the right 
side of the view. For these configurations, TOPCAT assumes the end-on load will always be 
directed from the battered side to the vertical side, as shown in Figure 3-33. 
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Suppose user chooses East Elevation for EO Frames: 

Load Direction for Orientation 

observer 

m, Sections n 

l* Jacket Bay ......... 

2"6 Jacket Bay ......... 

Frame A Frame B 

EO frame braces will have the following orientations: 

16' Jacket Bay: 1 =camp., 2=tens., 3=comp., 4=tens. 
2"6 Jacket Bay: 1 =tens., 2=comp., 3=tens., 4=comp. 

Figure 3-32: Platform Frame Sections 

Six-Leg, End-On Eight- or Twelve-Leg, End-On 

Figure 3-33: Mandatory Elevations for Platforms with Batter on Three Sides 

A user may also specify a brace as having local denting damage andlor significant out-of- 
straightness, by specifying the member as damaged. In addition, the user may also specify a 
member as being grouted, regardless of whether or not the member is damaged. Dent depth and 
out-of-straightness are shown for a brace in Figure 3-34. 

The user may use the navigation options to move forward and backward in the brace input 
sequence, as desired. A past feature is included, for copying input from one brace to the next 
brace in the input sequence. Users are cautioned to ensure the paste box is not checked when 
they are reviewing previously-entered data; otherwise, this data will be copied over as the user 
moves through the sequence of brace entries. 

Out-of-Straightness 
I Dent Depth 

Figure 3-34: Damage to Braces 
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TUTORIAL: the user will input the main diagonal braces for the example platform in Figure 3-9. 
As the platform has four legs, the choice of which frames are broadside and which frames are 
end-on is left up to the user; idealize Frames 1 and 2 as broadside and Frames 3 and 4 as end-on. 
As the platform is completely symmetric, the choice of elevation is irrelevant; for reference 
idealize supplying input for a south elevation for the end-on frames, and a west elevation for the 
broadside frames. Arbitrarily choosing the first jacket bay compression braces in Frame I and 
Frame 3 as the first brace to be input for each broadside and end-on sequence, number the braces 
as shown in Figure 3-35. 

Direction of Load Direction of Load 
............ 
Deck Bay 
.........-.. 

Jacket 
Bay 1 

............ 

Jacket 
Bay 2 

......-....- 

kame 1 Frame 2 Frame 3 Frame 4 

Broadside Frames 
West Elevation 

End-On Frames 
South Elevation 

Figure 3-35 

Input begins with the first jacket bay of the broadside frames. There are four broadside frame 
braces in this bay; all are 24 inches in diameter, w.t. 0.5 inch. All braces are part of an X-brace 
configuration. Two of the braces (1 and 2) will be placed in compression, and two (3 and 4) will 
be placed in tension. All braces have Type 2 joints at the ends and a Type 3 joint at the X-brace 
intersection, as shown in Figure 3-28. As the platform is a four-leg structure (one horizontal 
section), the position of all braces should be center. 

Starting with Brace 1, make the following entries: 

Of-ientation: compression 
Configuration: X-brace 
Position: center 
Diameter: 24" 
Thickness: 0.5" 
Joint Type i: 2 
Joint Type j: 3 

Do not click OK yet (if OK was inadvertently selected, switch the navigation option to previous, 
and click OK. This restores the view of Brace 1 input. Select next for the navigation option 
before continuing). Either joint type could be entered for slots i and j; the order of entry does not 

3-32 
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make a difference to the program. Leave the condition of the brace as intact, and leave the yield 
strength and k-factors blank (the braces will take the default values). -. 
The paste feature can be put to good use for this platform. The only difference in these braces 
are the orientations. Therefore, to enter the rest of the broadside frame first bay diagonals, do 
the following steps in order: 

1. Select paste 
2. Click OK 

This now copies the information from Brace 1 to Brace 2. Brace 2 is identical in orientation to 
Brace 1, so: 

3. Click OK. This confirms data for Brace 2, and copies data for Brace 3. 
4. Change orientation to tension. This is the correct orientation for the two remaining braces in 

the bay. 
5. Click OK. This confirms data for Brace 3, and copies data for Brace 4. 
6. Click OK. This confims data for Brace 4, and copies data for Broadside Frame Brace 1 in 

the second jacket bay. 

With these steps, the user has finished inputting data for broadside braces in the first jacket bay, 
and is now ready to begin input for broadside braces in the second jacket bay. With the last 
action, the user copied information from broadside Brace 4 of the first jacket bay to broadside 

- Brace 1 of the second jacket bay. Obviously, these braces do not have the same dimensions, and 
they have different end connection types. Also, it is desired to have the first two braces in each 
bay be compression braces. Hence, the user would make the following changes: 

7. Orientation: compression 
8. Diameter: 30" 
9. Thickness: 0.625" 
10. Joint i: 4 
1 1. Joint j: 5 or- 6, choose 6 
12. Click OK 

This enters data for the fimt broadside b r a e  in the second jacket bay, and copies the data for 
entry. This bay also has four diagonal braces; the user would take the following steps to 
complete entering data on the braces in this bay: 

13. Click OK. This confirms data for Brace 2, and copies the data for Brace 3. 
14. Changes orientation to tension. 
15. Click OK. This confirms data for Brace 3, and copies data for Brace 4. 
16. Clicks OK. This confirms data for Brace 4. 

The dialog box will now be requesting input for Broadside Frame Brace 1 in the deck bay. The 
following entries would enter- all data for the four diagonal braces in this bay: 

,4 

17. Orientation: compssion 
1 8. Configu~ation: K-brace 
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19. Diameter: 36" 
20. Thickrtess: 0.75" 
21. Joint Type i: 1 
22. Joint Type j: leave blank 
23. Click OK 
24. Click OK 
25. Orientation: tmsion 
26. Click OK 
27. Click OK 

All data on broadside braces have now been entered, and the program will be prompting the user 
for input on End-% Brace 1 in the first jacket bay. As the end-on and broadside frames are 
identical, simply *peat the above steps to input data for the end-on frame braces. 

LOCAL PARAMETERSt'Deck and Jacket Legs 

The program will display the following dialog box: 

Figure 3-36: Deck Leg Input 

The user must input diameter and thichess for deck md jacket legs. The deck leg data is used 
in formulating the lateral load capacity of the deck bay when there is no deck bay bracing, as 
well as for determining the mass and projected areas of the deck legs. h o t h e  dialog box will 
appear- fo~jacket leg input after- deck leg input is processed, as shown in Figure 3-37. 

Jacket legs aFe treated as non-stmctmal elemmts; however, their dimensions must be input in 
order to estimate their mass and projected areas for- load purposes. Jacket leg diameter and 
tkichess me defined for sections equal to the height of each bay in the jacket; TOPCAT 
assumes the breaks in the leg sections cornpond roughly with the horizontal frames separating 
each bay. For platfoms with more than four legs, the user has the option of inputting different 
leg sizes for- the corner- legs and intenor legs. If there are m o ~  than six jacket bays, successive 
dialog boxes will a w a r  until all data has been entmed. 

TUTORIAL: for the example platfom, enter a comer leg diamete~ of 72 inches, and a corner leg 
thicktless of 1 inch. As this is a fow-leg platfom, there are no c m t e  legs. Click OK. For the 
jacket legs, enter- a corner- diameter- of 78 inches and a thickness of 1.125 inches for the first 
jacket bay, and a c o m e  diametw of 78 inches and a thichess of 0.875 inch for the second 
jacket bay. Click OK. 
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Figwe 3-37: Jacket Leg Input 

LOCAL PARAMETERSMorizontal Braces 

The program will display the following dialog box, assuming horizontal braces have been 
specified for the platform: 

BOTTOM DFJACKET BAY 2 / BRACE 4 

r Pa& Dale to Next Bract 

Figure 3-38: Horizontal Brace Input 

As mentioned earlier, horizontal braces are not included in the capacity formulation for the 
platform, but must have their mass and projected areas accounted for. Horizontal braces are 
input in a sequential manner similar to the procedure used for joints and diagonal braces. The 
user must supply the diameter, thickness, length (unfortunately the program does not currently 
size and orient horizontal bracing members), and orientation in the horizontal plane for each 
horizontal brace. The actual order in which the braces are input is irrelevant. The program 
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organizes horizontal braces by the bottom of whch bay they are in; input begins with the braces 
in the bottom of the deck bay and proceeds down through the jacket bays. 

The angle the program uses to characterize the orientation of the brace is the angle between the 
axis of the brace and the end-on axis, and should be chosen to be less than or equal to 90". This 
is shown in Figure 3-38. 

Figure 3-38: Length and Angle of Orientation for Horizontal Braces 

The paste feature may be used to copy data from one brace to the next. 

NOTE: the approximate sliding and bearing resistance of horizontal members in contact with the 
surface of the soil beneath the platform can be considered when formulating foundation capacity 
and strength. See Appendix G for details. 

TUTORIAL: the example platform has four horizontal braces (all with diameter 18", w.t. 0.375", 
and length 60 ft) at the bottom of the deck bay and at the bottom of each jacket bay. Start by 
entering data for one brace: 

Diameter: 18 
Thickness: 0.375 
Length: 60 
Angle: 0 

Now follow these steps, to quickly input the remaining braces: 

1. Check paste. 
2. Click OK (confirms Brace 1 at bottom of deck bay). 
3. Click OK (confirms Brace 2 at bottom of deck bay). 
4. Change angle to 90°. 
5. Click OK (confirms Brace 3 at bottom of deck bay). 
6. Click OK (confirms Brace 4 at bottom of deck bay). 
7. Click OK (confirms Brace 1 at bottom of first jacket bay). 
8. Click OK (confirms Brace 2 at bottom of first jacket bay). 
9. Change angle to OO. 
10. Click OK (confirms Brace 1 at bottom of second jacket bay). 
1 1. Click OK (confirms Brace 2 at bottom of second jacket bay). 

3-36 
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12. Change angle to 90'. 
13. Click OK (confirms Brace 3 at bottom of second jacket bay). 

,,-,. 14. Click OK (confirms Brace 4 at bottom of second jacket bay). 

LOCAL PARAMETERSIMain Piles 

The program displays the following dialog box: 

CHAPTER THREE 

Figure 3-39: Main Pile Input Dialog Box 

.. The user then enters diameter, wall thickness, penetration and, if desired, a specific steel yield 
strength different from that specified in STRUCTURE MATERIALS. In addition, the user 
should specify if piles are plugged, or if the jacket leg-pile annulus is grouted. As with deck and 
jacket legs, a user may specify comer piles as being different from center section piles for 
jackets with more than four legs. 

NOTE: TOPCAT is intended for the analysis of platforms which are have piles of fairly uniform 
diameter and thickness inserted through the jacket legs. Leg (pile) performance in this case is 
assumed to be governed by the axial demand/capacity ratio at the pile head, as this is where axial 
force from overturning will be the greatest. Platforms which are supported only by skirt piles 
can be analyzed with TOPCAT, but the user must (1) provide data on a ''dummy" main pile 
configuration, i.e. perhaps a pile with a penetration of one ft, and (2) check the axial capacity of 
the platform legs against overturning moment by hand. The weight of the "dummy" main piles 
must be subtracted from the structure weight. 

TUTORIAL: For the example platform, the user would enter: 

Diameter: 72 
Thickness: 1 
Penetration: 150 
Plugged: yes 

. * Grouted: yes 
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LOCAL PARAMETERS/Skirt Piles 

The following dialog box would appear: 

Figure 3-40: Skirt Pile Input 

TOPCAT assumes that all skirt piles will be of the same type (diameter, thickness, penetration, 
steel yield stress, plugged/unplugged). Skirt piles are declared according to their location in the 
plan of the foundation. 

@ = ~ a ~ n  Pile @=~roads~de Sk~rt 

O = ~ o r n e r  Skirt @=~nd-on  Skirt 

Figure 3-41: Plan View of Foundation with Skirt Pile Locations 

Shrt piles which are located at the outer comers of a platform are declared as comer skirt piles; 
these piles are assumed to provide overturning resistance against moments on either the end-on 
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or broadside axis. Skirt piles whch are located away from the outer comers of the platform, but 
within the perimeter (outside) end-on frames, should be specified as being in the end-on frames. 

,. .. These piles are assumed to provide resistance against overturning about the end-on axis only. 
Similarly, piles which are in the perimeter (outside) broadside frames, but are not at the outer 
comers, should be declared as being in the broadside frames. These piles are assumed to resist 
overturning about the broadside axis only. 

LOCAL PARAMETERS/Conductors 

The program displays the following dialog box: 

Figure 3-42: Conductor Input Dialog Box 

The effect of well conductors on the lateral foundation strength and stiffness of a platform can 
be accounted for by TOPCAT (see Appendix G). Conductors are assumed not to possess strong 
verhcal fixity and hence are not considered to supply vertical strength and stifiess. 

NOTE: Users not wishing to include conductor contributions to foundation strength and stiffness 
can ignored this input. However, this input must be supplied when performing a earthquake 
analysis, to ensure the mass of conductors is correctly determined (simply inputting the 
information will not automatically include conductor contributions to foundation strength and 
stiffness; that calculation is activated as an analysis option, discussed later). Users simply 
wishing to enter data on conductors for the purpose of determining drag forces fiom waves and 
current on them must supply the more generic input described below in APPURTENANCE 

a - AREAS AND MARINE GROWTH. 

The user supplies the total number of conductors, and then information on the type of conductor. 
As some platform operators have taken to filling unused conductors with grout, the user is asked 
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to supply a plastic moment capacity and cross-section moment of inertia for the conductor, in 
lieu of supplying a thickness and having the program calculate the plastic moment capacity and 
cross-section moment of inertia. In addition, the user is asked to supply biases for both the entire 
conductor group strength and stiffness. These biases are simple percentage modifiers, and are 
intended to account for possible group strength and stiffness degradation due to the close 
proximity of the conductors to one another. The default values are unity. 

The first point of fixity refers to the height distance between the mudline and the first point of 
rigid attachment or framing for conductors in the platform structure. If the conductors are 
framed rigidly at the mudline, this distance is zero. TOPCAT does not account for gaps or 
flexibility of conductor framing; the program returns the approximate lateral load the conductor 
frames must withstand in order to klly mobilize the lateral capacity of each conductor. This 
must be checked separately by the user. 

TWORIAL: the example platform has no conductors, so this entry may be ignored. 

LOCAL PARAMETERSMudline Elements: 

The program displays the following dialog box: 

Figure 3-43: Mud Mat, Sliding and Bearing Modifiers Input 

The user can supply information on mud mats for the purpose of including the strength and 
stiffness contributions of these components to the platform. Mud mats provide both sliding and 
vertical resistance and foundation level. The program can also be instructed to include the 
strength and stiffness contributions of mudline horizontal braces for the purpose of resisting 
sliding and overturning; the program makes use of the information supplied by the user for 
foundation level horizontal braces. These features a ~ e  activated as analysis options, described 
later. 

The bearing and sliding modifiers are simple percentage changes in unit soil sliding and bearing 
resistance. These resistances are discussed in Appendix G. 

Mud mats are input approximately as square areas located at the base of comer and center piles. 
The program idealizes their area of action as shown in Figure 3-44. 
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I 

Center Mat ( ~ 2 1 ' ~  

Area A2 

Figure 3-44: Mud Mat Locations Assumed by TOPCAT 

When formulating the strength and stifmess contributions of mud mats and mudline braces, 
TOPCAT assumes connections between these elements and the platform are (1) rigid and 
stronger than the component, (2) local flexibility of the element is ignored and (3) yielding is 
assumed to occur in the soil beneath the element. It is left to the user to determine the 

- applicability of these assumptions. To aid in this determination, TOPCAT returns the effective 
surface forces on mud mats and mudline braces when they are active as foundation elements due 
to sliding and vertical displacement of the platform. These surface forces may be used to check 
the mats and mudline braces and other platform components to which they are attached. 

TUTORIAL: the example platform does not have mud mats in place, so this input may be 
ignored. 

LOCAL PARAMETERS/Decks and Boat Landings 

The user can supply projected areas and masses of decks and boat landings, so that 
hydrodynamic and aerodynamic loads can be calculated for these components, and so their 
masses can be accounted for in a modal analysis. Decks attract load to the top of the deck bay, 
while boat landings attract load to the top of the jacket. 

When this item is selected, the program will first display the dialog box shown in Figure 3-45. 
Projected areas should be the approximate vertical area the deck (and structures and equipment 
on the deck) presents to both the broadside axis and the end-on axis, as shown in Figure 3-46. 
The weight of the deck should include all structural steel weight, equipment weights, and any 
live load the user wishes to include. Decks can be input in any order; there can be a maximum 
of five deck entries. 
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Deck 1 

Dbek 2 

Oech 3 

Deck 4 

Figure 3-45: Deck Projected Areas and Weights 

1- Deck 2 

H-I bottom above WL 1 
HwI top. H- bottom above WL 

HWQ top above WL 

Figure 3-46: Projected Area Determination for Decks 

After decks have been input, the program will display the following dialog box: 

Figure 3-47: Boat Landing Projected Areas Input 
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The user can input the broadside and end-on projected areas of any boat landings, and the total 
weight (including added mass, if an earthquake analysis is being performed) of the boat landings. 

,. - These areas are assumed to be lumped at the calm waterline. 

€0 Area 

Figure 3-48: Boat Landing Areas 

TUTORZAL: the example platform has one deck. The bottom of the deck is at +40 ft, and the top 
is at +65 ft. The BS and EO distances are both 100 ft. The weight of the deck is 5,000 kips. 
Make these entnes for Deck 1 and click OK. The platform has no significant boat landings, so 
boat landing input may be ignored. 

.- LOCAL PARAMETERSfAppurtenance Areas and Marine Growth 

After selecting this item, the program will display the dialog box shown in Figure 3-49: 

w- 
Diamsfsr [ft) Main, GrovRh ri] 

D s a B q ~ \ ~ .  OK 1 
e w 1  I - 1  

Figure 3-49: Appurtenances and Marine Growth 

The user can supply information on appurtenance projected areas and marine growth. 
Appurtenances are any equipment attached to the platform below the deck; conductors, pping 
and anodes are examples of appurtenances. Marine growth represents the amount of marine 
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growth, expressed in inches, on platform structural members; marine growth will result in 
additional drag and added mass effects. 

TOPCAT allows a user to enter an equivalent total width of appurtenances in each bay, 
including marine growth on appurtenances. The program calculates the drag forces on 
appurtenances in each bay based on t h s  width, as shown in Figure 3-50. 

17 Conductors 
.-...- 

Deck Bay 

-.-.-. 

8 18 inch diameter conductors, 
with 2 inches marine growth: 

Total width = 8 x (18 + 2 x 2) = 
176 inches 
u 
Deck Bay Plan 

Figure 3-50: Equivalent Width of Appurtenances in a Bay 

The separate marine growth entry applies only to structural members. Any specified marine 
growth is added (x 2) to the diameter of all structural members in the bay (including horizontal 
members at the bottom of the bay) for the purpose of calculating increases in drag forces and 
hydrodynamic added mass. 

If there are more than six jacket bays, dialog boxes will appear until the user has had an 
opportunity to enter data in all bays. 

NOTE: the appurtenance equivalent width is not used in an earthquake analysis. It is only used 
to estimate drag forces for storm and fatigue analyses. 

TUTORIAL: the example platform has no well conductors, but it does have vertical members in 
the first and second jacket bay which are used to stabilize the X-braces, as shown in Figure 3-5 1. 
These members should be input as appurtenances, to ensure their drag contribution is included 
(the program does not model them structurally). 

Vertical 12.75' - 
Not Modeled 

" I$ Members 
Structurally 

Figure 3-5 1 : Vertical Members in Jacket of Example Platform 

3 -44 
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The members in the first jacket bay only span half of the bay elevation, so to be conservative 
" "e they will be input as spanning the whole elevation. There are vertical members in each frame, so 

the total equivalent width will be: 4 x 12.75 / 12 = 4.25 fi for both the first and second jacket 
bays. The platform has no appreciable marine growth. Enter these values and click OK. 

LOCAL PAlbWETERS/Equi~rnent Vibration Period 

TOPCAT allows a user to determine deck-level acceleration response for mounted equipment 
periods of vibration when performing an earthquake analysis, as described in Appendx E. 
These deck-level accelerations are calculated using the response of the platform to an API 
(1993) response spectrum earthquake; the accelerations are determined for platform response on 
both principal horizontal axes and the vertical axis. Equipment response is determined as part of 
an earthquake analysis; it is not a separate analysis. 

TOPCAT currently allows a user to only determine response for a single equipment period at a 
time. Future versions of the program will generate deck-level acceleration response spectra 
which cover a range of periods. 

When this item is selected, the following dialog box appears: 

Figure 3-52: Equipment Period Input 

The user inputs the equipment period, and clicks OK. Deck-level accelerations will be 
calculated for this period when an earthquake analysis is performed. 

TUTORIAL: for the example platform, the user may leave this value unassigned. 

3.7 S~ecifvlng Storm. Earthquake and Fatierue Parameters for Analysis Cases 

With the structure and soil defined, the user can now proceed to defining the load sources the 
platform will be analyzed for; i.e. what wave, current and wind for a storm analysis, what 
response spectrum ZPA for an earthquake analysis, and what fatigue wave height distribution 
and stress parameters for a fatigue analysis. 

.. NOTE: the user need only specify those load sources for which an analysis is desired; for 
example, if no earthquake analysis is being performed input for earthquakes can be ignored. 
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ENVIRONMENT/Wind, Wave and Current 
CHAPTER THREE 

The user can specify storm wind, wave and current (and storm surge), from which loads will be 
calculated based on platform projected areas. The program automatically assumes there will be 
two load cases: combined wind, wave and current forces from the user-specified conditions on 
the end-on axis, and combined wind, wave and current forces from the user-specified conditions 
on the broadside axis. 

When this item is selected, the program displays the following dialog box: 

Figure 3-53: Wind, Wave and Current Input 

Details on how wind, wave and current loads are calculated by TOPCAT are contained in 
Appendix A. The basic processes will be summarized here. The magnitude of the wind load is 
based on the unsubmerged projected areas of the decks, and is calculated in accordance with MI 
Section 17 (1993) for both end-on and broadside directions. To calculate hydrodynamic loads, 
the program first calculates wave crest horizontal velocities for the wave height and period 
entered, using either Stokes Fifth-Order theory or Cnoidal theory, depending on the depth, wave 
height and period. These horizontal velocities, modified for directional spreading, are then 
summed with the current velocities (which are modified by current blockage). The total 
velocities are then used to calculate hydrodynamic loads. Deck loads and boat landing loads are 
calculated using API Section 17 (1993) procedures, while loads on members and appurtenances 
are calculated using the velocity-dependent component of Morison's equation. Members and 
appurtenances are modeled as equivalent vertical cylinders in line with the wave crest. 

Wind forces are based on the gust velocity at 30 ft elevation. The user may specify current 
velocities as constant with depth, linear variation or quadratic variation with depth; the current 
specified by the user is stretched to the wave crest. 



TOPCAT USER MANUAL CHAPTER THREE 

Use is automatically made of drag coefficient scaling within two fluid velocity heads of the fiee 
surface. The drag coefficient is scaled from zero at the free surface to full value at a depth of 
two velocity heads. Users may switch off this scaling under analysis options, described later. 

TUTORIAL: enter storm conditions from API (1993). For the Santa Barbara/San Pedro Channel 
area, a storm tide of six ft is recommended, along with a wave height of 45 ft and a current 
surface velocity of 3.2 Wsec. Based on a wave steepness of 1/20, use a period of 11 sec. 
Assuming the current is constant with depth. Enter these values, then click OK. These values 
will be used to provide storm analysis results in Section 3.9. 

The user may specify parameters for a fatigue analysis of the main diagonal tubular joint 
connections. This analysis is conducted using the simplified fatigue analysis approach described 
in Appendix F. Stresses are determined for the end connections of tubular joints for storm loads 
on both pncipal axes of the platform; these stresses are assumed proportional to wave height. 
The stresses are then used together with a long-term wave height distribution to determining the 
accumulated fatigue damage to the main diagonal end connections in both the end-on and 
broadside frames. 

When selected, the program will display the following dialog box: 

3-54: Fatigue Analysis Parameters 
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NOTE: users must declare tubular joints, and assign joint types to main diagonal braces, for this 
analysis option to function. 

The fatigue design wave height defines the load pattern which will be used to determine the 
baseline stresses in the end connections. The wave height distribution information is specified in 
accordance with the wave height distribution used. A two-part distribution is assumed, like the 
one shown below: 

N.  W W E R  OF WAVES EXCEEDING n (CYCLES PER 100 TRS. ) I 
I 

L I 
Where: H,, is the maximum normal wave height over period T. 

H ,  is the maximum hurricane wave height over period T. 
N,, is the number of wave cycles from normal distribution over period T. 
N ,  is the number of wave cycles from hurricane distribution over period T. 
T is the duration of the long-Wrm wave height distribution. 
, ,  is the parameter defining t h t ~ h n p e  of the We~bul l  normal dlstribution. Value of 1.0 corresponding to the 

exponential dlstribution reaulrs In a s t raight  line. 
I is the parameter d e f i n ~ n g  the s h n p  of the Weibull hurricane dlstrlbution. 

Figure 3-55: Wave Height Distribution 

S-N curve components m and K are taken from the S-N curve assumed to govern the 
connections' behavior. m is the slope of the curve, and K is the curve intercept. The curve is of 
the type shown in Figure 3-56. The global-local parameters are intended to modifjr the baseline 
stresses from the analysis of the platform using the fatigue design wave height. R is a parameter 
which related peak stress to stress range. g related the stress in a member to the wave height. 
Both of these parameters are described in Appendix F. 

NOTE: it is important for users to recognize that this fatigue analysis is extremely approximate. 
It is intended to provide users with an indication as to which components in the platform are 
most vulnerable to fatigue damage. It is not expected to provide actual fatigue lives; the fatigue 
lives calculated should be taken as relative values. 
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PERMISSIBLE CVCLES OF LOAD N 
NOTE - These curves may be represented mathematically as 

N = 2 lo6(*Ao).m 

where N IS the perm~sslble number of cycles lor applied cycllc stress range 10, with l o r e f  and rn as l~sted below 

borer rn 
STRESS RANGE AT INVERSE ENDURANCE LIMIT AT 

CURVE 2 MILLION CYCLES LOG-LOG SLOPE 200 MILLION CYCLES 
X 100 MPa (14.5 ksl) 4 38 35 MPa (5.07 ksi) 
X '  79 MPa (11 4 k s ~ )  3 74 23 MPa (3 33 ksl) 

Figure 3-56: S-N Curve 

TUTORIAL: for the example problem, enter the following values: 

Fatigue Design Wave Height: 45 
Service Life: 30 
Wave Height Distribution Duration: 100 
Operational Wave Component Parameters: 20, 1 ,  1000000000 
Storm Wave Component Parameters: 45, 1 ,  1000000 
m: 3.74 
K: 179000000 
g: 1.3 
R: -0.5 
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These parameters will be used to generate fatigue analysis results in Section 3.9 of this tutorial. 

The program displays the following dialog box: 

: - M o d e C W h & b t  , 

I @ SRSS i 

, Cmslnndm 
-- -.-I 

Figure 3-57: Earthquake Analysis Input 

TOPCAT determines earthquake forces from modal response spectnun analysis, as described in 
Appendix E. The user can specifL the API response spectrum ZPA and soil type (Figure 3-58), 
and the modal combination rule to use. Loads are determined for response on all three axes of 
the platform (end-on, broadside and vertical). The end-on and broadside responses are each 
combined with the vertical response to get the total loads on the platform foundation. 
Parameters selected here will also affect the mounted equipment accelerations if an equipment 
period has been supplied. 

TUTORIAL: The user should make the following selections for the example analysis file: 

ZPA: 0.5 
Soil Type: B 
Modal Combination: SRSS 

These parameters will be used to generate earthquake analysis results in Section 3.9. 
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1 1  1 1 1 1  I  I  I T 1  I  l I l l  I  I I I - 
5 P E R C E N T  O F  

- 
- S A / G  : 2.5 

C R I T I C A L  D A M P I N G ,  

- - - - - S A  = S P E C T R A L  A C C E L E R A T I O N  

- 
S v  = ?;L SA = S P E C T R A L  V E L O C I T Y  - 

1 
= T;r s~ = S P E C T R A L  D I S P L A C E M E N T  

- 
. 1 1  1 1 1 1  1 I I I I I  I I l l  1 I  I  I  

0 . 0 4  0 .1  0 . 2  0 . 5  1 .0  2 . 0  5 . 0  

P E R I O D - T - S E C O N D S  

SOIL TYPE 

A ROCK - CRYSTALLINL CONGLOMERATE OR SHALE LlKE 
MATERIAL GENERALLV HAVING SHEAR WAVE VELDCIT~ES IN 
EXCESS 0 6  914  M 'SEC 13000  F l  SECl 

0 SHALLOW STRONG ALLUVIUM - COMPETENT SANDS SILTS 
AND STIFF C U Y S  WITH SHEAR STRLNGTUS IN EXCESS Of 
ABOUT 72 kP.41 UX) PSf I L lM l lED 10 DEPTHS 0 6  LESS THAN 
ABOUT 61 M (200  111 AND OVtRLYlNC ROCK LlKE MATERI 
A l S  

C DtEP SlROhG ALLUVIUM COYPETtNI SANUS SILTS AND 
S l l rF  CUVS WITH r ~ 1 c u ~ t 5 5 E s  IN EXCESS 0 1  A s O U l  
6 1  W 1 2 m r l l  A k o  OvrRLvlNG DOCK LIKE MATERIALS 

Figure 3-58: API Response Spectrum 

3.8 Analysis Options 

After completing construction of an input file, the user has the option of specifying some 
additional analysis preferences. These options are not stored in the input file, but are only active 
during the analysis session. These options are: 

Use Design CdCM; 

TOPCAT defaults to a linear scaling of both the drag coefficients and the added mass coefficient 
within two velocity heads of the water surface. This scaling may be turned off, in which case CD 

*" and Ch, will be treated as constants. 



TOPCAT USER MANUAL 

Design Diagonal Braces: 
CHAPTER THREE 

The user need not specif)r the diameter and thickness of main diagonal braces. Approximate 
brace sizes will be determined for the platform by the program, and then used in the strength 
calculations. These braces are sized according to the following criteria: 

Note that a user must still declare the number of braces, orientations, and bracing configurations. 

