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ABSTRACT 

During the past three decades, an immense amount of effort has been 
devoted to development of sophisticated compute: programs to ~nable .th~ 
assessment of storm wind, wave, and current loadings and the ultunate limit 
state capacity characteristics of conventional, pile-supported, template-type 
offshore platforms {Billington, et al., 1993; Frieze, 1993; Hellan, et al., 1993; 
1994]. These programs reqltire high dc:gre~ of e~e to operate prop
erly, are expensive to purchase and nwntrun, and requlfe large. ~nts of 
manpower and time to complete the analyses. Due to the sophisticatwn of 
these progrtim, experience has shown that it is easy to make mistakes diat 
are difficult to detect and that can have significant influences on the results. 

This paper summarizes the second phase of development and verifica
tion of simplified procedures to evaluate environmental loadings and ultimate 
limit state lateral loading capacities of template-type platforms. Reasonable 
simplifications and high degrees of "user friendli~s.. ~ave been employed 
in development of the software to reduce the engmeenng effort, experuse, 
and cost.s associated with the analyses. The computer program that has been 
developed to perform the simplified analyses has been identifi~ as Ul.SLEA 
(Uhimate limit State Limit Equilibrium Analyses) (Mortazavi, Bea, 1994). 
All of the ULSLEA coding has been done using Microsoft Excel 4.0 for 
Windows. 

11le first phase of development and verification of these procedures has 
been documented [Bea, DesRoches, 1993; Bea, Craig, 1993; Bea, 1995). 
The first phase developments we.~ verified with <:<>mparisons ~ ob~r~ed 
and computed loadings and capaatJ~ from five 8-pi1e seJf~laln~ dril~ 
and production plat;focms and ~ne 5-pd~ we)~ ~or. Th~ simplified statlc 
capacity bias (nonlinear analyns capaclty I s1mpl.if.ted capaclty) ranged from 
0.8-0to l.03 with a mean value of 0.95. Comparisons ofthe computed later~l 
load capacities based on the simplified appr~ with the ~timat~ ~· 
mum loadings sustained by the.qe platforms dunng past hurricanes indicated 
good agreement [Bea, 19'>5]. 

During the second phase of this research, based on the experience from 
the first phase developmen!S, a number of impro_ve~nts .were made in t11e 
simplified analyses. These improvements are detwled in this paper. 

Verification of the second phase procedures is demonstrated with corn
parisons of the results from the advanced simplified analyses with the results 
from three dimensional, linear and nonlinear analyses of template-type 
platfonns. As in the first phase, good agreement between results from the 
two type of analyses has been developed for the evaluations of capacities. 
The verification platforms include two 4·1eg wel1 protectors and one &-leg 
drilling and production platform. These Gulf of Mexico platforms employed 
a variety of types of bracing patt~ns and joints. Se~eral of !-f1ese pla!form~ 
were subjected to intense hurncane storm loadings dunng hurricanes 
Andrew Camille and Hilda. Witlti.n the population of verification platfonns 
are sev;ral d1at failed or were very near failure. The simplified loading and 
capacity analyses are able to replicate the general perforntance of these 

platforms. Details of the nonlinear analyses of the second phase verification 
platfonm are contained in a companion paper [Bea, Loch, Young, 19'>5]. 

INTRODUCTION 

Simplified procedures have been developed to estimate the storm load· 
ings on and lateral loading capacities of template-type offshore platf~. 
These procedures can be used to help screen platforms that are being 
evaluated for extended service [API, 1994). In addition. the results f~m 
these analyses can be used to help verify results !r~ comple~ analytt~ 
models that are intended to determine the ultimate limit state loading capac1· 
ties of platfonns. Lastly, and pem.ps most importantly lhis approach can be 
applied u a preliminary design tool for design of new platforms. 

Using the coocept of plastic hinge theory, li~t .equilibrium is f~_ated 
by implementing the principle of virtual work. ~ 1S the Irey to the SlDJ'lified 
ultimate limit state analysis method. Where. of unport:ance._ g~tnc. and 
material nonlinearities are considered. This method JS being increasingly 
used in plastic design of simple structures.or ~ur'!1 elements (e.g. moment 
frames, continuous beams). Due to the unpracticality of such analyses f'!r 
more complicate.d structures, these methods have ~ f°'!nd broad use m 
design or assessment of complex structures; all ~ible failure mod.es need 
be considered and evaluated to capture the "true collapse mechanism and 
the associated ultimate lateral load. 

Actual field experience and numerical results from three dimensional 
nonlinear analyses performed on a wide variety of template.-type platforms 
indicate that in most cases certain failure modes govern the ultimate capacity 
of such platforms: plastic hinge formation in the ~k legs and. subs~nt 
collapse of the deck portal, buckling of the ~n ~ cai:cy1og verttcal 
diagonal brace.'! in the jacket (and I~ ~ated .JOl~ f~lures),, lateral 
failure of the foundation piles due to plastic hinge forma.~on m ~ piles and 
plastification of foundation soil, and pile pull·out or pde plunging due to 
exceedance of axial pile and soil capacities. 

