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FXECUTIVE SUNBARY

The objective of this report on structural systems reliability is to compare
the offshore industry's current needs with the available computational methods.
The major part of the report, however, luys the ground work by introducing the
concepts and implications of structural systems reliability to ths offshore en-
gineer who is versed in structural behavior and eiementary reliability notions.
Systems reliability promises to mtegrale design, inspection, operations, and
economics to enhance the productivity and safety of offshore facilities. The ra-
pid development and spread of probabilistic represantations of loads, materials,
and member behavior in structures {as evidenced in existing and anticipated
probability-based industry codes) makes it argent that these concepls and their
penefits be extended beyond the individual member and inte the structural sye-
tfi’!?{} as a whole,

We are interested in the probabilistic behavior of the total structure, in-
ciuding the relationship between the religbility of individual members, their
post-fallure mechanical behavior, and the reliability of the structural system as
a whole. Structural sysiems reliability focuses upon issues such ag redundancy,
robustness with respect to damaged members, and the role of inspection,

In Chapter 2 an explicit formulation is presented for the failure probability
of the system, starting from familiar elements such as the annual probability of
exceeding the current design loagd through the first-failure of any component in
& large system to faciors associated with the system’s static redundancy and
residual sirength. The formulation shows these systern effects in Lhe context of
bkoth overicads and exogenocusly caused aceidental damages {such as fabrication
errors and ship collisions}, The explicit role of inspection {both quality and in-
terval} is represented in this formulation, Several new factors, called complexi-
ty, redundancy and robustness, are introduced to isolate and ernthasize the

a structural system as opposed s an individ

The third chapler as @ primarily qualitative, but fundamental in-

troduction to the elementary conceple of Lhe reliability of determinate and in-

determinate structural systems. The system [ailure probability is related to the
o

atlure svents, Lo the random safety margins of glements, and to the in-

fard P Qe R s
dividual members’ rar inad

Withoul any calculations

tand well the impacis on

the resder




safely of such notions as the degree of stalic indelermi v, Lthe post-failure

behavior of members {i.e., brittleness versus ductility}, the role of well-balancad

versus unbalanced structural designs, and finally, more su
degree of stochastic correlation among the feilure events. The deduced conelu-
sions are also backed up by serne numerical resulls for concreteness,

The report turns next to explicii examples including, in parileular, the

resuits of a case study conducted by the project with the cooperation of several

of the participants, in particular, Statoll, Exxon FProduction Hesearch,
tems, and Chevron. Through the application of systems reliability analy

guantifatively notions such as compiexily, redundancy, and robusiness in a

realistic structure. By making changes (o ithe system and
analysis, we are able to begin to quaniify the role of ductility, the impact of
system-layout (K- versus X-bracing system)}, secondary-member sizing rules, lo-

cation of the structure, and finally, robustness with res U to loss or damage of

members.

The iodustry needs for syslems reliabilily are categorized into thoss for
new, novel piatform types, for design of current platform types, and for cperat-
ing, existing platforms. Novel structures can benefil through increascd under-
standing of the hazards they face, their comparative robustness/redundancy,
and the degree and impact of the uncertainties implied by novelty, Design of

valuations of al-

current platform types can be improved by syvsierns re
ternate framing concepts and member-sizing procedures. Uperating platforms
may benefit from rmore rational, systems-based inspection procedures, damage
impact evaluations, and reassessments. Examples inciude proposed deck load
upgrades and development of inspection and repair slrategies for sarly genera-

tions of platforms.

&

Currantly, analysis methods are available for efficient estimation of the reli-
abiiiby of bypical '_;zﬁii%{m,;

madels are rather restriciive, however,

peen shudied in or zar delail bub ihe
fashioned esch Ume e the probiem al hand, requiring a systems relisbility
analyst’s assiztance. Little experience yel exists with respect to more complex

rote of inspeciion

loadings or dynamic load reversals,

aria fall damage need Lo be




Comparing these and current capabilities, one observes a gap

betwoorn Lhe brogd, cxpanding use in the ¢

fshore indusiry of

H

reprosentalion of {oads, malerfals, and design oriteria, on sne fand, and the

non-trivial, bul sbill limited ability to consider full structural systems-tevel in-

teractions and implications on the other. The inplications are thal we should

seek to enhance the mechanical modeling assuraptions undertying the current
efficient methods, develop maore general-purpose reliability analysis capabilities,
and promote the continualion and expansion of special studies of gystems-level

1ssues by many individuals in the industr 7.
g 7




OFFSHORE STRUCTURAL SYSTEMS RELIABILITY

Chapier 1

STRUCTURAL RELIABILITY IN THE OFFSHORE INDUSTRY

1.1 Inlroduction

Structural systems reliabilily promises to be the Lool that will bring togeth-
er the several key elements in offshore siructures safety, operability, and seon-
omy. The recent NRC "DIRT" conference ({/.5. Nationul Fesearch Council, 1984}
referred to these elermnents as the "Design, Inspection, and Redundancy” Trian-
gie. The conference called for expansion of the new reliabilily analysis tech-
niques out of their current emphasis on member reliability and into the realm of
systern reliability. Baker {1985) states that systems reliability analysis prom-
ises to impact design dala analysis, structural analysis, specifications, guality
control, inspection, defect assessment, repair, monitoring, and maintenance in
the industry. This report will explore the industry’s needs with respect to strue-
tural systemns reliability and the available methods with the objective of drawing
conclusions as to the necessary developments in systems reliability for its
prompt and useful application in the offshore industry.

Structural systems reliability {SSR) represents the inlersection arnong the
three flelds of structural reliability, structural systems, and systems reliability,
By structural reliability we mean simply the field of probabilistic analysis of
structural behavior, serviceability, and safely. By sfructural systems onalysis
we mean Lo emphasize the behavior of the structure as a whole as opposed to
the behavior of individual cross-sections, components, members or elernents of
that system. For exemple, in structural systems aﬁai}f@ré'ﬁ one becomes con-
carned wilh post-yvielding or posi-fallure behavior of structural eclements hee

etermines the impact of a member's failure upon the svgism's

b
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conoern with

vgh redundancy

system-tevel ductility as

one can oblain the former even withoul the latier 5’*§$§é§ms reliability {without

the specification structural) iz that field of probabilis ehiability theory that
deals with ths m%atiz}zﬁmhip between system behavior and component behavior.

powsr plant ene

The so-oa

gineering feld 15 an szoeellent example of the recent successiul en gineering ap-
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plication of systems reliability.

Structural systems reliabilify ithen is the study of the probalbi

ig interes

behavior of total structures. In this topic

5

between the states {e.g., failed or not failed}

of members

system. More fully, one is inlerested in how the uncertaint

of the elements are transformed into uncerianty about the s

Typical guestions answered by structural syeiems reliabilits

systems redundancy, which in this context m ght be defined a:

systems failure given first component failure {Sez:'{iorz 2}, Other im
tions include the impact of lack of ductility in the post-failure behavior of com-

t

penents and connections upon the refiability of the sysiem as a whole, In this

and the following chapter, we will look more

that systems reliability promises,

This report will focus on the narrower subect of shru

ity as distinct from what we might call full-scape systems reli iebility analysis In

the offshore industry the iatter term has lmiplied the study he full spectruom

of design, construction, operations, mmspection
cilities, of which the structure is only a part {or component) in this broader Con-
text. Such studies have been recommended by the Norwegian Petroleum Direc-
torate (NPD) at the conceptual stage of platform design to improve layout,

identify accidental loads, and to assign reliabilily goals io safely related funce-

tions and procedurcs. In some full-seope systoms analyses of exisling fo

structural systems analysis is merely a subset. In the nuclonr indos ry

ampie practical precedent for this kind of full=seope an

tailed structuoral systems reliability; the PRA's mentioned above normally in-

ciude structural and mechanical behavior within L helr analysis. A prime =
pie iz that of seismically-induced nuclear aeeidents. Such fuli-scope studies nan
T

even be primarily structurally directed. The author is aware of at least fwo ma-

or studiss in which full-scope systems reliability &

with the prime objective of deve
ioeation for individual struchuaral mponents. The firet iteration
leads to a set of design criteria for the structural /mechanical engineers, Their
design is in turp assessed along with the other ¢ contribuling reliability elerments
in the tolal problem to ascertain if the reliability and /or cost-henefit goals have

been meb. I not, the opportunily is avaiiable for subsequent terations of the

P envision such sohermes nclud-

iysis and reliability alloestion, One ¢
5
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ing the full spectrum of structural design, inspaetion and maintenance.