Turn Tubular Joints Off 

The capacities of tubular joint end connections on main diagonal braces will be ignored when 
calculating the effective axial capacity of the brace. This option is typically used when data on 
joints has been entered, and it has been found that the joints are much stronger than the attached 
main Qagonal braces, thus distorting the demand-capacity graphs (see Section 3.9). 

Always Use Stokes Fifth-Order Theorv: 

The program defaults to using Cnoidal wave theory for certain conditions (see Appendix A). If 
this option is selected, the program will always use Stokes Fifth-Order theory to calculate wave 
horizontal veiocities. 

Include Conductor Strength and Stiffness: 

Conductor contributions to foundation lateral strength and stiffness will be included in an 
analysis. Note that this option does not have to be selected for an earthquake analysis simply to 
include the mass and added mass of conductors. 

lnclude Mudline Element Effects: 

The approximate contributions of mudline elements (horizontal braces and mud mats) to 
foundation lateral and werturning strengths and stifiesses will be included in the analysis. 

Turn Off Local Brace Loads: 

Local load effects on tubular brace buckling capacity will be ignored. This option is useful in 
that it allows a user to calculate brace axial capacities unaffected by local loads from waves and 
current and from earthquake local acceleration, in order to study how axial capacity is changing 
in the presence of the local load. 

When ANALYSIS OPTIONS is selected, the following dialog box appears: 
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Figure 3-59: Analysis Options Input 

The user may turn on or off any desired options simply by cliclung the check boxes. 

TCITORZAL: turn on use of design CdCM, but leave all other options off. 

3.9 Performing an Analvsis and Obtaining Outuut 

With the completion of all the modeling steps in Sections 3.3-3.7, and the selection of any 

.-- 
analysis options in Section 3.8, the user is now ready to perform analyses of the input file and 
obtain output. 

Prior to performing any calculations, it is always good practice to save newly-created input files. 
This ensures input data residing in the Excel environment will not be lost if the program hangs 
or causes other system faults. 

To execute a run, simply select the desired calculation from the CALCULATION menu (Storm, 
Fatigue or Earthquake). TOPCAT will then read the input data, perform all necessary 
calculations, and then write data to tables and graphs. The user may then use the OUTPUT 
menu to review the graphs and tables, and use the FILE menu to print selected hardcopies of this 
output. In this fashion, a user can quickly perform repeated analyses of the same input file, 
varying loads, damage, and other analysis parameters, and quickly evaluate the results of 
changes. 

For each type of analysis, TOPCAT will return output s p i f i  cally associated with the analysis. 
TOPCAT has two types of output: (1) graphical output, by which important results of an analysis 
are hghlighted in an my-to-understand fonnat, and (2) tabular output, by which the hard 
numbers for loads, capacities, and other numerical results are presented. The following sub- 
sectiorrs review the ovtput available from TOPCAT. 

TUTORIAL: at tfus point, the user may experiment by conducting storm, earthquake and fatigue 
analyses. Results based on the analysis of the tutorial platform are shown in the next section and 
Appendix T; the user may wish to compare results generated while experimenhng with the 
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results in h s  tutorial. The user should review the following subsections, as well as try 
exprimenting with the various analysis options. 

OUTPUTEnd-On or -Broadside Demand/Capacity Graphs 

The program will display a graph similar to the following: 

TUTORIAL4-LEG 

END-ON LOADING: STORM 

0 2000 4000 6000 8000 I0000 

STORM SHEAR I PLATFORM SHEAR CAPACITY (KIPS) 

Figure 3-60: DemadCapacity Graph (Tutorial Four-Leg Platform) 

Demand/Capacity graphs are produced whenever a storm, fatigue or earthquake analysis is 
executed. These graphs depict the shear demand on the platform structure from lateral loads. In 
addtion, they graphcally display the capacity of the platform components (deck bay, jacket bays 
and foundation) to resist shear. Three "capacity" lines are produced: a lower-bound (green) line, 
an upper-bound (red) line, and a joint failure (black) line. For deck bays with no bracing and the 
foundation, the lower-bound and upper-bound capacities are the same, as only the completely 
plastic mechanism state is used to determine capacity. For braced bays, the lower-bound 
represents the capacity of the bay when the weakest brace reaches its axial capacity, while the 
upper-bound represents the capacity of the bay assuming all members have exceeded their yield 
or buckling loads. Note that if a post-buckling strength of less than 1.0 is specified for braces, 
the upper-bound capacity will likely be less than the lower-bound capacity. The tubular joint 
capacity line represents the capacity of braced bays assuming failure only occurs in the joints 
(i.e. no brace failure modes are considered); the line is the capacity of the bay when the weakest 
joint reaches its punching or pullout capacity. Unbraced deck bays and the foundation do not 
have a capacity line for joints, as the joint failure mechanism does not occur in these sections. 
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NOTE: no platform graphics are printed. The platform elevation shown in Figure 3-60 has been 
applied for illustrative purposes. 

OUTPUfRile Axial RSRs 

The program will display a graph as shown below: 

TUTORIAL &LEG 

AXIAL UTILIZATION OF CRITICAL PILE 

Figure 3-6 I : Axial Pile Reserve Strength Ratios (Tutorial Four-Leg Platform) 

This simple bar chart depicts the average of pile reserve strength ratios, axial capacity I axial 
load, where the axial load is estimated by assuming the piles share loads from overturning or 
overturning and vertical force evenly. The graph is produced whenever a storm, fhtigue or 
earthquake analysis is performed. If mats or foundation elements are active, the component of 
moment and vertical force carried by these elements will be deducted before the estimate is 
made of pile axial load. 

NOTE: the graph does not shown negative RSRs. If the "pullout" force from overturning and 
vertical excitation is not strong enough to overcome the force fiom deck and structure weight, 
the RSR will be shown as zero. 

O W f  WEnd-On or Broadside Reliability 

The program will display a graph as shown below: 
- 1 -  
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TUTORIAL 4LEG 

BROADSiDE LOADING: STORM 

Deck Bay 

Jacket Bay 1 

Jacket 8ay  2 
C 

Foundation Lateral W 
ZO Pi~~omprpssion 
k Pile Tension 

f 3 
4- 

2 
PI 
4- 
V) 

Figure 3-62: Reliability Graph (Tutorial Four-Leg Platform) 

This graph depicts the reliability of platform components based on the calculated loads and 
capacities and including the uncertainty information supplied by the user. This graph is 
produced whenever a storm or earthquake analysis is performed. Deck bay and jacket bay 
reliability for lateral load is estimated using the mean load in the bay as the mean of the 
presumed component load distribution. Foundation lateral reliability is estimated using the h e  
shear as the mean of the presumed load distribution. Pile axial compression and tension 
reliabilities are calculated using the average pile RSRs as the ratio of mean capacity to mean 
load. If the RSR is zero (i.e. no load) the reliability is returned as zero. 

NOTE: TOPCAT can currently only produce reliability graphs for p la t fms with no more than 
nine jacket bays. 

OUTPUT/Water Kinematics 

The program will display a graph as shown in Figure 3-63. This graph shows the water particle 
horizontal velocities in the water column. This graph is produced when a storm or fatigue 
analysis is performed. The graph shows current velocity (no blockage modification), wave 
particle velocity (with directional spreading) and total horizontal velocity (wave plus current). 
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TUTORIAL CLEG 

WATER KlNEMATlCS 

-.-" , 
0.00 5.00 10.00 15.00 20.00 25.00 

MLOClTY (F T I SEC) 

Figure 3-63: Water Kinematics Graph 
(45 ft Wave, wkf = 1.0, Current 3.4 @s Constant with Depth) 

OUTPUTEnd-On or Broadside Mode Shapes 

The program will display a graph as shown below: 
TUT ORlAL 4-LEG 

End-On Mode Shapes 

-2.0 -1.5 -1 .O -0.5 0 .O 0 .S 1 .O 1 .5 2 R 

Normalized Displacements 

Figure 3-64: Mode Shapes (Tutorial Four-Leg Platform) 
3-57 
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These mode shapes are determined for the platform in a fixed-base condition. The modal 
properties are used to calculate earthquake loads with a response spectrum. Mode shape graphs 
are produced when an earthquake analysis is performed. 

OUTPUTEatigue Lives 

The program will display a graph as shown: 

TUTORIAL &LEG 

FATIGUE LIFE: END-ON FRAMES 
--  -- 

Jacket Bay 1 

Jacket Bay 2 

0.00 50.00 100.00 150.00 200.00 250.00 300.00 350.00 400.00 450.00 500.00 

MINIMUM FATlGUE LIFE (YEARS) 

Figure 3-65: Minimum Fatigue Lives of All Joints in a Given Bay 
(Tutorial Four-Leg Platform) 

This graph depicts the shortest estimated joint fatigue life of all tubular joint connections in a 
given bay. The graph is produced each time a Mgue analysis is performed. The graph has a 
cap of 500 years on fatigue life for connections. 

NOTE: as mentioned in previous sections, the fatigue lives calcdated for joints should be taken 
as a relative measure. These are not absolute fatigue lives. 

OUTPUTIGlobal Loads and Camcities 

This table contains the numbers used to establish the demandhapacity and reliability graphs, and 
provide the user with additional information: 

Load-imposed vertical force and end-onhroadside overturning moments on the foundation. 
P latfonn vertical and end-onhroadside overturning capacities. 
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Average pile loads, determined by assuming piles share overturning and vertical forces 

,a,,,,. equally. 

The table is produced each time a storm, fatigue or earthquake analysis is performed. A sample 
Global Loads and Capacities table is contained in Appendix T. This table comes from the 
analysis of the Tutorial Four-Leg Platform. 

OUTfUTfStorm and Fatime Panmeters 

This table contains a copy of all input information supplied by the user for storm or fatigue 
analysis definition. For a storm analysis, information on the wind, wave and current, water 
kinematic coefficients, and aero- and hydrodynamic load coefficients used in the analysis are 
retumed to the user. In addition, it will inform the user what wave theory was used to calculate 
wave horizontal velocities. For a fatigue analysis, the parameters used to define the long-term 
wave height distribution, S-N curve, and stress range parameters are added to this table. This 
table is generated each time a storm or fatigue analysis is performed. 

A sample Storm and Fatigue Parameters table is contained in Appendix T. Ths  table comes 
from the analysis of the Tutorial Four-Leg Platform. 

OUTfUT/Modal RSA and EC) Parameters 

This table returns to the user all information input for earthquake analysis definition: response 
... spectrum ZPA, spectrum soil type, and modal combination rule. In addition, it returns the 

numerical values of the mode shapes, periods, modal participation factors, modal masses, modal 
heights, lumped masses at each hming level, total vertical mass, and deck-level accelerations 
for a mounted equipment period. This table is generated each time an earthquake analysis is 
performed. 

A sample Modal RSA and EQ Parameters table is contained in Appendix T. This table comes 
from the analysis of the Tutorial Four-Leg Platform. 

OUTPUTEnd-On or Broadside Fatigue Damage 

These tables retum the accumulated fhtigue damage from a Miner's summation as well as the 
expected fatigue life for ail main diagonal brace tubular joint connections in the platform. There 
is no cap on the expected life displayed for joints. The tables are generated each time a fatigue 
analysis is performed. 

A sample Fatigue Damage table is contained in Appendix T. This table comes from the analysis 
of the Tutorial Four-Leg Platform. 

OUTPUT/Structure DatdGeneral Data 

This table returns global and local parameter input to the user, as well as a platform steel 
tonnage estimate. The table is generated each time a storm or earthquake analysis is performed. 
The following input information is returned: 
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f latform type, layout and dimensions, bay heights and numbers of diagonals 
Structure materials input 
Structure and load uncertainties 
Leg diameters and thcknesses 
Deck and boat landing areas and weights 
Appurtenance areas and marine growth on structural members 
Conductor characteristics 

A sample General Data table is contained in Appendix T. This table comes from the analysis of 
the Tutorial Four-Leg f latform. 

OUTPUT/Structure & W a i n  Diagonals End-On or Broadside 

These tables return user input on main diagonal braces, as well as brace axial capacities 
(including local load effects). This table is generated each time a storm or earthquake analysis is 
performed. A sample Main Diagonals table is contained in Appendix T. This table comes fiom 
the analysis of the Tutorial Four-Leg Platform. 

OWUT/Structure DataCfubular Joints 

These tables return user input on tubular joint connection types, as well as the punching and 
pullout load capacities of the joints for loads on the branch axis. This table is generated each 
time a storm or earthquake analysis is performed. A sample Tubular Joints table is contained in 
Appendix T. This table comes from the analysis of the Tutorial Four-Leg Platform. 

OUTPUT/Structure DataIHortzontai Frames 

This table simply returns user input on horizontal bracing members. This table is generated each 
time a storm or earthquake analysis is performed. A sample Tubular Joints table is contained in 
Appendix T. This table comes fiom the analysis of the Tutorial Four-Leg Platform. 

This table returns user input on the foundation. Soil layer input is returned, along with pile and 
mud mat areas. The axial and lateral pile head capacities and stifmesses are also returned for 
each pile type, and lateral capacity and stiffness will be returned for conductors if they have been 
dedased active for the foundation. The total projected area of mudline horizontal braces is 
returned. If mats and braces have been declared active, the effective surface forces these 
elements must mis t  are returned to the user. A sample Foundation table is contained in 
Appendix T. This table comes from the analysis of the Tutorial Four-Leg Platform. 
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CHAPTER FOUR: 
MODELING EXAMPLES 

4.0 Introduction 

The purpose of this chapter is to explain in fiuther detail techmques by whlch less-standard 
platforms can be modeled using TOPCAT. The user is shown how to approximate framing 
configurations in bottom jacket bays where skirt piles are located. Data input for a tripod jacket 
is reviewed, and the special input for caissons is demonstrated for the user. Thls chapter 
assumes that a user is already familiar with the basic principals of the program, and has read and 
understood the tutorial in Chapter Three. 

4.1 Diagonal Braces in Bavs with Skirt Piles 

Many older platforms with skirt piles have the skirts framed into locations in between the legs of 
the platform. This will lead to complications when deciding the appropriate framing 
configuration to use in a TOPCAT analysis, as TOPCAT automatically determines the length of 
diagonal braces based on the distances between jacket legs and the height of each bay. 

If the configuration is similar to that shown in Figure 4-1, the bracing configuration for the 
diagonals around the slurt pile may be approximated as X-bracing. Similarly, the configuration 
in Figure 4-2 is modeled as a K-brace. 

DIAGONAL BRACES 

DIAGONAL 
BRACES 

Figure 4-1 : Approximate Input for Braces Around a Skirt Pile 

ELEVATION VIEW: 8KlRT PILE 
BETWEEN MAIN PILES 

APPROXIMATiON: INPUT BRACES 
AS X-BRACE CONFIGURATION 
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MAlN LEG/PILE 

SKIRT PILE 

DIAGONAL BRACES 

DIAGONAL 
BRACES 

Figure 4-2: K-Brace with Skirt Pile in Center 

ELEVATKW VIEW: SKIRT PILE 
BETWEEN MAIN BILES 

ELEVATtO1V VIEW SKIRT PILES 1 I BETWEEN MAIN PILE8 

INPUT BRACES AS K-BRACE 
CONFIGURATION 

MAIN PILES 1! 
1 I SKIRT PILES I I 

ELEVATION VIEW SKIRT PILE /:r 
Figure 4-3: Codigurations Requiring a Special Model 

Configurations like the ones shown in Figure 4-3 are more problematic, as TOPCAT cannot 
currently size braces to multiple points in between the jacket legs. The configuration on the 
right of Figure 4-3 could be approximated by specifying four braces, two in a K(A) configuration 
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and two in a K(V) however, the braces will then have their axial strengths 
H e .  determined w i h u  consideration of the support point at the center of each X (as noted in 

Chapter Two, Xkaces have their axial strengths formulated based on the length between the 
cross-point at the jacket legs, and not from leg to leg). 

The following procedure may be used to analyze the platform for storm conditions: 

1. Build an input file for the platform, with an approximation to the braces in the bottom bay. 
Emwe that the brace projected areas are correctly represented for load purposes. 

2. Analyze the platform for the desired storm loads. 
3. &cord the batter forces and the total water horizontal velocity at the bottom bay. 
4. Build another input file, except this time, the file will only consist of the bottom bay. Hence, 

specify a one-jacket bay structure, but select a platform leg layout whch can be dimensioned 
such that the skirt piles are now in main-pile positions. For example, if the left frame of 
Figure 4-3 was being modeled in this way, the user could specify an eight- or twelve-leg 
configuration, specifying the middle section width as the width between the skirt piles. 
Similarly, if the right from of Figure 4-3 was being modeled in this way, the user would 
choose a six- or twelve-leg configuration. Enter dummy values for deck bay height, deck 
characteristics, pile characteristics and soil properties. Enter the diagonal braces as they 
should be entered, as opposed to an approximation. There is no need to input horizontals or 
appurtenances. 

5. Analyze the second model, with a token load (i.e. wave height of one ft). However, specify a 
..- current speed such that the total water velocity at the bottom level is represented for this 

model (for local forces on members). 
6. Take the bay capacity returned by this second analysis, and add the batter forces from the 

first analysis to it. This is the true capacity of the bay for the load condition considered. 

This exercise points out an important ability of TOPCAT, and that is to quickly develop partial 
models of structures for the purpose of evaluating strength or checking attracted load. So long as 
the minimum input requirements are met, the program will execute correctly. 

4.2 Modeling a T r i d  Jacket with TOPCAT 

TOPCAT provides a user the ability to analyze tripod-jacket platforms in addition to more 
conventional jacket types. L~ads and component capacities are determined for the two axes 
shown in Figure 4-4. Frames 1 and 2 have equal lmensions; if the platform possesses a single 
vertical leg the user must specify input such that the vertical leg is B2, the vertex between 
Frames 1 and 2. For the broadside loading case!, the direction of loading is garallel to Frame A; 
braces should be specified as being tension or compression based on visualizing the load as 
being directed from left to right. The tubular braces in Frame A are considered to govern the 
shear capacity of the structure bays for this direction of loading; however, the braces in Frames 1 
and 2 will also provide some resistance, as described in Appendix D. Overturning for this 
direction of load is assumed to be resisted exclusively by piles A1 and A3. For the end-on 
loading case, the direction of loading is perpendicular to Frame A; braces should be specified as 
being tension or compression based on visualizing the load as being lrection from Frame A to 
Pile B2.. The shear capacity of the structure bays will be determined by the strengths of the 
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braces in Frames 1 and 2; all three piles resist overturning for this direction but pile B2 will be 
twice as heavily loaded as piles A1 and A3. 

Sides 1,2 must have equal lengths 

Frame 1,  2 element strengths and 
stiflnesses are projected to EO ax~s 
to obtain components' EO strengths 
and stiffnesses. 

Frame 1 ,  2 element strengths and 
stiffnesses are projected to BS axis 
to obtain element contr~butions to BS 
strengths and stiffnesses together 

LA 
with Frame A elements. 

A3 

EO Piles A1 and A3 resist BS 
overturning. All piles resist €0 
overturning, but pile B2 carries twice 
the load as A1 and A3. 

Figure 4-4: Tripod Principal Axes Considered by TOPCAT 

TOPCAT has some important limitations when it comes to tripods. The program does not 
evaluate torsion arising either from mass, projected area, or stiffness eccentricities. Also, the 
program does not allow users to maximize loads on either Frame 1 or 2, by considering cases in- 
line with these frames. However, the program will return brace axial strengths for members in 
these frames. 

Input for tripods follows the same procedures as for standard jackets. When the program 
requests BS and EO bracing members, the user will enter the members in Frame A for BS and 
the members in Frames 1 and 2 for EO. Also, horizontal braces have their orientations specified 
as being the angle (I 90") between the axis of the horizontal member and an axis parallel to 
Frame A and the BS axis. Projected areas for decks and other non-structural members should be 
input such that the effective projected area is the area perpendicular to the respective axes of 
loading. 

An example will be used to illustrate input for a tripod. Consider the simple platform in Figures 
4-5 and 4-6. The platform has one jacket bay, one deck, and a single vertical pile. The user 
begins input by specifying the platform TYPE as "3-leg". Next, the user selects LAYOUT AND 
DIMENSIONS, and makes the following entries: 
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Figure 4-5: Tripod Layout 
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BS Load 
b 

EQ Load 

Member Dimensions 

Piles are driven to 150 ft in dense sand ((= 40°. y =  0.05 kipslft3) 
All steel is 36 ksi 

All braces have k=0.5 

Figure 4-6: Tripod Frame and Member Dimensions 

Thickness (in) 
0.5 

0.625 
0.375 
0.875 

1 
1 

- ~- - - -  - 

Member 1 Diameter (in) 

Water Depth: 50 ft 
Sinkage: 0 
Decks: 1 
Jacket Bays: 1 
Vertical Leg: yes 
Shrt Piles: no 
Frame A Top Width: 40 ft 
Frame A Bottom Width: 60 ft 
Frames 1 and 2 Top Width: 40 ft 

Brace A 
Brace 8 

Horizontal C 
Jacket Leg D 

Deck Leg 
Pile 

24 
30 
18 
70 
66 
66 
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Frames 1 and 2 Bottom Width: 60 A 

For BAY HEIGHTS AND BRACE NUMBERS, the user enters: 

Deck Bay: 

+ Height= 30 ft 
+ Number of BS Braces = 0 
+ Number of EO Braces = 0 

Number of Horizontals = 3 

Jacket Bay 1: 

+ Height = 60 ft 
Number of BS Braces = 2 (these are the braces in Frame A) 

+ Number of EO Braces = 2 (these are the total # of braces in Frames 1 and 2) 
+ Number of Horizontals = 3 

Enter data on the soil profile and structure materials as listed above. Use the input from the 
Southern California Example Platform (Chapter Three) to assign force coeficients and 
uncertainties and biases. If desired, input for earthquake and fatigue condtions can be ignored. 

Assuming no joint data is entered, the user slups ahead to entering data on main diagonal braces. 
The input sequence will be as follows: 

Broadside Frames1 Brace 1 : choose either brace in Frame A, and assign tension or compression 
based on the orientation. Referring back to Figure 4-6, one brace runs from upper-left to lower- 
right, and will be placed in compression based on the load direction. The other brace, lower-left 
to upper-right, will be placed in tension. Choosing the compression brace, enter: 

+ Orientation: compression 
+ Configuration: X-brace 
+ Position: center 
+ Diameter: 24 inches 
+ Thickness: 0.5 inches 

This completes BS Brace 1. Enter the next BS Brace: 

+ Orientation: tension 
Configuration: X-brace 
Position: center 
Diameter: 24 inches 
Thickness: 0.5 inches 

Now input must be provided for the braces in Frames 1 and 2. Again, the order of input does not 
matter to the program. Choosing the brace in Frame 1, and minding the direction of load, enter: 
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c Orientation: compression 
c Configuration: single 
c Position: center 
c Diameter: 30 inches 
c Thickness: 0.625 inches 

Next, the brace in Frame 2. Note ttus brace's input is identical to that for Frame 1: 

c Orientation: compression 
c Configuration: single 
c Position: center 
c Diameter: 30 inches 
c Thickness: 0.625 inches 

Thls completes entry for the main diagonal braces in the platform. 

Skipping now to horizontal braces, the user begins by entering data on the braces in the bottom 
of the deck bay. Measuring angle of orientation from the BS axis, the following entries will be 
made: 

Brace 1 : (Frame A) 

c Diameter: 18 inches 
c Thickness: 0.375 inch 
c Length: 40 ft 
c Orientation: 0" 

The braces in Frames 1 and 2 would be the same except for orientation, which would be 
specified as 60" in both cases. 

Input for the horizontal braces at the bottom of the jacket bay is similar, except that the lengths 
are now 60 ft for each brace. 

The user should be able to input the remaining information on the platform as for any other 
standard jacket. Once input is complete, the user may conduct analyses of the tripod as with any 
other platform. 

4.3 Modeling Caissons with TOPCAT 

TOPCAT allows for the analysis of both braced and guyed caissons similar to MOSSTI@ 
configuration. The prhculars of a caisson analysis are discussed in Appendx D. Input for a 
caisson analysis is relatively simple when compared to the input required for jacket-type 
platforms. 

When a user wishes to model a braced or guyed caisson, the following steps are used: 
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STEP 1: 
Select platform TYPE as either braced or guyed caisson. 

STEP 2: 
Select layout and dimensions. The program will display the following &log box: 

Figure 4-7: Braced or Guyed Caisson Input 

The user supplies information on both the caisson and the piles which are part of the support 
system. The user need not assign specific yield strengths if global yield strengths will be 
specified in STRUCTURE MATERIALS. 

STEP 3: 
U p  cliclung OK, the program will display a dialog box requesting information on the support. 
If the platform was declared as a braced caisson, the dialog box shown in Figure 4-8 will be 
&splayed. Tfte user inputs i n f m t h  on the bracing member. The connection input is 
intended to characterize the connection between the brace and the caisson or the brace and the 
pile (it is up to the user to choose which); the user simply inputs the effective connection steel 
area through which load is transferred. A stress concentration factur can be input if a fatigue 
analysis is desired; the default stress concentdon factur for the connection is unity. A yield 
strength or brace effective length factur need not be specified if the user supplies these in 
STRUCTURE MATERIALS. 

If instead the user declared a guyed caisson, the diabg box shown in Figure 4-9 will be 
displayed. The user inputs information on the cable &meter, pretension, and connection. 
Again, local values of yield strength will default to g b l  values if not assigned here. 
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Figure 4-8: Brace Support Input 

Figure 4-9: Cabie Support Input 
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STEP 4: 
c**. 

The user now assigns the remaining global parameters, with the exception of BAY HEIGHTS 
AND NUfvlBERS OF DIAGONALS. The user can also specifL the following local parameters: 
DECKS AND BOATLANDINGS, APPURTENANCES AND MARFNE GROWTH, and 
EQUIPMENT PERIOD. All other local parameters are irrelevant to the caisson, having already 
been supplied in the LAYOUT AND DIMENSIONS input. Finally, the user also supplies 
information on the environmental conditions desired for analysis. 

The program returns the same out for caissons as it does for jacket-type platforms. The shear 
capacity profile on the deWc-ity graphs will have four parts: 

+ The lateral capacity of the unsupported section of the caisson. 
r, The lateral capcity of the support memkr. 
+ The lateral capacity of the support connection. 
r, The lateral capacity of the support pile. 

This is depicted in Figure 4-10. 

MOSS2 bFaced caisson 

END-ON LOADtNG: STORM 

0 so0 ~000 1w 2000 
STORM SHEAR / PLATFORM SHEAR CAPACITY (KIPS) 

Figure 4-10: D e d C a p c i t y  Graph for Caisson 

-STORM SHEAR 
y- L - BOUPA) CAPAUTY 
-C U - BOUND CAPAUTY 
-CONNECTIONS 

-tdluDLtm 

,*%% 

The pile axial RSR graph shows the RSRs for both the caisson and the support pile (Figure 4- 
1 1): 
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ms2  caisson 

AXIAL UTILIZATION OF CRITICAL PILE 

END-ON BROADSIDE 

Figure 4- 1 1 : Caisson Axial RSRs 

A fatigue analysis for a caisson projects the fatigue life of three parts of the platform: the support 
connection, the caisson wall above the support connection, and the caisson wall at the mudline. 
The stresses in the support are based on the axial force which must be transferred to the support, 
while the stresses in the caisson wall are based on the bending of the caisson. These locations 
are highlighted in Figure 4-1 2: 

Connection between 7 
Brace and Caisson 

\ 
I 

I r Caisson Wall 

Figure 4-12: Caisson Fatigue Analysis Locations 

4-12 
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***. 

TOPCAT returns tabular output for caissons as per a jacket-type platform, with the exception of 
structure data. TOPCAT generates tables only for GENERAL DATA and FOUNDATION. The 
strength of the support connection and support member are listed with GENERAL DATA, whle 
the strengths and stifhesses of the caisson and pile are listed under FOUNDATION. 





TOPCAT USER U W A L  

- 

APPENDIX A 

APPENDIX A: 
SIMPLIFIED WIND, WAVE AND CURRENT LOADS ON 

OFFSHORE PLATFORMS 

by 
Mehrdad M. Mortazavi and Professor Robert G. Bea 

edited by James D. Stear 

.- 
Portions of this Appendix have been previously published in the 
following: 

Mortazavi, M. M. and Bea, R. G., "A Probabilistic Screening 
Methodology for Steel, Template-Type Offshore Platforms," Report to 
Joint Industry Project Sponsors, Marine Technology and Management 
Group, Department of Civil and Environmental Engineering, University 
of California at Berkeley, CA, January 1996. 





TOPCAT USER MANUAL 

TABLE OF CONTENTS 
"- 

A. 1 INTRODUCTION 

A.2 AERODYNAMIC LOADS 

A.3 HYDRODYNAMIC LOADS: BACKGROUND 

A.4 SIMPLIFED HYDRODYNAMIC LOAD MODEL 

A. 5 VERIFICATION OF SIMPLIFIED LOAD MODEL 

APPENDIX A 

PAGE 

A3 

A3 

A.6 REFERENCES 





TOPCAT USER MANUAL APPENDIX A 

A.l INTRODUCTION 

This section documents the procedures used by TOPCAT to calculate aero- and hydrodynamic 
loads on a platform. Wind loads are formulated and discussed first. The fluid mechanics 
background that is necessary to develop a simplified load calculation approach is also discussed. 
Finally, a simplified load model is introduced that uses an idealized structure and either Stokes 
Fifth-Order or Cnoidal wave theory to predict the wave loads acting on offshore platforms. This 
load model is verified with results from more sophisticated current and wave load generating 
programs commonly used in industry. 

AERODYNAMIC LOADS 

Wind forces acting on the exposed portions of offshore platforms are in general not as significant 
as the wave forces acting on these structures. However, their effect has to be included in the 
global and particularly in the local structural analyses of the deck structure and the topside 
facilities and equipment tie-downs. Wind forces are generally composed of two components: a 
sustained (or steady) component averaged over a longer period of time (usually over one minute) 
and a gust (or fluctuating) component averaged over a shorter period of time (usually less than 
one minute). Sustained wind velocities are used to analyze the global platform behavior and gust 
velocities are used to analyze the local member behavior. In case of dynamically sensitive 
structures such as compliant towers or tension leg platforms, more detailed dynamic wind load 
analyses are necessary. In such cases, wind energy representations in form of spectral densities 

~ *.. 

are utilized (Ochi et al., 1986). Typical Gulf of Mexico jacket-type platforms respond to wind 
forces in a static way. In this research, the dynamic aspects of wind loading are neglected. 