Within the framework of a simplified analysis and based on experience, 
collapse mechanism.~ are assumed for the three pri~ components ~ 
comprise a template-type platform: the deck legs, the Jae~ and the. pde 
foundation. Based on the pre.c;umed failure modes, the p:-inciple of vntual 
work is utilized to estimate the ultimate lateral capacity for each component 
and a Profile of horizontal shear capacity of the platform is developed. 

Storm intensity is based on the expected maximui:n ~ave _hei8;ht with 
wind speed and current velocities that have the sa~ pnncipa1 di:ectton and 
occur at tl1e same time as the n1aximu1n wave hetght. Co~o1;l _of the 
storm shear profile with the platform shear capacity profile 1dentif1es the 
"weak link" in the platform system. The base shear or total later~l loading at 
which the capacity of this weak link is exceeded define.~ the ulumate lateral 
capacity of the platform, Ru. 
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With these results, the Reserve Strength Ratio (RSR) can be determined 

(I)
RSR= Ru s. 

s. deootes the reference storm total maximum lateral loading. 

A computer program has been developed to perform the simplified 
analyses based on l/Jlimale /)mil State /)mil Equilibrium t.Jialysis (ULSLEA) 
techniques. Reasonable simplifications and high degrees of user friendliness 
have been employed in development of the software to reduce the engi* 
neering effort. expertise required, likelihood of errors, costs, and time 
associated with the analyses. AU of the ULSLEA coding has been done tL<iing 
Microsoft Excel 4.0 for Windows. 

The remainder of this paper will detail development and verification of 
the advanced simplified procedures to estimate the storm loadings: and 
ultimate limit state c.apacity of template-type offshoce platf~. 

LOADINGS AND CAPACITIES 

Input Information 

The geometry of the platforn1 is defined by specifying a minimwn 
amount of data by the user. These include the effective deck areas, the 
proportion and topology of jacket legs, braces, and joints, and of the founda
tion piles and conductors. The projected area characteristics . of 
appurtenances such as boat landings, risers, and welt conductors also must be 
specified. If marine fouling is present. the variation of the fouling thickness 
with depth may be specified by the user. 

Specialized elements may be designated including grouted or ungrouted 
joints, braces, and legs. In addition, damaged (corrosion, holes, dents, bent, 
cracked) or defective elements (mi.<ialignments, under-driven piles) can be 
included. Dent depth and initial out-of-straightness are specified by user for 
braces with dents and global bending defects. User-defined element capacity 
reduction factors are introduced to account for other types of damage to 
joints, braces, and foundation elemenl01. 

Steel elastic modulus, yield strength, and effective buckling length factor 
for vertical diagonal braces are specified by the user. Soil characteristic.<i are 
specified as the depth variation of effective undrained shear strength (for 
cohesive soils) or the effective internal angle of friction (for cohesionJess 
soils). A scour depth can be specified by the user. 

Storm wind speed at the deck elevation, wave height and period, current 
velocity profile, and storm water depth are defined by the user. These values 
are assumed to be collinear and to be the values that occur at the same time. 
GenecaUy, 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. 1he wave period is 
generally taken to be expected period associated with the expected maxi
mum wave height. 

To calculate wind loadings acting on the exposed decks the user must 
specify the effective drag coefficient. Similarly, the user nn.&m. specify d1e 
hydrodynamic drag coefficients for smooth and marine fouled members. 
User specified coefficients can also be introduced to recognize the effects 
of wave directional spreading and current blockage [API, 1993]. 

Environmental Loadinas 
Wave, current. wind. and storm tide are considered. Aerodynamic and 

hydrodynamic loadings are calculated according to API RP 2A guidelines 
[API, 1993]. The maxirwm wind force Sa acting on the exposed decks is 
blUed on the wind velocity pressure 

S. = ~·C,A, v: (2) 

where P. is the mass deiuity of air, Cl the wind velocity pres.~re (drag) 
coefficient, Ad is the effective projected area of the exposed decks, Vd the 
wind velocity at the deck elevation and for an appropriate time interval. 

Wave horizontal velocities are based on Stokes 5th order theory. Using 
equations given by Skjelbreia and Hendrickson (1%1) and Fenton (1985), a 
computer program was developed to determine the wave kinematics 
(Preston, 1994). Given the wave height H, period T and water depth d, the 
vertical profile of maximum horizontal velocities beneath the wave crest are 
estimated as 

(3) 

where K.,, is a coefficient that recogni:zes the effects of directional spreading 
and wave irregularity on the Stokes wave theory based velocities, k is the 
wave numbec, •is the vertical coordinate counting positive upward from the 
sea floor, and c is the wave celerity given as 

(4) 

The a-est elevation 1J is estimated as 

(5)
kri = L

, 
11. 