1.2 The Stalus of Structural Reliability

Elements of structural reliability have already made a major impact upsn
the design and assessment of offshore structures. Virtually all design events are
now specified in terms of a mean return period such as 100 years. Structural
reliability was used to calibrate the safety coefficients in the 1977 NPD and Det
Norske Veritas (DNV) regulations. A probability-based load and resiztance factor
design (LRFD) guideline is currently being drafted by the AP {Hoses, 1988}, In
the development of such codes professional commitises incorporate information
about the probabilistic nature of structural loads and materials as well as uncer-
tainties in predictions of structural component behavior. The product, through
calibration with existing codes, is a partial factor or a load and resistance factor

foz"m‘a’t for design of structural members. The procedure being followed by the

'l committee parallels that associated with the development of recent struc-
tural building codes, e.g., the 1988 AISC Stec! Building Code and the 1982 Ameri-
can Natlonal Standards Institute Building Loads Code (see, for example, Filing-
wood, af al., 1982),

Some more recent codes have permitted formal structural reliability
analysis as an alternative Lo conventional factor-based design codes. Some new
structures have been analyzed in special studies by reliability analysis to ascer-
tain whether their members have safety leveis comparapble to those in existing
codes,

Such developments have encouraged in both offshore literature and prac-
Lice the reporting of all important variables in terms of their probability distri-

butions or, at a minimurm, in terms of their means and coefficients of variation

(COV: Sush conc epis have clarified the reporiing and interpretation of random-

nderstood that the randomness in the

3
g
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esg and uncertainty, For eza

ubstantially less than that in

¥4

maximuorn annual wave height in the North SBea is

the Gull of Mexico: this is reflected in a substantially lower coefficient of varia-

lection and interpratation of data. For exampis, in order Lo




might be struck by ce floe, it is necessary Lo collect and pre

related Lo the mean occcurrence rate and the joint pro

size and speed of such fealures in the local environment.
Early assessment of the problem in the Arctic mads

ior source of uncertainty was that contribuled by the

the structure given the impact of an ice floe of spect

trast to the {pure} randomness in the occurrence and

uncertainty in the impact forces repressnts primar

our incompiete professional information. This last example demonsirales the

nieed in all such reliabilily analysis to distinguish belween what we shall call here

"randomness” and “uncertainty.” We will make this distinction more precise I a

section to follow. Une of the important azpecis of uncer

et bo updating, i.e., to its reduction through the collection of additional |

behavior. The analysis of this updating is al the heart

mulation and interpretation of the crilical problems of inspection and siruciure

re-evajuation. Formal methods are available for such updating and have been
applied to individual structural elements {(e.g., Madsen ef ol 1986 Muodsen,
1987).

Whereas such probabilily-based assessments can be used In many relative
safety assessment situations, to be most beneficial it has been found appropri-
ate to incorporate thern inlo a larger cost-benefit-risk evalualion {e.g., Fea ef o/,
18984, The purpose of such an analysis is to permil ralional economic trade-offs
betweern the increased inilial cost of a stronger structure versus the reduced ox-
pected future cost associated with potential fallures. Inspection stretegy must

-

necessarily involve cost and risk trade-offs. Such cost-benefil studiss are now

guite comrmon in the Offshore Engineering
plarification of the eszential design compromises

The basic methodological lechniguss for all

these slements:

;2 uncertainty, cost




of the individual member or component to that of the syster r whole, We will

grcounier each of the

menis in Lthe discussion of systems reliability.
Within our limitcd context, however, we will focus on those clements only to
the degree that they may be different or extended when conzidering the systermn

ag distinet from the component. Both the need for and Hmitations of carrent

LPiis

structural systems reliability as applied to the offshore industry have been dis-

H

cussed by several authors and participants in the “DIRT" Conference (NRC,

1985). We shall vvpand upon and extend that documentation.



Chapter 2

AN EXPLICIT FORMULATION OF STRUCTURAL SYSTEMS RELIABILITY,
REDUNDANCY, AND ROBUSTNESS

With the severa] objectives of (1) showing the relationships among reliability
elements in current practice, {2) clarifying precisely the distinctions between
member reliability and systems reliability, and (3) demonstrating the potential
role of systems reliability in the offshore industry, we turn next to a new, simple,
yel rather complete presentation of structural systems reliability, The formula-
tion is intentionally expanded in terms of a sequence of several identifiable and
interesting factors. The purpose now is not how to calculate these terms, but
rather their interpretation and utility {if they could be made available efficiently
enough in practice). We shall return to numerical exampies and to their evalua-
tion in Chapter .

Eq. 2.1 represents the probability of failure of an ofshore siructural system

during its proposed economic life:

Provs S Prop ¥ Proy
Rppr L0 Dy Cy By Mg

1o if system cannot survive withewt member 3
*uL Pyl {p + ) - otherwise {(2.1)
i S dwnaged sy Pl ropai 457

The Lterms will be defined muomentarily. Because we wish Lo introduce immedi-
ately in this report some precision, clarity and specificity, we shall use this
equation as a vehicle and unifying theme. To function in this way, the equation
should identify clearly the role of systems reliability in the offshors structural
reliability problem. As expanded below, the cguation addresses nol only ex-
treme load conditions, bul alse accidents, inapection, repair, residual strenglh,
ete. It could be incorporated easily within a iarger, fuli-scope systemns analysis,

and paramster variations, it can be used in the
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provess of oplimizing design, inspection, and repair, whether during design or
# S L = £ =

operation, whether before or after an incident sush as a boat collision affecting

I shall discuss the individual factors raiatively informally here. They are

defined more carefully in Appendix A, where many of the comments and obser-

Eay O 3 ra v
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valions in the repori a

approximations (e.g.,

8, we are able Lo ignore



probability of two or more major accidents during the life of the structure and

to replace terms of order {{—p Fout

during ils operational

specification of the probability of |

tifetime. [ the first lne, the term Pro,

to polential overloads and the second

failure due fo exogenocus events such as

r-‘ .

errors {e.g., improper welds), corros
pe discussed more fully below.

silure due to

Hember-fevel Faotors, The expression for the pre

overloads is made up of seven factors {see Fig. 2.1}, The first, pp;, represents
the annual probability of (design) overioad. In current practice this might be

ity of

107% In a working stress-based cnde, it also represents the annual probabilil
aversiress, e, the annual probability that the dominant external load, e.g., the

ave load, will exceed the code capacity of g fully-stressed membear {wi’th proper
allowance for dead, current, and wind load effects]. This probability is, most
precisely, the probability that the design wave height will be exceeded in a given

yvear, but in keeping with what follows we prefer to think of it here as the proba-

:\ 2%

bility that the nominal capacity of a typicaliy fully-cods-ioaded member
ceeded by the {dominant} toad. {We shall use the term “member” here in a gen-
sric senge Lo cover any individual element, e.g., a joind or pie, as well. Also, if
more than one dominant ioad is of interest, e.g., multiple wave dirsctions, a sim-
ple additive expansion is possible.)

The second factor, L, is the economic Ufe of the structure, e.g., 20 vears.

enis, approximately, the pro-

]

Therefore the product of ths first two terms repres
bability that the dorminant external load will exceed s design value {or the code

i

capacity of a typical i”u%; loaded structural member) in the life of the system.

The product gy L might be 02
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faliy-utilized {under code design) n pacity excesded

oy the combination of the desd

the factor O

:

towable working stress and the
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dead-load and live-load factors, st ngth-reduction factors, the distinction
between elastic and plastic section rmodull, conservatisms in the prediclion of
the behavior of beam-columns, axially-loaded compression siruts, ete. It iz well
known from simple member relj labilily anaiysis that the value of O depsnds
strongly on the coefficient of variation of Lhe wave load, implying that it will
differ between the Gulf of Mexico and the North Sea, for example. These first
three factors, pp, L0 repressnt the topics discussed and analvzed in current

mermber-tevel raliability theory and practice, as represented, for example,

the © urrent

APl development of a probability-based LEFD design code {Moses,
18986). In fact, their product reprezents the probabilily associaled with the
code-acceptad ifetime safety index, 8. =3, for example, py, L0 is 4pprox-
imately 1079

The next factor, ;. modifies the formulation’s member basis away from the
code (as represented in Ppi L0} te the actual maosi-tikely-to-fail (MLTF)
member in the specific structure al hand, I the designer's philosephy of
member-sizing has been more conservalive than the code, Dy will be less than 1,
perhaps 1071 In a case study that will be discussed in Chapter 4, the value of
Ppr L0 - Dg. {which is simpl v the largest lifetime failyre probability among ali in-
dividual members) was found to be less than 10-% for an X-braced structure lo-
cated in the Guif of Mexizo, implying & [, of less than 107! (if the current code
basis is indeed 107%). On the other hand, U, may be greater than unity if one is
re-evaiuating an operating structure designed to an earlier code or being re-
evaiuated for & proposed increase in the operating deck loads.

iy

Systems-Level Faciors. These first four factors in BEg, 2.1 represent the as-
practice-state-of-the-art: member-level reiiability analysis. The next three fac-
tors represent the contribulions associated with our focus: structural gyslems
etiability. The first of these, Coo represents complexity, 1L is defineg {see Ap-
pendix A) such that the product of the first five terms @g@ 0Dy Og)

represanis the

\
i

By TR T o T,
B eX0ase o

s mumnber of ;

& P, P PR N s £ o PR E o . o~ g
vential fallure mitiators, 1, bhe foundation, {We shall corne

tinue to use the term "member” in this generic sense for simplicity.} In fact, a
simple {upper bsun&} spproximation for pg L0 Dy Ly is the sum of the

he value of Oy is always equal to or greater Lhan

member failure probab

£ e

2, g 15 & the complexity factor will be




higher if there ls a larger number

srnbers are heavi

many of these

tionn. One would not expect to sse, for example, the

members in the horizontal bracing svstem i a

buting significanily to the complexily tor Op It

he application of formal member-level opti

Fomg
i

(1583}

erease what we call Cg. More subtly, we shall see that (g depe

L;

of {stochastic} dependence or correlation armong the individ:

UnCeriain-.

failures; this dependence iz n turn strongly influenc b}; the
ty of the load with respect to the capacity. Nolice that C does not distinguish

between a statically determinate and stalically

up to this point the structural analysis involved | Grigi-

nal structurs; post-failure behavior of members is not yeit an igsue, A design im-
plication of this system-relaled factor is thal: fo the degree thal aveidance of
any member failure is a concern, and to the degree that Oy grows with the
number of mambers, al else being equal, a structure with more members

should be designed with lower member-level failure probabilities,

Eg. 217 intacl svstemn

with respect to overloads. As shown in Appendix A, /, is defined such that the

next factor, Ky represents the redundancy of t

by

[¢7]

product of the first six factors will yield the lifetime probability of failure of the

structural systermn with respect to overload. This factor B, will be less than or

equal Lo one, Le., a "positive” factor. 1t will equal one if the struciure ig statical-

ly determinale, Le., if first-nember failure implie

be one If the first-member failure leads Lo significant unicading o

;’