Due to surface friction, the geostrophic wind velocity is reduced in the vicinity of ocean surface. 
API RP 2A (API, 1993) gives the following approximation to the wind horizontal velocity 
profile: 

0 125 
4 1  - hour,r) = 4 1  - hour,~,  )(z / z,) 

where ZR denotes a reference height usually taken as 10 meters. Given the wind velocity, the 
maximum wind force, Sa, acting on the exposed decks of the platform is given as: 

where pa is the mass density of air, C, the wind velocity pressure (or shape) coefficient: Ad the 
effective projected area of the exposed decks, and Vd the wind velocity at the deck elevation and 
for an appropriate time interval. The wind shape coefficient is a h c t i o n  of air turbulence, 
structure geometry and surface roughness. 

TOPCAT allows a user to input C,, Ad and Vd, and then calculates the wind load of a platform 
using the above relationship. This load is assumed to act at the top of the deck legs. 
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A.3 HYDRODYNAMIC LOADS: BACKGROUND 

To establish the hydrodynamic loads acting on an offshore platform, three steps need to be taken: 
(I) establish wave, current, and storm surge information based on site specific studes including 
recorded or hindcasted data, (2) use an appropriate wave theory to describe the fluid motion and 
water particle kinematics, and (3) use a force transfer function to determine the loads acting on 
platform members. TOPCAT leaves the performance of (1) to the user. Background to the 
performance of (2) and (3) is presented in this section. 

Wave Theories: 
The problem of describing the wave motion has been dealt with for more than a century now. 
Numerous text books have been devoted to development of various wave theories and describing 
their results (refer to Sarpkaya and Isaacson, 198 1, for a comprehensive list of references). All of 
these wave theories are based on the following common assumptions: the waves are two- 
dimensional and propagate in horizontal direction in waters with constant depth and a smooth 
bed. It is further assumed that the wave train profile does not change with time, no underlying 
current exist, and the water surface is tension-free (uncontaminated). Water itself is assumed to 
be incompressible, inviscid (ideal fluid), and irrotational. Figure A-1 shows the definition sketch 
of a wave train with H, L, d, and 7, denoting wave height and length, water depth and surface 
elevation respectively. The governing equations of wave motion can be found in any classical 
text book on fluid mechanics (e.g. Sarpkaya and Isaacson 1981) and are given below for the sake 
of completeness. 

Figure A-1: Wave Train Definition Sketch 

Defining a scalar function &#x,z,t) so that the fluid velocity vector can be given by the gradient 
of 4, it can be shown that based on the assumptions stated above 4, the so-called velocity 
potential, satisfies the two-dimensional Laplace equation: 
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and is subject to the following boundary conditions at water surface and seabed: 
.a"..- 

The boundary condition at the seabed states that the velocity vector has no component in vertical 
direction. The kinematic boundary condition at the water surface states that the velocity 
component normal to the water surface is equal to the velocity of water surface in that same 
direction. The dynamic boundary condition at the water surface states that the pressure along the 
surface is constant (equal to atmospheric pressure). The last relationship is based on the 
assumption of periodicity of the wave train where c-L8"T denotes the wave celerity. 

Given the wave height, period and the water depth, the question is what shape does the wave - take and how to describe the water particles motion (displacements, velocities, and 

accelerations) throughout the flow. In solving the governing Laplace Equation subject to 
boundary conditions listed above, the following problems are encountered: the boundary 
conditions at the water surface are nonlinear and specified at a surface elevation q, which is 
itself unknown. The various wave theories developed in the past have tried to solve these 
problems with reasonable approximations. These include linear or Airy wave theory (also known 
as small amplitude wave theory), Stokes finite amplitude wave theories, Dean's stream function 
theory, and nonlinear shallow wave theories such as Cnoidal wave theory. The question of 
suitability of a given wave theory for a particular application is a difficult one. One selection 
criteria is the amount of effort needed to produce the desired results. The more advanced the 
theory is, the more sophisticated the tools need to be to perform the analyses. Theoretical charts 
have been developed that show the ranges of best fit to the free surface boundary conditions for 
different wave theories (e.g. Figure A-2). Experimental comparisons of different wave theories 
have not resulted in clear trends regarding the applicability of any particular wave theory 
(Sarpkaya and Isaacson, 198 1). 

Two approaches will be taken to determine wave kinematics for hydrodynamic load calculation. 
Stokes fifth-order theory will be used to calculate the kinematics in the intermediate and deep 
water regions, while Cnoidal theory will be used to calculate kinematics in the shallow water 
regime. Cnoidal theory will only be applied if the following conditions are met: 
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where: 

h = depth from mudline to calm water surface (ft) 
H = wave height (ft) 
T = wave period (sec) 

Figure A-2: Regions of Applicability of Cnoidal and Stokes Fifth-Order Wave Theory 

Wave Directional Spreading: 
Real storm conditions include waves from multiple directions. Directional spreading of the 
waves reduces the loads acting on marine structures which are computed based on a two 
dimensional, long crested, regular wave grid propagating in a single horizontal direction. This 
load reduction is mainly due to change in water particle kinematics. Wave components from 
different directions can partially cancel each other. The effects of wave directionality have been 
investigated by many authors (e.g. Dean, 1977). 

The detailed treatment of the subject is not within the scope of this work. In engineering 
practice, wave directional spreading effects are captured by a single wave kinematics 
modification factor. The actual water particle velocity is estimated by multiplying the velocities 
based on a two-dimensional wave theory with the wave kinematics modification factor. 
Measurements indicate a range of 0.85 to 1.0 for highly directional seas during tropical storms to 
extra-tropical storm conditions (API, 1993). TOPCAT allows a user to specify a wave 
kinematics factor to account for directional spreading. 
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..- Currents and Current Blockage: 
Currents can be a major contributor to total hydrodynamic forces acting on an offshore platform. 
In general, currents are generated in three ways; there are tidal, circulational, and storm 
generated currents. Tidal currents can be important in shallow waters of continental shelves 
(coastal regions and inlets). The Gulf Stream in the Atlantic Ocean and the Loop Current in the 
Gulf of Mexico are examples for large-scale circulational currents. Winds and pressure gradients 
during storms are the source of storm generated currents. These currents can be roughly 
estimated to have surface speeds of 1-3% of the one hour sustained wind speed during storms 
(API, 1993). The profile of storm generated currents is largely unknown and the subject of 
research. 

In determining the water particle kinematics due to currents, it should be recognized that, due to 
existence of the structure, the current is disturbed and its speed in the vicinity of the platform 
differs from that in the free field. Based on experimental test data, approximate current blockage 
factors for typical jacket-type platforms are given in API RP 2A (API, 1993). The actual current 
velocity in the vicinity of the structure is obtained by multiplying the free field current speed 
with the current blockage factor. These factors range from 0.7 for end-on loading of eight-leg 
platforms to 0.9 for tripods (API, 1993). TOPCAT allows a user to specitjr a current blockage 
factor to modify the current velocity for the purpose of load calculation. 

Wave and Current Loads: 
Morison, Johnson, O'Brien and Schaff (1950) proposed the following formulation for the force 

.,-- acting on a section of a pile due to wave motion 

This formulation is widely known as the Morison equation. According to Morison et al. (1950), 
this force is composed of two components: an inertia component related to the acceleration of an 
ideal fluid around the body, F,, and a drag component related to the steady flow of a real fluid 
around the body, Fd. Cm is the so-called inertia coemcient, p is the mass density of fluid, V is the 
volume of the body and du'dt is the fluid acceleration. Cd is the so-called drag coefficient, A 
denotes the projected area of the body normal to the flow direction, and u is the incident flow 
velocity relative to pile. 

Vortex shedding, drag and lift forces are all phenomena observed in real (viscous) fluids due to 
wake formation when the fluid passes a body. These phenomena do not exist in an ideal 
(inviscid) fluid. They have been the subject of comprehensive research for many decades and are 
now well understood and described for simple, idealized cases. In such cases, numerical 
computations are able to simulate these phenomena with reasonable degrees of accuracy. 
However, these programs are not yet efficient enough to be used by engineers and designers to 
calculate the forces on "real" marine structures. 

.. Although extremely simple, the Morison equation has been used for many years by researchers 
and engineers to calculate the wave forces on "slender" marine structures. An important 
assumption implicit in the Morison equation is that the incident flow remains undisturbed in the 
vicinity of the body. This condition is satisfied when the body is small relative to the wave 



TOPCAT USER MANUAL APPENDIX A 

length. If the body is large relative to the wave length, the incident flow will not remain uniform 
and will be refracted due to presence of the body. In this case the refraction problem needs to be 
solved. For detailed treatment of the subject refer to Sarpkaya and Isaacson (1981). The 
refraction problem is not considered in this research since the platform dimensions are much 
smaller than the wave length in the extreme conditions underlying the ultimate strength analysis. 

The drag and inertia coefficients in Morison equation have empirical nature and depend on many 
factors including flow characteristics, shape and roughness of the body and its proximity to sea 
floor or free surface. One important flow parameter reflecting its uniformity is Keulegan- 
Carpenter (KC) number which is defined as: 

where U and T are the velocity amplitude and period of the oscillatory flow and D is the 
diameter of the cylinder. Reynolds number, Re, is another important parameter that characterizes 
the flow regime reflecting its turbulence and is defined as 

where vdenotes the fluid viscosity. Past field tests have indicated a large scatter in the values of 
drag and inertia coefficients when they are plotted against either the Reynolds number or the 
Keulegan-Carpenter number. This scatter is largely attributable to the irregular nature of the 
ocean waves. Typical values for Reynolds and Keulegan-Carpenter numbers in extreme 
conditions are He > lo6 and KC: > 30. For these ranges and based on experimental and field test 
data, mean drag and inertia coefficients are established for cylinders with smooth and rough 
surface (e.g. API, 1 993). 

A.4 SJMPLIFIED HYDRODYNAMIC LOAD MODEL 

A simplified hydrodynamic load calculation model is developed and discussed in the following. 
Wave, current and wind forces are considered. In the case of wave loading, only the drag force 
component of the Morison equation is estimated. Due to 90' phase angle difference between the 
maximum drag and inertia force components and the relatively small dimensions of a typical 
jacket-type platform with respect to wave lengths and heights in an extreme condition, at the 
time the drag forces acting on the p la t fm reach a maximum value the inertia forces are 
relatively small and hence neglected. 

Wave horizontal velocities are based on Stokes fifth-order theory for intermediate and deep 
water depths. Using equations given by Skjelbreia and Hendnckson (1961) and Fenton (1985), 
computer code has been developed to calculate the kinematics. Given the wave height H, period 
T and water depth d, the vertical profile of maximum horizontal velocities beneath the wave 
crest is given as: 
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.- where Kd, is a coefficient that recognizes the effects of directional spreading and wave 
irregularity on the Stokes wave theory based velocities. k is the wave number and s is the vertical 
coordinate counting positive upward from the sea floor. c is the wave celerity and given by: 

The crest elevation q is estimated by: 

qSn and q',, are given functions of A and kd. Cn are known functions of kd only and given by 
Skjelbreia and Hendrickson (1961). The wave number k is obtained by implicitly solving the 
following equation given by Fenton ( 1985): 

The parameter A is then calculated using the equation given by Skjelbreia and Hendrickson 
.,,,,& (1961): 

Having the parameters A and kd, the horizontal water particle velocities and the wave crest 
elevation can be estimated. 

Cnoidal wave theory is used to calculate the velocities for shallow water conditions. Based on a 
second order approximation documented by Dean and Dalrymple (1984), the horizontal 
velocities u at elevation z are estimated from: 

where: 
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K(K) q = -(kx - a t ) ,  0 at wave crest location 
It 

cn2q = 4 cosn(kr - at) = 4 at wave crest location 
n=O n=O 

An are Fourier coefficients, given by: 

where: 

K(K) is a complete elliptic integral of the first lund, given by: 

while E(K) is a complete elliptic integral of the second kind: 

To solve the above relationships which control u, it is necessary to solve for K, the Jacobian 
elliptic function modulus. This can be done by iterating the following relationship: 
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where: 

For both the intermediateldeep case and the shallow case, the specified variation of current 
velocities with depth is stretched to the wave crest and modified to recognize the effects of 
structure blockage on the currents. The total horizontal water particle velocities are taken as the 
sum of the wave horizontal velocities and the current velocities. 

The maximum drag force acting on the portions of structure below the wave crest is based on the 

"". fluid velocity pressure: 

where p is the mass density of water, A the effective vertical projected area of the exposed 
structure element, and u the horizontal velocity of water at a given point on the submerged 
po~tion-of the structure element. 

All of the structure elements are modeled as equivalent vertical cylinders that are located at the 
wave crest (Figure A-3). Appurtenances (boat landings, conductors, risers) are modeled in a 
similar manner. For inclined members, the effective vertical projected area is determined by 
multiplying the product of member length and diafiter by the cube of the cosine of its angle 
with the horizontal. 

For wave crest elevations that reach the lower decks, the horizontal hydrodynamic forces acting 
on the lower decks are computed based on the projected area of the portions of the structure that 
would be able to withstand the hgh pressures. The fluid velocities and pressures are calculated 
in the same manner as for the other submerged portions of the structure with the exception of the 
definitton of Cd. In recognition of rectangular shapes of the structural members in the decks a 
higher Cd is taken. This value is assumed to be developed at a depth equal to two velocity heads 

- "*. ([?/'g) below the wave crest. In recognition of the near wave surface flow distortion effects, Cd is 
assumed to vary linearly from its value at two velocity heads below the wave crest to zero at the 
wave crest. (McDonald et al., 1990; Bea and DesRoches, 1993). 
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Figure A-3: Simplified Load Model 

A.5 VERIFICATION OF SIMPLIFIED LOAD MODEL 

The procedure used to estimate the wave forces acting on jacket structures has been verified and 
calibrated against results from more sophisticated computer programs. In an initial verification 
effort, the computer output for four design wave cases on single surface piercing cylindrical piles 
were used. These data were produced during an analytical wave force study conducted by Exxon 
and Shell Research Companies and documented by Bea (1973). In this study, the maximum 
wave force acting on a 3 ft diameter surface piercing cylinder was estimated where non- 
dimensional water depths ds'g? ranged from 0.022 to 0.146. Based on the simplified procedure 
developed in the previous sections of this chapter, the maximum wave force acting the same 
cylinder is also estimated using both Stokes fifth-order and depth stretched linear wave theories. 
A drag coefficient of C H . 6  is used in all cases. The results are also compared to those gained 
by using Dean's Charts that are developed based on ninth-order stream function theory (Dean, 
1973). The results are summarized in Figures A-4 to A-7. 

Figure A-4 shows the results for deep water conditions. Stokes fifth-order theory results in an 
estimate of base shear that is in good agreement with results reported in Exxon-Shell wave force 
study. Dean's Charts slightly underprehct the total force. Surprising is the result gained by using 
depth-stretched linear wave theory, which gives a base shear that is almost 40% less than that 
given by Stokes fifth-order theory. Figures A-5 and A-6 show the results for deep to intermediate 
water depths. Again, it can be seen that Stokes fifth-order results are in good agreement with 
those reported in Exxon-Shell study. Depth-stretched linear wave theory underpredicts the base 
shear by 40% to 50%. Dean's Charts result in total forces that are also close to those gained by 
using Stokes fifth-order theory. Figure A-7 shows the results for intermediate to shallow water 
conditions. The base shear obtained using Stokes fifth-order theory is about 10% to 15% larger 
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than the base shear prehcted by Exxon-Shell study and that gained by using Dean's Charts. In 
,*.." this case, Airy wave based prediction makes up only 20% of Stokes fifth-order theory results. 

Field measurements in intermdate water depths indicate that depth-stretched Airy theory 
provides an acceptable fit to the actual wave kinematics. With this in mind, the results plotted in 
Figures A-4 to A-7 indicate that wave force prehctions based on finite amplitude wave theories 
(Stokes fifth-order or stream bc t ion )  might be conservatively biased. 

DEANr4.6 KIPS, 

-- AIRY - STOKES V 

SHEAR (KIPS) 

Figure A-4: Wave Force on a Vertical Surface Piercing Cylinder in Deep Water 
(dlg?= 0.146) 
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TPOsec, d=lOOR, B 3 R ,  Cb0.6  
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Figure A-5: Wave Force on a Vertical Surface Piercing Cylinder 
in Transitional Water Depth (d / g? = 0.049) 
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Figure A-6: Wave Force on a Vertical Surface Piercing Cylinder 
in Transitional Water Depth (d / g? = 0.065) 
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DEAW126 KIPS. 
EXXONqHELL=135 KIPS 
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Figure A-7: Wave Force on a Vertical Surface Piercing Cylinder 
in Transitional Water Depth ( d  / g p  = 0.022) 
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B.l INTRODUCTION 

The development of simplified element and component capacity estimation procedures used to 
predict the ultimate lateral loading capacity of a platform system are described in this appendix. 
Using the concept of plastic hinge theory, limit equilibrium is formulated by implementing the 
principle of virtual work. This is the key to the simplified ultimate limit state analysis method. 
Where of importance, geometric and material nonlinearities are considered. This method is 
being increasingly used in plastic design of simple structures or structural elements (e.g. moment 
frames, continuous beams). Due to the impracticality of such analyses for more complicated 
structures, these methods have not found broad use in design or assessment of complex 
structures; all possible failure modes need to be considered and evaluated to capture the "true" 
collapse mechanism and the associated ultimate lateral load. 

Actual field experience and numerical results from threedimensional, nonlinear analyses 
performed on a variety of template-type platforms indicate that in most cases certain failure 
modes govern the ultimate capacity of such platforms: a) plastic hinge formation in the deck legs 
and subsequent collapse of the deck portal, b) buckling of the main load carrying vertical 
diagonal braces in the jacket, c) lateral failure of the foundation piles due to plastic hinge 
formation in the piles and plastification of foundation soil, and d) pile pullout or pile plunging 
due to exceedance of axial pile and soil capacities. 

Within the framework of a simplified analysis and based on experience, collapse mechanisms 
are assumed for the three primary components that comprise a template-type platform: the deck 
legs, the jacket, and the pile foundation. Based on the presumed failure modes, the principle of 
virtual work is utilized to estimate the ultimate lateral capacity for each component. In the 
following sections, this process is described in detail for the two of the primary components of a 
platform, the deck bay and jacket bays. Information on the capacities of foundation members is 
contained in Appendix G. 

B.2 DECKBAY 

The ultimate shear that can be resisted by an unbraced deck portal is estimated based on bending 
moment capacities of the tubular deck legs that support the upper decks. A collapse mechanism 
in the deck bay would form by plastic yielding of the leg sections at the top and bottom of all of 
the deck legs (Figure B-1). The interaction of bending moment and axial force is taken into 
account. The maximum bending moment and axial force that can be developed in a tubular deck 
leg is limited by local buckling of leg cross-sections. The vertical dead loads of the decks are 
assumed to be equally shared among the deck legs. Due to relatively large axial loads (weight of 
the decks and topside facilities) and large relative displacements at collapse (deck bay drift), P-A 
effect plays a role in reducing the lateral shear capacity and hence is taken into account. 
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Figure B-1 : Deck Portal at Ultimate Lateral Load 

Deck Bay Drift at Collapse: 
To derive an estimate of I'-A effect with out leaving the framework of a simplified analysis, 
simplitjling assumptions are made. It is assumed that the deck structure is rigid. It is further 
assumed that plastic yielding of the sections at the bottom of the deck legs occur simultaneously, 
following the plastic yielding of the sections at the top of the legs and hence an estimate of 
plastic hlnge rotations to calculate the deck bay drift is unnecessary. Finally, to estimate the deck 
bay drift at collapse, A, the jacket is replaced by rotational springs at the bottom of each deck 
leg. The spring rotational stiffness, C,, is approximated by applying external moments, which are 
equal in magnitude and have the same direction, to the top of jacket legs at the uppermost jacket 
bay. Assuming rigid horizontal braces and fixed boundary conditions at the bottom of these 
jacket legs, the rotation of cross-sections at the top of the legs and hence the rotational stiffness, 
(;;, is determined: 

where C, is an equivalent lateral stiffness coefficient 

summed over all Qagonal braces within the uppermost jacket bay. I ,  and HI denote the moment 
of inertia of the jacket leg and the first jacket bay height respectively. E is the Young modulus, P 
and Bare the batter angle of the jacket legs and vertical diagonal braces respectively. 

The principle of virtual force is implemented to calculate the deck bay horizontal dnft at 
collapse: 
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Hd and Id are the height and moment of inertia of the deck legs. Mu is the ultimate moment that 
can be resisted by the cross-section in the presence of axial load and can be derived from the M- 
P interaction equation for tubular cross-sections: 

Mcr and PC,, denote the critical moment and axial load associated with local buckling of the 
tubular cross-section. Q denotes the total vertical deck load and n is the number of supporting 
deck legs. 

Deck Leas Lateral Shear Strength: 
Using the formulation developed above for the deck bay drift at collapse, the lateral shear 
capacity of the deck portal can be estimated. Equilibrium is formulated using the principle of 
virtual displacement. Using the actual collapse inechanism as the virtually imposed 
displacement, the equilibrium equation for the lateral shear capacity of the unbraced deck portal 
is derived includmg the second-order P-A effect: 

B 3  JACKET BAYS 

The shear capacity of each of the bays of vertical bracing that comprise the jacket is estimated 
including the tensile and compressive capacity of the diagonal braces and the associated joint 
capacities. The capacity of a given brace is taken as the minimum of the capacity of the brace or 
the capacity of either its joints. The batter component of axial force in the jacket legs and piles 
insrde the jacket legs are taken into account. Where of significance, the shear forces in the legs 
and piles are also considered. 

Ultimate Axial Stre& of Tubular Braces: 
The diagonal braces near the fiee surface are exposed to high combined bending moments and 
axial forces. In general, the existing bending moment result in a reduction of the ultimate axial 
load capacity of the brace. At the ultimate state, the large deflections result in inelastic strains. 
Generally an elastic-plastic load deflection (P-S) analysis should be performed to determine the 
ultimate strength of the brace. The braces are treated as though there are no net hydrostatic 
pressures (e.g. flooded members). 
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Figure B-2: Brace Element Under Compressive and Transverse Loading 

The governing differential equation of the beam-column can be given as: 

where M, stands for the second derivative of bending moment with regard to the coordinate x 
(Figure 8-2). A,,, P, and I are the initial out-of-straightness, axial force and unbraced length of 
the member respectively. The following substitutions 

result in the transformed differential equation: 

M it + s2 M = -w12  PA^ 

which has the following closed-form solution: 

s indl  - 5) sin st  
4 5 )  = M(~=o)+ -M(<=  stn s 

Based on a three-hinge failure mode, the exact solution of the second-order differential equation 
for the bending moment of a beam-column is implemented to formulate the equilibrium at 
collapse: 
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1 
- I (w12 + ~P,A,) 

Mu = I 1+2- sino.5. J "2 cos- J 
sin E 

Elastic-perfectly plastic material behavior is assumed. The ultimate compression capacity is 
reached when full plastification of the cross-sections at the member ends and mid-span occur 
(Figure B-3). It is further assumed that plastic hinges at member ends form first followed by 
plastic lunge formation at mid-span. M-P interaction condition for tubular cross-sections 
provides a second equation for the unknown ultimate moment M,, and axial force P, in plastic 
hinges at collapse: 

Figure B-3: Three Hinge Failure Mode for Diagonal Braces 

The results have been verified with results from the nonlinear finite element program USFOS 
(Sintef, 1994); using the same initial out-of-straightness, &, for both simplified and complex 
analyses, the axial compression capacity of several critical diagonal members of different 
structures has been estimated. The simplified method slightly overpredicts the axial capacity of 
compression members (less than 10%). The initial out-of-straightness, &, is used to calibrate the 
axial compression capacity of braces to the column buckling curves according to API RP 2A- 
LRFD (API, 1993 b): 



TOPCAT USER MANUAL APPENDIX B 

1 
8 1 + 2 -  sinoii J $ 1 cos - - j 

sin E 

where PC, is the buckling load of a given brace according to API RP 2A-LRFD. Using 
appropriate buckling length factors, the calibrated results are in close agreement with results 
from USFOS (Hellan et al., 1994). 

Illtimate Strength of Tubular Joints: 
Because of their favorable drag characteristics, cross-sectional symmetry and the ability to 
provide buoyancy, tubular members are widely used in offshore structures. The stress analysis of 
their welded connections, often referred to as tubular joints, and the theoretical prediction of 
their ultimate strength has proven to be &ficult. Elastic stress analysis of different joint types 
and geometries can be performed using a range of analytical approaches from shell theory to 
finite element analyses. 

Experience has shown that tubular connections have a high plastic reserve strength beyond first 
yield, which can not be addressed by conventional linear elastic methods. Hence, empirical 
capacity equations based on test results have been used to predict the joint ultimate strength. 
Based on a data base of 137 tests of tubular joints, Yura et al. (1980) recommended one formula 
for both compressive and tensile ultimate capacity in the branch of a K-joint. This formula is 
identical to that for T and Y joints except for the additional gap factor. The test capacity was 
taken as the lowest of the loads at first crack, at an excessive deformation, or at first yield. For 
simple tubular joints with no gussets, diaphragms, or stiffeners, the capacity equations are given 
in Table B-1. The same capacity equations are adopted by API RP 2A-LRFD (API, 1993b). 

Qs is a factor accounting for geometry and Q, is a gap modifying factor and are estimated 
according to the following equations: 

g Q, = 1.8 - 0.1 - 
T 

for y120 

Table B-1 : Tubular Joint Capacities 
Compression 
f ,~ ' (3 .4  + 1 9 ~ )  

sin 8 

fYT2(3.4 + 1 3 8 ) ~ ~  
sin 8 

fYT2(3.4 + 1 9 ~ ) ~ ~  
sin 8 

Joint Type 

T , Y  

DT , X 

K 

Tension 
f ,~ ' (3 .4  + 1 9 ~ )  

sin 8 
f ,~ ' (3 .4  + 1 9 ~ )  

sin 8 

fYT2(3.4 + 1 9 ~ ) ~ ~  
sin 8 
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g Q, = 1.8-4- 
L) 

for y > 2 0  

0.3 

Q' = 41 - 0.8338) 
for p > 0.6 

Q, = 1.0 for pS0 .6  

g denotes the gap between branches of K-joints, j9 - &D, and y - &2T. D, d and Tare the branch 
and chord diameter and thickness respectively. 

Effect of Shear Force in Jacket Legs and Piles: 
Within the framework of a simplified analysis, the jacket has been treated as a trusswork. Plastic 
hinge formation in the jacket legs was not considered because this hinge development occurs at a 
lateral deformation that is much larger than is required to mobilize the axial capacities of the 
vertical diagonal braces. At the large lateral deformations required to mobilize the lateral shear 
capacities of the legs, the diagonal brace capacities have decreased significantly due to column 
buckling or tensile rupture. In general, the effect of bending moment distribution along the 
jacket legs on the lateral capacity has been neglected. This assumption is justified by the 
following example. 

Figure B-4 : Lateral Capacity of a Jacket Bay 

We impose a virtual displacement to the i~ jacket bay of a two-dimensional jacket frame (Figure 
B-4) and equate the external and internal work: 

w'E)= w'o 

which leads to the following equilibrium equation for the grven jacket bay: 
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where Pbh denotes the horizontal component of brace axial force. Assuming that the magnitude 
of bending moment in the jacket legs is negligible: 

the following simplified relationship results: 

This assumption leads to estimates of lateral capacity of a jacket bay that are either conservative 
or unconservative depending on the actual bending moment distribution in the legs. However, 
this conservatism or unconservatism is negligible for all but the uppermost and lowest jacket 
bays. Due to frame action in the deck portal and rotational restraint of the legs at mud level, the 
jacket legs and piles inside the legs experience relatively large bending moments at these two 
bays. The bending moment in the legs at the lowest bay has the direction of a resisting moment 
and hence not considering it can only be conservative. In contrary, the shear force due to the 
large moment gradient at the uppermost jacket bay has the same direction as the global lateral 
loading. If this effect is not taken into account, the lateral capacity will be overestimated. 

A simplified procedure is developed to account for the effect of shear force in the top jacket bay. 
Of interest is the moment distribution along the legs at this bay due to frame action in the deck 
portal (Figure B-5). Given the geometry of the deck portal and the load acting on deck areas, the 
moment distribution along the deck legs can be estimated: 
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DECK BAY 

UPPER MOST 
JACKET BAY 

?! TYPICAL 

L JACKET BAY 

LOWEST 
JACKET BAY 

Figure B-5 : Typical Moment Distribution in Jacket Legs under Lateral Loading 

Thinking of a jacket leg as a continuous beam which is supported by horizontal frarnings, the 
applied moment at the top of the leg rapidly decreases towards the bottom. Based on geometry of 
the structure, in particular jacket bay heights and the cross-sectional properties of the jacket leg 
(if nonprismatic), and in the limiting case of rigid supports, an upper bound for the desired 

- moment distribution is estimated. For equal spans, constant moment of inertia and limiting case 
of rigid supports the following relationship can be derived: 

Jacket Bavs Lateral Shear Strength: 
To derive a lower-bound capacity formulation, the notion of Most Likely To Fail (MLTF) 
element is introduced. MLTF element is defined as the member with the lowest capacity over 
stiffness ratio. The lower-bound lateral capacity of a jacket bay is estimated by addng the 
horizontal force components of all load carrying members in the given bay at the instant of first 
member failure. A linear multi-spring model is used to relate the forces and displacements of 
diagonal braces within a bay. It is assumed that the horizontal braces are rigid. The axial force in 
the jacket legs due to lateral overturning moment is estimated at each bay and its batter 
component is added to the lateral capacity. 

The summation is over all vertical diagonal braces within a given jacket bay. P,,, denotes the 
lower-bound lateral shear capacity of the jacket bay, P,, is the horizontal component of axial 

- * force in a given diagonal brace, FL is the sum of batter components of leg forces, and K, denotes 
the lateral stiffness of brace i 
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EA, cosq 
K, = 

Li 

where I,, E, A, and 8 denote the length, Young modulus, cross-sectional area, and the angle 
between the diagonal brace and the horizon respectively. 