. 
n=l 

f'11 and rfn are given functions of I and hi. Cn are known functions of. hi 
only, given by SkjeJbreia and Hendrickson (1961). The wave number k is 
obtained by implicitly solving the following equation given by Fenton(l985) 

(6)2~ (kH)' (kH)'r(gk)"'-C,- z C,- z C,=o 

The parameter A is then calculated u.sing the equation given by Skjei· 
breia and Hendickson(1961) 

The specified variation of current velocities with depth is stretdted to the 
wave crest and modified to recognize the effects of structure blockage on 
the currents. The total horizontal water velocities are taken as the sum of the 
wave horizontal velocities and the current velocities. 

The maximum hydrodynamic force, Sh, acting on the portions of struc
ture below the wave crest are based on the fluid velocity pressure 

(8)S. = ~-C,A,U' 

where P. is the mass density of water, Aj the effective vertical projected 
area of the exposed structure element, and U the horizontal velocity of water 
at a particular point on the submerged portion of the structure element. 

All of the structure elements are modeled as equivalent vertical cylin~ 
ders that are located at the wave crest. Appurtenances (conductors, boat 
landings, 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 diameter by the cube of the cosine of its angle with the 
horizontal (to resolve horizontal velocities to normal to the member axis). 

For wave crest elevations that reach the lower decks, the horizontal by~ 
drodynamic forces acting on the lower de.cks are computed based on the 
projected area of the portions of the structure that would be able to withstand 
the high 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 definition 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 (U /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 beads below the 
wave crest to zero at the wave crest [McDonald, et al., 1990; Bea. DesRo
ches, 19931. 
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Peck Leg Shear Capacity 

The ultimate shear that can be resisted by an unbraced deck portal is 
estimated base.d on bending n10ment 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 al1 of the deck legs. 'The interaction 
of bending moment and axial force (M·P) is taken into accounL The 
maximum bending moment and axial force that can be developed in a tubular 
deck leg is limited by local buckling of leg a~·sections. 

111e vertical dead loads of the decks are assumed to be equally shared 
between the deck 1egs. 1be vertical live loads in the deck legs caused by the 
lateral overturning forces are computed and summed to define the axial 
loading in each deck leg. 

Due to relatively large axial loads (weight of the decks and topside fa· 
cilities) and large relative displacements at collapse, P·A effect can play a 
role in reducing the lateral shear capacity and hence is taken into account. 
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To derive a realistic estimate of p...J. effect with out leaving the frame
work of a simpliited analysis, it is assumed that the deck 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 hinge rotations to calculate the 
deformations is unneeessary. 

Finally, to estimate the deck bay drift at collapse 4 the jacket is replaced 
by rotational springs at the bottom of each deck leg. The spring stiffness is 
approximated by applying external moments, whidt are equal in magnitude 
and have the same-direct.Jon. to the top of jacket legs at the uppermost jacket 
bay. Assuming 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. 

1lle principle of virtual force is implemented to calculate the deck bay 
hcwizontal drift at collapse. Equilibrium is formulated using the principle of 
virtual ~lacemenL Using the actual collapse mechanism as the virtually 
imposed displacement. the ~ui1ihrium equation for the lateral shear capacity 
of the unbraced deck portal is derived. 

Jackel 8avs Shear Capacity 

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. 

To derive a Jower~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 adding the horizontal force 
components of an load carrying members in the given bay at the instant of 
first member failure. A linear mtdti-sprin$ model is used to relate the forces 
and displacements of diagonal braces w1thin a bay. The axial force in the 
jacket legs due to 1atecal overturning moment is estimated at each bay and its 
batter component is added to the lateral capacity. 

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 1oad and any further increase in lateral displacement will result in 
unloading of this member. Presuming that the load~ remains intact (inter
connecting horizontals do not fail). a load redistribution follows and other 
members carry the loading of the lost members until the last brace reaches its 
peak capacity. 

An empirical residual capacity modification factor a, is introduced. As
suming e1asto--perfectly plutic material behavior, a is equal to 1.0 for 
members in tension (neglecting strain hardening effects) and Jess than 1.0 for 
members in compression due to p..A, effects (generally, in the range of 0.15 
to 0.50). The upper-bound capacity of a given jacket bay is estimated by 
adding the horizontal component of the residual strength of au of the braces 
within the bay. 

Within the framework of a si~ed analysis, the jacket has been 
treated as a trusswork. Plastic hinge formation in the jacket legs is not 
considered because this hinge development occurs at a lateral deformation 
that is much greater than is required to mobilize the axial capacities of the 
vertical diagonal braces. A1 the large lateral deformations required to 
mobilize the lateral shear capacities of the 1egs, the diagonal brace load 
capacities have decreased markedly due to column buckling or tensile 
rupture. 

In general, the effect of bending moment al-Ong the jacket legs on the 
lateral capacity is neglected. This leads to estimates of lateral capacity that 
are either conservative or unconservative depending on the actual bending 
moment distribution in the legs. However, the difference in capacities 
(estimated vs. actual) is negligible for an 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 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 uppennost jacket bay has the same direction as the global 
lateral loading and hence reduces the lateral capacity. If dlls effect is not 
taken into account. the lateral capacity wJJI be over--estimated. 