2

load shedding to neighboring members, followed by their [«

d subsecuent

“unzipping” of the eniire system. Given adequate member dustility, adequate

rasidual system stiffness afzé,.fm“ i struciurally

o

factor #g less than one* implying system capacity beyond first-member

Tailure s

¥ and redunds

connolationsg, e, grogiay



see Fig, 3.4.) It is, of course, the purpose of systems reliability

more details about

& a7t L s inclhud-

it practice, it

iscussed above by us-
ing only & convenlional static pushover represeniation of nonlinear structurai

or convenience, then the final

factor Mg is necessary to correct the preceding factors to account for the rela-

tenship between the true svstern's fallure behavior and that predicted by a sim-
ple stalic pushover analysis. For example, a structure subjected Lo seismic
toads or dynamic wave loads or even static but repeated high wave loads would
undergo & much more complex fallure process than thal rrodeled by the static

¢

such as system ductility, cumuiative deformation and

pushover analysis. Issue

shakedown, and dynamic effects can only be repre ted through more complex

structural-mechanical models, and hence, more complex structural systems re-
labiity analysis. This factor Mg shouid alse include any correction for possible
simplifications in the failure eriteria adopted in the static pushover systems reli-
ability analysis. e.g., deflection and instability criteria. We shall demonstrate in
subsequent chapters thal it is possible, but perhaps not vel practically efficient,
to conduct a gsystemns reliability analysis inciuding the last factor. As we shall
sec in subsequent sections and examples, systems reliability analysis as

d by the firsl six factors does appear to be economical and practical

today.

Focusing for now on the first factors, pa 4020 {o Ko we recall that the
g i [ £

first four represent the conventional element-based reliabil ity features afhd the

tatter Lwo, O and Ky, represent the systems effects. Vig-a-vis a simple member

a gysiem is bolh more complex and possibly redundant. Hence aur preference

stars as indicat

It may, howsver, be the product

of ultimate interest,

an A-braced and

¥ found thal the X-braced structure had a factor Lo Ky

of the K-braced

e

bwe arders of me

25




Frogenous Foilures ond Daomaged “Member

¥4

roie of systems rellability in such guestions as

repair, ete., et us turn to the second major term b 2.1, the probabilit

failure associated with (typically) exogenously initia failures, py.. The term
Y
is expressed as a double summation, the first summation being over a seb of

scenarios, the second over a set of failed members. These scenariog include

such accidents as boal collisions of various levels of ity,
dropped from the deck, riser-failure mpacis, construction and

Lure

{e.g.. bad connection weldments}, and even qui%;e possibly

fallures. The first two factors represent the | Licular

scenario, i, lwaving a particular member, 7, fa

Py represents the annual probability of the join! occurrence of see
i and the event that member j is left damaged following that scenario. {The ex-
pression "member j7 represents here a single member or, potentially, a set of
two or more damaged members, joints, ete. The index § may also be over two or
more levels of damage, e.g., a bent or ruptured tubular member or levels of lo-
cal damage to a TLP hull} The second factor, [, is again the life of the struc-
ture.

if the structural system cannot survive the damage of member j, then the
{conditional) probebility of system failure is anity, as indicated on the upper
line® following the bracket in BEg. 2.1, If it can survive, then we musgt consider
not only the possibility that the damage is undetected and the dameaged strue-

ture fails under environmental loads prior Lo repair, bul alse the possait

the damage ig detected and repaired, and the struclure subsequently Fail

way, These two possibilities are indicated in BEg. 2.1, Boih can be exparnded to
display interesting issues. Agsin for illustration and precision, lst us explore
The latter, "weakened by

briefly just the former, damaged term, P tumaget. s

repair’ Lerm o, wpair iy is somewhatl sirniar Lo the intact structure with aliowance
FERGEE

for the fact that the damaged member is first detected and then repaired o

{perhaps} somewhat differsnt reliabilily than the original undame

W
At

dix A, Eq. A3}

P oand zero

g1




The probability Pr jumagea s CON bE written as

Pl tamageny = P 07, B € B s (2.2)

The first factor, 1—J& is the probability that the damaged member, 7. i not
detected in the post-accident {i.e., post-spenario i) inspection. The probability
fQ is clearly a funclion of the guelity of post-ucoident wnspeciion. We would ex-
pect it to depend on the nature of the scenario and on the location {accessibili-
ty) and nature of damage to the member J. The value of jé} will elearly be unity
for many kinds of important accidents.

The subsequent seven terms in Lig. 2.2 mirror thoss for the intact structure
(Eq. 2.1). Here they must be modified to determine the probability of the failure
of the siructure in its damaged state due to the subsequent environmental con-
ditions. We choose to introduce once again pp; and O in order to reference the
subsequent factors to this code-based member. Recall that the product Boi
represents the annual probability of failure of a hypothetical, fully-stressed-to-
code member in the structure. We shall come back to the exposure timae, }i
Like 7, the factor j"";} corrects from the code basis to the actual stresses in the
MLTF {most-likely-to-fail) mermber. Now il must reflect the fact that the
member stresses under any load, eg., the design load, imay very well he
modified in the remaining members due to Lhe reduced effectiveness or even ab-
sence of the failed member j.

If the failed member j was not critival to the stresses in the system (e.g., a
redundant, horizontal bracing member in a jacketl}, ,5}- may still equal 2y In
general, however, owing lo expected slress increases near the damaged
member, it may be as large as 10 to 100 times Dy The three factors p%‘é:?-f?j

represent the annual failure probability of the MLTF member in the damaged

system. They capture the member-level problem
, desor and, 85 he-
reare many mamber failures that might poten-

failure under the applied environmental loads, %e
> be different from that of the complexity factor £

3RO

)
w3

Lo be better (smali-

er, closer Lo one) than in the intant structure, If the strocture hag been Twel

designed,” there may be many members atb o tomparably high siress levels in the

intaet structure, e Uy may be relatively high (10 or

e of an important member may




stantially the stresses only in 2 local region. This creatss, in effe

-

arnong the memberg in the region of the falled member bul ny

~d in Chapter 4.} The gross

effect was observed in the case study to be

stress increase has been caplured in [J;. The spatis’ localization is contained in
{;. This localization of heavily stressed member: ey be an important
mitigation"” characteristic of certain structure. thal can only be ident

through & zystemes analvsis.

The factor ,}?g i agaln a system redundancy factor. Now it re
structure with a member damaged, hence Lhe subsaript 7. As before the redun-
dancy factor for the structure will depend upon such questions as member due-

tilities, structural stiffness of the systern, and residual strengihs

mambers given the [aillure of yel another member in
we shall see, the redundancy factor is better {lower) if there is reserve capacily
available in members in paraliel load paths, it foo may become beller in the
damaged structure than in the intact structure, again due to localizaltion of the

highest stresses,

oty
3
P
«
e

w9

mosure of the dameage

The factor f represents the {(expected) time of

-~
7

structure, It can be expressed
I+ {1 —IENE .+ ““éi”“(i“fa(‘}‘)(1“1’5%,:5>f§,s + {(Ty=L7/2)* (2.3)

is thus a function of the normal interval belwesn regulsr inspeclions, 7, and

the effectiveness of qualily of those inspecticns. The
probabiliity of detecting the damaged member 7 during &

3

possibilily alse remains that the first regular insp

£

poessibilities are indicated by the second, third, and potentially long series of

uch terms in g, 2.2.7 The factor one-balf, as in 7/ 2, appears because in expec-

T

s

tetion the accidanl will ocour with one hall of the reguolar inspection interval

iz introduced as before o represent any

g attemnpt Lo
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dynamic load effoels,

Standing back and taking some disbor Lins dong series of Lerms

coxvgoenous accidents (Fas,

represeniing the probability of failure assoo!
2.2 and 2.3), we recognize several interesting fealures. The inspection policy is
represented through the inspection interval 7 and the inspection guality fac-

interaction is the poten-

tors, s.g., }§ - Une interesting policy sysiem refiability
Lial to trade-off inspection cost versus system robustness with respect to poten-

te the right of the brace In

age. The latter is represented by the ter

Eq. 2.1 One can envision aliocating inspeclion resources to each different
member in proportion to the relative sensitivi ity of the system to that member's
failure, as measured by the value of its Lerm io the right of the brace, as well ag

ibs susceptibility to damage, Oy

Provided that the system does not fail immediately upon the accident, the
most interesting part of Bg. 2.2, for our purposes, is the series of seven factors,
Pp through Mo Comparing them with the corre sponding factors in Fg. 2.1 for
the overioad fallure of an inlact structure, we ses several interesting similarities
and contrasts. By our construction of the formulation here, the common factors
PO represent the probability of failure of & typical major member in an intact
structure designed to the code. Again, this is the typical focus of a member-
based reliability analysis or design code. In the damaged structure this proba-
Bility ig enhanced (typically) by the factor .fjj; the ratio 77, . f Dy reflects the in-
creased stresses per unit load in surviving members of a damaged structure.
The complexity factor ?j is to be contrasted with the factor g in tkre intact
structure; as discussed above, the ratin ( /Uy may well be less than one due to
the typical localization of high stresses in the dam: aged structure. The redun-
dancy factor, ;5‘?3-5 #ill now vary from member (o member in the structare,
refloet] thereby the relative residual redus ndancy of the system. {These fac-

5

tors, £ and E?}-, are undefined for thoss members that iead Lo immediate sysiem

g

failure).