An upper-bound capacity is also formulated for each bay. After the MLTF member in 
compression reaches its axial capacity, it can not maintain the peak load and any further increase 
in lateral displacement will result in unloading of this member. Presuming that the load path 
remains intact (inter-connecting horizontals do not fail), a load redistribution follows and other 
members carry the load of the lost members until the last brace reaches its peak capacity. An 
empirical residual capacity modification factor, a, is introduced. Assuming elasto-perfectly 
plastic material behavior, a is equal to 1.0 for members in tension (neglecting strain hardening 
effects) and less than 1.0 for members in compression due to P-6 effects (generally in the range 
of 0.15 to 0.5). The upper-bound lateral shear capacity of a given jacket bay, P,,, , is estimated 
by adding the horizontal component of the residual strength of all of the braces within the bay 
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""- 
B.4 DAMAGED AND REPAIRED MEMBERS 

A major problem associated with assessment of an older platform is locating and evaluating the 
effects of defects and member damage on platform response to extreme loadings. Damage such 
as dents, global bending, corrosion, and fatigue cracks can significantly affect the ultimate 
strength of an offshore platform. Given the physical properties of damage, an estimate of the 
ultimate and residual strength of the damaged members is necessary to perform a strength 
assessment of an offshore platform system. Recently, numerous investigators have devoted their 
attention to this subject and several theoretical approaches have been developed addressing 
different types of damage (e.g. Ellinas, 1984; Ricles et al., 1992; Loh, 1993; Kim, 1992). Small 
and large-scale experiments have been performed to verifL the analytical capacity formulations 
and to gain better understanding of the ultimate and post ultimate behavior of damaged and 
repaired tubular members. 

A literature review was performed on the ultimate strength behavior of damaged and repaired 
tubular braces with dents, global out-of-straightness, and corrosion. Simplified methods were 
identified to estimate the ultimate and residual capacity of such members. In the following 
section, this literature review is summarized and discussed. The results of the simplified capacity 
estimation methods are compared with existing theoretical and experimental test results given in 
literature. 

-- Dents and Global Bending Damage: 
Dent-damaged tubular bracing members have been analytically studied since late 70's. The 
analytical methods of strength prediction developed so far can be classified into three categories 
(Ricles, 1993): 

1 .  Beam-column analysis (Ellinas, 1984, Ricles et al, 1992, Loh, 1993) 
2. Numerical integration methods (Kim, 1992) 
3. Nonlinear finite element (FE) methods 

Beam-column analysis is based on formulation of equilibrium of the damaged member in its 
deformed shape. The P-Seffects including the effects of out-of-straightness are considered in the 
equilibrium equations. The effect of dent depth is taken into account by modifLing the cross- 
sectional properties. Numerical integration methods use empirical moment-axial load-curvature 
relationships to iteratively solve the differential equation of axially loaded damaged member. 
The empirical M-P-@ relationship is usually based on experimental test results or finite element 
studies of dented tubular segments. Nonlinear FE analyses represent the most general and 
rigorous method of analysis. However, their accuracy and efficiency require evaluation and they 
are expensive and time consuming to perform. 

b h ' s  Interaction Equations: 
Developed at Exxon Production Research Company, BCDENT is a general computer program 

- that uses M-P-@ approach to evaluate the full behavior of dented member (Loh, 1993). The 
behavior of the dent section is treated phenomenologically using a set of M-P-@ expressions. 
Compared with the experimental results, BCDENT gives mean strength predictions for both 
dented and undented members. Based on BCDENT results, Loh (1993) presented a set of new 
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unity check equations for evaluating the residual strength of dented tubular members. The unity 
check equations have been calibrated to the lower bound of all existing test data. The equations 
cover axial compression and tension loading, in combination with multidirectional bending with 
respect to dent orientation. When the dent depth approaches zero, the recommended equations 
are identical to API RP 2A equation for undamaged members (MI, 1993b). Loh's equations for 
dent damaged members and those with global bending damage have been integrated in 
TOPCAT; the numerical relationships are listed in Section B.5. 

Camparison Between Experimental and Predicted Camcities: 
Based on a comparison between the experimental ultimate capacities and the corresponding 
predicted capacities of dented tubulars using different methods of analysis, Ricles (1993) 
concluded that Ellinas' formulation, which is based on first yield in the dent saddle, is overly 
conservative. In general, it has been found that Ellinas' approach can be either conservative or 
unconservative depending on the dent depth, member slenderness, and out-of-straightness. 
Ricles further concluded that DENTA (a computer program), Loh's interaction equations, 
numerical integration based on M-P-@ relationships, and the nonlinear FEM are able to predict 
the capacity of the test members reasonably well. 

Figure B-6 : Definition Sketch for a Damaged Tubular Brace 

Also, a joint industry project on testing and evaluation of damaged jacket braces was performed 
by PMB Engineering and Texas A&M University. Twenty salvaged braces were tested and their 
strength behavior compared with results gained from analyses using finite element beam column 
models of damaged braces. It was found that on average the analyses would overpredict the 
capacities by 21%. The agreement in this case is not as good as that presented by other 
investigators. Use of new and artificially damaged braces in other investigations may explain this 
inconsistency. Generally, corrosion is found to add large uncertainties to the properties of the 
entire member. Figure B-6 shows the definition sketch of a dent-damaged member with global 
out-of-straightness. Using ultimate capacity equations formulated by Ellinas (1984) and Loh 
(1 993), the ratio of damaged compressive capacity over intact buckling capacity was estimated 
for ten tubular braces. The intact buckling capacity of a tubular brace was taken to be that given 
by API (1993b). The capacity ratios are plotted for two separate cases. Figure B-7 shows the 
results for no dent damage and varying global out-of-straightness, whereas Figure B-8 shows the 
results for no global bendng damage and varying dent depth. In case of global bending damage, 
the two sets of results are in close agreement indicating that the second-order P-6 effects are 
captured coherently by both sets of formulations (Figure B-7). In case of dent-damaged tubulars, 
however, the results indicate sipficant differences in capacity predictions by the two sets of 
formulations. These results confirm those previously published in the literature regarding the 
level of conservatism of capacity equations developed by Ellinas. An attempt was made to 
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compare the results of different theoretical approaches to predict the compressive capacities of 

o*- . damaged tubulars. Nine specimen were selected from a database that represents all of the test 
results currently in the public domain (Loh, et al., 1992). 
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Figure B-7 : Comparison of Capacity Predictions for 
Tubulars with Global Bending Damage 
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Figure B-8 : Comparison of Capacity Predictions for 
Tubulars with Dent Damage 
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Table B-2 contains the member sizes and material and damage properties. The test results are 
compared with those gained from the programs BCDENT (Loh, 1993), UC-DENT (Ricles et al., 
1992), and capacity equations given by Ellinas (1983) and Loh (1993). The numerical results are 
given in Table B-3 and plotted in Figure B-9. The results indicate that for the data points 
presented, BCDENT capacity predictions are unbiased. Loh's formulations lead to capacity 
predictions that are close lower bounds of test results. Ellinas' formulation is in most cases 
overly conservative. UC-DENT predicts capacities that are close approximations of test results. 

Based on experimental test results and parametric studies using different analytical methods, the 
following observations have been made and presented in the literature: 

The residual strength decreases significantly as the dent depth increases. 
For a given dent depth, the analyses show a decrease in residual strength for members with 
higher Dlt ratio. 
The axial compression capacity decreases as the out-of-straightness increases, but the impact 
on ultimate moment is negligible. 
A mid-length dent location can be assumed for any dent within the middle-half section of 
members effective length. 
Accounting for strain hardening has only a small effect on the maximum predicted capacity. 
Lateral loadings, such as those caused by wave forces, can significantly affect dented brace 
capacity. 
The behavior of members with multiple forms of damage are generally dominated by one 
damage site. 

Table B-3: Experimental and Theoretical Capacities of Damaged Tubulars 
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TEST CASES 

Figure B-9: Comparison of Capacity Predictions for 
Tubulars with Dents and Global Bending Damage (Table B-3) 

Corrosion Damage: 
The marine environment is extremely corrosive. Although cathodic protection systems and 
protective coatings have been applied to prevent corrosion of steel members, in numerous cases 
corrosion damage of offshore platforms has still been observed. Corrosion results in a reduced 
wall thickness of the steel members which can lead to premature local buckling at the corroded 
areas. 

Ostapenko et al. (1993) conducted experimental test on corroded tubulars from salvaged Gulf of 
Mexico platforms. Local buckling was reported at the most severely corroded area and an up to 
50% reduction in capacity was observed. It was found that the patch with the most severe .. corrosion controls the local buckling of the member. Ricles and Hebor (1994) performed and 
presented an analytical and experimental study on patch-corroded steel tubular members. They 
used the results of an experimental program to verifir a non-linear finite element model. The 



TOPCAT USER MANUAL APPEMIIX B 

calibrated FE model was then used to perform parametric stuQes and develop relationships 
between the residual strength of the damaged members and corrosion patch geometry. Based on 
a multi-variable, nonlinear regression analysis, a closed-form solution for patch-corroded tubular 
member strength was derived as a function of Dit ratio and corrosion patch geometry. 

Grout-Remired Tubular Members: 
Given that the loss of strength of a member due to damage has a significant impact on strength 
and reliability of the platfonn system, it is desirable to apply some measure of strengthening the 
damaged member. Internal full-grouting or using grouted steel clamps are two economically 
attractive alternatives. Experimental results have shown that grouting significantly increases the 
capacity of damaged tubular members and therefore is a viable mean of strengthening such 
members. In the past practicing engineers have been applying existing analytical expressions for 
composite members to estimate the capacity of grout-filled damaged tubular members. 

Parsaneiad Method: 
Responding to the need for some sort of analytical expressions, Parsanejad (1987) presented a 
simple analytical expression for estimating the ultimate capacity of grout-filled damaged tubular 
members. The analysis was based on the following simplifying assumptions: (1) full interaction 
exists between grout and the damaged tube and (2) grout provides sufficient support to the tube 
wall in the damaged region to prevent premature local buckling. 

The first yield collapse criterion was adopted by Parsanejad; it was assumed that the ultimate 
capacity of damaged tubular member is reached when the compressive stress in the steel tube at 
the dent equals the yield stress. The damaged member was treated as a beam-column with 
uniform cross-sectional properties represented by the dented region. The total eccentricity was 
taken as the sum of eccentricities due to initial out-of-straightness, external load, and the 
distance between the original center of the tube and the centroid of the transformed cross section 
at the dent. Comparing the analytical results with the limited experimental results existent at the 
time, Parsanejad reported good agreement: the analytical results presented close lower-bound 
estimates of test results. The equations developed for grout repaired tubulars by Parsanejad has 
been integrated in TOPCAT and are listed in Section B.6. 

Comparison Between Ex~erimental and PreQcted Capacities: 
Ricles et al. (1993) performed experiments on thirteen large-scale damaged and repaired tubular 
members with two objectives: (1) assessing the residual strength of dent damaged steel tubular 
bracing members under combined flexural and axial load and (2) determining the effectiveness 
of using internal complete grouting and grouted steel clamps to repair dent damaged members. 

The residual strength of damaged unrepaired and grout repaired specimens were compared to the 
undamaged design strength accorhng to WSD and LRFD fonnats respectively. Test results were 
also compared to results gained from the modified Ellinas equation, computer program DENTA, 
and Parsanejad formulation. The following conclusions regarding grout-filled damaged tubular 
members are drawn by Ricles et a1 (1993): (1) Internal grout and grouted steel clamp repairs of a 
0.1D dent damaged brace are successful in reinstating the original undamaged member's 
strength by arresting dent growth inwards, and (2) the predicted strength of internally grout- 
repaired members based on Parsanejad's method provided a close lower bound to experimental 
data. 
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LOH'S INTERACTION EQlJATIONS FOR DENT-DAMAGED TCTBlJLARS 
Table B-4: Notation 

effective cross-sectional area of dent section 
cross-sectional area of undamaged member 
cross-sectional area of the steel 
cross-sectional area of the soil plug in pile 
outside diameter of tubular member 
dent depth 
primary out-of-straightness of a dented member 
=0.0011, 
Young's modulus 
yield stress 
effective moment of inertia of dent cross-section 
moment of inertia of undamaged cross-section 
effective length factor of undamaged member 
effective buckling length factor 
unbraced member length 
slenderness ratio 
slenderness parameter of a dented member = ( ~ ~ d ~ ~ * i ) ~ ' ~  
ultimate moment capacity 
critical moment capacity (local buckling) 
plastic moment capacity of undamaged member 
ultimate negative moment capacity of dent section 
negative moment for dent section 
positive moment for dent section 
neutral moment for dent section 
critical axial buckling capacity of a dented member (d%;,O.OOI) 
critical axial buckling capacity of a dented member (Ail, =O. 001) 
Euler load of undamaged member 
axial compression capacity 
axial compression capacity of a short dented member 
axial local buckling capacity 
axial column buckling capacity 
tensile capacity 
radius of gytation 
member wall thickness 
unity check 

Undamaged Cross Sectional Camcities: 
D 

Pu = Fy A, for - I 60 
I 

D 
= Fy A. [I.,, - 0.23(:) '"1 for - I > 60 



TOPCAT USER MANUAL 

M~ = F ~ ~ ( D  - t )2  

Dent-Section Properties: 

Mud J d  ---- - 
Mu 1, 

Strength Check: 

APPENDIX B 

FY " for 0 1 - LC 1500 (ksi) 
t 03.3) 

FYD for 1500 < - 1 3000 (ksi) 
t 

(B.4) 

fi; D 
for 3000 < - 1 300Fy (ksi) 

t  03.5) 

03.6) 

Stabilitv Check: 

(B.9) 

(B. 10) 

(B. 12) 
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Critical Buckling Capacities: 

for I JZ 

for .4 > f i  

APPENDIX B 

(B. 13) 

(B. 14) 

(B. 15) 

(B. 16) 
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B.6 PARSENAJAD'S STRENGTH EQUATIONS FOR GROUT-FILLED TUBULARS 

A, 
As * 
A* At, 
D 
d 
4 
Es 
e 

Table B-5: Notation 
area of grout at the dented section 
area of steel 
transformed areas at the dented and undented cross section 
mid-thickness diameter 
depth of denth 
elastic modulus of grout 
elastic modulus of steel 
external eccentricity of load 
distance between centroid of grout at the dented cross section to the centroid 
of undented cross section 
distance between centroid of steel at the dented cross section to the centroid 
of undented cross section 
= e +  S-t e,r 
distance between centroid of the dented and undented transformed cross 
section 
moment of inertia of grout at dented cross section 
moment of inertia of steel at dented cross section 
transformed moment of inertia of dented cross section 
nondimensionalized parameter = A,  e,,' 2, 
effective length of member 
nondimensionalized parameter = A,: A,* 
elastic modular ratio = PiS ,' Eg 
ultimate axial capacity 
full yield capacity =A,* oy 
transformed radious of gyration of dented section 
thickness of tubular member 
transformed section modulus with respect to the dented side 
angle shown in fig. 
overall bending 
reduced slenderness parameter 
axial stress 
bending stress 
Euler buckling stress 
ultimate axial stress 
yield stress of steel 

(B. 17) 

(B. 18) 
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Cross-Section Properties: 

A, A,, = A ,  + - 
?I 

n 
e, = -(sina - a cosa) 

2 n  

(1) sin a)" 
e = 
8 12A, 

21 ,  Z, = c o s a  + e, 
D 

r,, = 1'- 
1 Ah. 

I* A 2 I ,  I ,  = I s  +-+ ~ , ( e , ,  -e,)2 +f  (e, -e,,) = I s  +- 
n n 

APPENDIX B 

(B. 19) 
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D3t n-n 
T [ T  

- sin 2 a  (sina - a c o ~ a ) ~  
4 

+ acos2 a - 
?r I (B.32) 
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APPENDIX D: 
SIMPLIFIED STRENGTH AND STIFFNESS OF BRACED 

AND GUYED CAISSONS AND OF TRIPODS 

by 
James 0. Stear and Professor Robert G. Bea 
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..- D.1 INTRODUCTION 

TOPCAT allows for the analysis of caissons which are supported either by braces (two identical 
braces at WO) or guy-wires (three identical wires at 120°). In both cases, the lateral capacity of 
the caisson is assumed to be governed by a series system of the following: the brace or wire, the 
connection between the support and the caisson, and the anchor support. 

TOPCAT also allows for the analysis of tripod platforms of either equilateral or isosceles plan, 
with either equal batter or a single vertical leg. Capacity is developed for two axes of loadmg: 
an axis @lei to Frame A, and an axis perpendicular to Frame A. No torsion is considered in 
the formulation. 

D.2 BRACED CAISSONS 

TOPCAT allows for the analysis of simple braced caissons of the MOSS@ Il type, as shown in 
Figure D-1. The platform consists of a single caisson of uniform diameter and thickness, two 
tubular braces orthogonal to one another, and two anchor piles, each of which supports one 
brace. 

Piles - 
Bracing - . 

Supports 

Deck 

Connection between 
Braoe and Caisson 

Bracing Support 

Connection between 
Brace and Pile 

\ 

PLAN BS OR EO ELEVATION 

Figure D-1 : B d  Caisson 

- The platform is assumed to have two principal axes of loading, as with jacket-type platforms. 
TOPCAT assumes the strength in each direction will be the same; however, a user may specify 
different appurtenance areas and other load attractors for the two axes. Braces are only assumed 
to provide support against loads parallel to their axis. 
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The caisson is treated as a supported cantilever beam, as shown in Figure D-2. Hiniumtal load 
is assumed to be transferred to the foundation lwel by the support system; the caisson itself is 
assumed ts carry no lateral load. Thc caisson will, however, be subject to vertical hces ,  as 
shown in Figure D-3. 

1 Caisson and Guppwt 1 
d 

Support Point '; 
(Brace) q': - .  

Shape of 
Assumed Point of Caisson 

Caisson Fixitv is 5 to 10 
Caisson 4 b e k i  

Cantilever with Pin Support in Caisson 

In reality the caisson does transfer 
here. However, it is 

assumed the support system carries 
most of the lateral load imposed on the 

T 
Figure D-3: Load Path in Caisson 
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The piatform is assumed to have three modes of failure under lateral loads: 
...., . 

* anging of the caisson above the p i n t  of bracing support. 
* Failure of a support, either by yielding or buckling of the bracing member, yielding of the 

connection between the brace and the caisson, or brace and the pile, or by pullout, plunging 
or lateral subsidence of the pile. 

* Pull-out or plunging of the caisson. 

Nnnina of Caisson Above Su~port  f oint: 
The ultimate capacity of the caisson above the p i n t  of bracing is assumed to be reached when a 
plastic hinge forms just above the bracing attachment p in t ,  as shown in Figure D-4. 

Figure D-4: Collapse Mechamsm for Unsupported Section of Caisson 

The equivalent horizontal load capacity is thus: 

where: 

Mu = ultimate moment capacity of caisson cross-section 
Q = vertical deck load 
Hd = distance from deck to bracing p i n t  
A = deck displacement at collapse 

~- The ultimate moment the cross-section can support is estimated from: 
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Where Mcrl and Pml are the critical moment and axial load associated with local buckling of the 
crass-section. 

The deck displacement can be estimated from: 

I, = moment of inertia of caisson cross-section 
Dc = diameter of caisson 
H, = height of support point above mudline 

f ailwe in Summt: 
The ultimate capacity of a support will be determined by ( I )  the yielding or buckling capacity of 
thc tubular brace, (2) thc yidd capacity of the conntction between the brace and caisson or brace 
and pile, or (3) the pullout, plunging or lateral capacity of the pile. The capacity of the 
supported section will be reduced by thc need to bahce  the bending action of the unsupported 
s t i o n  above the support point, but will be effectively increased due to the gradual mobilization 
of the bending capacity of -the caisson. 

The effective horizontal capacity of the supported section is given by: 

M = moment in caisson at point of bracing attachment, from loads above point of 
bracing 

3 EI, 
k,msson = horizontal cantilever stiflhss of main pile, taken as 

(H, + IOD,)) 

Thc ultimate horizontal load capacity of the support system, Pu_l,u,,,, should be the minimum 
of the following: 

A& = yield capacity of connections, expressed as connection area A, x steel 
yield stress of connections a, 
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Pumbrurr COS 8 = horizontal CO~ponent of tubular brace axial capacity in either tension 
or compression depending on load; 8 is the angle between the brace 
axis and the horizontal plane 

pu-i-piie = lateral load capacity of pile at pile head 
Pu,,le l tan 8 = horizontal load at support point needed to exceed axial pile capacity 

Pu-bracc is calculated following the procedure in Appendix £3 of the User Manual for tubular 
bracing members. The brace can be specified as being in tension or compression. 
Determination of the pile capacities Pu-l,il, and Pu,,ile is performed in accordance with the 
procedures of Appendix G of the User Manual. 

The effective horiwntal s t i f l k s  of the support system for load at the support point can be 
approximated as a series system made up of the tubular brace and the lateral and axial pile-head 
stiffnesses: 

where A and L are the cross-section steel area and length of the tubular brace. The connections 
between the brace and the pile and caisson are assumed to be rigid. 

-,. 
Caisson Pullout or Pluming: 
The last concern is that of pull-out or plunging of the caisson. The axial capacity of the 
imbedded portion of the caisson is determined through application of the procedures in 
Appendix G of the User Manual. 

Stiffiresses for Modal Analysis: 
TOPCAT idealizes braced caissons as 2 DOF systems for lateral response, and an SDOF system 
for vertical response, as shown in Figure D-5. 

Total mass M lumped 
t / at deck lever c 

caisson section Series spring made 
lumped at deck - up of supported and 

k2 = k of unsupported section 

support elements 

Simple Horizwttel Simple Vertical 
Response Model Response Model 

Figure D-5: Lateral and Vertical Response Models for Braced Caissons 

k1 is the lateral s t i f ' s  of the caisson above the support point, and is given by: 

D-7 
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k2 is the lateral stiffness of the caisson and support acting together, and is given by: 

k3 is found h m :  

&,pp,., is the vertical stiffness of the support system, and is given by: 

No period lengthening (User Manual Appendix E) is applied lo the modal periods of the caisson; 
the foundation stiffnesses have been included in the stiffness formulation of the discrete model. 

D.3 GUYED CAISSONS 

TOPCAT also allows a user to d y z e  simple guyed caissons of the type shown in Figures D-6 
and D-7. Deck 

Conneetion between 
Cabie and Caissm 

Figure D-6: Guyed Caisson Elevation View 

D% 
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Figure D-7: Guyed Caisson Plan View 

The guyed caisson is very similar to the braced caisson, except that lateral support is provided by 
three heavy cables, all of identical &sign, laid out from the axis of the caisson at 120" intervals. 
Wlllle two axes of loading are considered by TOPCAT, these loads are both assumed to be 
parallel with one of the cables. Heme, capacity is only formulated once but used for both EO 
and BS load cases. TOPCAT assumes the load will always place the cable in tension. Users 
may specify different load attractors for the two principal directions. 

As with the braced caisson, lateral load on the guyed caisson is assumed to be transferred to the 
foundation by the support system. Heme, there are three primary failure modes: 

+ Hinging of the caisson above the point of cable support. 
* Failure of a support, either by yieldlng of the cable, yielding of the connection between the 

cable and the caisson, or cable and the pile, or by pullout, plunging or lateral subsidence of 
the pile. 

+ Pull-out or plunging of the caisson. 

The capacity of the unsupported section and the axial capacity of the caisson are determined in a 
manner identical to that used for braced caissons. The effective horizontal capacity of the 
supported section is given by: 
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where : 

M = moment in caisson at point of bracing attachment, from loads above point of 
bracing 

3EI, 
k,-$, = horizontal cantilever stifiess of main pile, taken as 

( H ,  + 10 D,)' 

The ultimate horizontal load capacity of the support system, Pu.I-supp,, should be the minimum 
of the following: 

45 = yield capacity of connections, expressed as connection area A, x steel 
yield stress of connections 0, 

Pu,dIe cos B = horizontal component of cable tension capacity; Bis the angle between 
the cable axis and the horizontal plane 

P , . L - ~ , ~  = lateraI Ioad capacity of pile at pile head 
Pu,,il, / tan 8 = horizontal load at support point n& to exceed axial pile capacity 

Pu,.I, is given by: 

where : 

A t ~ k  = cross-section area of cable 
Fprc~cnsian = pre-tensioning force in cable 

Determination of the pile capacities P,.l,iI, and Pu,,iI, is performed in accordance with the 
procedures of Appendix G of the User Manual. 

The effective horizontal stiffness of the support system for load at the support point can be 
approximated as a series system made up of the cable s t i fhxs and the lateral and axial pile-head 
stiffnesses: 

where A and L are the cross-section area and length of a cable. The connections between the 
cable and the pile a d  caisson are assumed to be rigid. If the cables in the platform have been 
pre-tensioned to the point at which they will not go slack for expected displacements of the 
support point, the value of kIISUppo, calculated from the above will be doubled. 
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The guyed caisson is modeled like the braced caisson for the purposes of modal analysis. 
Stiffnesses are developed in a similar manner, and all three cables are assumed active for the 
purpose of veriical response. 

The caisson in the guyed caisson platform is subject to an additional load QPrdmi,, if the cables 
in the platform are pre-tensioned. This load is: 

Qpmtardol= 3Fpmmdan sin 8 

TOPCAT dlows a user to analyze tripod jackets in &tion to more wnventiod types. The 
tripods can have either equilateral (dl frames equal sizes) or isoscejes (two frames equal sizes) 
plan, and the platform can be specified as having a single vertical leg. 

TOPCAT formulates capacities for tripod components using the same procedures as in Appendix 
B for standard jackets, but formulates these capacities for the two axes shown in Figure D-8. 

Sides 1,2 must have equal lengths 

Figure D-8: Tripod f rincipaI Axes 

Frame 1, 2 element strengths and 
stiffnesses are projected to EO axis 
to Obtain components' EO strengths 
end stiffnesses 

\ 
F r m  1, 2 8ktTWnt strengths end 
stiffnesses ere projected to BS axis 

/ A', \, 8s to obtacn element contributions to 8s 
k strengths and stiffnesses togethw 

This will not affect the formulation of unbraced deck bay capacity and foundation level lateral 
capacity, but it will affect the formulation of jacket bay capacity and foundation overturning Ioad 
shanng. 

LA 

A typical tripod jacket bay is shown in Figure D-9. For loads on the BS axis, the capacity of the 
jacket bay is assumed to be governed by the strength of braces in Frame A, i.e. the capacities of 
the braces in Frames 1 and 2 are not checked for this direction of load. However, the braces in 
Frames 1 and 2 will provide some resistance for Ioad on th~s axis. The BS capacity is thus 
formulated as: 

with Frame A elements 
Ac 

EO Piles A1 and A3 resist 8s 
overturning. All piles resist EO 
overturning, but pile 82 carries twice 
the load as A1 and A3 
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where: 

- 
ki-.4 - (EA,cosZa,)/~,, horizontal stiffnesses of braces in Frame A 

kj-l,2 
- - (EA,COS'~)/L,, horizontal stiffnesses of braces in Frames 1 and 2 

and P, ULTFA, ~ L T F A ,  and kMLTF A are the axial capacity, angle with the horizontal and 
horizonki st%fhess ofthe most-likely-member-to-fail in Frame A. 

Frame 1 ; L \ F r a m e  2 

Frame A 

1 PLAN I 

Diagonal 

I ELEVATION 

Figure D-9: Braced Bay in Tripod Jacket 

For loading on the EO axis, the braces in Frames 1 and 2 are assumed to share the load, while the 
braces in Frame A do not contribute to the capacity. Thus the EO capacity will be given by: 
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where: 

- 
k,-1.2 

- (E4,cda,)/Lj, horizontal stiffnesses of braces in Frames 1 and 2 

and Pu MLTF 1.2, ~ M L T F  1.2, and kMLTF 1.2 are the axial capacity, angle with the horizontal and 
horizonal stiffhess of Ihe most-likely-member-to-fail from both Frames 1 and 2. 

For the purpose of determining the axial loads on piles for the axial RSR calculations, it is 
assumed that piles A1 and A3 share the loads from overturning caused by BS loads equally, and 
that pile B2 provides no resistance. Hence, ovaturning resistance is: 

For overtwning caused by loads on the EO axis, it is assumed that pile B2 is subject to twice as 
much load as piles A 1 and A3. This is due to the assumption that the foundation rotates as a 

-. rigid plate, and hence, for rotation about the centroid of the fondation, pile B2 will be subject to 
twice as much axial displacement as piles A1 and A3. Overhirning capacity is: 





TOPCAT USER MANUAL 

. "- 

APPENDIX E 

by 
James D. Stear and Professor Robert G. Bea 
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f ortiom of this Appendix have b e n  previousty pubhhed in the 
foilowing : 

7 1 APPENDIX E: 

SIMPLIFIED STRENGTH-LEVEL EARTHQUAKE ANALYSIS 

OF FIXED STEEL OFFSHORE PLATFORMS 
1 

Stear, J. D. and Bea, R. G., "Earthquake Analysis of Offshore 
Platforms I Screening Methodologies Project Phase Ill," Report to 
Joint krdustr)r Project Sponsors, Marine TBChndogy and Management 
Group, Department of Civil and Environmental Engineering, University 
of California at Berkeley, CA, June 1997. 
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Approximately 100 template-type offshore platforms have been installed in seismical ly-active 
mg~ons of tlme world's oceans. As new mg~ons with tlme potential for significant seismic activity 
are now beginning to be developed, methods are needed to assist in the preliminary design of the 
?Amdum which d l  be placed in tfaose mg~ons, in atidition, gedogrcal studies have identified 
the ptential for significant or increased seismic activity in regions once believed to be far 
remeved from seismic kazard; stnu:hrres within these regions are in rreed of itssessmeRt h 
airihqh loads or re-assessment for increased earthquake loads. 

Given the increasing importance of seismic considerations fbr offshore stmctma, the EAanne 
Techlogy and Iidmagement Group at U.C. Berkeley initiated a study as part of its Screening 
Methodologies for Offshore Platforms project to find means of defining and determining the 
demands an earthquake may impose on an offshe  stmctwe. Strength-Level earthquake 
~ c a 1 ~ t ~ k ~ p r s c e a z l r e s d e v e ~ d ~ t h i s s ; l t t e y ~ b e e n m t p ) e m e n t e d ~ t k  
TOfCAT phtfiwm assessment program. 