A simplified procedure is developed to account for the effect of shear 
force in the top jacket bay. We are interested in moment distribution along 
the legs at this bay due to frame action in the deck pcctal. Given the geome~ 
try of the deck portal and the load acting on deck areas, the nioment 
distribution along the deck legs is estimated. Thinking of a jacket leg as a 
continuous beam which is supported by horizontal framing, the applied 
mornent at the top of the leg rapldly decreases towards the bottom. Based on 

geometry of the structure, in particular jacket bay heights and the cross
sectional propenies of the jaclret leg (if non-prismatic), and in the limiting 
case of rigid supports, an upper~bound foe the desired moment distribution ~ 
estimated. 

The braces are treated as though there are no net hydrostatic pressures 
flooded members). Based on a three-hinge failure mode, the exact 

solution of the second order differential equation for the bending moment of 
a beam-column U implemented to formulate the equilibriwn at collapse (Fig. 
I) 

(e.g. 

(9)

Mu=[ s~0.5eJ~,[~-l1w['+8PvD.0)
I+ 2--- c.- cos

sine 2 

£-1~1:; (10) 

RGURE 1: THREE HINGE FAILURE MOOE FOR DIAGONAL 

BRACES 


E1asto-perfectly pJastic material behavior is assumed. The ultimate com
pression capacity is reached when full plastification of the cross·sections at 
the membe.r ends and mid~span occurs. It U further assumed that plastic 
hinges at member ends form first followed by plastic hinge formation at mid
span. M·P interaction condition for tubuJar cross·sections provides a second 
equation for the unknown ultimate 1noment Mu and axial force Pu in plastic 
hinges at collapse 

(11)Mu -co{!!. Pu)=O
M, 2 p, 

The results have been verified with results from the nonlinear finite e1e· 
ment program USFOS [Hellen, et al., 1993; 1994}. Using the same initial out· 
of·straightness .:1, 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 over·predicts 
the axial capacity of COOJPfession members (less than 10%), 

Given the conservative formulation of buckling capacities when com
pared with test data (refer to Commentary Din API RP 2A-LRFD guidlines) 
[1993], this over-prediction may in fact be closer to the expected or best 
estimate capacity. 

The initial out·of~straightness ~ ~ used to calibrate the axial compres· 
sion capacity of braces to dte colwnn buckling curves according to API RP 
2A"LRFD 

c~ , !!.Ea.lM 
p 2p..'"J 

~o = ~---->,..;...<~-U.,.-- (12) 

1 1 1 1)(•p )1+2_,,_n_o_._5_£ [? -=---e-- ., 
sine 2 

Using appropriate buckling length factors (e.g. 0.60 • 0.65), the cali· 
brated results are in excellent agreement with results from USFOS [HeUen, 
et al., 1994]. 

In case of dent damaged brace.<: or braces with global bending damage, 
the axial capacity is reduced according to the equations given by LOO [1993) 
which were developed 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 multl·directiona1 bending with respect to 
dent orientation. 
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(19) 

where 

(20)
K,=tan'(4s+t) 

• • 

Tubular Joint C;ipaclly 

The stress analysis of the circular tubular joints and the theocetical pre
diction of their ultimate strength has proven to be difficult. Hence, en_ipiricaJ 
~ty equations based on test results have often been used to predict the 
jotnt ultimate strength. For simple tubular joints with no gussets, diaphragms, 
or stiffeners, the capacity equations given in Table 1 are used. 

TABLE 1: CAPACITY EQUATIONS FOR SIMPLE 

TUBULAR JOINTS 


Joint 
T~ Tension Comoression 

T,Y f,T'(3.4+19p) f.T'(3.4+t9P) 

sine sin0 

DT,X f,T'(3.4+191J) /,T'(3.4+13/J) 
sin0 sin a Q/I 

K f T'(3.4+19/l) 
~ s•.. 9 Q, 

f. T'(3.4 + 19/3) 
sine Q, 

Qb is a factor accounting for geometry and flg is a gap mcxlifying factor and 

are estimated according to the following equations 

Q =l.8-0.1!. for y:S20 (13) 

' T 

Q =1.8-4£ for y>20 (14) 
• D 

Q = 0.3 for fJ > 0.6 (15) 

• /3(1 0.833fJ) 

QP = 1.0 for fJ $ 0.6 (16) 

g denotes the gap between branches of K-joints, b., dlD and g., d/2T. d, D, 
and Tare the branch and chord diameter and thickness respectively. 

It is generally cecognh:ed that tbese equations for joint capacity are con
servative. Bias factors (true capacity I nominal or guideline capacity) are 
provided in ULSLEA so that the user can utilize the expected or best 
estimate capacities of the elements to determine the capacity of the platform 
compoo.ents (deck legs, jacket. foundation), 

pie I Mpl C!pecjty 

The pile shear capacity is based on an analysis similar to that of deck 
legs with the exception that the lateral support provided by the foundation 
soils and the batter shear component of the piles are included. 

For cohesive soils, the distribution of lateral soil resistance along the pile 
per unit length. ps, is assumed as 

(17)=9S DP 
where Su is the "effective" undrained shear strength of the soil and D is the 
pile diameter, The effective undrained shear strength takes into account 
factors such as .sampling or in situ testing, laboratory testing, strain rate, 
cyclic degradation, soi) p1astification and aging effects [API, 1993, 1994). 