Fren

L

to be discussed more fully below, that the produect of
critical member within the vertical br racing systems of
ave a valug two orders of magnitude larger than the

7y
I
£

o

e
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Robustness: It may well be that the most important application of systems

reliability is in the evaluation of the robustness of & design. By this expression

we mean here ite ability Lo sustain exogenous damage with a lirnited loss of relia-

bility. The ratio J; € B;/ DyCoRy is a useful measure of Lhe syslem’s robust-

ness with respect to damage to a particular "member” 7 . {Again, Lhe larger the
value the worse the robustness.) System-wide robusiness is particularly irmpor-
tant in comparing novel designs with current offshore structural systems. In
order to evaluale robustness quaﬁtzidtwei} at. the time of design one must
"average' the reliability (vis-a-vis the intact structure) over the members,

J=1, - n. The simplest such measure is

L%j’jﬂﬁ.ﬁ.
n T R o
(2.4}

ROB, = Z}Gi: R

obtained by dividing typical (annual) terms in Egq. 2.2 by the {annual) intact
structure Lterm Ppr O Dy CoRp s in Bg 2.1., and averaging. {For netalional
sirnplicity we do not treat the members that cause mmediate failure differ ently;
they should in fact be entered in the sum as Vi pr, O M) for censistency.) For
the perfectly robust system, there is no reltability deterioration no matier
which member fails and HOB,=1. For a statically determinate system the
robustness is minimal, and {considering only complele member failures as dam-
age states) ROB=1/(pp, 0 Dy Cy By Ms), ie.. the reciprocal of the annual
intact-system failure probability, a number such as 104

This simple robustness measure implicitly assumes all members are cgually

tikely to be damaged. A more complete robusiness measure would allow for

both the relative likelihood of damage and non-detection of different membe

2};: tj*""i{z ?ﬁ! o j

ROB, = it : (2.8)
® E;:E?ijfxif““%ﬁ?m‘@'ﬁz’Ds'CsRe'i’% o
7

the measure with respect to the individual relative ttkelihood factors g

511‘,:’5;'13?} allowance should be raade for members sausing fatfure by the term "or
5 &5

'

i Bg. 2.5, ¥ no such "members” or damage
L.pp;.0 . and Mg will cancel oul of the defi nition, ) The
careful study at a later Lime. In privale communication, it has been suggeste

[
by Prof. T. Moan that recommendations be developed for member p,. and 55‘3

values a5 a function, say, of vertical location; collision scenarios would have rela-
Lively high levaels near Lthe wae ine, inspection quality, /¥ we

e
¥
s
o]



with depth. There may also be a region of relatively low crack inspection guality
in the splash zone,

[t can be seen in g, 2.5 that inspection and repair will potentially improve
the apparent damaged structure reliability loss, ;-0 R,/ Dy Co R This
benefit is reflected by the fact thal the ratio of f} to L may be in the order of
1074 Le., Lhe exposure time of the damaged structure prior to inspection and

structure, We can seve, too,

repair may be sinall relative to the entire bfe of th
the interaction between relative inspection effectiveness and the relative tmipor-
tance of the member to the structural system as a whole: one might like the
product of the non-detection probability, {1-—]?;?}, and ﬁj'i’—;}-f?j to remain rela-
tively constant for all members in the structure. If the member is important to
the system, as for example a compression member in an X-brace of a vertical
bracing system in a steel jacket plalform, one would expect the ’1’}'-55% factor
to be high, and one would therefore want the inspection o be of high guality,
and/or the inspection interval, 7, short, so that {1~ ;?’ iz near zero. Less im-
portant members would be reflecied in low values of ﬁ f? and could as a
result be permitted higher values of 1~fé‘§ and 7.

Fatigue At the moment it appears that fatigue can for convenience be
treated in the context of this rmodel as if it were an exogenous event. It has
many of the same characteristics: it is likely to be an undetected welding or
other construction flaw Lthal serves as the initiator, inspection may help identify
and repair the growing crack, the failure event is likely to occur at less-than-
exireme loads, fallure of one mermber may increase stresses elsewhere ¢ inducing
immediate syetem fallure or subsequent overlead failures of the weakened 8ys-
tern, ete. These cheracteristics can be accommodated in this model.

The time-varyving cumulative or grmiﬁmg nalture of fatigue may Sﬁggést a
special treatment in some cases, however. Fortunately, current member-level
evidence suggests thal in many cases the coupling of fa tigue and overload capa-
eily J&} a fatigue crack weskening a member with respect Lo ultimate capack
ty) can be neglected in reliabili ity analysis; because of the very rapid accelera-

B

tion in the later stapes of crack growth, the interval where this weslkern: ng eifsct

might exist to any significant degree is very shorl compared to the eariier life of

the structure (e.g., Guers ond Rockwilz, 1948}, The structural-svstem-related

wssue of Lhe possible relaxation of stresses {(and hence reduced growth rates} in
a detericrating member wit ki structure can, from a

cof vizw, be handled al Lhe component level

o Sy B [
E“?:f“zii';sca ;



reliabilily perspective, one can still imagine special issuss: for exarmnple, theres is
E.J’

contribution of ivad randomness in the fatigus pmbiem}.

uence over time of {ont fatigue-induced vomponent
y

fallure is a new problerm theal is curren? investigation al the
of Munich., More such work is recommended.

Conalusions. Finally, {o define the prinmary

look again upon all the terms in p, _ (Egs. 2.1

ity elements are common to member-based reliabifity analysis. Some are relat-

ed to scenario {accident) likelihoeds and several are related Lo |

ty. iIndesd, the only factors that s;%.z"aﬁgi}f reflect svsterns

needs are the C and & factors: O O By and B As mentior
complexity and redundancy of the intact structure and of the residual struc-
ture, given damage to member 7.

in subsequent sections we shall discuss how systems reliability may be used

to evaluate such facters and we will presenl some of the case study resulis in

Chapter 4 in terms of such factors in order to maintain a continuity through the

S

report.  The author does not conlend that this model of overload and
acecident/inspection reliability iz perfect but it should be adequate for the pur-

poses of Lhis report to serve the function of defining more explicitly the particu-

lar role of sysiems reliability in overload and sccident safety of offshore struc-
tures. In perticular, the model may as stated need reinterprelation for strue-
tures such as semi-submersibles and compliant structures whose construclion
may inciude continuous hulls and line-ltke zlements instead of or in addition o

the linear structural members of the type envisioned in Lthe discussion

AuoveE,

which was motivated primariiy by steel jacket platforms.

o




Design Load Code Required System
{Retum Pe;iad}“ Overload Capacity Complexity Model Factor

Designer Option:
Structure Specific
Overload Capacity.

in

Most-Likely-to-Fail
Economic Life Member Redundancy

|
Code-Basis First-Member

Fully Stressed Failure Basis
Member

Structure-Specific System-Level
Most-Likely-to-Fail Failure Basis
Mamber
MEMBER-LEVEL Basis

SYSTEM-LEVEL
AELIABILITY

RELIABILITY -

Fig. 2.1: Structural System Reliabilily Formulation:
Exireme Load, Intact Structure.



Chapter 3

BLEMENTS OF STRUCTURAL SYSTEMS RELIABILITY ANALYSIS

In Lhis chapler we shall give an introduction fo the znalysis of structural
systerns reliability. We focus nol on how to de the numerical caloulations but
rather on the formulation of the systems problem in terms {1) of the probabilis-
tic representations of member-failure events and (2) of relevant random vari-
ables such as loads, member capacilies, and post-failure member forces. We
shall also develop expressions for the factors () and A, that we have identified
in the preceding chapler to be particularly important {o the systems-leve! relia-
bility evaluation of the structure (as distinet from the member-level evaluation).
We can then deduce logically the general dependence of these quantitative
measures of system complexity and redundancy con impertant faciors such as
relative load-to-resistance variability, degree of brittiencss, ete. Finally, we
shall display some numerical resuits for ( and Ky in some ideal structural sys-
tems; the results show clearly the same quantitative effects that are found in
real problems as well, A thorough understanding of all these sections will leave
an engineer with a stronger abilily to anticipate the role of the system level in

the reliability of his own structure.

3.1 Determinale oy Series Systems

Consider first a simple statically determinate structural syslem such as
that shown in Fig. 8.1a. It has random member capacities /; and a lcad patlern
scated by the random variable 5. It can be replaced for analysis purpoeses by an
even simpler system as ghown in Fig. 2.1b. In that system representation, the
chain-tike nature of the statically determinate structure iz emphasized. it be-
cornes clear Lhal the systern will fall if its weakest link fails, e.g., if member 1 or

if member 2 is overloaded”. Generalizing, we can write the sysfem foilure svent

s

Fy for a statically determinate structure as the union of the member foilure

e - jod = o LLTE L o . 2 - = 3
gugnis, F, = 18R (=17, -5 <0] with § and ¥, being the Ioad and member cana-

inguish #;, the member capacity defined in

we find A, more convenlent,

S0




interseciions

5
o

The probability of system failure, py ... van then be expanded
Qv i

of membper failurs evenis:

The member failure event probabiiities, PLF L can be represented as

g Lthat

P{S>E ] or P[R,~5<0] or Plg{R, $)<0) in which tre iast form emphasiz

of a funcilion of

the member failure probabilily is associated with the
random variables {more generally, }?,; and 5 will typically themselves be func-
tions of more bagic random uwariables, X ). The intersection events such ag

F,nF, represent the event that the capacities of both membars are less than

3U?

the applied load, Le., thal two functicns, g;fj’?S‘ and g.{f.8) are both
than zero.

ctior, we chooss to

Oonsistent with our formulation in Lthe preceding s
divide through the right-hand-side of this equation by the failure probability
pIF,1=P[S>R,], which we choose (simply by proper numbering) to be the larg-
est value in the set of member faiiure probabilities:
Provs = PE“%} I+ "‘Q‘ PLE] “ 3 p{f%mf;\a} o E
{ LPll & &R J