The demand cakd&ion procedure utiliza modal resporrse spednim analysts (RSA) for the 
purposes of calculating load demands on offshore structure components. It is assumed the 
compomts (deck legs, diagonal braces, foundation piles) Tespond in the elastic or nearelastic 
regions of load-dsplacement behavior. Platform horizontal modes and periods are determined 
from modal analysis of a simple lmped-mztss shear-frame fixeddbitse model of the stmdme. 
The first horizontal mode periods are lengthened to account for foundation and tower-bedng 
kibtli-ty. A simple SDOF model rs used to estimate the fmt vertical p&, and 4t is assumed 
d l  vertical mass parhcipates in this mode. These modal properties are then used with response 
spectrum analysis to h d  loads. h& estimated using tkk pn>cedme iwe &redly xmmpared 
with the load capacities of components currently calculated by the TOPCAT program. 

The simplifid modal mponse spectrum procedure .has k e n  verified against the results of 
&led 3-D response spectrum analyses of an 84% structure and a 124% structure, as well as 
,against .both 343 .response spectrum .and 3-D time-hktory analyses of ,a 44eg stmcme. 

A procedure for the calculation of p& accelerations for deck-mounted equipment has dso been 
~implemenisd ,into ,the TOPCAT program. Thtse accdtmtW may ,be .used to detemmine fimes 
for the design equipment mountings. 

6.2 W A  EOEl M3MW SYSTEMS 

bspmse spectntm analysis (RSA) is an excellent means of d.etennining stmgth-level 
t a . r h p & ~ - f e r ~ ~ 6 T r n S m a ~ y e t ~ ~ .  Asabadcmto  
applying this approach to the analysis of ofihore phifonns, the RSA approach for application to 
d t i ~ * f - ~ . ( ~ ) s y s t e m s m t t s t ~ k ~ .  W.lrirti%hwsis.asrtmmary 
of the modal M A  appmmh; readers desiring additional information should consult Chopra 
(4995). 

In applying M A  to the evaluation of a large, complicated stntchrre, an analyst must follow 
Sever818*rnS*. =%st,* v i b F ~ - p r a p e r t t e s . a f & ~ . ( ~ s h a p e s ,  p t 3 Y d s d  
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darqnrrg ratios) must be c h m n i d .  This may be b e  either experimentally (taking actual 
vibration measurements of the structure in the field), semi-empirically (through application of a 
code--lype tsthathg procedure such as that contained within the tTrrifimn Budding Code), or by 
developing a numerical model and solving for the properties of free vibration. As the first 
approach is relatively difficult to perform, d the second appmsh may i d v e  too many 
generalities (for example, not accounting for stifhas discontinuities along the height of the 
structme), numerical modeling &ixs the most pmethtl means at getting estimates of the 
vibration properties. A typical numerical mode1 of a platform structure may be seen in Figure E- 
l: 

Degrees-of- reedo om 

Lumped Masses 

,St~cbxal Elements 

Structure Discrete Model 

Figure E-1 : Discrete Numerid Model of S a m e  

Free vibration, neglecting ihnqnng, ofa  MBO3? system is -governed -by: 

where: 

m = square matrix of lumped masses 
k = ~ e n m t r i x ~ f ~ ~ p r o p c r t i e s  
5,u = vectors of acceferation and displacement of each lumped mass 

This equation of dynamic eqinlibrium represents a series of uncoupled d ~ f f e r d  equations 
governing the fiee response of the system. The fiee vibration properties of the system will be 
f h d  by the solution ofthe resulting d x  eigemdue problem: 

where: 

= naturai shape of vibration for mode n 
ZV,, = n a $ l r r t l ~ ~ o f v i ~ f b r m o d e n  
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This problem is the subject of clssieal modal analysis, and has been studied extensively over the 
. ..,, years for a variety of physical problems. 

Once the mode shapes and frequencies of the system have been determined, and estimates have 
been made of the damping ratios 5, associated with each mode, the response spectrum 
appropriate to the location of the structure may be consulted to find the peak responses 
associated with each mode. A response spectrum is a record of the peak responses (either 
displacement, velocity, or acceleration) of a goup of single-Begree-of-freedom (SDOF) systems 
with vanous natural periods and values of damping subjected to a time-history of excitation. 
When developing a sekmi.c response spectrum, this excitation will be a time-history of 
earthquake excitation. A response spectrum may be developed from the use of a single 
excitation record, or it may be developed ftom an ensemble of such records. In the later m e ,  
the resulting spectrum is "smootb.ed along the overall peak responses irrespective of the exact 
record; this is referred to as a "design spectrum," and it represents an enveloping of the peak 
responses which might be expected at the site in question. A typical response spectrum is shown 
in Figure E-2. 

It should be noted that applying the RSA approach to MDOF systems requ~res the use of a linear 
response speetnrm, i.e. one that has been developed from the peak responses of SDOF systems 
possessing linear force-displacement relationships. This is a requirement as the mode shapes 
md frequencies developed for the MDOF system from free vttrration analysis assume linear 
relationships govern the displacement of each DOF. 

0.02 0.05 0.1 0.2 0.5 1 2 3- 10 20 50 

Naud vibration pcriad T, rec 

Figure E-2: Response Spectrum for El Centro, Damping is 0,2,5, 10,20% 
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Fmm the response qectnm in Figure 5 2 ,  wlues of peak dtspkemm Dn -qnmfic to each 
natural f k e q m y  a3, and damping level & can be read. The equivalent static forces associaied 
wltheachmode fbrthe e ~ i o n m q ~ t h e r b e  fbmd hm: 

where: 

s n  = ' n m 4 n  = distribution of modal inertia forces 

with: 

I-, = L: / M, = modal participation factor 
N 

N 

Mn = Cntj#j?,, = gemalized mass 
j= 1 

2 4 = * n D n  
= pseudo=acceleration; mA is equal to the peak value of the elastic 

resisting force for a SDOF system 

and: n = mode index 
j = DOF index 

The static forces fn may then be used to find member forces and nodal displacements due to each 
mode using s ~ u r a 1  -analysis. Typical mode-specifk responses fix the stmetme modeled as 
sbwn in Figure E-1 would be given by: 

N 

Vn = cffi = shear for rfh level 
jd 

N 

M. = x . ( h j  - h, I f ,  = bending moment at J~ l e d  
j-1 

- - trtn = TnDn+h -0frrodet 

To estimate the peak or maximum value of a response quantity, the mode-specific values of the 
response quantity are first hmd d then codnnecl. The method of combination is impmiant, 
as it represents the approximate ''phasing" or point in time each peak response occurs relative to 
every other peak. V a r h s  remmmmktims .have -been made .zrt to -bow to combine these 
responses; most common are the square-root sum of the squares (SRSS), absolute sum (ABS), 
a d  complete qmdmtic combination (CQC). i43S is usually fir too m n s 4 v e  d is seldom 
Irsed. SRSS provides excellent estimates of peak response estimates when the natural 
.fieqmxies of the i d i v i W  modes are wel-1-separated. CQC is intended to amount for 
correlation between modes and hence capture effects when modal frequencies are close together. 
andher proposed combination rule is WRL .(Nawl Research himatmy) SRSS; this d e  
wmbirlles the absolute value of the first mode's response with a SRSS of the remaining modes. 
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NRL,-SRSS is iTlrttfidea to provide bet& envdoplng ofthe results of response fim analysis, as 
it has been shown that SRSS tends to give response predictions on the low side of response 
hstory analysis. To b m d  the expeetea strength demmds, TOPCAT will dtow a user to select 
either the A33S or SRSS modal response combination rules. 

Another issue which must be addressed is the m b e r  of modes which must be included to 
capture a given response quantity to the desired degree of accuracy. Some quantities, such as 
roof drsptccrnerrt, wiH -be d o m i d  -by the &it one or two modes or a .large (5+ DOF) 
stmcture, whereas base shear may require substantially more. However, review of the modal 
propertres of several typrcal p t a i h n s  irtdicrrte -excdfent load estimates can -be obtained using 
perhaps tfiree horizontal m d m  in either hrection and a single vertical mode. Therefore, 
T ' A T  will fbcus on determining -at most three horizontsrl mPdes fix each -prinCi.p-1 platform 
direction, and will estimate one vertical mode. 

433 HMH.,E MODAL B3ISfOFISE, lM0DEU FOR PLATFORMS 

Following previous work performed by Mortazavi (I%), it is assumed the load capacity of a 
Sptctl offshore phtfcmn is governed by the perfcmmmce of two cfiticai components (see figure 
E-3): bays in the stmcture (both deck leg and jacket sections) and the foundation. 

Foundation 

figure 33-3: Cdica1 Components in a Jacket-Type M i m n  

A bay in the structure consists of a series of parallel elements (either Qagonal braces or unbraced 
leg sections) which act primarily to resist horizontal loads. The load capacity of a bay is 
determined by calcuWng the horizontal load needed to bring the weakest element in the bay to 
a M m e  state (either buckling of a brace in a braced section, or hinging of a leg in an mbraced 
section). 

The foundation also consists of a series of parallel elements: the piles (both main and skirt) 
whch -support the .slmctme. F d o n  c-ty is determined by mhuhting .both the axial and 

.",,- 
lateral load capacity of the indwidual piles. 
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The strength demarrds c&xdated should therehre be in tenns of l& on these critical 
components. Hence, it will be necessary to estimate horizontal loads (story and base shear 
demands) on both the stmdmal bays and fmmhtion dements, and vertical l a d s  (axial from 
both overturning and vertical excitation) on the foundation elements. 

To estimate bids m the horizontal a d  verbad directions, it is n e c m  to devdop a response 
model or models wbch cap- the performance of the structure in these directions. The bays in 
the stmcture will be sub~ect to the greatest Id demands when the load direction is paralid with 
one of the two principal horizontal axes; hence, response models should be developed for each 
of these directions. Loads on the h c t a t i o n  dements may be f ind  from the loads calculated 
on the pncipal axes together with (in the case of axial demand) loads calculated in the vertical 
direction; therefme, a vertical response d l  is also needed. If it is Wher  asstrmed dmt 
responses in these three directions are independent of one another (i.e. dsplacement in one 
zhrection does not i d m e  displacement in the dher two), then it is possrble to develop refativdy 
simple separate response models as shown below in Figure E-4: 

Horizontal Response 
Model -6BY VeFtioel 

Model 

Figure E-4: Response Models for Horizontal and Vertical Excitation 

The scope of th~s  demand modeling will be limited to stmcmes which possess rrrstss and 
stiffness symmetry on their two principal horizontal axes; hence, lateral-torsional action will not 
be considered. While symmetric structures may undergo ";#;ci-l" torsion chte to spatial 
variations in the applied ground motion, these variations are very difficult to predict, and in most 
cases accidental torsion results in increases in member forces of less than 4% (Cbpm, 1995). 
Analysts should be aware of this possibility, however, and allow suitable margin for it. 

With the demand calculations now reduced to the d y s i s  of three m u p f e d  response &s, 
it is now desirable to reduce the detail of each model further, in order to simplie the procedures 
necessary fm the modal analysts of each modd. However, in the course of simplifying the 
models, care must be taken to ensure that essential characteristics of response are not lost or 
-distorted. 

The models for horizontal response will be examined first. As shown in Figure E-4, these are 
simple lumptd mass mmkk -(masses Itrmped as each level or horizontal h i n g  in the 
structure), with the elements between the DOF repxsenting the combined stifiesses of the 
-d members W e e n  each .horizontal level (i.e. bay or .stmy stiffhtsses). The lowest 
element in the mobel represents the fo-on stiffness. 
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.- 

it would be .highly desirable to eliminate the miat id DOF from the stmctmd @on of the 
model, and to isolate the foundation portion of the model from the structural portion. This 
d d  reduce the computatio~'1 .&ort to one of solving a matrix eigenvalue problem with 
diagonal mass and tri-diagonal stiffness matrices (a common formulation for a shear-type 
h ld~ng) ;  h s  .type of matrix e i p w l u e  pmblem may be rdi.1y solved through application of 
iterative techniques such as the Rayleigh-Stoddola method (Clough, Penzien, 1975). However, 
thcse DOF represent significant aspects of stnrctural response, which cannot be neglected. 
Instead, several simplifying procedures by h c h  the overall effects these DOF can be accounted 
fin will be applied. 

Veletsos and Boaz (1979) have proposed a two-stage procedure by which the period-lengthening 
dects of fmmd&on flexibility (hrizontal as well as rotational) may be accounted fbr without 
explicit inclusion in the mass and stiffness formulations used for the modal analysis. 
Recognizing tlutt f o h o n  effects are concentrated in the first mode responses of a MDOF 
system, it is possible to first determine the periods and mode shapes of the structure as though it 
were supported on a fixed h e ,  and then modiljr the first mode penud to m u n t  fin foundation 
flexibility effects. In addition, guidelines for adjusting the modal damping ratio to account for 
findation m e s  of damping are also gtven. It must be noted that the h e s  acting on the 
foundation itself must necesmly be approximated, as the foundation mass is not considered in 
the fixed-base analysis of the stmctwe. Ths procedure assumes that non-linearity in the soil 
stiffness and damping will be small, and that cyclic degradation of strength and stiffness may be 

- accounted for by using cyclic test st~mgth and stifiesses in the model. 

The effective fimdamental period of a MDOF structure undergoing horizontal excitation can be 
expressed by: 

where: 

TI = fUndamenta1 period of the fixed-base structure 
To = mtmal penodof fbundation mass 

4n2~,* 
k, = 

T2 
= effwtive h-iimtaJ sti%ss ofthe hsdamtsl  of* &x-ed- 

base structure 

K, = haizontal stiffiless of fbudat~on 
KO = rotational stiffneSs of foundation 

hl* = - L' = effective modal height of fundamental mode of fixed-base structure 
L; 

M~*= rl,llh = eflkctive modal mass of fundamental mode of fixed-base structure 
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The fundamental period of the fixed-base structure is found from modal analysis, whereas the 
natmal penod -of the fbmdation mass may .be &mated h m :  

where: 

W, = weight of foundation mass included in model 
g = -2~ccdemtlon due -to gravity 

The weight of the foundation mass included in the model consists of the weight of any horizontal 
framing -ad mud mats on the .bottom of the jcket .stmctwe, the weight of plfe -steel in the 
foundation and the weight of soil contained within the piles. For TOPCAT, pile steel and soil 
mass zmmmkd with a depth of ten pile diameters wil-l be included in the fowrrfation rrmss. 

K, and KO represent pile group stiffnesses, and can be estimated using procedures outlined in 
Appendix G of the User Manual. The effective damping ratio for the fhdamentd mode of the 
structure may be expressed as: 

where: 

4 = damping factor of the fhdamental mode for the fixed-base structure (usually 2%- 
5 O h ,  frcnn local hysteresis in the steel) 

4, = equivalent foundation damping, which is a viscous equivalent damping of the 
work done in local p l a t i f i d o n  of soil beneath the platfbrm (in the range of 1 % 
to 15%, depending on the magnitude of excitation) 

TOPCAT docs not make modifications of the damping associated with diffkent modes. All 
modes are assumed to have the 5% damping associated with the API response spectrum. 

To o b n  an &mate of the shear imposed on the fmdat im,  the maximum base shear of the 
fixed-& stnu:ture (considering all modes) is combined with an approximate value of the 
inertia force of the foundat)on mass: 

K A0 
N 

V,  = - + ZC; (for ABS &nation, can also use SRSS) 
g l=l  

where : 
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-4, = pseudo-amderafiun of the fbmdation mass calculated fiom the response 

spec- 
J', = base shear d b u t i o n  of each individual mode 

A volume of soil equal to the volume contained within the pile is considered to ride with the pile 
-as it moves. Thc volme of soil is that as- with ten plle diameters depth bdow the 
mudline. 

The rotational DOF in the structural portion of the model represent the overall bending or 
carrtitever action of the platform. The effect of this action is to tetrgthen the pen& of the first 
few horizontal vibration modes, and to increase the displacements of the top DOF relative to the 
.lower .ones (Figure 5 5 ) .  

Figure E-5: Approximating Bending Effects of Structure 

It will be assumed that the changes in mode sfrape are small, d heme will be neglected. The 
period-lengthening effects of cantilever action can be bounded by &fling the fixed-base 
response of ihc stmchce in a manner similar to that proposed by Veletsos and 3oaz (1979). 
The bending of the structure is assumed to be similar to the rotation of a rigid structure on a 
flexible base. To gve -simi-h tip d~splztcmds for the same tip id, the stif3ks of the 
rotational element may be estimated from: 

where: 

I = moment of inertia of the structure cross-section, based on pile areas (or pile and 
-1% areas, if .gnntted) 

h = height ofthe structure 
E = modulus o f - e ~ ~ t y  

This rotational spring is then considered to act in series with the spring KO wh~ch represents 
fcmdat~on mtalimml flexrbility . 

" 7 4 -  

Two additional effects h c h  have not been explicitly included in the model need to be 
addressed: batter effects and P-A effects. For a battered shwture, the legs of the structure will 
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wnirilnite to the -shear resistance in each story of the stmctme (increasing in eztseff8ct towards the 
bottom of the structure); h s  will inc~.ease the stiffness of the structure and hence lower the 
perrod. The magnitude of this -&ect is urrkrtown (and perhaps impossi-He to .generalize -across 
many configurations); however for the purposes of this study it will be assumed to be small. 

f - A  .&ects .can play an important role in increasing the effective load on a st~uctmil bay or 
story; they also contribute to lengthening the period of the first natural mode of response. 
Revim research -(Gates, ei al., 1977) has indicated these changes are -1-1 h r  stmchms in 
shallow to medium depths, and hence they will be neglected here as well. 

With these syltplificatiom made, the platfbm m y  be nmdded as a &ear h e ,  with lumped 
masses at the levels of horizontal framing. The stiffness of each bay will be approximated by 
considering only the stiffness coniributim of the d~agwml k e s  in each bay (each bay a 
parallel system of braces) or the stifbss contributions of the jacket legs and piles if there are no 
braces (again, a parallel system of elements). 

Hydrodynamic effects of the response of vibrating structures have been studied extensively by 
both numerical and experimental means (Goyal, Chopra, 1989). m i l e  it is generally accepted 
that for submerged slender members (length to diameter ratios less than ten) hydrodynamic 
dampng (both viscous and radiation) csln be neglected, the effects of the mass of fluid both 
displaced and entrained by the movement of the members can substantially change the vibration 
clumctmstics of the stntcture. The common approach to account for this effect is to assume a 
certain amount of "added" hydrodynamic mass rides with the members of the structure; tfus 
mount is assumed to be con- fix the purposes of determining the mass p q m t ~ e s  of the 
siructure. The amount of mass to include depends upon the size, orientation and depth of the 
members as well as the manner of excitation (Goyal, Chop,  1989). For c i r m h  members 
undergoing periorllc motion it is generally taken to be equal to the mass of the volume of fluid 
drsphed  by the member. It should be noted W recent experience ( B o n ,  f enzien, 1992) 
suggests that h s  approach may over-estimate the actual amount of added mass. 

The .approximate added mass per unit k q t h  fix cylindrical members undergoing trandaiion is 
(Newmark, Rosenblueth, 1971): 

where : 

p, = density of the surrounding fluid 
r = d m  of the member 
8 = the angle between the cylindrical length axis and the direction of translation 
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,- added mass is aim ,&pedent upon the proximity of the member to the free surfhce. Goyal and 
Chopra (1989) have documented the variation of added mass along the height of circular 
cylinders of various diameters; it is demcmstraied that the added mass .Wns to dmp off rapidly 
when within 0.1 H, of the water's surface. Hence, the following approximations are used to 
- d e  the -amount of -added mass included in the weight of the stntcture: 

where: 

- 
A = depth below the surface 
Ho = water depth 

This added mass is included in the lumped masses of the structure model when considering both 
lateral and vertical excitation. It should be troted that the estimation of added mass effects on 
tower structures subject to earthquake excitation is still an area of active research. Recent 
expertme with two offshore stmctmes have indicated the use of current techniques leads to 
possible overestimation of added mass effects (Bannon, Penzien, 1992). This can have serious 
m m x p m w s  on demand estimates, as it leads to imcmmies in p o d  estimates. Experimental 
results obtained by Clough (1960) indicate that the added mass associated with a member is 
strongly dependent on the member's flexrlnlity; Ciovgh ( I W )  suggests the use of added mass 
coefficients ranging from 0.6 for flexible members to 1.0 for stiff members in order to account 
fbr this depmdeme. TOfCAT will aliow a user to specie the added m a s  coefficient for 
tubular braces; for all other members it is assumed to be unity. 

With the honumtirl m& defined, a vert id model must be developed. As the main quantity of 
interest which comes from the analysis of vertical response is the axial load demand on the 
fom&&on ples, the model will be reduced in scope so that this quantity can be estimated 
without much detail. H e m ,  a model consisting of one DOF is proposed (see Figure E-6). The 
mass ofthe structme, including hydrodynamic mass, is lumped at the DOF; the stifiess element 
consists of the axial stiffnesses of the piles above the mudline (together with the jacket legs, if 
the legs are gmtd)  d n g  in series with the axial stiflksses of the pifes below the m d i n e .  

Figure E-6: Simplified Vertical Response Model (SDOF) 



TOPCAT USER MANUAL APPENDIX E 

The use of these simple models to estimate modal pmpertm together with response specimm 
analysis to estimate earthquake forces will be referred to as Simplified Response Specirum 
Analysis, M SRSA. Calculation d n e s  have been incorporated into T W A T  to diow it to 
perform SRSA of jacEret- and caisson-type platforms. 

The a p p a c h  utilized within the TOPCAT program to find mode shapes and periods fm 
horizontal response is based upon the conversion of the problem k4+ = 0;rn4~ to standard form, 

A#" = and then solving for the eigenvectors and eigenvalues through iteration. This 
pr9oess has Mwted much ct#mth h en@wxing readws desirj-e addjtkm! iefbmatim are 
referred to Timoshenb, Young and Weaver (1974) and to Parlett (1980). The essential steps of 
the itemtion process are listed below: 

I .  Start with an arbitrary trial vector, +, , and solve A#, = y . 
2. Obtain an estimate of the aswckted eigendue, 4, by taking the ratio between components 

of #, and y having the same index; hence IZ, e y, / +&. 

3. Normalize y by yi to get y .  Check to see if all 7, = #n, ; if this condition is met, #n is a d i d  
eigenvector and IZ, the correct associated eigenvalue. If not, set +,, = 7 and return to step 1. 

Tlns iteration process has the useful c w s t i c  of always converging to the largest eigenvalue 
and associated eigenvector. The vibration problem k 4  = w;rn#, can be transformed to the 

standard fonn by multiplying both sides by k-' and hvihng both sides by 0:. Hence the 

rearranged problem is now of the form A#, = Agl,, where A = k"rn and A, = 1 / 0;7' . The 
solution will converge to the largest value of 4, which conveniently coincides with the inverse 
of t-he sqmre of t.h lowest _wtursl freque-my; this is of course the frequency ass i s t ed  with tfre 
first mode of vibration. 

In order to obtain eigenvectors and eigenvalues associated with higher modes, it is necessary to 
ensure &at successive eigenvectms are orhgmal to one another {the cntbgonaiity condition, 
hm4, = 0 ,  ensures that the work done by lh mode inertia forces going through f mode 

displacements is zero). Thls may be accomplished by enforcing the orthogonality condition 
when &mining s~wessive eijpvectws. Titis process is shown in the fol-lowing section. 

With the eigenvector determined, and with a trial vector qj2 estimated, applying the 
mhgmali ty - d t i o n  d m 4  = 0 gives (assuming a diagonal mass matrix): 

Solving fix 4, (this is -an *- c k )  gives: 
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Catdating 4, using the above expression prior to using 4, as a trial vector m e s  
-- orthogonality between 4, and 4,. This may be accomplished using the following matrix 

mkiplication: 

where: Ts, = I 0 

T,, is r d t  to -as -a "sweeping" matxix, .as it acts to sweep out or suppress the first mode 
cfmracteristics and allow the second mode to be come dominant. As T,, is used with each 
iteration of 4 4 ,  it may -be used & r ~ u l a t e  A -according to A,, = ATs,, and then operate 
drectly on the reformulated matrix. 

Higher modes may be determined by successive application of sweeping matrices. For example, 
a sweeping matrix T,, fix removing the dominame of 4, may be constntcte8, and then used 
together with T,, to allow the third mode 4 to become dominant. This matrix T,, would be 
cmstmckd -by using the f a  that dm 4 = 0 ..and Am 4 = 0.  T h  gives the Mlowing: 

B ~ n g  the first eqmt~on to find a relationship fix h,, the following relathship can be 
developed for 4, : 

The sweeping mairix is thus: 
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Thrs is then used dogether with T,,  tor^^ A according to A,, = ATs,Ts2 

E.4 VERIFICATION OF SIMPLIFIED METHOD 

It is necessary to veriljl the i tcamq of these simple models. The Smithern Califbmia Example 
Platform was selected for analysis by both the SRSA approach and by traditional 3-D response 
spectnrm dysis. I k s  phthnn is a hypdheika1 symmetric fim-leg pmhct~on platlimn (see 
Figure E-7). The structure is designed for 109 ft water depth. The deck is at +50 ft MWL and 
suppds a bad of 5,000 kips. The main d r w b  in the first picket bay are 24 inch-diameter 
(w.t. 1 inch in top portions and 0.5 inch in bottom portions), while those in the second bay are 30 
inch-diameter -(w.t. 0.625 inch); the dragmals in the deck bay are 36 inch-diameter (w.t. 0.75 
inch). The legs are 78 inchaiameter (w.t. 0.875 to 1.125 inches); they are grouted, and possess 
heavy j& cam. The piles are 72 inch-diameter (w.t. 1 to 1.5 inches), and are designed for I50 
ft penetration in m d u m  to stiff clay. The main structure is A36 steel. 

Figure E-7: Southern California Example Platform 

Both a 3-D response spectrum d y m  d a simplified response spedrum analysis were 
performed for h s  platform to estimate horizontal load demands. For both analyses, the masses 
and pile head vertical and horixmtal stiffiesses ltsted by Gates, et a1. (1977) were trsed. SRSS 
was used to combine modal responses. 

A comparison of predicted modal properties can be seen in Figures E-8 and E-9. The first 
h o r i e  period estin&ed as part of the SRSA evaluation is 3% below the perrod estimated by 
3-D modal analysis. The simplified modal analysis predicts subsequent horizontal periods much 
lower than .those .from 3-D modal analysis; the diffmerrce is attributed to the concentration of 
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fbmtchon flexibility in the first hotrmmtal mode. The mode shapes are otrviously quite 
+. different, as the simplified modal analysis treats the structure as having a fixed base. 

Loads predrctcd -by the SRSA mlmtion are -at most 11% -below those predicted by the 3-D 
analysis. T k  difference is attributed to the hgher values of modal participation that were 
m&nt hr the 343 -analysis. Ovd-1,  though, the xmqmkm is -quite good. 

T k  simplified approach provides g o d  estimates of the fundamental vibration properties of the 
p l m .  However, this platfbrm is fairly short, d does not have a flexible jacket (the legs are 
groukd). Platforms in very k p  water will mpnd in a manner which will most likely require 
the inclusion -of the tower M n g  mode in a more accurate manner. A h ,  previous experience 
(Stear, Bea, 1998) has indicated that platfums with ungrouted jackets possess much more 
flexibility that those with gout hue to the d c l i ~ l  "waqnng" the jacket will exhibit. 

I I I M o d e  X I  , 
I 

I 

X1 : 1.49 sec 
XZ: 0.2 sec 
X3: 0.07 sec 

-1 .5 -1 4.5 0 0.5 1 1.5 
- I r t o n n a t i r s d M o d a l - m m )  

Figure E-8: hkde Sfiapes and Periods Estimated from Simple Analysis 
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Normalized Modal Displacements (Horizontal) 
Figure E-9: Mode Shapes d Perisds Estimated from 3-I3 

Peak Stmars (kips) 
Figure E-1-0: Peak Shem Esrimated .by SRSA - a d  343 RSA 

El8 
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A simplified engrreering approach proposed by Biggs and Roesset (1970) to define earthquake 
.floor -accelerations fix equipment, piping, .and -other facilities mounted on the decks of thlling 
and production platforms is discussed in this section; ths  approach has been integrated into the 
T W A T  -program. The approach is -based -on rehvely simple c d c u m  that require as input 
the platform ground motion elastic response spectra, the platform primary response periods and 
mode .shapes, -and the estimated weights -and penods of the equipment of concern. The 
fornulation of ths approach is founded on the results from comparable developments of floor 
spectra -guidelines br nuclear .power plants, erbur-ldmgs, d refinery vessek and pping. 

The Biggs and Roesset (1970) approach has the following advantages. The method is relatively 
mmple, and fast. Only the response spectrmn and the dynamic charstcteristics (mode shapes, 
periods, and damping ratios) of the structure and the equipment are required. No time history 
d y s i s  is needed. The prucedure -can be applied to muhple-degrees-of-fie& (MDOF) 
pieces of equipment or piping. The method allows for &fferent damping ratios for the 
equipment and the strwtme. advanced dynamic analysis knowledge is not revred .  Even 
though interaction of topsides and platform masses is not considered, as the ratio of mass of the 
equipment to the mass of the stmdwe approaches zero, the effects become negligrble. Thts is 
generally the case for offshore platforms. Neglecting the interaction effects tends to make the 
design more consavative. 

,A- The approach does, however, have the following disadvantages. The method does not account 
for interaction of the plafform ztnd topsides masses. The mass of the equipment is .assumed to be 
light enough compared to the mass of the structure to ignore interaction effects. Thus, the 
.dynamic characteristics of the strudme remain the same after mounting q p m e n t .  This 
interaction may or may not be sipficant. However, as stated above, ignoring interaction makes 
a mare -cmsewzttive .design. The method .assumes -lumped mass systems. Theoretical results are 
calibrated to more closely match empirical results. 

Bowen -md Bea -(1995) -have developed -an equipment acceleration magnification ratio dragram 
for use in determining accelerations on mounted equipment (Figure E-11). This diagram has 
-been -based on -synthcsrs of the -rn&.mtI approaches .&eloped .by Biggs and Rsessett (1970) 
and calibrated with additional results from analyses of o fbhre  platforms sllbjected to 
e d q u a k e  .time hstories (Bowen, Bea, ,1995). The -acceleration mrrgrrikation ratio diagram 
represents a mean result. Based on the time k to ry  results available to ths  study, at a given 
-period d o  (ratio -of eppment perrod, T,, to structure pcnod, T,) the .weffhent of variation of 
the acceleration magnification d o  is estimated to range from 10% to 15%. 