Here again, it is recognized that the traditional Jatera1 bearing coeffi~ 
cient of9 is conservative for static loadings; values in the range of 12 to 15 
are more representative of the expected value. Thus, a us'et determined bias 
factor mu.\'t be introduced to develop an unbiased estimate of the lateral 
capacity. 

For a given scour depth, X, the ultimate lateral force that can be devel
oped at the pile top is estimated as [Tang, 1990]: 

Mp Js the plastic moment capacity of the pile cross-section computed in the 
same manner as fcx the deck legs. 

For cobesionless soils, the distribution of latend soil pressure along a pile 
at a de(th. t, is assumed as 

¢ is the "effective" angle of internal friction of the soil and r is the sub
merged unit weight of the soil. The effective angle of internal friction must 
take into account the same factors as cited earlier for cohesive soil condi· 
tion.s. 

1'1;te ult
scour 1s 

imate lateral force that can be developed at the pile top with no 

P. = 23s2 M~(')DK,)x (21) 

For a scour depth equal to X, the ultimate lateral force is 
(22) 

The horizontal batter component of the pile top axial loading is added to 
estimate the total lateral shear capacity of the piles. Th.is component is 
computed based on axial loads carried by the piles due to stonn force 
overturning moment 

Pile hirtt eaoacitv 
The axial resistance capacity of a piJe is based on the combined effects 

of a shear yield force acting on the lateral surface of the pile and a normal 
yield force acting over the entire ba.~ end of the pile [API, 1993, 1994}. 
Thus, the ultimate axial capacity(!, is expressed as 

Q =Q,+Q,=q A,+f_A. <23l 

<lp denotes the ultimate end bearing and a • .is the ultimate shaft capacity, q 

is the normal end yield force per unit of pile·end area acting on the area of 
pile tip Ap, and/ ., denotes the ultimate average shear yield force pee unit of 

embedded shaft surface area of the pile As. 

It is assumed that the pile i."< rigid and that shaft friction and end bearing 
focces are activated simultaneously. Correction factors can be introduced to 
recognize the effects of the pile shaft flexibility [API, 1993, 1994]. 

It is fw:1hex assumed that the spacing of the piles is sufficiently great so 
that tbece is no interaction between the piles (spacing to diameter ratios 
exceed approximately 3). In the case of compressive loading, the weight of 
the pile and the soil plug (for open-end piles) is deducted from the ultimate 
compressive loading capacity of the pile. For open-end piles, the end bearing 
capacity is assumed to be fully activated only when the shaft frictional 
capacity of the internal soil plug exceeds the full end bearing. 

For cohesive soils with an undrained shear strength Su, the ultimate 

bearing capacity is taken as the end bearing of a pile in clay 

6 

q =9S. 
(24) 

The ultimate shaft friction is taken as 

!~=aS•.~ (25)
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where a U the side resistance factor and a function of the average un
drained shear strength Su.a,. as given in Table 2, 

TABLE 2: SHAFT RESISTANCE FACTOR FOR COHESIVE SOILS 

a 

For cohesiooless soils the ultimate bearing capacity of a deeply embed
ded pile is estimated as 

q =N,a. 	 (26) 

N'I is a bearing capacity factor and a function of the friction angle of the soil 

iP , and Cf v denotes the effective pressure at the pile tip. Since sand soils 

possess high penneability, the pore water quickly flows out of the soil mass 
and the effective stress is assumed equal to applied stress. The unit shaft 
resistance on pile increment is estimated as 

(27) 

where k is an earth lateral pressure coefficient assumed to be 0.8 for both 
tension and compression loads, Cf ..; denotes the effective overburden 

pressure at the given penetration, and S denotes the friction angle between 
the soil and pile material and is taken as 

s =<I> -s· 	 (28) 

'The unit shaft resistance and the unit end bearing capacity can not in
definitely increase with the penetration. The ultimate axial capacity of piles 
in cohesionless soils is estimared based on commonly used limiting values for 
N'I' fmax and/ma.r given by Fodtt and Kraft (1986), (Table 3). 

TABLE 3: LIMITING VALUES FOR COHESIONLESS SOILS 

"' "q q··

'" • .., l.U 

"' .. ~ ... 
JV .v '"" I.I 

,, .., 
·~ •.v 

PLATFORM VERIRCATIONS 

Tilorough analysis and verification studies on three Gulf of Mexico 
(GOM) Platforms have been performed [Bea, Loch, Young, 1995]. The 
characteristics of these structures are summarized in this section. The 
verificati-On cases include two eight-leg and one four-leg drilling and 
production platforms. The simplified estimates of total forces acting on the 
platforms during intense storms and predictions of ultimate member strength 
and platform capacity were verified with results from complex nonlinear 
analyses {Bea. Loch, Young, 1995]. 