1 i

e,
)
[

ot

in which P17, j=max(P[F]}.
%

We recognize that the leading factor PlF] is simply what we called in the
preceding section the probability of failure of Lhe most-likely-to-fall {M1LTE)

mernber or pp -0 Dg {see BEq. 2.1}, We also recognize thal because the strue-

ture is statically determinate, the system s certain to fail i any member should

ior’s Fg. 2.1 is unity. Also,

fail. Therefore, the faclor By in the preceding sed

iven the ideal stracture,. the factor Me for systems modeting e con-

(%

]

lude that £ the complexity factor, is equivalent to the second factor, that in

o

parentheses, in &

. 3.3 above

iral sysienm, our arn

aluation of Lhe complaxily facts

rerm is Lhe seoond,



the member fallure probabllities divided by the maximum member failure pro-
bability. As designed and constructed, many structures find a large fraction of

their members not stressed to allowable capacily or to comparable levels. In

an order of magnitude or more less than that of the most heavily stressed

probabilistic terms the implication is that sueh a member’s failure probabi

mermber in the structure {ie., the MUTT member). The implication here is that

N

many members will not contribute significantly to th

nrnation, or, hences, to

Cpo In contrast, in the "worst” case, all members will be as likely to fail as the

MLTE member. In this case the second term in g 3.4 will be egual simply to
i

n -1, where n is the number of members in the structure.

e third term i Bg. 3.4 for O involves a double summation of the proba-
bilities of the intersections of two member failure events, Le., PLF; (3 F; ] which
i read as "the probability of the overload of member 1 and the overicad of
mentber 7 (implicitly, in the intact structure). These intersections reprezent
very explicitly sysfems effects. Thelr probabilities are much more difficuit to
calculate, bul we will not go into computational detalls in this chapter. Suffice it
here o consider two Umiting cases,

independent Member-Fuilure Fvents. In the first case, the failure events £
and /; are assumed Lo be probabilistically independent. This will be the casze In
practical situations if the failure events are dominated by Lthe randomness in the
capacities of the mambers {rather than by that of the leading, Le., if the 0V of

the capacity is ki relative Lo that of the load) and if those capacities are in

turn independent random variables, In these circumstances, the numerator in
the third term can be replaced by the product of individual failure probabilities,
be., PIF]PIF: L In practical reliability problems both of these factors in the
oroducl are small, e.g., in the order of 107 Therefore we expect these terms in
the {(negative - signed) double summalion and the summation dself to he of
small order and negll

niare all of |

» events are

of independent failure events, the complexity facter 0y is approximately
BT {3.4b}

s the worst cass in which a1l members

The effective upper bound,

aro egually likely Lo

3-3



Perfectly Dependent Member-Failure Fuenis Tre second is
when the member failure events are perfectly probabilistically pendent. In

general, strong failure event dependency a & because, for example, there ls a

common losd random  variable in all of the member failure events,
- oy > P N

FinFy=[18>BniS>R;1] Given tha

P

likely that menber 2 has fatled simply

i that the load is probably very large. The case of perfect dependence arises if
N ~ PR “ .

the load is the only random variable {or if &, and #; are perfectly correslated),

in this case, if rnember ! is the weakest member. then the conditinnal probabili-

ty that member I will fail given that member 2 has falled is clearly one. There-

fore, the prebability of the joint event failure of |
]

multiple summalions, one finds that these terms cancel osut not only

el
%

er but also those terms lefl in the single summation in Bg. 3.4, leaving finally
Cq=1. i in the footnote®, a somewhat more direcl oroct of this conclusion is
shown.

General Correlated Case  In general if neilher independence nor perfect
dependence of the member failure events exist (and this is of course the typical
real situation) the value of Cy will lie sornewhere between these two limits, This
is shown in Fig. 3.2, In the intermediate range, it can be shown by proper calou-
lation {see numerical results to follow) that the value of Ce will depend on such
guestions as: {1) the degree of dependence among the failure events {as meas-

5

ared by, say, the correlations among safely morgin random variall

M= R, =5, of the individual members}), (2) the general level of the failure proba-
bilities, (3} the relative values of the member failure probabilities, and (4) the
wype of probability distributions involved,

Perhaps the most important of these factors is the cor

o
!
[

member salely marging®: =

the perfectly depe
ihe nexi section we

the focinote on pg.
es ﬁ.‘é snd ’zc’w

arxé ?i .
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ly randorn variables. Tor the case (of nracti interest} in which the standard
deviations of the resistances arce all the s, the corretation coofficient

between any two member safoby marging is:

e (3.5)

In this eqguation, Py 1s the correlation coeflicient between the resistances or
capacities of any pair of members 4 and 7 in the system, gﬁg is the (common*)
varianve of the resistances, {(measured, recall, in load terms} and 0§ is the vari-
ance of the applied load. The left hand side, 4. 15 the correlation coeefficient
between ’t.he'pair of member safely margins. This iz an impertant practical case
because, as we have seen above, only members with relatively large failure pro-
babilities are of interest in the calculation of the systern failure probability.

A convenient alternative to the safety margin (M, =5, -5) is the safely fac-

tor ,53;)/‘5‘ or its {natural} log irz!?i =InS, and it produces a zomewhat different
measure of the depondence between member failures {overloads). Let us define
f;{';zin}?@uinﬁ (or equivalently M, =Ing, —InS ~ing;, in member force capacity
terms; recall ﬁixﬁ’i/ c;). Then a convenient approximationt of the correlation
coeflicient between any two (log) margins, #, and M
—_ o
s Py Vi Vi + Vs
YWV E
in which V; is the coefficient of veriation of the resistance {whether it is meas-

ured ag £, or i, Le., in member foree or applied load terms).

e

Both Bgs. 3.5 and 3.8 demonstrate that the correlation between safety mar-
gins, which we know affects the value of the complexily factor £, depends upon
the level of the randomness in the ivading (as measured by of or V) r'fﬁlativg to
F vy S

safety margin uncertainty {which ig

the total randomneszs in

{;:Se?i?;v@; +f}“ 374 ﬁva’ﬁ G wﬂ"g Ok

ai regul 5&251(} by reple

mamber forves,

approvimately ¥, z:s;ﬁg ig ﬁﬁwaxm tely Vg, and
¢ denominator s a simp) st makes the
Lion. 3€Cﬁu“§f§ of the approx-
sient bet?i#e’: any two vark
ent hetwaen ‘ ogs, gy is also epproximatel
oty factors SFy=; /’ 5 and SFy.f,/ 5, which gives it ad-

en the iwo saf




reflected in the denominators). An additional factor which may enter iz the

correlalion among the capacities of the members, Pij-

in many analyses in the literature and in practice apacily correlation
W

ning further that the

factor iz assumed to be zero. [n that case, and as

coeflicient of variation of Lhe resistances is equa! for all members, we can make

the point about relative randomness very clearly. Fq. 3.6 becor simply

vz
A S~ S— (3.7}

f:}.
Y v+ vE

It states that the {approximate} correlation coeffinient betwoen t
marging in the structure is simply the ratio of the sguarcd 0V of the lesd to
the sum of the squared COVs of the load and the Lypical member capacity. For

example, if the coeflicient of variation of the loading is 40% and the coeflicient

variation of the eapacily if 10%, this correlation cocficient is 4% if the
coeflicient of variation of the load and resistance are equal, the correlation
coefliciant is 50%.

The two correlation measures, #y; and pv‘ clearty do not have the same nu-
merical values in any given case. Typically they will both be “high” (or not) how-
ever. They both need to be presented, however, because both m argins and log
margins (and/or safety factors) are in common use in systems reliabiiity.
Analytically, one will obtain the same final system failure probability no matter
which way he chooses to formulate the problem. These correlation coeflicients
are primarily simply helpful intermediate indicators of probabilistic depen-
dence, As yet there is not enough numerical experience [o ascertain the rela-
tive merils of the lwo measures. We shall subsequently refer to them both

generically as margin correlations, Pis-

it can be demonstrated (see Section 3.3 for i Hustrations) thal the com

ty factor Oy is rather insensitive Lo the value of the correlation coeflic

rE e For exarn

o

til that coufficient amj or the number of members becomss la

if the number of members is only 2,

9% Lo have a signific

low pro-

T

tities of intzrest in our problems.

number of important members
(i.e., those with relatively high failure probabilities) grows, the level of this
&

to lower levels, eg., 90 or

the

correlalion coeflicient necessary to impact (O falls

80%. By "impacting” the complexity factor £ we mean

wilhy the in

Loy diff significantly from that asso




assumption. Kecall, under this assumption the value of {p can be well approxi-

nber failure probabili-

by 1 plus the single summation of normalized m
ties in Eg. 3.40),

Series System Conclusion. We conclude then in brief thol for Lhe stalically
detzrminate or “serieg” svetern, as ib is comeblimes calied, the not svelem effect
denoted (y £y in the preceding section is simplified to 'y because #y is unity.
Cy i turn is approximately one plus the normalized surm of individual member
failure probabilities {the sum excluding the MLTF memper, g, 3.4b), unless
correlation effects are significantly strong. In fact, these correlation effecls
may be strong in cases of practical interest n offshere structures application as
the examples above {and to follow) suggest.

We should remember that the series model just discussed is appiicable if
systom fallure is dafined for practical reasons to be simply first-member failure.
In this case, the analysis sbove holds even if the structure itself is statically in-

-

determinate. Such a definition might be appropriate in the analysis of platform
availability rather than safely. We should also realize that the model holds with
respect Lo other than member failures; more generally what has heen referred
Lo above as a "member” might be any failure mode, including foundation failure,

a shear failure as opposed to bending fallure,

3.2 Indeterrminatle Structural Systems

¥e turn now io a mors complex siructura! behavier than the statically
determinaile systern in Seciion 3.1. The simplest possible statically indeter-
minate model s thal shown in Fig. 3.3, where the structural system can be

i

represented by two members acting in parallel, as showrn.