The ~ f i c ~ n  ratio diagram proposed is -b& on a str\octme dtamplng d o  of 5% and an 
equipment damping ratio of 2%. As appropate, o h  damping ratios can be used to develop 
other magnification ratio diagram. The developments .are based on linear elastic response of 
the platform and topsides and are applicable to API Strength Level Earthquake (SLE) conditions. 
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There are two limiting cases ofeqmprneni response that are important .to understand. The first is 
the case of rigid equipment in wfuch the equipment is very stiff compared with the supporting 
structure. An example might be a hrmumtal sepglrrtor slud that is mounted on the platfimn 
beck. The equipment simply must move in the same manner as its support. The motion and the 
maximum acceleration of the equipment mass, A,, must be the stme as that of the qpxting 
point on the slmctme, A,. Thus A, = A,. 

The -second -1.imihg case is that of very flexible equipment. An example might -be -a flare -boom 
or flare stack m o d  on the platform deck. The period of the equipment, T,, is much greater 
-h that .of the .supporting shctme,  T,. The -r&md M m  of the stmdme is relatively 
unimportant and the equipment behaves as though it was supported directly on the ground. In 
thrs -case, -the maximum - a c e e l d o n  of-the equipment is qua1  -to -the m a x i m  -acceleration of 
t h e m .  

Between these two limiting cases, there is interaction between the equipment and the structure. 
The -structure .behaves -as -a iequency .filter, developing -lmrmorric cemponerrts with frequencies 
equal to the modal frequencies of the structure. If the equipment has a natural frequency close to 
-me of these .harmonic - c v m t s ,  the motion can -be -ampl-ified. Near .the .point of resonance 
(T, r T,,), the maximum acceleration of the equipment can be several times that of the supporting 
-structure. The -amplification (A, I A,) w i H  -be - p r o ~ ~ l  -to the number of-cycles .of motion, AJ 
(for low damping A, I A, r Nn). Given a sufficient number of cycles (e.g. N 1 3), the 
zunphfication is .limited by damping -(A, / A, s -0.58. Based on the results -of time histmy 
analyses of stntctures with mounted equipment (Bowen, Bea, 1993), the relationship between 
-accelerations -for structure -and equipment may be expressed -as shown in Fi-we 33-1 -1. 

The procedue to find the agpqrk te  acceleration for use in determining equipment tie-down 
forces -is -organized -into five -steps: 

1. Obtain the acceleration at the DOF x corresponding to the point of equipment support for 
each structure vibration mode i: 

2. C h u n  the spectral accelerations for the equipment modes j: 

15, = SA, 

3. If the ratio of Te / TSi is less than 1.25, modify the s t n & ~ ~ ~ ' s  acceleration ii, at the DOF of 
attachment by the ratio of A, I A,, taken from Figure E-1 1 and assign to ii,' : 

4. Otfiennse, m d f y  the equipment mode's spectral acceleration by Aq I A,i , and assign to 

%'.' : 
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5. Perform the above tasks for each mode of the structure. When done, combine the resulting 
accelerations according to the following to get the quipment modal acceleration: 

c (rfauuif)' 
, ( 4 t ) 2  + i a u d i  

C (~,#d )' 
I madl dl rancmm modes 

Rcpcat the above task for each quipment mode. Thrs will provide spectral acccleratim for all 
equipment males, after h c h  f o m  can be determind using m d  analysis p r d .  

Figure E-11: EquipmentJStrucm Amplification Ratios (Bowen, Bea, 1993) 

4" American Petroleum Institute, "Recommended Practice for Planning, Designing and 
Constructing Fixed OfEshore fhtfinms - Load and Resistance Factor &sign," @I 
Recommended Practice 2A-LRFD (RP 2A-LRFD), 1st Edition, Washington, D. C., Jdy 1993. 
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SIMPLIFIED FATIGUE ANALYSIS FOR TUBULAR 

CONNECTIONS IN JACKET-TYPE PLATFORMS 
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A decision as to the serviceability of a structure should tK based not only upon strength, but also 
upon durability (resistance to fatigue damage). Hence, it is desirable to devise some means of 
evaluating the fatigue damage potential of critical platform structural elements within the 
hmework of a simpiified analysis process. 

Platform components particularly vulnerable to fatigue damage are the tubular joints between 
members. If improperly detailed, they can give rise to very hgh stress concentrations, which in 
turn will l d  to a rapid accumulation of fatigue damage. 

A simplified approach to estimate fatigue damage for iubular joint connections of main diagonal 
braces has been implemented in the TOPCAT program. This approach is based upon the one 
outlined in MI Rf 2A-LRFD (1993), by which the fatigue damage in a structural element is 
related to the distribution of wave heights affecting the structure over a fixed period of time. 
The stress at a joint due to a user-specified wave load pattern is calculated; this stress is then 
combined with information on the long-term distribution of waves in the area (a combined 
spectrum of both typical and extreme waves) together with S-N parameters in order to give a 
generic estimate of accumulated damage. This estimate is then used to rank the joints so that a 
qualitative assessment of potential problem areas can be made. 

This approach assumes fatigue damage will most likely occur in those joints to which main 
,.,,-% diagonal braces are attached; hence, its application is limited to that class of joint (Figure F-I). 

Only loading parallel to the principal axes of the platform is considered when estimating the 
base stress at a connection from which the cyclic stress is calculated. 

Figure F- 1: T u b a  Joint Connections of Main Diagonals 

F.2 ANALYTICAL APPROACH 

-.. 
The approach taken to calculate fatigue damage for tubular joints is based on four assumptions: 
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I .  The maximum stress range at the critical area in the joint is dependent only on the wave 
heights, and is related to them as follows: 

where: 

S = maximumstress m g e  
C = calibrated constant 
H = wave height 
g,,res, = calibrated exponent 

2. The S-N curve characterizing the fatigue behavior is given by: 

where: 

N = number of cycles to failure at a given S 
m = empirical constant 
K = empirical constant 

3. Miner's rule applies. This is given by: 

where : 

D = total fatigue damage 
ni = number of cycles of stress range Si 
Ni = number of cycles to failure given stress range S, 

4. The long-term wave-height distribution can be represented as a sum of two Weibull 
distributions, one of which represents typical waves while the other represents storm waves. 
These distributions are given by their cumulative distribution hc t ions :  

and: 
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' .- where: 

Hi = maximum wave height for time considered 
A', = number of waves for time considered 
4, = Weibull distribution parmeter 

Based on these assumptions, a closed-form solution for the fatigue damage may be obtained 
(Nolte, h s f o r d ,  1976): 

where: 

and: 

Dd is the fatigue damage accumulated over the specified duration of service Td. 

C should be determined from "fatigue design wave" conditions; this may be done as follows: 

where: 

Hj = fatigue design wave height 
Sf = maximum stress range corresponding to Hf 

Sj  may be evaluated from: 

Sf  = S,(I - R) 

.-,. where: 

S' = p k  stress in component due to static application of forces from Hj 
R = stress cycle ratio 
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With some rearranging, the accumulated fatigue damage may then be expressed by: 

This accumulated damage value may then be used to make qualitative comparisons of joint 
performance. A high damage value for a joint may indicate it is a potential problem, and hence 
may need careful inspection. 

F 3  FATIGUE DAMAGE PARAMETERS 

To evaluate the accumulated fatigue damage for a given joint, the parameters K, rn, g,,,,,, R, Ho, 
HI, To, TI, No, NI, HI. and TYp,,,,,,, must be determined. The calcuiation of Sp is discussed in 
Section A.4. 

K and m will be specified by the S-N curve chosen for the joint being analyzed. The X S-N 
curve (for welds with profile control) and the X' S-N curve (for welds without profile control) 
provided by API UP 2A-LRFD (1993) may be used for a conservative assessment, as  shown 
below: 

PERMISSIBLE CVCLES OF LOAD N 
NOTE -These curves may be represenled malhemal6cally as 

N 1 2 . 1 0  A0 
(-7;;)- 

where N 4s Ihe perm~ss~ble number o l  cycler I 0 1  appl8ea cyc l~c slress ranpa Lo, w l h  Lo re l  and m as lasled below 

An re1 m 
STRESS RANGE AT INVERSE ENDURANCE LIMIT AT 

CURVE - 
X 
X'  

. -.. -- - - 

2 MILLION CYCLES LOG-LOG SLOPE 2 m  MILLION CYCLES 
1mMPa (145ksn) 4 UI 35 MPI (5 07 k i l l  
79 MPa ( 1  l 4 ksd) 3 74 23 MPa (3 33 ksl) 

Figure F-2: S-N Curves from API(1993) 

F-6 
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g,,rey, is a constant relating the wave height to the stress range at a particular location. Luyties - and Geyer (1987) indicate that for structures having natural periods of three seconds or less, 
g,,res, may be taken as 1.2 for components at the waterline, and as 1.3 for all other members. R is 
typically taken to be the total base shear cycle ratio (i.e. maximum base shear divided by 
minimum base shear for a single wave cycle), as described by MI Rf 2A-LRFD (1993) and 
Luyties and Geyer (1987). Typical values of R range from - 0.1 5 to - 0.5 and are dependent 
upon water depth. 

Ho, HI ,  To, 41, No, N,  and T,,,,,, must be specified according to the joint distribution of typical 
and storm waves to be found in the region where the structure is sited. This distribution must 
reflect wave encounters for the specified duration Td. Similarly, H, should be selected as the 
maximum wave height expected for the duration Td. It is worth noting that for most cases this 
specified wave will not inundate the decks of the platform; should situations arise in which the 
specified wave does inundate the decks, the calculated stress S,, due to this wave will be 
conservatively high due to the inclusion of deck inundation forces in the component load 
calculation. A sample two-part distribution is shown below: 

N. HIYBER OF WAVES EXCEEDING H (CYCLE5 PER 100 YR5.1 

Where: H,, is the m u i m u m  normal wave height over p r i o d  T. 
H, in the m u i m u m  hurricane wave height over period T. 
N,, ir the number of wave cyc ln  from normal d~atribution over period T. 
N, is the number of wave cyc ln  from hurricane distribution over period T. 
T ir the duration of the long-term wave height dintribution. 
, is the parameter defining the ah.1.- of the Weibull normal distribution. Value of 1.0 corresponding tn the 

erponential distribution rnulrs in s straight line. 
I ,  is the parameter defining the shap  of rhr Weibull hurricane d~stribution. 

Figure F-3: Two-Part Wave Height Distribution (API, 1993) 
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F.4 CALCULATING THE PEAK STRESS 

Calculation of the stresses in a tubular joint can be a very time consuming and complicated 
process. Much effort may be expended in trying to refine estimates of the forces affmting the 
joint, and considerable detail may be applied in const~fcted a model which relates the stresses in 
the joint to the applied forces. A simplified approach to capturing the relationship between the 
forces acting on the structure and the stress at the joint is therefore proposed, in order to reduce 
the complexity of input information and calculation effort required. 

The stresses existing in a joint are assumed to be dominated by two components: 

1 .  Stresses induced by the axial force carried by the attached diagonal bracing member 
2. Stresses due to bending induced in the attached diagonal bracing member by local 

hydrodynamic forces 

Therefore, the following steps must be taken: 

1. The global load or story shear due to the application of Hfmust be calculated 
2. The component of the story shear carried axiaHy by the brace attached to the joint must be 

found 
3. The bending moment due to local hydrodynamic fbrces fiom H,-at the brace end connected 

to the joint must be calculated 

With the axial force and the moment known, the stress at the brace-joint interface may be 
estimated using simple mechanics: 

The stresses due to axial force and bending may be further modified by stress concentration 
factors in order to relate the simply-calculated stresses to the peak stress which exists in the 
welded region: 

Axial Force in Brace: 
To find the axial force in the brace attached to the joint under evaluation, it is first necessary to 
find the load carried by the jacket bay in which the brace is located. The amount of load actually 
carried by the brace itself is estimated by considering the brace to be part of a parallel system of 
dements which all share the same lateral displacement imposed by the load on the bay. 

The lateral forces imposed by Hjon the structure may be calculated as described in Appendix A. 
The story shear existing at the midpoint of the jacket bay in which the brace is located is taken as 
the force carried by that bay. 
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The bay in which the attached brace is located is considered to resist the applied load as a system 
-. of parallel elements, h e  elements being the braces in the bay (Figure F-4). 

VbW Ahoy 
F 7 Assumed Rigid 

. . . . . . . . . . . . < .  . . 
, - . . . . 

. . . . Braces . . 

Figure F-4: Idealized Jacket Bay Behavior 

Assuming that rigid framing exists above and below the bay, all braces in the bay will therefore 
share the same imposed lateral displacement due to the load. The lateral stiffness for the bay 
may be formulated as: 

where: 

EA 
k, = axial stifiess of each jndividllal brace, j-e. - 

L 
4 = angle between each brace and the horizontal 

The lateral displacement of the bay may then be estimated as: 

where: 

Vb,= lateral load carried by bay 
FL = lateral load carried by battered legs 

The axial force in an individual brace is then calculated according to: 
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Moment at Brace End: 
To find the moment at the brace end, i.e. where it connects to the joint being evaluated, it is 
necessary to find the iocai distributed load along the length of the brace. Then, together with 
assumptions as to the end fixity of the brace at the joint, t h s  may be used to calculate the 
moment at the end of the brace by simple beam theory. 

The distributed load w on individual braces due to H' may be calculated as described in 
Appendix A. By conservatively assuming the ends o f  the brace to be completely fixed (and 
hence may develop large bending moments), the moment at the brace end may be found from: 

Together with the estimate of axial force in the brace, the moment may be used to calculate the 
stress at the brace-joint i n t e k e .  

Stress Concentration Factors: 
TOPCAT uses the stress concentration factors from API (1993) as a default. Users may override 
these factors by suppi ying their own. 

Table F- 1 : Tubular Joint SCFs 

I I 

I Chord T N  3 . 0 6 f i ~  sin t9 1 2 .04f i r  sin 8 I 
Connection 

Chord K 

where: d = brace diameter 
D = chorddiameter 
t = brace thickness 
T = chord thckness 
0 = angle between chord and brace axes 

Axial SCF 
18&r sin 0 ; 

Chord X, 0.98 

Chord. X, P 2  0.98 

At1 Braces 
; 

American Petroleum Institute, "Recommended Practice for Planning, Designing, and 
Constructing Fixed Ofisbore flatfonns - Load and Resistance Factor Design," MI 
Recommended Practice 2A-LRFD @P 2A-LRFD), 1st Edition, Washington, D. C., July 1993. 

In-Plane Bending SCF 

1.2&r sin 0 

4 . 3 2 f i  sin B 

3.06f i r  sin 0 

2 . 8 8 f i  sin B 

2.04fir  sin 0 

1.0 + 0.375(1+ ~ s c F * ~ )  2 1.8 
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APPENDIX G: 
FOUNDATION STRENGTH AND STIFFNESS 

by 
James D. Stear and Professor Robert G. Bea 

e.l.- Portions of this Appendix have been previously published in the 
following: 

Stear, J. D. and Bea, R. G., "Earthquake Analysis of Offshore 
Platforms I Screening Methodologies Project Phase tit," Report to 
Joint Industry Project Sponsors, Marine Technology and Management 
Group, Department of Civil and Environmental Engineering, University 
of California at Berketey, CA, June 1997. 
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G.1 INTRODUCTION 
<- 

This appendix documents the procedures used by the TOPCAT program to determine foundation 
strength and stiffness. It is organized into three sections: (1) strength of piles, (2) stiffness of 
piles and effect on platform vibration properties, and (3) strength and stiffness of mud mats and 
other mudline elements. 

G.2 STRENGTH CAPACITY OF PILES AS MEASURED AT THE PILE HEAD 

Horizontal Foundation Capacity: 
The horizontal strength capacity of the foundation is estimated based on the assumptions that (1) 
the supporting piles will yield by forming plastic hinges at the base of the jacket and at some 
depth below the mudline, and that (2) all piles yield simultaneously (Figure G-1). The lateral 
load applied at the pile head which results in the formation of the two-hinge mechanism is 
determined by successively checking for the location of the second plastic hinge which will form 
when the pile fails (the first is assumed to be at the base of the jacket). A hinge depth dhinKe is 
initially selected, and then the lateral capacity is approximated using two physical relationships. 

Foundation Collapse 
Mechanism: Lateral 

+ m a r  
Moment 

Typical Forces in a Laterally- 
Loaded Pile 

Figure G-1 : Foundation Lateral Collapse Mechanism 

The first relationship is formulated assuming the selected point is the point of zero shear, and 
hence the pile lateral capacity Puv1 can be obtained by summing up the incremental lateral 
capacity of the soil to this depth: 

where: 

p,(z) = unit soil strength at depth z 
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The second relationship is formulated using virtual work; the virtual displacement is the rotation 
of the second hinge: 

where: 

Mu = plastic moment capacity of pile section computed using P-A4 interaction 

When the values of lateral capacity calculated using the two methods are in agreement, the true 
location of the hnge has been found, and hence the two values represent the correct lateral 
capacity. 

NOTE: caissons and their supporting piles are assumed to fail in a one-hinge mechanism. The 
relationships used to solve lateral capacities for these members use Mu and not 2Mu. 

Unit pile soil resistance for cohesive soils with undrained shear strength S, is taken to be: 

ps = 9S, D 

where D is the pile diameter. This formulation is supported by studies documented by Matlock 
(1970) and Randolph, et al. (1984) based on results for smooth piles. Unit soil resistance for 
cohesionless soils is estimated using a relationship from Broms (1964): 

where: 

and: 

y = submerged unit weight of the soil 
4 = effective angle of internal friction of the soil 

The total lateral strength capacity of the foundation is thus taken to be: 

where FL is the horizontal component of the batter force existing in the piles from overturning. 
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Pile head force-displacement relationships will be affected by both the loading rate and the 
number of extreme load cycles. If the loading rate is high, the effective strength and stiffness as 
measured at the pile head will increase, as documented by Bea (1980). Figure G-2 depicts the 
load-rate dependence phenomenon as observed in resting. 

0 0 0  M 0 . 0  am a LID 

AXIAL D I Y L * C E Y D t T  - in  

Figure G-2: Load-Rate Dependence for Piles 

Cyclic inelastic loading on a pile will result in reductions in observed strength and capacity as 
measured at the pile head (Bea, 1980). Figure G-3 depicts these;changes based on the results of 
pile testing. 

O I I I I I  
0)  0.4 0* 01 1.0 1.2 
D t r L c M I  11 @.OUIOLIIC. I.. - C..l..l.." b.I..I" ...."-.a 

.II ."y,.. ..a".. .f *. I.r*l.n .t 
~ ~ d ; , ~ : , f ~ ; , ; ~ : l ~ ~ . l . ~ d l n q .  2a . I "  m a -  

Figure G-3: Changes in Lateral Strength and Stiffness for Piles Subject to Cyclic Loading, from 
Holmquist, Matlock (1976) 

Neither of these effects is explicitly considered by TOPCAT. Instead, users are given the 
opportunity to apply biases according to individual judgment. 

The piles of a jacket-type platform are not the only foundation load-canying members. Mud 
mats, mudline braces and conductors can provide additional capacity. approximations for 
additional capacity from these elements have been documented in Section G.4. 

Foundation Overturning Capacitv: 
Foundation overturning capacity is determined from the axial strength and ductility of the piles. 
The procedure by which the axial capacities Q of piles are determined is straightforward: the 
individual soil layer friction contributions and, for the case of compression loading, the bottom 
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layer end-bearing capacities, are determined and then summed; Q is taken as the minimum of 
either this sum or the pile yield strength F J :  

where: 

q = m m l  end yield force per unit of pile-end area 

f = shear yield force per unit of embedded shaft surface area 

A, = area of pile tip 
A, = embedded shafi surface area per unit length of pile 
A = steel cross-section area of pile 
L, = pile length 
w = weight of pile and soil plug per unit length 
P, = vertical force from first platform vertical mode 

The end-bearing capacity can only be mobilized when the friction capacity of the internal soil 
plug exceeds the end-bearing capacity. 

The bearing strength q of cohesive soil with undrained shear strength S,, is: 

The ultimate shaft friction is estimated from the following relationship: 

where K is the side resistance factor. Focht and Kraft (1 986) provide values for K as a function 
of S,,: 

Table G- 1 : Side Resistance Factor for Cohesive Soils, from Focht and Krafl(1986) 

For cohesionless soils, the ultimate bearing capacity is estimated from: 

N, is a bearing capacity factor dependent on the friction angle 4of  the soil. a,, is the effective 
pressure at the pile tip. The unit shaft resistance per unit length of pile is taken to be: 

f = ka, tan 0 
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..-. where: 

k = lateral earth pressure coeficient, assumed to be 0.8 (API, 1993) 
aVi = effective overburden pressure at depth 
B = friction angle between soil and pile, taken as 4 -  5" 

The unit shaft resistance and unit end-bearing capacity cannot increase indefinitely with pile 
penetration; the following limiting values for N,, q andfare used from Focht and Kraft (1986): 

With the pile capacities determined, the rotation capacity of the foundation will be given by: 

Table G-2: Limiting Values of Nu, q andf, from Focht and Kraft (1 986) 

- where L, is the distance from the pile to the axis of rotation. 

- 
4, degrees 

28 

Axial load tests performed on piles indicate inelastic behavior of the type shown in Figure G-4. 
As will lateral loading of piles, the axial pile head load-displacement behavior will exhibit 
reductions in strength when subjected to inelastic cycling. Also, the axial strength and stiffness 
measured at the pile head will increase for high loading rates. These affects are not explicitly 
considered by TOPCAT; however, a user may supply biases to implicitly account for them. 

Figure G-4: Cyclic Axial Loading of Pile in Soft Clay (Reese, Cox, 1975) 

Nq 
8 

q, ksf 
48 

f; ksf 
1.8 
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Mud mats and mudline braces can provide additional capacity against overturning. n l e  these 
elements are not included in the capacity formulations described in this section, approximations 
for additional capacity from these elements have been documented in Section G.4. 

6.3 PILE HEAD LATERAL AND VERTICAL STIFFNESS APPROXIMATIONS 

As the foundation is a significant source of platform flexibility, it is important that the associated 
stiffness properties of the foundation be well represented. Typically, the stiffness contributions 
of mud mats and mudline braces are ignored, while stiffnesses for piles and conductors are 
developed by modeling the pile as a segmented beam supported by springs, and then developing 
pile-head load-deflection behavior from these models. Developing pile-head behavior using this 
approetch can be quite time-consuming. 

In lieu of using the above procedure, a number of approximate approaches are available to 
estimate pile-head stiffnesses. Perhaps the most common approach to estimating lateral pile- 
head stiffnesses is to consider the pile to be a beam fixed at the mudline and fixed at some depth 
L (between five and ten pile diameters) below the mudline: 

A similar approach is commonly used to estimate pile-head vertical stiffnesses. The vertical 
stiffness is derived by considering the basic stiffness EA/'L of the pile column and then modifjing 
this stiffness for the mechanism by which vertical loads are transferred to the surrounding soil. 
Various transfer mechanisms are shown below in Figure G-5. 

Figure G-5: Vertical Load Transfer Mechanisms for Imbedded Piles 

An alternative for pile-head horizontal stiffness is that used by Penzien (1975) in a series of 
stud~es of offshore platforms subjected to earthquakes: 

where: 

G = shear modulus of the foundation soil 

G-8 
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u = Poisson's ratio for the foundation soil 
a r = pile radius 

This horizontal stiffness K, is denved using elastic half-space theory and assuming the pile is 
deeply imbedded. Unless the foundation is extremely soft, the horizontal loads will be 
transferred quite rapidly to the surrounding soil with depth. Hence, the horizontal stiffness of 
each pile may be derived by considering the pile-head to be a rigid circular footing supported on 
an elastic medium. It is assumed to connection between the pile and jacket is rigid and allows 
for no pile-head rotation. 

Another approach to estimating pile head stiffnesses is that suggested by Dobrey (1980). These 
approximations are based on previous work by Novak (1974) and Blaney, et al. (1976). 
Assuming foundation strength to rely upon soil elastic modulus and assuming as a basis a beam 
on an uniform elastic foundation, pile-head stiffnesses take the form: 

where: 

E = Elastic modulus of pile material 
E, = Elastic modulus of soil material 
1 = Moment of inertia of pile steel cross-section 

Assuming there is no applied moment at the pile head, the effective horizontal stiffness may be 
represented by: 

- This effective stiffness will vary depending on the amount of rotational stiffness supplied by the 
structure attached to the pile head, kB J,,,,~. These formulas are intended for intermehte 
values of EdEp, and r/L ratios in the range of 10 to 50. 
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A comparison has been made between the various approximate pile-head stiffness and those 
derived during the course of two example platform analyses. One platform was a four-leg 
structure in 100 ft of water, with 72 " diameter piles driven to 150 ft through stiff clay. The 
other was an eight-leg structure in 255 ft of water, with two sets of piles. The comer piles were 
66" diameter, and were dnven to 260 ft. The center piles were 48" diameter, and were driven to 
230 fi. Pile-head stiffnesses from the different approximations along with those used in the 
examples are shown below in Tables G-3 and G-4: 

Table G-3: Horizontal Pile-Head Stiffnesses (kipdin) 
Diameter 1 1 2 ~ 1 1 ~ ~  I 1 2 ~ 1 1 ~ ~  I Penzien 1 Dobry 3-0 I 

There is much variation between the approximate methods and the springs derived for the 3-D 
analyses. However, it must be remembered that these estimates may be obtained with much less 

Table G-4: Vertical Pile-Head Stiffnesses (kipslin) 

effort than constructing and analyzing a segmented pile model. Furthermore, given the fact that 
soil properties may possess significant biases due to sampling and testing methods, there will be 
an element of variation to the springs derived from detailed analyses; this must be recognized by 
the analyst. The best of action when making use of these approximations is to select sets which 
will provide upper and lower bounds on the stiffnesses. 

Diameter 

To study the effect of foundation flexibility on the horizontal response of a platform, the axial 
and horizontal pile-head stiffnesses used with two platforms were varied with respect to the 
values calculated from the detailed analysis (see Tables G-3 and G-4). The variation in 
fundamental horizontal period for both Platforms are shown below in Figures G-6 and G-7: 

L li DO% M a !  Stiff, 

3WL 

1200% Axial Stiff. 

0 f 1 
0% 5O0h 100% 150°h 200% 

Percent Variation in Pile Lateral Stflness 

Figure G-6: Four-Leg Platform, Variation in Fundamental Period 

3-D 
kz 

WL b b ~  
kt 
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50% Axial Stiff. 

100% Axial Stiff. 

150% Axial Stiff. - . . - . - - ---  
1200% Axial Stiff. 

Percent Variation in Pile LPteml Stiffness 

Figure G-7: Eight-Leg Platform, Variation in End-On Fundamental Period 

Varying the stiffnesses for the four-leg platform may change the period by as much as 33%. 
This could have a significant effect on calculated loads, depending upon the response spectrum 
being used. For the eight-leg platform, the maximum variation is 14%. This is less significant, 
and is due to the larger flexibility of the ungrouted 8-leg jacket. Nevertheless, it is important to 
recognize that there may be significant variation in the pile stiffnesses due to factors beyond the 

. .- control of the analyst. 

TOPCAT adopts the basic pile stiffness approximations of EA/L and 1 2 ~ 1 / ( 1 0 ~ ) ~ .  The user may 
apply biases to these values in order to cover a wider range of possibilities. 

G.4 INCREASES IN FOUNDATION STRENGTH AND STIFFNESS FROM 
CONDUCTORS, MUD MATS AND MUDLINE BRACES 

It is now possible to evaluate the effects of conductors, mud mats and mudline braces on 
foundation strength and stiffness with TOPCAT. After entering data on these components, and 
selecting one or both of the analysis options "Include Conductor Strength and Stiffness Effects" 
and "Include Mudline Element Strength and Stiffness Effects," the strength and stiffness 
contributions of these elements will be added to the overdl foundation capacity. 

Conductors: 
Conductors are treated as piles which offer lateral support only. Their lateral strength and 
stiffness are he te rmid  the same as for piles (G.2 and G.3). Group effect modifiers for both 
strength and s t i fkss  may be entered by the user to bias these characteristics. The user must 
supply the number of conductors, as well as dm diameter, plastic moment capacity, 
moment of inertia, weight per unit length, distance from mudline to first point of fixity (if no 
framing exists at mudline), and penetration. The user should check to ensure that sufficient 
framing strength exists at the first point of fixity to ensure the full lateral capacity of the 

-". conductors can be mobilized. 
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Mudline Elements: 
Mud mat and mudline brace foundation capacity contributions are determined using approaches 
suggested by Section 6 .13  of API RP 2A-WSD (1993) for mat fmdations. It is assumed that 
these elements are very strong and stiff compared to the underlying soil; hence strengths and 
stiffnesses will be dictated by the soil properties. Bearing and sliding capacities for these 
elements are determined using the following: 

For elements founded on cohesive soils (clays): 

Q = 5.14cA maximum bearing strength 
H =  cA maximum sliding strength 

where: 

c = undrained shear strength of soil 
A = foundation contact area 

For elements founded on cohesionless soils (sands): 

Q = 0.3y'BN,A maximum bearing strength 

H = c' A + Q tan #' maximum sliding strength 

where: 

y' = effective unit weight of soil 
B = minimum lateral foundation dimension, assumed to be unity 
N, = 2(Nq+I)tan4' 

N, = (exp[ir tan @])(tan2 (450+@/2)) 

4' = effective friction angle of Mohr envelope 
c ' = effective cohesion intercept of Mohr envelope, assumed 0 for sand 
A = foundation area 

Bearing and sliding stiffnesses are assumed to be controlled by the supporting soil. The 
following values of soil stiffness per unit area are used: 

The vertical stiffness is selected based on the bearing capacity of the soil as determined from the 
API RP 2A-LRFD (1 993) Section 6.13 relationships listed above. The sliding stiffness is taken 
to be 50 % of the vertical stiffness, as suggested by Barkan, (1 962). 
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!,-, The lateral capacity and stiffness provided by mudline elements are taken as the product of the 
contact areas of all mats and mudline braces (the contact areas for braces are assumed to be DL) 
with the soil sliding strength and stiffness. These values may be modified by the user using bias 
factors. The mudline element lateral strength and stiffness are added to the lateral strength and 
stiffness provided by piles and conductors. The user should be aware that the combined mat- 
pile-conductor foundation capacity assumes fully plastic behavior by all foundation strength 
mechanisms, and that all of these mechanisms are assumed to become active (i.e. achieve full 
strength) prior to any occurrence of instability caused by excessive platform deflection at the 
mudline. 