In the case of platfonn "A", the results available from a detailed nonlin
ear push-over analysis were used to verify the simplified analysis' result'I 
[Bea, DesRoches, 1993; Bea, 1995]. In the case of platfornu "B" and "C", 
the nonlinear finite element computer program USFOS was utiliud to 
perform the static push-over analyses. Wave and wind loads in the deck 
were calculated and applied as nodal loads. The hydrodynamic forces on 
jacket were generated using the WAJAC wave load program (Det Norske 
Veritas, 1993]. Stokes 5th order wave theory was used and member loads 
were calculated based on the Morison, Johnson, O'Brien, and Schaff 
(MJ05) equation [AP!, 1993]. 

Simplified analyses were performed assuming elasto-perfectly plastic 
behavior for members in both tension and COlll{X'ession (a residual strengtJ1 
factor of a:::: LO) to estimate the uwer-bound capacities of jacket bays. 

Platform "A" is an 8-Jeg structure located in the Main Pa..<tS area of the 
Gulf of Mexico in a water depth of 271 feet Designed and installed in 1968

70, the platform bas been exposed to high environmental loading developed 
by hurricanes passing through the Gulf. The structure foundation consists of 
eight 42-inch piles which penetrate to a depth of 270 ft into medium sands 
overlaying stiff clays. The jacket fogs are battered in two directions and the 
leg-pile annulus U grouted. The lower and upper decks are located at +46 ft 
and +63 ft respectively. 

The detailed nonlinear analysis was performed using a 9th order Stream 
Function to compute wave crest elevations. A wave steepness of 1112 was 
used (wave period of 12.8 seconds for the 1()()...year wave). Marine growth 
on the platform was taken as having an average thickness of 1 in. and 
considered for all members located between the waterline and ~100 ft. 

The MJOS equation was used to compute the local forces on members. 
The drag coefficient was taken as Cd = 1.2 and the inertia coefficient was 
taken as Cm= 1.2. Wind forces were computed using the API RP 2A 
formulation assuming a drag coefficient of Cs= 1.0 for clear decks, 1.5 for 
cluttered and 2.0 for blocked decks. 

The wave crest begins to impact the deck at about the return 
period storm condition. The additional forces due to deck inundation were 
calculated as p-eviously described. The wave impact loads were computed 
using full impact area and a drag coefficient of Cd = 2.0. The remaining 
deck area not covered by the wave is exposed to the wind. This wind forces 
were calculated and added to the wave forces. 

The Ul.S lateral loading capacities were detemllned for the platform's 
principal orthogonal directions. In the case of end-on loading, the wave in 
deck condition resulted in an ultimate lateral load capacity of 2.600 kips. 
Most of the member failures were due to compressive buckling of braces. 
The analyses indicated a brittle strength behavior and little effective 
redundaney which U a typical result for K-braced platform systems [Bea, 
DesR.oches 1993; Bea, 1995). In the case of broadside loading with wave in 
the deck, the ultimate capacity was 2,940 kip.<. 

The same oceanographic conditions and hydrodynamic coefficients 
utili:red in the detailed analysis were used to perform a simplified analysis. 
Foc 100 year storm. conditions, the simplified analysis indicated 3,400 kips 
and 2.900 ki~ total base shear for broadside and end·on loading, respec
tively (Figs. 2 and 3). 

Compared with the results from detailed analysis, the total base shear ~ 
over~predicted by less than 15 %. The principal difference is due to model
ing a.uumptions in the simplified analysis: all of the platform elements are 
modeled u equivalent vertical cylinders that are concentrated at a single 
vert.ical position in the wave crest. 

The platform shear capacities and storm shears (abscissa) are plotted 
versus platform elevation (ordinate. aixwe, +, below, -, mean sea level) in 
Figs. 2 and 3. In broa<kide loading, ULSLEA predicted a failure mode in the 
secood jacket bay at a total base shear of about 3,400 kips. In end-on 
loading, ULSLEA indicated a failure due to buckling of compression braces 
io the uppermost jacket bay at a lateral load of 2,900 kip.< (Fig. 3). 

These results are 10 to 15% higher than tho.w gained from detailed noo~ 
linear analyses. The principal difference lies in the nonlinear modeling of 
vertical diagonal braces which results in different buckling 1oads. 

lQO...yr. 

AGURE 2: PLATFORM "A" BROADSIDE STORM SHEARS AND 

PLATFORM SHEAR CAPACITIES 
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FIGURE 3: PLATFORM "A" ENO-ON STORM SHEARS ANO 
PLATFORM SHEAR CAPACITIES 

Platform "B" is an eight-leg structure located in a water depth of I J8 ft 
[Imm, et al., 1994). The platform was designed using a design wave height of 
~5 ft. The celJ~ ~d main decks are located at +34 ft and +47 ft, respec
bvely. The 3~ in. ~acket legs are ~~red in two directions and have no joint 
cans. The 36 1n. ptles are grouted 1n.~1de the jacket legs. 