&

In the paragraphs which follow, we wil

=

bability of failure of Lhis indelzrminate structure and similar

: o P s & R 7€ gz ey T o a5 by o £ o
tems, and then iry fo describe what can

sses of structural behavior of the |

pariioular ¢

that, we shall present the results in terms of ¢ wation of Chapter 2,

in terms of p and Fg, the complexity and redundancy factors. Again,

A S
nareery

Piry Lo describe, at least gualitativel , how these &
4 3

g on the type of siructural behavior and charac



of numerical resulls for some simple idealized parall

systems, in order to see numerically how facts

g

Failure Sequence Formulation.: Member Failure Evends. Consider our sin-
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jug

le two-member parallel system, Su pose that il is adeguat
p ¥y

member as being either "intacl” or "failed,” Le,, bi
to cast the description of the problem into a Jollure-segusnoe freg, such as that
shown in Fig, 3.4a. In words, the tree s says that the intact structure, ae denoted
by the node in the far left, may fail either by M mber 1 failing flrst and then
Member 2 failing, or, alternatively, by Member 2 fa iling first, followed by Member
1. We will use this observalion to create more formal statements below,

First recognize, however, that much more complex structural systems can
be represented in this same convenient format, #s shown in Fig. 3.4b. Suppose
that we have a large, statically indeterminatoe f1. me. The firet set of branches
on the left represents possible first-failing Membors 1 through N, let us say. The

second set of nodes represenis possible second members to fail in the sequence,

- of branches, if Meriber | fails first, it may be fol-

For example, on the upper

lowed by either Member 2 or 3, or any member t rough Member No One specific

sequence, namely Member 1 followed by 2 followed by 3, is represented by the
uppermost three branches on the tree. In that case, we assume that the system
fails, after this third-member failure, as indicated by the double ecircle. Other
parallel sequences, such as Member 1 followed by 2 foliowed by Member N, may
net yet imply failure, and the ssi of branches representing this segquence may
continue,

In ihis way, we can graphically dis the possible seguences of rnember

2L is possible, in principle, in

failure that will lead Lo systern fallure. Notice ¢
this binary-nember situalion to enumerale all possit.ie failure segquences, IF,
however, the systemn contains a large aumber of members and s Righiy redun-

stizlly many possibie

dant, there will be many possible initial branches and

sience ires that makes it

j«

: fatlure-g

levels of branches. I iz this syl

difficuli, or rather :x.;}f,nmza

iry oijective
to constrain the search through thiz tres to a

rnajor probability-contributin guences, No-

i
I
,,.:z

g
tically determinate siructure discuszsad in the

Fela

4B



Systems retiability analysis consists of deleruiining the probabiily of vach
of the possible member-faiiure sequences, and then, the probability of ¢! least
one of the sequences happenir ng. This will be the system failure ¢ probabilily, In
more formal terms, the probability of a sequence will be the probability of an in-
tersection of events, €.g.. Member 1 fails and Member 2 fails and Member 3 rajls,
whereas the system failure probability will be Lhe probability of & union: Se-
auence 1 fails or Sequence 2 fails or Sequence 3 fails, ete. Again, note that for a
statically determinate structure, or for a situation, such as avail lability analysig,
in which systemn “failure” is defined as first-member failure, the problem
siriplifies to identifying the probability of occurrence of at least one of Lhe
branches emanating from the lefimost node. Thig was Tormally stated in edq. 3.1

‘apns. We can anticipate that the complexity factor € is re-

in preceding par:
latdd to this caleulution.
Let us return, now, to the two-member systermn identified in Fig. 3.3b and

Fig. 3.4a, and deseribe the events more formally:
Favstom = (LA R G URE™ A FR) = 1, R,

; P tarderad =]

U E UM RY (3.8)
i E

This states that the event, “Foystem ' vaD be described as the unicn of the two

events shown in parentheses. Each of these events is associated with a sequence

The first se-

where F{est g

of member failures, namely, 1 followed by 2 and 2 fellowed

queace, 1 followed by 2, can be writien formally as Flost o

that Member 1igthe fir rst o fail, i.e., it is weaker than Member 2 with

respect to the applied load, FiMindicates Lthat Me mbar 2 faily in the %yaf,f

once Member 1 has failed. Exactly how that damaged system

wes will, of course, depend upon whether Member 1 has failed in s brittie or

t

noment, these distinetiong

ductile manner, as we

100 necaesuary,

evant in ’“'jflih:ﬁt"

o the secnnd member s the first ia fall and Hember 1 fails in

two evanis,

associated with the post Member 2-failed condition. In Bg. 3.8, we

statement ag FEVSE o~ pl8 o0 Lo Fuy,

3-8



shorthand notation for that statement. In the last form of Fq 3.8, we emphasize

thal the systemn failure evenl can be writien as a union of intersections of

member failure events, with proper ordering considerations.

Foilure Sequence Formulafion: Sefety !Hargins Before pursuing the
evalualion of the probability of these events, let us express them in somewhat
more detall by replacing each event, such as F{¥, by its corresponding state-
ment in terms of the safety margins of the structural members. We denote #°
as the safety margin of Member | in the intact structure, Le.. resistance of
Member i minus the load effect applied to Member i, In the simple two-member
tdeal systemn, this margin 4° = 8, ~5/2. We use the superscript “0” thr oughout
to mdleatb that this is the safely margin of that member when the structure is
in its original, intact condition. With this nolation, we can write the first event in
Eq. 3.8, fee., F{" as [(M? < #§) n (M < 0)].* In words, this says that, assum-
ing a monotonically increasing load, Member 1 will both fail and fail before
Member 2 if M7 is less zero and if the safety margin ¥ ¥ is less than the safely
margin M§. The second event we must consider is FEU . For this event, we
must consider a new safety margin, namely, the safety margin of Member 2 in
the partially deteriorated structure, i.e., the structure with Member 1 failed. We
denote this margin as #4§". Exactly how the safety margin #j relates to capa-
cities of the members and the loads will depend, in turn, upon whether Member
1 falled in a ductile or brittle manner. For example, if Member ! was brittle,
Member 2 must now take all the load; the safety margin f*‘ﬁj becomes f,-% {in
conirast to #J, which is Ry=S/2). This sequence is shown in Eq. 5.9, where in
addition we see the second failure seguence involving the failure of Member 2
first, followed by the failure of Member 1, all expressed in terms of safety mar-

ging.

Safely Morgins for Pwo-Member Semi-Friftle [deal Systewn. Uther exarm-

¥

s in the Lwormember systerns are sh

ples of mernber

navior of Member 1

Lo

For & general
c;&;c%bg

i‘% ’1{3(3 for the 1?{@ memn

srd fa.
. e

Zelu



Hrittle:

MP=R,-5s2 {3.11a)

M = By (SR (3.11b)

M =R, -S/2 (3.18a)

MV = Ry (S—nR)) (3. 120}

The first set of equations, Egs. 5.10a-b, shows Lhe gsafely s

narriely, those for a structure composed of brittle members, The second sel of

. 1la-b, shows the salety marging for a perfectly ductile sys-

safely margins, Fo.
tern. The difference between the assumed elernent or member post-failure
bebavior is shown in [ig. 3.5, For the ductile cace, M{T associated with the in-
tact structure, i1s unchanged from that for the brittle case, #4, nowever, now
reflects the fact that after failure of Member 1, it retains its force at level it
under subsequent deformation of tha systern. This retained force is, in eflect, a
reduction in the load that £, must carry, vis-a-vig that in the brittle case. Com-
parc ba. 3.10b with 3.11b, More generally, we can consider the semi-brittle

fraction

behsvior shown in Fig. 3.5 by introducing a factor %, which describes th
of the coriginal capacity, /., which remains post-failure in the member. The frac-

tion 1 ranges from zero bo one for the brittle through ductile behavior., For this

range of possible member behaviors, the sa ely margins are shown in Egs.

; & 4 - f1% . F

3.1da-b. Again, M{" is unchanged, and MY appears as Lhe capacily of Member
2 minus the anplied lead, reduced by the residual capacity in Mermnber 1. In all
three cases, the Intact siructure safet ¥y marging are the zame, and in

2

those associated with a frstom

determinale or series
systems. The behavier shoewn in Fig. 3.5 s

cornrmon in current structural system refiability analysis because of the sirnpli-

roduces. [t was used, as well, in our case gtudy, which will be discussed

inn the Chapler 4.




fure force {provided there is no subsequent unloading of

L

member by ils post-
the failed member).
1 3

Urdon of Foilure Sequesnces, The calculation of the nrobabilile of the gys-
F & o wt

tem failure probabilily s facilitated by the [act that the

construction mutually exclusive events. Therefore, the probability

ion is simply the sum of their individual probabilities:

At

Prow = L PLFS {3.13)
%

i

it requires the caleculation of the probability o

Bg. 3.9. If three members were involved, there wou

Y

_ H £
tng event such as AV o< MY, irmplying

addition, there would have (o be a2 ihird faillure gvent,
cumistances will the events in a sequence be independent

margin, appears in two events)., Therefore the calculation

the intersection can never reduce Lo simply Lhe producis of

the events. Generally, the different marging will invelve common

ables, e.g., the load §. These caloulations ars therefore non

&3

ornal sili”‘ i1

iy have we had general. efficienl, il approximate. compute

this critical step of Lhe total system analysis (Hohenbichler and Rockuilz, 1663,

Madser, el al, 1986). Let us turn Lo meking general, sermi-guantilalive

into these resuits. For that, we chose to use the new vehicle provided by

mulation in Chapter 2.

recall from

System Facltor., Oy Fp. for indeterminate struciures. You

shacty sys

Chapter 2 that we have found advantages in forrnulating the (i

failure probabilily as a seguence of factoers, repealed for conveniencs in hbg
14

Frovs ~

As mentic wp, L0 Dy represents,

member, more e

by of Fatling in the intact structurs, Le.

and Ay remain Lo be considered,

The complexily factor, O 15 vnchanged for this structure from thal dis-

cussed above for stalically determinate or series gsystems. Ly s
¥ o

1 of normalized member

range from one Lhrough approxim




fallure probabilities Y PFF]/ PLFT] Also recall that 0 will be closer to one if
izR

the correlation between safety margins of the members is high (close to one).