For the purpose of determining mudline element contributions to platform overturning capacity, 
it is assumed that the base of the platform rotates as a rigid plate, and that all piles and mudline 
dements act as springs connected to this plate. The overturning moment capacity of the 
platform is based upon the h e  rotation which will result in the first incidence of pile yielding 
(in either tension or compression). The TOPCAT program first determines the amount of base 
rotation which is needed to fulfill this condition for both end-on and broadside loading. Once 
the base rotation is determined, the moment resulting from action of the foundation mudline 
elements through this rotation is calculated. This moment is approximated using the following 
relationship: 

where : 

and: 

L = length of base on side perpendicular to axis of rotation 
Acwers = contact area of all mudline braces 
Am, = contact area of all mud mats 
kbeming = w i t  bearing stiffness as determined from Table 43-5 
ah,ing = unit bearing resistance as determined from API Section 6.13 

It is assumed that mats and mudline braces actively contribute to strength and stiffness only 
when placed in compression; i.e. they do not provide support against uplift Hence, only 50 % of 
the total mat and brace contact areas are used to determine the effective resisting moment from 
these elements. Furthermore, to simplifjl further it is assumed that the centroid of the area of 
mudline element action is halfway between the axis of rotation and the outer edge of the base 

llCl 

(LM). The soil resistance at the prescribed rotation is taken to be the minimum of either the 
resultant unit force found using the soil bearing stiffness at the outer edge of the base or the 
maximum b r i n g  capacity of the soil. This moment is then added to the moment determined 
based on axial action of the piles to obtain the total overturning moment capacity. The moment 
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capacity from mudline elements is also wed to supplement the effective axial capacity of the 
piles used in determining pile reserve strength ratios; an "equivalent" axial resistance is 
estimated from: 

where n+ is the total number of piles provihng axial resistance. This value is then added to the 
axial strength of the piles and the reserve strength ratios are then evaluated. 

The ltser must cany out independent dtecks of mudline braces, mud mats and mud mat 
connections, and other elements which may be in the load path in order to ensure these elements 
can carry the load required to develop full capacity in the soil for both bearing and sliding 
conditions. To aid in this assessment, TOPCAT returns the surface forces which will be induced 
on mudline elements as the sliding and k i n g  capacities of the underlying soil is mobilized. 
The user should also be aware that mats and braces on soil, piles in soil and conductors in soil 
may have very diffkrent s t i f f m ;  h c e  very stiff elements may reach capacity at levels of 
displacement much smaller than those required to mobilize the capacity of flexible elements. 
This can have serious conseqlaences if the stiff elements will fail in a manner which results in 
strength loss, i.e. the breaking of connections or member rupture; as a result it may not be 
possible to achieve the fully-plastic bearing and sliding mechanisms currently assumed by the 
program. 
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INTRODUCTION 

Large uncertainties associated with loadings and capacities add another dimension to the 
complexity of the problem of structural integrity assessment of offshore platforms. Due to these 
large uncertainties and relatively high consequences of failure of offshore platforms, in 
particular in North Sea region, these structures have been the subject of comprehensive 
reliability analyses in the past (e.g. Thofi-Chnstensen et al., 1982, Nordal et al., 1988). In 
general, there are two types of uncertainty; natural or aleatory (Type I) and unnatural or 
epistemic (Type 11). The source of the aleatory uncertainties is the inherent randomness of 
stochastic processes (e.g. the uncertainty associated with the prediction of the annual maximum 
wave height for a given site). Basically, this type of uncertainty is information insensitive and 
can not be reduced. The epistemic uncertainties are partially due to our lack of thorough 
understanding of the physics of the problem (physical modeling uncertainties) and partially due 
to lack of data (statistical modeling uncertainties)(e.g. uncertainties associated with the wave 
kinematics given the wave height and period). This type of uncertainty is in general information 
sensitive and can be reduced. More research can lead to our better understanding of the physical 
processes and help enhance the physical modelings and hence reduce the uncertainties 
associated with them. More experiments and field measurements can lead to improvements of 
statistical modelings and help reduce the uncertainties associated with the modeling parameters. 
It is often difficult to clearly distinguish between the two types of uncertainty. 

-... One effective mean of representing Type I1 uncertainties is through characterizing "biases". Bias 
is defined as the ratio of the true to the predicted value of a random variable. By establishing and 
evaluating the statistical properties of the bias (mean and standard deviation), conservatism or 
unconservatism implicit in the simplified modeling assumptions can be captured and taken into 
aeesun t. 

A simplified deterministic structural integrity assessment approach has been developed for 
offshore platforms, and integrated into the TOPCAT program. This approach is described in the 
following section. Taking into account the Type I and Type I1 uncertainties associated with 
loadings and capacities and using the concepts of structural reliability theory and the 
deterministic safety assessment formulations developed in this and previous appendices, a 
simplified probabilistic safety assessment approach has been also developed and is described in 
this appendix. 

H.2 DETERMINISTIC FAILURE ANALYSIS 

The process is summarized in Figure H-1. The geometry of the platform is defined by specifying 
a minimum amount of data. These include the effective deck areas and weights, the proportion 
and topology of jacket legs, braces, and joints and of the foundation piles and conductors. The 
projected area and mass characteristics of appurtenances such as boat landings, risers, and well 
conductors are specified. If marine fouling is present, the variation of the fouling thickness with 
depth is also defined. Specialized elements are designated including grouted or ungrouted joints, 

.". braces, and legs. In addition, damaged or defective elements are included. Dent depth and initial 
out-of-straightness are specified for braces with dents and global bending defects. Element 
capacity reduction factors are introduced to account for other types of damage to joints, braces, 
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and foundation (corrosion, fatigue cracks, etc.). Steel elastic modulus, yield strength, and 
effective buckling length factor for vertical diagonal braces are specified. Soil characteristics are 
specified as the depth variation of effective undrained shear strength for cohesive soils or the 
effective internal angle of friction for cohessionless soils. Scour depth around the piles is also 
specified. 

Figure H-1 : Deterministic Failure Analysis 

Collapse mechanisms are assumed for the three primary components that comprise a template- 
type platform: the deck legs, the jacket, and the pile foundation. Based on the presumed failure 
modes, the principle of virtual work is utilized to estimate the ultimate lateral capacity for each 
component and a profile of horizontal shear capacity of the platform is developed (Appendices 
B, D and G). 

For storm conditions, wind speed at the deck elevation, wave height and period, current velocity 
profile, and storm water depth need to be defined. These values are assumed to be collinear and 
to be the values that occur at the same time. Generally the load combination is chosen to be wind 
speed component and current component that occur at the same time and in the same principal 
direction as the expected maximum wave height. The wave period is generally taken to be 
expected period associated with the expected maximum wave height. To calculate wind loadings 
acting on the exposed decks the effective drag coefficient needs to be defined. Similarly, the 
hydrodynamic drag coefficients for smooth and marine fouled members have to be defined. 
Modification factors are introduced to recognize the effects of wave directional spreading and 
current blockage. 

For earthquakes, a response spectrum must be specified in order to obtain modal accelerations. 
The added mass associated with submerged members must be determined, and estimates of 
modal damping ratios must be made. An appropriate modal combination rule must be selected 
to obtain total demands on components. 

Comparison of the shear demands and forces from overturning with the platform component 
capacities identifies the weak link in the platform system. The base shear or total lateral loading 
at which the capacity of this weak link is exceeded defines the static ultimate lateral capacity of 
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the platform Rus. The static lateral loading capacity is corrected with a loading effects modifier, 
"- F ,  to recognize the interactive effects of transient loadings and nonlinear hysteretic platform 

response (Bea and Young, 1993). 

With these results, the Reserve Strength Ratio (RSR) can be determined as: 

where S, denotes the reference total maximum lateral loading. 

H.3 PROBABILISTIC FAILURE ANALYSIS 

The development of a simplified method to assess the structural reliability of conventional 
template-type offshore platfonns is described in this section. The primary objectives are to 
identify the potential failure modes and weak-links of the structure and to estimate bounds on the 
probability of system failure by taking into account the biases and uncertainties associated with 
loadings and capacities (Figure H-2). 

With this in mind, the maximum static force acting on a platform is treated as a function of 
random variables. Its statistical properties are derived considering the uncertainties associated 
with environmental conditions, structure conditions, and force calculation procedures. The 
expected capacity of the platform and the uncertainty associated with it are also characterized. 
The simplified ultimate limit state analysis procedures described in other appendices are utilized 
to estimate an expected or best estimate capacity of the platform. The uncertainties associated 
with this capacity are estimated using a combination of series components and parallel elements. 
The series components are the superstructure (deck), the substructure (jacket), and the 
foundation. The capacity of the platform is assumed to be reached when the capacity of anyone 
of these components is reached. Within each component there are parallel elements; deck legs, 
braces, joints, and piles. In order for a component to reach its upper-bound capacity, all of the 
parallel elements have to fail. 

The proposed reliability analysis in this appendix is based on a first order second moment 
(FOSM) approach. A study is made of the implications of the simplified FOSM method. In the 
case of an eight-leg drilling and production platform located in Gulf of Mexico, the results from 
FOSM reliability analysis are compared with those from first and second order reliability 
methods (FORM and SORM). 

3.4 STRUCTURAL COMPONENT AND SYSTEM RELIABILITY 

Comwnent Reliabilitv: 
.'- The reliability analysis formulated in this chapter is based on the assumption of two-state 

structural components; a component can be in a safe- or fail-state. Furthermore it is assumed that 
the uncertainties associated with the state of the component can be described by random 
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variables. For the basic structural component with the resistance R and load S, the probability of 
failure is equal to the probability that the load exceeds the resistance: 

Figure H-2: Probabilistic Failure Analysis 

h + 4 

Assuming that R and S are random variables with the joint probability density functionfRs(r,s), 
the probability of failure can be written as: 

Probabilistic 
Characteristics of Storm 

Loading on Platform 
Components, S, 

In general, the resistance R and the load S are themselves functions of random variables. 
Assuming X(xl, xz, ...., xJ to be a set of random variables that completely describe the load and 
resistance characteristics with a joint probability density functionfxix), and f i rher  assuming that 
the state of the component is described by a function g(x) so that g(x)-"-0 indicates failure, the 
probability of failure can be given by the n-fold integral: 

1 
Probabilistic I 

Characteristics of 
Platform Component 

Capacities, Rj  

g(xJ is often referred to as limit state function. Problems associated with evaluating the above 
integral include: a)f,(x) may not be completeIy known due to lack of statistical data, b) the limit 
state function, g(xJ, may not completely describe the true state of the component, and c) even in 
absence of problems stated above, integrating the above integral can be a formidable task (Der 
Kiureghian, 1994). 

t t 
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- To circumvent these problems, reliability measures under incomplete statistical information 
have been developed. Indeed much of the early work on reliability analysis was based on such 
measures. The complete handling of the subject is not within the scope of this dissertation, 
however, the background used to develop simplified reliability analysis formulations for jacket 
offshore structures is summarized in the following. 

Based on a mean value first order second moment (MVFOSM) approximation and using the load 
and capacity equations formulated earlier in this and other appendices, the mean and standard 
deviation of loads acting on and capacities of platform components can be estimated. Given that 
the resistance R of a component is a function of random variables (xl, x2, ...., xJ, its first two 
statistical moments can be given by: 

and: 

where: 

is the mean vector of the resistance function and: 

defines the covariance matrix, whereas: 

is the gradient vector of the resistance function which is evaluated at the mean vector. The same 
formulations can be written for the load h c t i o n  S. Defining a safety margin as: 

--. The probability of failure may then be estimated from: 

Pf = CDF 
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where: 

p~ - mean value of the safety margin 
OM - standard deviation of the safety margin 

Assuming the demand on and capacity of the component may both be described by log-normal 
distributions, the exact reliability index may be solved explicitly. It is given by: 

where: 

pk, ok - mean and coeficient of variation of resistance function 
Psp 0s - mean and coeficient of variation of demand function 
pm - correlation between demand and resistance 

The probability of failure is thus: 

where @(.) is the standard normal variate function. Note that these equations and those derived 
for jointly normally distributed loads and capacities are the only know-n exact and closed form 
solutions of the probability of failure for non-trivial distributions of loads and capacities. 

System Reliabilitv: 
Unimodal bounds on probability of failure of a series system, pji, can be estimated by: 

wherepn denotes the probability of failure of the ?' component. The lower bound is based upon 
the assumption of perfect correlation among all component failure modes. The upper bound is 
based upon the assumption of no correlation among the component failure modes. In general. 
unimodal bounds are use l l  when there exists a dominating failure mode,. H0weve.r. in case of 
offshore platforms, the failure of different structural components has been shown to be strongly 
correlated mainly due to common dominating uncertainties in loading variables (Thofi- 
Christensen and Baker, 1982, Nordal et al., 1988). 
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H.5 P~OBABILISTIC LOADING  AN^ CAPACITY FORMULATIONS 

The uncertainties and biasis associated with storm loads will-be discussed first. Given the wave 
height dnd its associated period, there are uncertainties associated with predicting the wave 
kinematics (water particle velocities and acceleratiorls). The prirhary souce of these. 
uniertainties is the incomplete physical modeling of the.complex processes'. Wave theories that 
try to prediCt the wave'kinematics havg been developed based on many idealizing assumptions, 
including ' wave regularity, directionality, and propagation (Appendix A). Given' the water 
particle kinematibs, there also are uncertainties associated with predicted local and global forces 
acting on an offshore platform. The primary source of these uncertainties is the force calculation 
model,and the associated empirical drag and inertia coefficients (W, 1990; Haver, 1995). 

Offshore engneering research has traditionally used field measurements and laboratory 
experiments to' calibrate existing wave kinematics and load models and establish the 
uncertainties associated with the predictions of these models. The Conoco Test Structure (Bea et 
al. 1986) and Ocean Test Structure (Haring et al. 1978) are two examples of highly instrumented 
platforms to measure wave kinematics and forces on offshore structures. The measured data 
indicates that the primary difference between predicted and measured wave kinematics and 
forces is due to irregularity and directional spreading of real waves generated during intense 
storms. 

A. 

Given the wave height, the API wave and current force calculation procedure is expected to 
result in unbiased estimates of the forces acting on offshore platforms provided appropriate 
coefficients are used (Heideman and Weaver, 1992). The kinematics modification factors and 
the force coefficients recommended in API RP 2A (API, 1993a) guidelines are based on large 
numbers of experimental test dab and field measurements. For a given Keulegan-Carpenter 
number (e.g. KC>30), the uncertainties associated with the force coefficients are found to be 
rather small (COV=O.O5) (Haver, 1995). 

Wave height is the governing parameter in the API load calculation procedure. However, various 
investigators have found that wave forces can be more closely correlated to wave crest elevations 
(Haver, 1995). This is particularly true, if the crest elevation exceeds the elevation of lower 
platform decks. The probabilistic characteristics of wave-in-deck loadings are of extreme 
importance for structural risk assessment studies of offshore platforms. Tromans et al. (1992) 
found that the only significant murce of modeling uncertainty relates to wave-in-deck forces 
which is due to modeling uncertainties in local water particle kinematics close to the free 
surface. For predicted wave-indeck forces, a total coefficient of variation of 70% has been 
suggested by Petrauskas et al. (1994). For a given wave height, a conditional COV for predicted 
wave-in-deck force of 0.35 has been recommended by API (1994). 

Hydrodynamic wave forces on platform decks are not only important due to their magnitude, but 
also because of their effect on the global load pattern. A load pattern that includes relatively 
large deck forces can result in failure modes different from those predicted based on a load 

-. pattern that does not include wave-in-deck forces (Loch and Bea, 1995). 
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Earthquake loads also contain many uncertainties. There exists great variation in the magnitude, 
duration and rate of energy release of all earthquakes; this uncertainty translates directly into the 
random nature of ground-level displacements a structure subjected to m earthquake. 
Determining the demands is fiuther complicated by the uncertainties existing in the structure's 
mponse characteristics, 1.e. the masses, stiffnesses and damping of platform components. 
Finally, the modal response spectrum load calculation procedure will introduce additional 
uncertainty by virtue of its lack of addressing the phasing of the individual modal responses. 

To perform structural risk analyses of a platform, it is necessary to characterize the limit stntes of 
the stmcture and the uncertainties associated with them. In this research, the ultimate limit state 
of the sb-ucfure at collapse is considered (as opposed to serviceability limit stnte). With the 
exception of foundation capacities, the uncertainties associated with the ultimate static capacity 
of structural components are small compared to loading related uncertainties. In some case 
studies, the platform capacity is assumed to be a deterministic value (Bea and Smith, 1987; 
Haver, 1995). This capacity is estimated by performing nonlinear structural analyses (e.g. 
pushover analyses) using mean values or best estimates for capacity parameters. The probability 
of failure is estimated as the likelihood that the random load exceeds the deterministic capacity. 
In a general case, however, the uncertainties associated with platform component capacities need 
to be considered. This is particularly true, when a foundation failure mode is a potential collapse 
mechanism. The large uncertainties associated with foundation axial and lateral capacities are 
primarily due to the inherent variability of ocean floor soils, soil sampling and testing 
procedures, the complexity of marine sub-sea construction, and modeling of pile-soil and 
loading interaction (Ben, 1990). 

Considering a platform as a series of structural components, its structural reliability cnn be 
evaluated by using the formulations given earlier. The series components are the superstructure 
(deck), each bay of the substructure (jacket), and the foundation. The capacity of the platform is 
reached when the capacity of any one of these components is reached. Within each component 
there are parallel elements; deck legs, braces, joints, and piles. In order for a component to reach 
its upper-bound capacity, all of the parallel elements have to fail. 

Using a first-order Taylor-series approximation around the mean point, the required means and 
standard deviations of loads and capacities can be computed. By specifLing the means of input 
variables, the mean lateral load acting on components and the mean component capacities are 
estimated. Simplified loading and capacity equations have been developed in the previous 
appendices. Some of these equations are used in this section nnd are repeated for the sake of 
completeness. 

Storm Loading Formulation: 
A combination of storm wind load nnd hydrodynamic wave and current loads is considered: 

The wind load is given by: 
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where Kw is a structure dependent loading parameter, and VWd is the wind speed that &urs at the 
- same time as the maximum wave height.' 

The total integrated hydrodynamic drag force acting on a skfhce piercing vertical cylinder can 
be expressed as: 

Ku is an integration function that integrates the velocities along the cylinder and is a function of 
wave steepness and the wave theory used to estimate the velocities. Kd is a force coefficient and 
a function of mass density of water p, diameter of the cylinder D, and drag coefficient Cd The 
mean forces acting on the elements are integrated and the shear force at each component level is 
calculated. These integrated shear forces define the means of the load variables SD for deck, SJ, 
for each jacket bay, and the base shear SF for the foundation bay. The coefficient of variation of 
the wave load is given as: 

The dominating storm loading parameters are the maximum wave height and its associated 
period. An evaluation of the uncertainties in the wind forces does not play a major role and is not 
included. 

... 
Earthquake Load Formulation: 

The mode-specific load demand calculated on a MDOF structure from a response spectrum is: 

f,, = sn An 

where: 

s, = ',am #,a = distribution of modal inertia forces 

with: 

rn = L.: / Mm = modal participation factor 
N 

Mn = m,#fn = generalized mass 
J'I 
2 4 = mnQ = pseudo-acceleration; nrA is equal to the peak value of the elastic 

resisting force for a SDOF system 
- 

and: 
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n = mode index 
j = DOF index 

Ordinates from a response spectrum, D,,(T), typically have uncertainties in the range of 40% to 
8096 @ w u z o ,  Comel!, 1991). Furthermore, many spectra are selected with a bias of + 1 or + 2 
standard deviations from the mean.' The selection-of the ordinate is dnven by the modal period T 
and modal damping ratio c. T is dependent upon the mass b d  stifiess properties of the 
platform. W i l e  the mass and stiffness of the steel structure and equipment are likely to have' 
low uncertainties, there is possibly great uncertainty associated t l th  the added mass appropriate 
to the analysis, and great-uncertainty associated with the stiffness properties of the foundation. 
Added mass is related to the frequency of vibration of the structure through the water. The 
stiffness at the foundation level may exhibit softening with increasiflg load amplitude, while at 
the same time an increase in the modal damping ratio { may become evident as local 
plastification of the soil beneath the platform and around the pile tops occurs. For platforms 
with ungrouted jackets, additional damping \+ill result with increasing levels of excitation at the 
jacket legs and piles begin to slide against one another, dissipating energy through friction. 
Variability in the stifhesses and masses will also have an impact on the mode shapes of the 
platform, which in turn will change the loads determined for components. Finally, the 
uncertainty in the true phase between modal responses will further complicate the force 
determination procedure. 

In lieu of a more rigorous evaluation, it will be assumed that the uncertainties affecting the 
earthquake loads calculated from responses spectrum analysis are controlled by the uncertainty 
in the spectral ordinate associated with the first mode in each principal direction. Therefore, the 
uncertainty in the total demands from the response spectnun analysis \sill be taken as: 

Cavacity Formulations: 

Deck Bav Shear Capacity: 
A mechanism in the deck leg bay would form when plastic hinges are developed at the top and 
bottom of all of the deck legs. Using this failure mode as a virtual displacement, virtual work 
principle can be utilized to estimate the deck leg shear resistance Rd (Appendix B): 

where: 
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,- 

The moment capacity of the legs Me, and the local buckling capacity PCrl sue treated as random 
variables. Assuming perfect correlation between Me, and P,,, the variance of deck legs capacity 
can be given as: 

where: 
a d  a d  -- 

a m  ' S m I  

are the partial derivatives of the deck legs shear capacity %with respect to critical moment and 
buckling capacities Me, and Pcrl, evaluated at the mean values phicr and ppcr/. 

Jacket Bay Shear Capacity: 
Shear capacity in a given jacket bay is assumed to be reached wh& the vertical diagonal braces 
or their joints are no longer capable oPresisting the lateral load acting on the jacket bay. Tensile 
and compressive capacity of the diagonal braces, the associated joint capacifies, and the batter 
component of axial forces in the legs due to overturning moment are included to estimate the 

." " jacket bay shear capacity. The capacity of a given brace is taken as the minimum of the capacity 
of the brace o i  the capacity of either its joints. 

It should he noted that the diagonal brace capacities are negatively correlated with the lateral 
loading. To implicitly account for this correlation, the strength equation is rewritten in the 
following format: 

Thus the variance of the compression capacity of a brace can be @ven by: 

where it is assumed that do is a deterministic parameter and that the first tenn in the strength 
equation equals the buckling load of the brace in the absence of lateral distributed load w: 
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Joints are not considered in the reliability formulation. 

To estimate the lateral capacity of a given jacket bay, it is assumed that interconnecting 
horizontai brace elements are rigid. Thus, the lower-bound capacity of the n" jacket bay RJ, , 
which is associated with the first member failure in that bay, can be given as (Appendix B): 

where FL is the sum of batter components of axial pile and leg forces in the given bay and: 

is the lateral drift of the n~ jacket bay at the onset of first member failure. K, are deterministic 
factors accounting for geometry and relative member stiffness (aik', = horizontal shear force of  
brace element i at the onset of first brace or joint failure within the given bay). Assuming that 
there is no correlation between the capacity of the MLTF member and lateral shear in the jacket 
legs, the variance of the lower-bound capacity of the nth jacket bay can be given as: 

where: 

BFL denotes the bias associated with the batter component of axial leg forces F'. 

The upper-bound capacity of the n' jacket bay Rh , which is associated with failure of all main 
load carrying members in that bay, can be given as (Appendix B): 
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.. . , where Hi is the horizontal component of resisting force of the joint-brace element r .  ai account 
for the post-yielhng behavior of semi-brittle brace or joint elements (a$, = residual strength of 
element i) and are assumed to have deterministic values. Assuming perfect correlation among 
the member capacities Hi and h!, within the given bay, the variance of the upper-bound capacity 
of the nLh jacket bay can be gven as: 

Foundation Cavacitv: 
Two basic types of failure mode in the foundation are considered: lateral and axial. The lateral 
failure mode of the piles is similar to that of the deck legs. Ln addition to moment resistance of 
the piles, the lateral support provided by foundation soils and the batter shear component of the 
plles are considered. The lateral and axial capacity equations for piles in sand and clay are gven 
in Appendix G. These formulations are used to calculate the best estimate capacities. 
Considering the uncertainties in soil and pile material properties, the uncertainties associated 
with foundation capacities can also be estimated. However, due to lack of data regarding 
modeling uncertainties, the total uncertainties associated with axial and lateral pile capacities are 
used in this research, which implicitly include the uncertainties associated with soil and pile 
parameters and capacity modeling. The uncertainty associated with the batter component of the 
pile force is added to the total capacity uncertainty for vertically driven piles. 

- 
Load tests and recent post-hurricane Andrew studies on marine foundations (PMB, 1995) have 
indicated that the traditional foundation capacity prediction procedures are conservatively biased 
(Appendix G). Major sources of bias are found to be the dynamic nature of loadings and soil 
sampling and testing. 

Bea (2987) found the following to be two of the important influences of dynamic loadings on 
offshore pile foundations: (1) decrease in the capacity and stiffness due to cyclic loading and (2) 
increase in the capacity and stiffness due to high rates of loading. Another source of bias in the 
foundation capacities is the quality of soil samples. Soil sample disturbance is unavoidable. 
Some of the sources of sample disturbance are drilling, sampling, significant pressure relief, 
packaging, transport and preparation for testing (Bea, 1987). Laboratory testing is also a source 
of bias in soil strength parameters. 

H.6 EXAMPLE APPLICATION 

Using the formulations developed in the previous sections, the structural reliability of an 
offshore platform is determined. Located in the main pass area of the Gulf of Mexico, the 8-leg 
template-type platform is installed in a water depth of approximately 271 feet (Figure H-3). 
Designed and installed in 1968-70, the platform is exposed to high environmental loading 
developed by hurricanes passing through the Gulf. Because of its dominance, only wave force is 
considered. According to oceanogaphxc studies performed for the site, the 100 year return 

+- period wave height, Ifloo, is 70 feet. The uncertainties associated with the expected annual 
maximum wave height predictions are assumed and given in Table H-1. Considering these 
uncertainties result in a total bias of BH = 1.1 and a coeficient of variation of VH = 0.34. 
Assuming Lognormal and Type I Extreme Value distributions, the probabilistic characteristics of 
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the expect4 :mud m~dximum wgve bight sur: givgn in T&le H-2. The wssvs: height distribr~tion 
pwmrtcrs  were S e t w i n &  by fitting the tails of the distributions to the predicted extreme wive 
hgights. Thr: vcrrirdbilities of thr: force wefficign$s s:verl by Bea (1990) wrs: w d  to estimate thr: 
un~ertsunties a s w i a t d  with the wive forces (Table H-5). These estimates we wnsistent with 
the simplified ,dn'iytical models employed to cd~ulats: the lwidings. 

I1 shvuld bc: n u t 4  that once the wive crest elevatiun e x ~ e d s  the platfom lower deck elevation, 
ths: l o i  piittern ~h.rn&s s i p i f i ~ i f l y  md f h ~  f ~ f d  ~ O F C ~ Y  acting on the pli+tform i n ~ s a s e  much 
fwta thm kfure.  In the prewnt~d exmple, this fact has nut k e n  iilwuntml fur. In &ener&l, the 
pwblcm cw b~ ciwurnvented by  ons side ring wnditiondl prubsbilities (phH). In fiis case, fir: 
total probability of failure can be estimated by: 

Rest;$ un the backpuunc! dt;velvped in the previous sctiuns of this chapter, structuril reliability 
of the example pl~tform is sti~diat for ths: two principal urthogonsrl Jisctions. For each lo~rt 
diredim, eight different failure m d e s  ~ r t ;  idenlifid end analyzed; one in the superstructure, 
fivt: in tht: w~hstr!lr;turg:~ _~nd two follncfiction Fiilurt: mcrdes:.;. 

BROADSIDE ENDION 

Figue H-3: Example Pliitform Elevations 
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Table H- 1: Wzve Hciyht Uncertainties ((Example Platform) 

1 

Table H-2: Prob-dbilistic Ch.i~;tmistics of the Maximum Wdve Height 
(Example Platfunn) 

fdJQ I #flW I * (f.) 
Lugnormal 1 3 4 3  I 11.7 

Typc I largest 34.0 11.4 

Fur criti~al bending moment kIc,, lwal bu~kling c;apacity PC*{, and global buc;kling ~apicity of 
h.aguvdl brdct;s P,,, the mean-value Gwes given by Cux (1987) sm: u t i l i ~ c l .  The= jc;; 

whme 2, A, md K are the plastic; sectivn modulus of the cross-sectiun, slenderness ratio of the 
member, and bwkling length ktur ~spwtively, Fur kndiny ~sistmce, a wmbined weffrcient 
uf variativn (COY) uf 8.106 is ylven by Cux (1987). The CQV fur local buckling is 8.1 17, whi~h 
i~cludes the test unwrlainties, us!~rSiuties i~ steel yield skngth, ..end unccrtilinties usoci.at4 
wia  fabrication. This value is repurted to be ~unstant over the entir~ m e  of practical values of 

L Er'lBD srnd D/'f reswctively, The weeminties uf wlumn rr;sistmce over a prar;lical  rang^ uf 
we given in Table H-4 (Cux, 1987). In addition to un~ertainties assv~iated with test and 
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Fabrication, the uncertainties associated with yield stress f, elastic modulus E, and effective 
column length factor K are included in the c o l w  resistance uncertainty. 

Table H-4: Column Resistance Uncertainties (Cox, 1987) 
1 ( 9.4 1 0.6 1 I 1.0 1 1.2 1 1.4 

COV 1 0.099 0.100 0.106 1 0.119 1 0.1.9 1 0.212 

A tubular joint failure d e  is not included in the p-esented reliability analysis since the kg-pile 
annulus and the joints are grouted and the joints are significantly stnmger than the braces. In a 
general case, the joint$ capacity and the uncertainties associated with it can he considered. 