Nonli~ push-ov~ analysis results in;Jicated dlat the platfonn is capa
ble of rest.rung approxtmateJy 3,850 kips 10 broadside loading [Bea, Loch, 
Young, 1995; Imm, et a1., 1994]. The failure mechanism occurs in the 
u~ J.acket bay. due to buckling of the compression braces. TI1e 
analysts indicates a briuJe strength behavior and no effective redundancy. 
The _analysis showe? the ~atfonn's end-on resistance capacity to be ap
proxt~y 3,900 kips..FaJ:lure begins in the uppermost jacket bay, where the 
four d1a_g~ compression braces buckle almost simu1taneous1y. The failure 
medtarusm is completed when the horizontal struts in the upper jacket bay 
buckle in addition to compression braces. 

The same oceanographic conditions, hydrodynamic coefficients, and 
wave theory (Stokes 5th order) utilized in nonlinear push-over analyses were 
used to perform an ULSLEA. Since the same procedure was wed to estimate 
the wind and wave for;ees on th7 pr~jected deck areas, they were essentially 
the same foc both detailed and simplified analyses. The resulting storm shears 
are summarized in Figs. 4 and 5. 

In broads~de loading direction, ~ simplified force calculation proce· 
dures o~er·~~ed the ~ydrodynanuc loads on the jacket by 7 %. In end· 
on loading directJon, the Jacket loads were over-estimated by 15 %. 
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RGURE 4: PLATFORM "B" BROADSIDE STORM SHEARS ANO 
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RGURE 5: PLATFORM "B" ENO-ON STORM SHEARS AND 

PLATFORM SHEAR CAPACITIES 


For each loading direction, the predicted performance of ML1F vertical 
diagonal brace has been verified. Using lhe same initial out-of-straightness 
for both simplified and complex analyses, the simplified column buckling 
formulation over-predicted the peak member 10&d by 6 % and 9 % for end
on and broadside loading directions respectively. Using the calibrated format 
of simplified column buckling equations with a buckling length factor of 
K=0.65, the simplified analysis under-predicted the peak load by 7 % and I 
% foc end-on and broadside loading directions respectively. 

T~ study the effect of K-factor on predicted budding load, a sensitivity 
analysts was performed. The calibrated buckling capacity formulation gave 
the "exact .. result when buckling length factors of K=0.65 and 0.55 were 
used for MLlF members in compression for broadside and end-on loading 
directions respectively. Note that in the latter CMe, the brace is connected to 
jacket 1egs at both ends and is therefore stiffer. It is interesting to note that 
this result is in good agreement with those presented by Hel1an, et al. (1994). 

The platform shear capacity and storm shear profiles are plotted versus 
platform elevation in Figs. 4 and S. In case of broadside loading and using a 
buckling length factor of K=0.65 for braces in compression, UI.SLEA 
predicts a failure mode in the deck legs and uppermost jacket bay at a total 
base shear of about 3,600 kips, which is in good agreement with the results 
fr?"1 non li~ analysis (- 6 % under'1'£ediction). In case of end~on loading 
~th .a buckbng. leng~ factor of K.=:0.55 for compression braces, the 
st~U:ied analysts ~edicts a coll~ load of ~.100 kips (- 20 % under
predictton) due to failure of compression braces 1n the top jacket bay. 

Pl'!'f'onn "C" is a self contained four pile well protector. It was in
stalled in the Gulf of Mexico Ship Shoal region in a water depth of 157 ft in 
1971. The platform has four decks at elevations +33 ft. +43 ft, +56 ft. and 
+71 ft. The jacket 1egs are battered in two directions and have joint cans. 
The leg-pile annulus is ungrouted and the piles attached to the jacket with 
welded shimmed connections at the top of the jacket. 

This platform has been the subject of extensive structural analyses [PMB 
En~n~llf Inc., .1994). As part of an industry wide effort to assess the 
vanability in predicted perfocmance of offshore platforms in extreme storms, 
the storm loadings and ultimate capacity of this platform has been assessed 
by many investigatcn using a variety of nonlinear analysis software pack
ages. 

As part of the companion study documented by Bea, et al. (1995), plat
f<Xm "C'' was analyzed using USFOS. As for all of the nonlinear analyses, 
an ~mpt was made to use 'unbiased' characterizations for all loading and 
capacity factors to develq> best estimate lateral loadings and capacities. The 
results from the USFOS analyses of platform "C" indicated a maximum total 
lateral loading of 2,900 kips and a lateral capacity of l,670 kips to 3,440 kips. 

The range in lateral capadty was a function of how the foundation piles 
were. modeled. If '~c· capacities were utiHzed, .the initiating failure mode 
was tn the foundatton and the lower lateral loading capaclty resulted. If 
'.dynamic' capacities were utilized, the initiating failure mode was in the 
;acket and the upper lateral loading capadty resulted. The static pile 
capacities were based on the wireline soil sample test results and API static 
pile capacity guidelines [API, 1993]. The dynamic pile capacities were 
based on ·~cted' soil shear strengths to recognize sample disturbance 
and to recogru77 s~l dynamic and cyclic loading effects [Bea, 1984}. These 
effects are deta.ded JD the API Commentary on Pile Capacity for Axial Cyclic 
Loadings [AP!, 1993]. 

http:K.=:0.55


As found in previous analyses [Bea, De&Roches, 1993; Bea, Craig, 1994; 
Bea, 1995], the melhods used model the performance characteristics of the 
pile foundations can have marked effects on the platform lateral loading 
capacity. 