We turn, then Lo the redundancy factor, 7, We choose to study it here in terms

of the product O Ky, recognizing Lhael knowing the value of the produck, we can

find the value of Hj by dividing the product by Cq, valoulated as discussed above,

From Eq. 3.14, we realize that the product gy Fy tan be written as shown in Eqg.

¥y

A5, as the system feilure probabiiity divided by the probabiiity of failure of the

most-likely-to-fail member

Coflo = pro,/ PIFT] = """‘E"""“’"’””m"

= Y PIFS | FPl+ § [FS FYIPLEY (3.15)
i

e
: PLEY ]
in which 77 denotes the complement of the event F7, ie., the event that
Member 1 is nof overstressed in the intact structure. The system failure proba-

red by the sum of the failure sequence probabilities, Eq,

bility has besn rep
3.13. Heplacing the probabilily of failure of any sequence F'S ¢ by the product of
this conditional probability, given the failure of Member 1, the mosi-likely-to-fail
{MLTF) member, and the probability of that member fail ing, plus the parallel
term associated with Member 1 nat-faﬂing, we oblain Lhe result in the last line of
B 3.15,

Quatitetive Prediction of Cy Ry, Independent Margins. It is useful to study
flg. 8.18, if only gualitatively, in order to gain understanding and insights into
what affects the system factor Oy Ry First we will consider Lhe strnple case in

which the margins such as #7 and #§ are probabilistically independent. After-

wards we will consider the impact of strong correlation. The independencs ag-

sumption iz only valid in Hited practical cases: based on Eg. 3.8, we conciude

that the load variability, Ve, and the resistance corrslations Sy must both he

zaro. Nonetheles

it provides g useful
o facilitate sur brief, heurishic study further, we shall consider o by the
more wmportant seguences, namely those that begin with the ¥LTV member

Member 1, eg., sequences such as 1, 2, 3., 1, 2, 2. etc. For "unbaianced”
structures, Le., those in which Member 1 is murh more itkely Lo be overstressed

tact structure than any other, these sequences are certain to bhe ths

most important conbribubors o stern failure. For more balanced cases, they

ve oi other soqo

WLVer, &



Member-1-beginning sequences 1§ immel

vy 1wy
[ S

the terms in the second su

Member 1, PIFS I FT] is

overloaded.

We turn sur abteniion then to the $in

For clarity. et us take once again the special case of

tem (Fig. 3.3b). Our concern is now the gosence 2.
expanding in terms of the nent marging 16
T oper 5o Sy o Gy
PLFS,p ! FO8l = PUME <My (4] <0) N {M;
. vy { \ ) p
=PI <8y (M <) MT<O0] (31

')

where the frst gequence in Bg. 3.8 has beer

the overload of Member 1, Le., canditioned on the avent thad
margin.of Member 1 g less than zero. This conditioning bt

{the second of the original three) can be removed [rom the

ated with failure sequence 1-2, leaving the interse

. -, fon N
ordering event HE < #E, and the damag sd-syslern ilure ovend, MY < 0.

former evenl, the ordering event, is relatvely uninte 0,
its probability is virtually one. The interesting evenl Is the total al-
ready damaged structure by the subsequent faiiure of Member O
Recall that the form of this safety margin MY, depends upon the of

the members of the system. Several examples of thiz safely margin, Ma7, wer

given in Egs. 3.10b, 3.11b and 2125, In all three cases,

ME <0, is simply (7, -8/2<C

Coneider, first, the britile case

pur probability of inleresi, i ]
faitures becomes simply the conditional nrobabiliity 5% loss than (he

above we os

1t load,

adf

lsad 3, given t

sume R, and

Fqexceeds

3L,

igned to be very much

naw be

two-rnember sysiem, for example, membors wou

same value, namely, half of the joad,

shrusture. We conciude Lhal any
situation, conditional nge,

314



Failure, 18 very il p@?‘naps, aipge Lo ODE. it {here werd MOre members in the

tement could te mede, The sequences’

system, @ sirnilar but less sLTONE

involve the strong icaﬁ%@distributitm eflects

‘i’ﬂf??fhv@f‘“;d’;di"i’, events would &
associaied with brittle hehavior, howevyer. We coneiudd, therefore, thal for per-

fectly brittle slructural sysiems, the conditional prot abitity of al ieast one {ora

H

roup) of the failurc S8QUMONTCES invelving an initial 5f the MLTT member

s

nas a high g}&:‘i}‘t}&%ﬁéii%y of peourrence, Uns

oon ditioned on that member Faiting).

r"m\

ess the geeond or some su paequent members ars muoh stronger than one would

normally -xpect 10 asual member design practice 5f the intact strw Lure. in
short Cg Rg will be approx‘arnateiy one or more ina realistic, brittle case involv-
ing 1;’3(iependent rnarging

gtem, and continuing to

Turning te the cuctile case [or oul Z-member
¥

constder Lhose failure SEQUENCES which begin with the MLTE member, we follow &

H

similer set of substitulions. We conclude that the conditional seguence probabil
iy of inte rest reduces Lo, effectively, the Drt}oablhi} that the gpcond resistance

i less (han the pad minus the firnl pesislodics i conditional on the first

2

resistance being le:

nan half the load, This 18 equivalont Lo saying that fg

somewhat greater

mush be less than some [BClOT K, times Lhe ipad. wht
than one half. In fact, we do not expect Lhis pumber Lo be much greater than &
half because We are, i g}raciical cases, in Lthe tast-falling lower (ail of the distri-
wution of ;- We conclude, therefore, that ihe conditional faiture probabilily of
imis sequence, given failure of Lhe VLTF member, 18 agproxifzmieiy the probabil
ity that Fp is less than abt aut half of the load, or sunply. ihe pmﬁabﬁﬁv of fallure
of the second member in the intact structure. Hut in & relinbie structure Lhis 1%

. ormall probability, and it will th erefore contribute ralatively Httie Lo bhe sums

mation. i1 ¢ g are like this, we v J1d then expect {he sysiem factor Cg

Lo be small, L. WE would expect Lhe 8 stern Lo De mMOrE reliable than its weaKk-

ypect [rom duetile systems.

duntile syslems Ay possibly have

fiven that Og will typically b€ larger thar ong ¢nr such a system it implies thatl

3 i - e e » Fop s B g P o b g S _— . o N i o L oge F - 5y b
e, he redundancy ractor for ductile gysiems, My y@ii‘;ﬁiiﬁh?’ he ong w geveral




Effect of High Corretating on Lo Ka b

cal values nf the

barticular on the Correlation armong the v

Nolice that in indeterminate . Bere sy be ow muilitude of safely mar-

gins, not only thoge associated with failures i Lhe but aise thoge

associated with member fallures iy Lartiajly

SOMe numerical resyits for €y and g in

First, 1ot us dedure without calend

in which the correlation coeflivienty arnong the

unity. As we have seen above in fas 3.5, 8.8, and 5

tan be and, in practice, may ofie;, e large. ) THURRSE Case of Correis
equal to one je therefore or specisl interest, w S B sy T

s€e that if these argin correlations are uril

tions among the resistance variables are 40

of variations of all the re sistances are zero, In g
i¢ that Lhe MLTP member's safety Margin iy the
ty (equal to or} less than thal of a]! the others, 1 a,
certain to start wi ith Member 1. All the terms in bhe

1

3.15 are Zers, Furt%‘mrmere. since gl] of the subs.

f £ i
M5, can also be shown (o be Ferfecily correlated

can delermine d e:terrr}mistica_i%y the sequence inowi

different words, when the correlation CcoefTicient

member safety Marging ig unity, there g Uhes and only one, Cossible F

quence. It beging with the D member, Member 1 1

ety menbioned above, we Wikl Conclude that if ihe

oot an Untsuaily large Uriised cap:

member to fajl the probability of this

£
i
4
-
i
e
y
—

close to one, Beragee there is now

factor, is one for such a highty Correlated

perfectly aorrs lated, brittie tsystem, the - probability of systemn failure is

<‘;st, ¢ N
MLTE emiber




Consider next the ductije system in which the correlations among the safe-
by marging are all unity. Again, there will be one and only one sequence, and it
will begin with the MLTF member, Recalling that this case is effectively that in
which the member resistances are without randomness (ab least with respect to
one another*}, the reader can convinoe himself that the conditionai sequence
fatlure probability that we are after, PI#5, 1 F¢ ] reduces to the probability that
the ioad exceeds a linear combination of deterministic member capacities, given
that the load has exceeded some coefficient times the first member's capacity.
Ihe coefficients in the linear combination come from an analysis of the collapse
mechanism associaled with failure, e.2.. Biq. 3.12b for the ideal two-member sys-
termi, The coefficient in the vonditioning event comes from the analysis of the