In the presented exampk, the upper-bound capacity formulation is used for the jacket bays. 
Deterministic values are assigned to brace residual strength factors a, which are calibrated to 
give results consistent with those gained fiom a detailed nonlinear pushover analysis of the 
studied platform (Bea , et al. 1995a,b,c). Tn a general case however, the a factor is unknown and 
can be considered as a random variable itself. The uncertainty associated with this variable 
reflects the modeling uncertainty introduced by using simplifying assumptions regarding residual 
strength of compression braces and stifhess properties of inter-connecting horizontal braces. 

Table H-5: Lateral Pile Canacitv Uncertainties (Tana. 1990) 

Table 74-6: Axial Pile Capacity Uncertainties (Tang, 1988) 

k 

AJi J BiJe Capacity in: 1 Bias I C W  
Sand 0.9 \ 0.47 -0.56 
C'la y 1.3-3.7 1 0.32-0.53 

Lateral Capacity in: 1 Bias 

Due to lack of data regarding the pile capacity modeling uncertainty, the total uncertainties 
recommended by Tang and Gilbert (1990) are used, which are based on test results and 
implicitly include the model uncertainties (Table H-5). The uncertainty associated with the 
batter component of the pile force is &d to the total capacity uncertainty given for vertical 
piles. Available test data on axially loaded piles indicate a very wide range in capacity bias. The 
uncertainties associated with axial capacities of driven piles are given by Tang (1988) (Table H- 
6). Cwrent studies of the perfmance characteristics of platfms subjected to stm loadings 
indicates that the mean biases in lateral and axial pile capacities indicated in Tables H-5 and H-6 
represent a lower bound (mean biases in the range of 2 to 3) ( Bea et al. 1995b; 1995~). 

COV 

To study the effect on FOSM results of different probability distributions of maximum wave 
height and nonlinear limit state functions, the computer program CALREL (Liu et. al . , 1989) was 
used to perform FORM and ,WRM analyses in addition to FOSM analysis. In the case of 
b p m a l l y  distributed loads and capacities, the results from the simplified FOSM analysis and 
those h m  more sophisticated FORM and SORM art given in Tables H-7 and H-8 and Figures 
H-3 and H-4. FORM and SORM analyses have also been performed assuming Type T Extreme 
Value distribution for annual maximum wave height. No significant changes in the %liability 

I 
Clay I 0.92 0.20 
Sand 0.81 \ 0.21 
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indices ate observed. The FOSM safety indices are close approximations to those determined 
from the FORM and SORM analyses. 

The results indicate that the most probable failure mode in both loading cases involves the 
Fdilm of the diagonals in the second jacket bay. The large uncertainties in storm loadings ate 
due to uncertainties in force calculations and those associated with predicted wave heights. The 
large uncertainties in jacket bay capacities are mainly due to uncertainties associated with the 
lateral loading and the load-capacity correlation which is implicitly accounted for in this 
analysis. 

The uncertainties in lateral capacity of jacket bays are larger for the b r d G d e  loading direction 
than the end-on loading direction, This can be explained by the kt that for the broadside 
loading case, compressive buckling of diagonal K-braces govern the failure of the jacket, 
wtre~a.. in the case of end-on loading, tensile yielding of diagonal braces govern the ultimate 
lateral loading capacity of the jacket. The compressive buckling of the braces is associated with 
much larger uncertainties than the tensile yielding. The foundation piles have safety indices that 
are comparable with those in the superstructure. 

Table H-7: Component Reliabilities Based on FOSM, FORM and SORM Analyses, Bmadside 

Table H-8: Component Reliabilities Based on FOSM, FORM and SORM Analyses, End-on 
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0 1 2 3 4 

BETA [Reliability Index) 

Figure H-4: Annual Component Safety Indices for Broadside hading 
(Example Plalform) 

END-ON LOADlNG 

Bay 1 

B v 2  I 

Bzry.3 I 

- 4  
'I 

Bay 5 I 

Pile Lateral I, 

0 9 2 3 4 5 

BETA (Reliability lndex) 

Figure H-5: Annual Cnmpnent Safety Indices fnr End-nn Loading 
[Exam?le Platform) 
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Based an the F ~ S M ~ l t s ,  mimadal bounds an annual probabilities of hilure are.estimated far 
x-- both loading directi~ns and @yen in Table H-9. The failure probabilities range from about l0/0 

pe!r year t~ 4% per year depending an the assumptrans regarding carrelatian af ttre & i l m  mades. 
Given the large loading uncertainties relative to those of the component cqxicities; one would 
expect the carrelation af the failure modes to k nearly unity (Nardal et al. 1988) Thus, the mast 
realistic failure pr~bability would he represented by the lower-bound results 

Table H-9: Unimadal£3ads ass annual oc Examale Platform) 

LOg&p; 1 Luwer-Bound p, f 1Jppe1-Bound pn 
Enhn \ 0.81 1 \ O . M  

Broadside - 1 . .- &a3 -- i - 0.w2 

REFERENCES 

American Petroleum Institute (APT), "Recommended Practice for Planning, Designing and 
Constructing Fixed CWshare Pl&orms - Warking Stress k i p  (UP 2A-WSD)," 20th Edition, 
Washincn, D.C., July l993a 

American Petroleum Institute (APT), "Recommended Practice for Planning, Designing d 
Constructing Fixed tXT3m-e PlaCforms - h a d  and Resistance Factor Design (RP 2A-LRFD)," 
First Edition, Washington, D.C., July 1993b. 

-.. American Petroleum Institute (APT), "API UP 2A-WSD 20th Edition Draft Sectian 17.0; 
Assessment of Existing Platfnnns," Houston, TX, November 1994. 

B~WZWTO, P., and Cmell ,  C A.; "Seismic Hazard Analysis af Nonlinear Structures I: 
Methdolngly," .Journr~l r! f  Sfrzrctwd En,qineermn,g, ASCE, Vol. 120, No. 1 1, November 1994. 

Bea, R.G.; Pawsey, S.F.: Litton; R.W.; "Measured and hdic ted  Wave Forces on Ofkhore 
Platforms," QTC No. 5787, Prtweeding.~ of rhe O@vhtre . . Technnit>,qr Ct>nference, Houston, TX, 
1986. 

Be4 R.G., Smith, C.S., "ATM (Assesment, Inspection, Maintenance) and Reliability of Offshore 
Platfarms," Marine Stnrctural Re1 iabil itly Sympasium, Virginia pp5 7-75, ? 987 

Bea R.G., "Qmamic Respnse of Marine Foundations." Pmceedinqs ,. of . fhe Ocean Stnrcttirai 
Qynmi~' ,yynrpa~im 'R-1, k p n  State University, Caruallis, OR, September 1987. 

Bea R.G., "Reliability Based Design Criteria for Coastal and Ocean Structures." The Institution 
af  Engiaees, Australia, 1 ? National Circuit: Bartan, ACT, Australia, 1990. 

Bea, R.G., Young, C., "hadmg and Capacity Effects on Platfarm Performance in Extreme 
Condition Stnm Waves Bt E a ~ ~ k - e s ; "  OTC No 7140, Pruc~edings cf rhr C@sktrr~~ 

em Technt)it),g> Ck,qference, Houston, TX, 1993. 



TOPCAT USER MANUAL APPENDIX H 

Rea, R,G., I.wh, K., Young, P., "f;:valuation of Capacities of Template-Type Gulf of Mexico 
Platforms," Proceedingv qf the Sth Infernu~ond wvho,t.e and Polur Engineering Conference, 
7SC)PI-95, The Hague, The Netherlands, June 1 I - 16, 1995h. 

Bea, R.G., Mortazavi, M., Loch, K., Young, P., "Verification of A Simplified Method to 
Evaluate the Capcities of Template-Type PlatFoms," OTC 7780, Proceedings rf the (wvlrtrre 
Technology Conference, Houston TX, May 1 9 9 5 ~ .  

Rea, R .G., Mo-vi, M., I,c?ch, K., Young, P., "Verification of A Second Czneracion Simplified 
Method to Evaluate the Storm Loadings on and Capacities of Steel Template-Type Platforms," 
Pmceedin~, Energy and Fnvimnmental Eqw 95, American Society nf Mechanical Engineers, 
Houston, Texas, January 1995d. 

Cox, J.W., "Tubular Member Strength Equations for CRFD," Final Report APT PRAC Project 86- 
55. ,  1987. 

Der Kiureghian, A., "Structural Reliability." 1-ecture Notes, Department of Civil Engineering, 
llnivemity of California, Berkeley, 1994. 

Haring, R.F.., Spencer, T,.P., "The Ocean Test Structure Data Base." Proceedings, Civil 
Engineering in the Oceans 1V, Vol. 11, ASCE, New Yo&, pp 669-683, September 1979. 

Haver, S., "IJncertainties in Force and Response Efiimates," E&P Forum, The Oil Industry 
7n temational Exploraticln & Pmducticrn Forum, Offshare StructuredMetocean Workshop, F$P 
Forum Report No. 3.151229, 1995. 

Heideman, J.C., Weaver, T.O., "Static Wave Force Procedure for Platform Design," Proceedingv 
of Civil Errgineerirr~ irr rhc (1ceurr.v V,  College Station, Texas, American Society of Civil 
Engineers, New ~ o r k ,  NY, 1992. 

1,iu, P.T,., J,in, H.7.,, Der Kiureghian, A, ,  "CAT,RF,I, User Manual." Report No.IJCR/SEW- 
891'1 8, r)ept of C M ~  Fngfneen'ng, Univemity of Cdifcmria at Retk-efey, 1989 

I,och, K.J.,  Pea, R.G., "Detennination of the Intimate Timit States of Fixed Steel-Frame 
Of%hc?e Platforms Using static Pushover Anabes." Report to U.S. Minerals Management 
Service and Joint Industry Project Sponsors, Marine Technology Development Group, University 
of California at Berkeley, May 1995. 

Nordal, H., Cornell, C.A., Karamchandani, A,, "A Syflem Reliability Case Study of an Eight-leg 
Jacket PlatFonn," Report Nrr. RMS3, T)epartment of Civil Engineering, Stanford Univmity, 
1988. 

Petrauskas, C., Rotelho, D.T,.R., Krieger, W.F., and Griffin, J.J., "A Reliability Mdel  for 
Wshor~ :  Platforms and its Application tc? ST 151 H and K Platfonns Dtning Hurricane Andew 
( 1 992)," Proceed~ngv of fhe R e h i f w  rf Ofichr~re .Vmfwe .Tsycfemv, ROSS '94, Mas-whusetts 
Institute of Technnl&y, 1994. 



TOPCAT USER MANUAL APPENDIX H 

PMB Engineering Inc., "Further Evaluation of Offshore Structures Performance in Hurricane 
- Andrew - Development of Bias Factors for Pile Foundation Capacity," Report to American 

Petroleum Institute and Minerals Management Service, San Francisco, CA., December 1995. 

Tang, W.H. and Gilbert R.B., "Offshore Lateral Pile Design Reliability." Research Report for 
Project PRAC 87-29 spnsored by the American Petroleum Institute, 1990. 

Tang, W.H., "Offshore Axial Pile Design Reliability", Research Report for Phase 1 of the Project 
PRAC 86-298 sponsored by the American Petroleum Institute, 1988. 

Thoft-Christensen, P., Baker, J., "Structural Reliability Theory and Tts Applications," Springer- 
Vedag, 1982. 

Tromans, P. S., and van de Gtaaf, J. W., "A substantiated Risk Assessment of a Jacket 
Structure," OTC 7075, Prc-,ceedrrrgx ofthe (lffr?zore TecirrroZc~gy firference, May 1992. 





TOPCAT USER MANUAL 

w.. 

APPENDIX T 

APPENDIX T: 

SAMPLE OUTPUT FROM TOPCAT FOR THE SOUTHERN 

CALIFORNIA EXAMPLE PLATFORM 

by 
James 0. Stear and Professor Robert G. Bea 





TOPCAT USER MANUAL APPENDIX T 

TABLE OF CONTENTS - 
General Structure Data 
Main Diagonals 
Tubular Joints 
Horizontals 
Foundation 

Storm and Fatigue Analysis Parameters 
Water Kinematics 
Global Loads on Platform: Storm Analysis 
Demand-Capacity Graphs 
Pile Axial Utilization 
Reliability 

Storm and Fatigue Analysis Parameters 
Fatigue Damage 
Fatigue Life 

Modal Analysis Results and Earthquake Analysis Parameters 
Mode Shapes 
Global Loads on Platform: Earthquake Analysis 

*.". 
Demand-Capacity Graphs 
Pile Axial Utilization 

PAGE - 





i 
General S.. acture Data: 

GLOBAL PARAMETERS OF PLATFORM Southern California Example Platform 

Session Name Southern California Example Platform 

Platform Type 4-leg Jacket 
Number of Decks 1 
Number of Jacket Bays 2 
Water Depth (ft) 100 

SPECIAL CHARACTERISTICS 

Bracing in Deck Bay 

PLATFORM GEOMETRY 

Broadside Frames Top Width (ft) 
Broadside Frames Base Width (ft) 
End-On Frames Top Wi&h (ft) 
End-On Frames Base Width (ft) 

STRUCTURAL LAYOUT 

Diagonals Diagonals Horizontals Comer Corner Appurt. Marine 
Height (ft) BS Frames EO Frames Bay Floor Legs D (in) Legs t (in) Sum D (ft) Growth (in) 

Deck Bay 30 4 4 4 72 1 
Jacket Bay 1 60 4 4 4 79 1.125 4.25 
Jacket Bay 2 60 4 4 4 78 0.875 4.25 

PLATFORM DECKS 

Deck 1 

BOAT-LANDINGS 

Bottom Top Broadside End-On Weight 
Elev. (ft) Elev. (ft) Width (ft) Width (ft) (kips) 
40 65 1 00 1 00 5000 
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General Structure Data: 

Projected Area, End-On (ftA2) 
Projected Area, Broadside (ftY) 
Total Weight (Kips) 

CONDUCTORS 

Total Number 
D (in) 
Penetration (ft) 
Fixity Above Mudline (ft) 
Weight (kips 1 fl) 
Plastic Moment (kip-ft) 
Moment of Inertia (ftA4) 
Group Strength Reduction (%) 
Group Strffness Reduction (%) 

PLATFORM TONNAGE ESTIMATE 

Deck Section 5000 kips 
Jacket 854 kips 
Piles 820 kips 

TOTAL 6674 kips 

GLOBAL MATERIAL PARAMETERS 

Steel Yield Stress (ksi) 
Elastic Modulus (ksi) 
Brace Effective Length Factor, k 
Brace Post-Buckling Strength Factor 

BIASES AND UNCERTAINTIES 

Structural: 

Bias COV 
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5 
General S.. ~cture Data: 

Main Diagonal Strength 
Tubular Joint Strength 
Pile Axial Capacity 
Pile Lateral Capacity 
Pile Axial Stiffness 
Pile Lateral Stiffness 

Load: 

Bias COV 
Wave-in-Deck Force 1 0.4 
Wave Force on Jacket 1 0.4 
Earthquake Spectral Acceleration 1 0.8 
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Jacket Bay 1 
Brace # D (in) 

1 24 
2 24 
3 24 
4 24 

Jacket Bay 2 
Brace # D (in) 

1 30 
2 30 
3 30 
4 30 

Deck Bay 
Brace # D (in) 

1 36 
2 36 
3 36 
4 36 

LOCAL PARAMETERS 
End-On Main Diagonals 

Bay Load 
t (in) Position Type 
0.5 center comp. 
0.5 center comp. 
0.5 center tens. 
0.5 center tens. 

Bay Load 
t (in) Position Type 
0.625 center comp. 
0.625 center comp. 
0.625 center tens. 
0.625 center tens. 

Bay Load 
t (in) Position Type 
0.75 center comp. 
0.75 center comp. 
0.75 center tens. 
0.75 center tens. 

Main Diagonals: End-On Frames 

Southern California Example Platform 

Bracing 
Pattern 

X 
X 
X 
X 

Bracing 
Pattern 

X 
X 
X 
X 

Bracing 
Pattern 
K (A) 
K (A) 
K (A) 
K (A) 

Joint i 
Type # 
3 
3 
3 
3 

Joint i 
Type # 
4 
4 
4 
4 

Joint i 
Type # 

1 
1 
1 
1 

Joint j 
Type # 
2 
2 
2 
2 

Joint j 
Type # 
5 
5 
5 
5 

Joint j 
Type # 

Condition 
intact 
intact 
intact 
intact 

Condition 
intact 
intact 
intact 
intact 

Condition 
intact 
intact 
intact 
intact 

Dent Out-of- 
Depth (in) Straight (in) 

0 0 
0 0 
0 0 
0 0 

Dent Out-of- 
Depth (in) Straight (in) 

0 0 
0 0 
0 0 
0 0 

Dent Out-of- 
Depth (in) Straight (in) 

0 0 
0 0 
0 0 
0 0 
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Jacket Bay I 
Brace # D (in) 

1 24 
2 24 
3 24 
4 24 

Jacket Bay 2 
Brace # D (in) 

I 30 
2 30 
3 30 
4 30 

Deck Bay 
Brace # D (in) 

1 36 
2 36 
3 36 
4 36 

LOCAL PARAMETERS 
Broadside Main Diagonals 

Bay Load 
t (in) Position Type 
0.5 center comp. 
0.5 center comp. 
0.5 center tens. 
0.5 center tens. 

Bay Load 
t (in) Position Type 
0.625 center comp. 
0.625 center comp. 
0.625 center tens. 
0.625 center tens. 

Bay Load 
t (in) Position Type 
0.75 center comp. 
0.75 center comp. 
0.75 center tens. 
0.75 center tens. 

Main Diagonalt . badside Frames 

Southern California Example Platform 

Bracing 
Pattern 

X 
X 
X 
X 

Bracing 
Pattern 

X 
X 
X 
X 

Bracing 
Pattern 
K (A) 
K (A) 
K (A) 
K (A) 

Joint i 
Type # 
3 
3 
3 
3 

Joint i 
Type # 
4 
4 
4 
4 

Joint i 
Type # 
I 
1 
1 
1 

Joint j 
Type # 
2 
2 
2 
2 

Joint j 
Type # 
5 
5 
5 
5 

Joint j 
TY Pe # 

Condition 
intact 
intact 
intact 
intact 

Condition 
intact 
intact 
intact 
intact 

Condition 
intact 
intact 
intact 
intact 

Dent Out+- 
Depth (in) Straight (in) 

0 0 
0 0 
0 0 
0 0 

Dent Outaf- 
Depth (in) Straight (in) 

0 0 
0 0 
0 0 
0 0 

Dent O u t 4  
Depth (in) Straight (in) 

0 0 
0 0 
0 0 
0 0 
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Tubular Joints 

LOCAL PARAMETERS 
Tubular Joints 

Chord 
Joint # Type Grouted? D (in) 

1 K no 80 
2 K no 80 
3 X no 24 
4 K no 80 
5 X no 30 
6 Y no 80 

Chord 
t (in) 
1.875 
1.875 
0.5 

1.875 
0.625 
1.875 

Branch 
D (in) 

36 
24 
24 
30 
30 
30 

Gap in K 
(in) 
18 
18 
0 
18 
0 
0 

Angle 
(degrees) 

45 
45 
90 
45 
90 
45 

Southern California Example Platform 
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Foundation 

FOUNDATION 

SOIL PROPERTIES 

Number of Soil Layers: 1 

Layer 1: Clay 

Undrained Shear Strength, Mudline (kip I ftA2) 
Undrained Shear Strength, Pile Tips (kip I ftA2) 
Submerged Unit Weight of Soil (Ibs I ftA3) 

Scour Depth (ft) 

PILES 

Main Piles: Comer 

D (in) 72 Lateral Capacity (kips) 
t (in) 1 Axial Capacity, Tension (kips) 
L (ft) 150 Axial Capacity, Compression (kips) 
Plugged? Yes Lateral Pilehead Stiffness (kips / in) 

Axial Pilehead Stiffness (kips I in) 

NOTE: Pile Self-weight Has Been Deducted From Axial Capacities 

Mud Mats and Mudline Braces 

Contact Areas (ftA2) 

Mudline Braces (total area) 
Comer Mud Mats (each mat) 

Strength Factor 
Bearing Sliding 

Southern California Example Platfon 

Page 1 





Storm and Fatigue Analysis Parameters 

SURGE, WIND, WAVE AND CURRENT 

Surge I Tide Level (ft) 6 

Wind Velocity, 30 ft Elevation (mph) 58 

Wave Height (ft) 
Wave Period (sec) 

Current Velocity, SWL (fps) 
Current Velocity, Mudline (fps) 
Current Velocity Profile 

3.4 

Constant 

LOAD FACTORS AND FORCE COEFFICIENTS 

Global Load Factor 1 

Water Kinematics: 
Current Blockage, Cb 
Directional Spreading, wkf 

Hydrodynamic Drag Coefficients, Cd: 
All Members and Appurtenances 1.05 
Deck 1 2.5 

Wind Speed Coefficients, Cs: 
Deck 1 

Southern California Example Platfon 

Wave Kinematic Theory Used: Stokes 
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Global Loads on Platform 

ANALYSIS TYPE: storm 

SHEARS AND SHEAR CAPACITIES 

End-On Demand I Capacity 
Shear LO-Bound HI-Bound 

Demand Capacity Capacity 
(kips) (kips) (kips) 

Deck Bay 572 8320 5474 
Jacket Bay 1 1422 351 4 2406 
Jacket Bay 2 181 9 5703 3790 
Foundation 181 9 71 70 71 70 

BASE-LEVEL FORCES 

End-On 

Base Shear (kips) 181 9 
Overturning Moment (kip-ft) 165023 

Broadside 

Base Shear (kips) 181 9 
Overturning Moment (kip-ft) 165023 

Vertical Force (kips) 0 

GLOBAL FOUNDATION CAPACITIES 

Horizontal (EO) (kips) 71 70 
Horizontal (BS) (kips) 71 70 

Vertical (+) (kips) 21049 
Vertical (-) (kips) 22606 

Southern California Example Platfon 

Broadside Demand I Capacity 
TJ-Bound Batter Shear LO-Bound HI-Bound TJ-Bound Batter 
Capacity Forces Demand Capacity Capacity Capacity Forces 

(kips) (kips) (kips) (kips) (kips) (kips) (kips) 
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Global Lo, , on Platform 

Moment (€0)  (kip-ft) 654833 
Moment (BS) (kip-ft) 654833 

APPROXIMATE PEAK PILE LOADS 

End-On 

Lateral (kips) 455 
Vertical, Tension (kips) 125 
Vertical, Compression (kips) 2625 

Broadside 

Lateral (kips) 455 
Vertical, Tension (kips) 125 
Vertical, Compression (kips) 2625 

SAFETY INDICES 

End-On Broadside 
Deck Bay 6.77 6.77 
Jacket Bay 1 1.93 1.93 
Jacket Bay 2 2.42 2.42 
Foundation Lateral 2.52 2.52 
Pile Compression 1.41 1.41 
Pile Tension 6.86 6.86 
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Southern California Example Platform 

END-ON LOADING: STORM 

-STORM SHEAR 
+L - BOUND CAPACITY 
+U - BOUND CAPACITY 
-TUBULAR JOINTS 
-SWL 
M U D L I N E  

- . -- - - .- .- - 

STORM SHEAR I PLATFORM SHEAR CAPACITV (KIPS) 



Southern California Example Platform 

BROADSIDE LOADING: STORM 

-STORM SHEAR 
+L - BOUND CAPACITY 
+U - BOUND CAPACITY 
-TUBULAR JOINTS 
-sWL 
M U D L I N E  

STORM SHEAR / PLATFORM SHEAR CAPACITY (KIPS) 









i 
Storm and Fatiglr. . halysis Parameters 

SURGE, WIND, WAVE AND CURRENT 

Surge I Tide Level (ft) 6 

Wind Velocity, 30 ft Elevation (mph) 58 

Wave Height (ft) 
Wave Period (sec) 

Current Velocity, SWL (fps) 
Current Velocity, Mudline (fps) 
Current Velocity Profile 

3.4 

Constant 

LOAD FACTORS AND FORCE COEFFICIENTS 

Global Load Factor 1 

Water Kinematics: 
Current Blockage, Cb 
Directional Spreading, wkf 

Hydrodynamic Drag Coefficients, Cd: 
All Members and Appurtenances 1.05 
Deck 1 2.5 

Wind Speed Coefficients, Cs: 
Deck 1 

FATIGUE ASSESSMENT PARAMETERS 

S-N K 
S-N m 
Global-Local g 
Global-Local R 
Exposure Period (years) 

Wave Kinematic Theory Used: Stokes 
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Fatigue Damaga ..Id-on Tubular Joints 

FATIGUE DAMAGE RATING AND EXPECTED LIFE 
Broadside Tubular Joints 

Jacket Bay 1 
Joint i Joint i Joint j Joint j Life 

Brace # Type Damage Type Damage (years) 
1 3 32.2439 2 0.001 1 1 
2 3 32.2439 2 0.001 1 1 
3 3 32.2439 2 0.001 1 1 
4 3 32.2439 2 0.001 1 1 

Jacket Bay 2 
Joint i Joint i Joint j Joint j Life 

Brace# Type Damage Type Damage (years) 
1 4 0.0123 5 0.0005 2441 
2 4 0.0123 5 0.0005 2441 
3 4 0.0123 5 0.0005 2441 
4 4 0.0123 5 0.0005 2441 

Deck Bay 
Joint i Joint i Joint j Joint j Life 

Brace# Type Damage Type Damage (years) 
1 1 0.0001 0 361 450 
2 1 0.0001 0 361 450 
3 1 0.0001 0 361 450 
4 1 0.0001 0 361450 
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Fatigue Damage: Broadside Tubular Joints 

FATIGUE DAMAGE RATING AND EXPECTED LIFE 
End-On Tubular Joints 

Jacket Bay 1 
Joint i Joint i Joint j Joint j Life 

Brace# Type Damage Type Damage (years) 
1 3 32.2439 2 0.001 1 1 
2 3 32.2439 2 0.001 1 1 
3 3 32.2439 2 0.001 1 1 
4 3 32.2439 2 0.001 1 1 

Jacket Bay 2 
Joint i Joint i Joint j Joint j Life 

Brace # Type Damage Type Damage (years) 
1 4 0.0123 5 0.0005 244 1 
2 4 0.01 23 5 0.0005 2441 
3 4 0.0123 5 0.0005 2441 
4 4 0.01 23 5 0.0005 2441 

Deck Bay 
Joint i Joint i Joint j Joint j Life 

Brace # Type Damage Type Damage (years) 
1 1 0.0001 0 361 450 
2 1 0.0001 0 361 450 
3 1 0.0001 0 361 450 
4 1 0.0001 0 36 1 450 
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Southern California Example Pla1 

Jacket Bay 1 

Jacket Bay 2 

Deck Bay 

FATIGUE LIFE: BROADSIDE FRAMES 

MINIMUM FATIGUE LIFE (YEARS) 



PERIODS AND MODE SHAPES 

I 
Modal Analysis Results ano . -. Analysis Parameters 

Broadside Response 

Mode: 1 2 3 

Modal Period (sec): 1.53 0.17 0.08 
Modal Participation Factor: 1.07 -0.6 0.03 
Modal Height (ft): 139 6 476 
Modal Mass x g (kips): 6982 556 1 

Deck Level 
Horizontal Frame 1 
Horizontal Frame 2 
Horizontal Frame 3 

DECK-LEVEL SPECTRAL ACCELERATIONS FOR EQUIPMENT 

Fundamental Period of Equipment (sec): 0 

BS Acceleration (g): 
€ 0  Acceleration (g): 
Z Acceleration (g): 

RESPONSE SPECTRUM ANALYSIS PARAMETERS 

Spectrum ZPA (g) 0.5 
Soil Type B 
Modal Combination Rule SRSS 

Hydrodynamic Added Mass Coefficient, Cm 

End-On Response 

Southern California Example Platf 

Vertical Response 

Horizontal Masses x g (kips) 
BS EO 

51 91 51 91 
900 900 

1448 1448 
1169 1169 

Vertical Mass x g (kips): 
7879 

Page 1 







Global Loads on Platform 

ANALYSIS TYPE: quake 

SHEARS AND SHEAR CAPACITIES 

End-On Demand I Capacity 
Shear LO-Bound HI-Bound 

Demand Capacity Capacity 
(kips) (kips) (kips) 

Deck Bay 2224 81 22 5445 
Jacket Bay 1 2542 3484 2401 
Jacket Bay 2 2822 5569 3770 
Foundation 31 78 7170 71 70 

BASE-LEVEL FORCES 

End-On 

Base Shear (kips) 31 78 
Overturning Moment (kip-ft) 379963 

Broadside 

Base Shear (kips) 31 78 
Overturning Moment (kip-ft) 379963 

Vertical Force (kips) 4924 

GLOBAL FOUNDATION CAPACITIES 

Horizontal (EO) (kips) 7170 
Horizontal (BS) (kips) 7170 

Vertical (+) (kips) 
Vertical (-) (kips) 

Southern California Example Platforr 

Broadside Demand I Capacity 
TJ-Bound Batter Shear LO-Bound HI-Bound TJ-Bound Batter 
Capacity Forces Demand Capacity Capacity Capacity Forces 

(kips) (kips) (kips) (kips) (kips) (kips) (kips) 
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Global LL ., on Platform 

Moment (€0)  (kip-ft) 654833 
Moment (BS) (kip-ff ) 654833 

APPROXIMATE PEAK PILE LOADS 

End-On 

Lateral (kips) 794 
Vertical, Tension (kips) 3147 
Vertical, Compression (kips) 5647 

Broadside 

Lateral (kips) 794 
Vertical, Tension (kips) 3147 
Vertical, Compression (kips) 5647 

SAFETY INDICES 

End-On Broadside 
Deck Bay 2.15 2.15 
Jacket Bay 1 0.68 0.68 
Jacket Bay 2 1.16 1.16 
Foundation Lateral 1.23 1.23 
Pile Compression 0.22 0.22 
Pile Tension 0.86 0.86 
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Southern California Example Platform 

END-ON LOADING: EARTHQUAKE 

2000 4000 6000 8000 10000 

SRSS SHEAR I PLATFORM SHEAR CAPACITY (KIPS) 

S H E A R  
+L - BOUND CAPACITY 
+ U - BOUND CAPACITY 
+TUBULAR JOINTS 
-SWL 
M U D L I N E  
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BROADSIDE LOADING: EARTHQUAKE 

I + L - BOUND CAPACITY 1 
+U - BOUND CAPACITY 
+TUBULAR JOINTS 

SRSS SHEAR I PLATFORM SHEAR CAPACITY (KIPS) 