Using the simplified approach for a reference wave height of 67 ft, a 
wave period of 14.3 sec and a uniform current velocity of 3.1 ft/sec, the total 
base shear for an orthogonal loading direction was estimated to be 3,050 ~ 
(Fig. 6). Using a buckling length factor of 0.65 for compression braces, 
UlSLEA indicated platform coHapse at a base shear of 3,200 kips due to 
simultaneous failure of compression braces at three different jacket bays. 
For this lateral loading, the mean axia1 pile static capacity in compression 
was exceeded by approximately 30 % (RSR = 0.7). Accocding to this "best 
estimate" result,. a failure mode in foundation would govern the ultimate 
capacity of the platform. However, recognition of dynamic loading effects 
in the foundation indicated that the failure mode would be in the jacket rather 
than in the pile foundation. 

These result.s are in good a~eenient with those gained from detailed 
nonlinear analysis. 1lle companson indicated that the simplified method 
over--estimated the current and wave loads in jacket by 17 %. 11ie ultimate 
capacity of the platform with the dynamic pile foundation characteristics was 
under·predicted by 6 %. The axial compression capacity of piles were over· 
estimated by 14 %. After including the self·weight of the jacket to the axial 
pile loading, the pile capacities were in close agreement. Due to how the 
piles are installed and the potential loadings carried by the mu<lJine braces 
and mudmats; whether or not the dead loads are actuaUy carried by the 
supporting piles is uncertain, 

Storm Shear I Storm Shear Capacity (kips) 

SUMMARY ANO CONCLUSIONS 

Simplified procedures are presented to evaluate the structural perform
ance of template-type platforms under extreme storm conditions. The re&Ults 
summuiwl in Table 4 nnd those given earlier by Bea and OesRoches 
(1993). Bea and Craig [1994], and Bea [19951 indicate that can 
develop evaluations ofboth storm loadings on and ultimate lateral capacities 
of platforms that are excellent awroximations of those derived from 
complex analyses. 

Comparison of the estimated lateral load capacities with the estimated 
maximum loadings that these platforms have experienced and with observed 
performance characteristics of these platforms indicates that the analytical 
evaluations of both storm loadings and platform capacities are also in good 
agreement with the experience. 

The use of the simplified analytical procedures to estimate reference 
storm lateral loading and platform capacities, and Reserve Strength Ratios 
are indicated to result in good estimates that can be used in the process of 
screening platforms that are being evaluated for extended service. In 
additioo, the results from these analyses can be used to help verify results 
from complex analytical models that are intended to detennine the ultimate 
limit state loading capacities of platforms. La.nJy, this approach can be 
applied as a preliminary design tool for configuration of new platforms. 

UL.SI.EA 

CONTINUING WORK 

This study is part of a multi~year joint industry - government sponsored 
research project to develop simplified methods to analyze the static and 
dynamic ultimate limit state performance charactecistics of platforms, At the 
present time, detailed nonlinear analyses are being performed on two 
additional 8~leg platforms that were subjected to storm loadings by hurricane 
"Andrew" [Botelho. et al., 1994; Petrauskas, et al., 1994). One of these 
seemingly identical 8-leg platforms failed and the other did not. Similar 
detailed nonlinear analyses have been perfcrmed on two apparently identical 
4-pile well protectors that also were subjected to loadings from hurricane 
Andrew [Bea, Loch, Yoong, 1995). Again. one of these well protectors 
failed while the other did not. As detailed in a companion pap« (Bea. Loch, 
Yoong, 1995], the difference in observed performance can be explained in 
the subtle differences between these platforms. Verification of Ul.SLEA 
with these results will be the subject of future publications. 

FIGURE 6: PLATFORM "C" STORM SHEARS ANO PLATFORM 
SHEAR CAPACITIES (DYNAMIC FOUNDATION CONOffiON) 

TABLE 4: COMPARISON OF USFOS ANO ULSLEA RESULTS 

Platfonn Configuration Wave ULSLEA USFOS Ratio 
Direction Failure Mode BaseShear Failure Mode BaseShear USFOS/ULSLEA 

(kips) (kip•) 

A Sieg End-on 1st jacket bay 2,900 1st jacket bay 2,600 G.9 
double battered Broadside 2nd jacket bay 3,400 2nd jacket bay 2,930 0.86 

K-braced 

deck legs& 
B 81eg End-on 1st jacket bay 3,130 1st jacket bay 3,900 1.25 

double battered Broadside 1st jacket bay 3P10 1st jacket bay 3,860 1.DS 
K-braced 

c 41eg End-on 4th, 5th and 3,210 Sthand 6th 3,440 1.07 

double battered 6th jacket bays jacket bays 
K-braced End-on Foundation 1,950 (1,740) Foundation 1,670 0.86 (0.96). 

•) Including the platform selfwetght 
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