stresses in the MLTE member in the intact structure. In different Lerms, the

£

probability of this unigue sequence, given first-member failure, is the probability
that the load exceeds the mechanism's capacity, given that it exceeded the load
reqiired Lo cause first-mermber vield. This conditional probability, which is equal
to ChRy,, van be expressed as the ratio of two values of the complementary cu-
mulative distribution functlion {CCDF} of the load: the CCDF of the lnad evaluat-
ed at the system mechanism capacity divided by the CODF of the load evaluated
at the intact first~-member capacity. The value of this ratio will be less than or
equal Lo one, The value depends upon the relative value of the {éeterm%néstic}
strenglh of the system to the {(deterministic) strength of the (intact structure)
MLTF and on the coeflicient nf variation of the load. If that coeflicient of varia-
tion is smaller, the ratio { Co By ) will be smaller. Fence, we expect the dactile
system wilh perfect correlation Lo be more reliable than its MLTF first member
by this calculated factor Co Kg which can be easily obtained from the CODF of
the load, the deterministic capacily of the “weakest” {ﬁmi%e—yieid} member,
and the (known) failure mechanism’s deterministic Capacity. A

if we consider the very special, n-member, ideal parallel structure {(with

we will find that the conditional probabiliiy of the se-

quence of interest, given first-memher fallure, is sireply the probal

rermnmstic] capacity of any one member, given

%

load exee

that the load divid the ("deterministio®) capasity of one



member. Those bwo evenis are, of course, Lthe same,

vy in different terme b

probability is unity. This
force deformation diagram of the structure, as a whole, s also elasto-pilastic,
Le., the ultimate capacity of the systemn is is reached when the capacily of a
member is reached. The system factor Oy Ky is unily. But we know from our

discussion of series systems that for perfecily depend

Ly, implying thal A, iz unity. The interes
gystem is ducitie, b
equally slressed
capacities are effeciively delerminisiic, (Le., there
there g no effective redundancy in the syste
coincides with that of the MLTY member. Agai

batanced system behaves like a simple member.

"W

a iependent, O A for ductile sysiem

Conclusions. When margins are independent, Oy A for ductile system

e very low {very good} even for ideal {well balanced} systems. For well bal-
b ] good f dea! i} i 1} ¥ bal
anpced, independent britltle systems Oy Hy may exceed one. When Lhe correla-
tions among member safety merging in the intact structure are unily, the
behavior of the idesai system reduces to very nearly that of the MLTEF member.
Both systems complexity and system redundancy are eflectively unity. This
conchusion is true for both brittle and ductile systems. This high correlation, re-
call, acocompanies high lead-to-resistance varitability, or high correlation among

H

resistances, or some combination of the two., The first condition, if nel the

second, is perhaps a likely one in many offshore structure apslications,

As & general conclusion, we find that, given realistic moderate Lo high mar-

gin correlaiions, if the system is what we shall call "well balanced,” Le., if there

are rmany members that are highly stressed in the inlact structure, particula
those thiat will be called upon Lo carry exira member forces subsequen

fatlture and unicading of a brittle first-member fallure, or loads in addition to

that causing failure of a ductile-firgl member failure, we should nolt expsct

be conbrolled simply by a probability-based, member-

in Norway and under current considereiion by the Al he conclusions

term for

neod be ng

Lt
%
Yot
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the code if correlations are high and Lhe s 1is well balanced.

S

Fhie key word in the discussions above may well be “woll balanced,” The bal-
ance iy relative Lo fthe lead under consideration. There arc many design situa-
tions in which this balance does not scour, oven if it is the designer's ohjective,
Une interesting case is when other loading conditions, such as waves {rom a
different direction, construction or launch-and-tow  ioads cause certain

members Lo be Lightly stressed ynder any particular sceb of waves loadings upon

the intact structure. These meambers may provide the lack of balance, and
hence the backup capacity, that will create system redundancy, whether the
eystem is brittie or ductiie.

Also an exogenously damaged member van create an out-of-balance sys-
tem. In this case, as we discussed in Chapter 2, we may expect thal due to the
possible localization of stress increases, the MLTF member, Lo, the most heavily
str;essf:fsd member, may be significantly more righly stressed than many of the
other members in Lhe structurs,  This sibuating irmplies lack of balanee, and
again, Lhe possibility of strong system eflects, as measured by Cq and R, or in
the notation of Chapter 2, (,j and Ky,

A final comment about the conclusions above. They are all based on the ap-
plication of a single static load to the structural system. The analysis treals
only the ultimate capacity of the system in load terms; it does not distinguish
between two systems whose system-level force deformation diagrams are
different, Le., brittle vs. ductile. The analysis lreats only the sbheolute capacity
of the system in load terms. We know, however, that the ductile system is pre-
ferred to the brittle system for rmany reasons. In particular, the reasun is Lhal
Lhe true loadings on the structural syslem will nol be of Lhe {ayg rmodeled) static,
pushover type. Rather, we would expect repeated load reversals when waves al-

tack shallower, reversals when dynamic wave

behavior or seismic behavior is the governing load condition. Under thess re-

lons, the ductility of

More complex analyses are, of eourse. necessary Lo

W
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3.3 Numerical Resuits: Oy and 7; of ideal Parallel Systems

To quantify the general trends anticipated in Sectivn 3.2, we preseni here
sorne numerical results for idesl parallel structural systems, by whiclh we mean
syslems like that in Fig. 3.8b, but with an arbitrary number of members, n. The

model is characterized by common member <tiffnesses, and by

capacities having the same means and coeflicients of variation. 1t & of course a

perfectly well-balanced system. This problem has been L by many investi-

gators (e.g., Daniels, 1945 Stohl and Geyer, 1885 Hohenbichler and Rockwits,
1883 ete.)

It should be pointed oul that deterministically this ideal systemn would ap-
pear to have no complexity or redundancy. All members would fall simuliane-
ously. Any complexity effect { Cy>1 ) or any redundancy effect ( #,<1 ) that we
find here might therefore be called probabilistically induced. Tt iy come aboul
because, given random resistances, one member will be the weakest and fail

Ay

first, probably at & capacity less than the mean (hence complexity); others, how-

ever, may be adeguale Lo "pick up any slack” and produce a higher system capa-

city {redundancy). A further implication is Lthal these particular complexity and
redundancy effects are not obtainable by delerministic analvsis; they represent
results that can be the product only of a systems reliability study.

Guenard's Resulis. A convenient set of results was obtained by Guenard
{(1984), where the results are presented in his Figs. 2.12 through 2.15, which we
repeat here for convenience as Figs. 3.8 lhrough 3.89. These figures show,
through the so-called safety index g, the failure probability of these systems as
a function of the number of members, the ductiiity ‘brittleness {7 in Fig. 3.5).

and various coellicients, such as the member capacity coeflicient of variation,

the correlation coeffivient among the capacitics, and the safety factor (defined
a5 the ratio of the mean resistance of the single-member structure to the mean
applied lvad}. For equity in the comparison, as the number of members ig in-

creased, their commmon mean resisiance value is reduced sroportionally Lo in-

gire that the ICH

g system is determin by, or s eguivalent from case

e raader

: about the effects of

ezt of variation, ete. U iz useful te remember

correlabion, b

&

that & 8 of 3 corresponds to s failure probability of spproximately 1079, and that

the probabilily of failure reduces approximately two orders of magnitude per

ey

ub bhree orde

R N I T P DN - S 3. 6
ursit of §in the range 4=3 to g=5



unit increase of £ from & or & through 8 or ¢,

2 with delep-

fx

Guenard’s example is for a special case, namely an ideal sy

ministic loa: tances, We can, however, tnterpret the regiity
more broadly, it can be shown that, with some degres of approximation, we may
let his coeflicients of variation on resistance {dencied ¥} be interpreted as the
coeflicient of variation of the safely factor, Le., the random resistance divided

by the randorm load effect in an individual member in the inmtact structure. This

¥ ovalue is approxirmately /v V& (This V is also approximalely the standard

deviation of the {log} safety margin.) Also, we may interpret his correlation
coeflicient belween resistances {denoted p) as approximately that between the
{log) salely margins of the members in the intact siructure. From Bgs. 3.6 and
3.7, we therefore car make the following inlerpretations. When the correlation
coeflicient in his example is zero, it implies that both the load coeflicient of vari-
ati?n is zero and the correlation coeflictent between the resislances is zero,
When the correlation coefficient is 0.5 in his analysis, it implies that, if the resis-
tance correlation coeflicient, Py 18 0, then the icag coefficient of variation
€quals the resistance coefficient of variation, or, allernatively, that if the load
coeflicient of variation is 0, thern the correlation coeflicient between resiztances,
Py, 18 0.5, (This broader interpretation is strictly valig only in the intact struc-
ture. The approximation is apparently reasonably accuraie, however, for the
complele systemn failure problem.} In short the figures represent a relatively
broad suite of cases, if we interpret the coefficients pProperly. For scme cases of
practical interest, however, the coeflicient of varialion and correiation
coeflicients here may be reiatively low. Therefore, additional results are provid-
ed below Lo supplement the ‘re<interpreted” Guenard resalis,

Next, in order to use these results for the burpose of looking at Coe Fg, and
UoHo, we realize that in our terminclogy the probability of the failure of the

MLTF member, which we denote PR Torpp, 190, is simply the probab

ciated with the £ of the systerm al n=1 in his figures. This is the probability

oy

ant ir the

failure of a single elem OW Imany members
3.7 Lhis £ value is

ity of approvimatel

107% Finally, Guenard’s curvas ive Lhe system failure probability (or rather &3




PR |

Lid

Next, we consider the complexity factor O,

tion ceeflivient considered in Guenard's fgtsm:
of 7t here, we can assume that 7 is s
members, for the reasons discusses
proximately independent of 5, the coeflic
factor {i.e., ratio of mesn resistance
parameters considered in Guenard’'s 8
of 77, the post-failure member ductility me

15 independent of post-failure behavior; it is only first-

K%mwés.&.g pow both O and the prod

divigion. Plots of approximate values
tion of the number of members in
different parameter values and duectility le

- \ ;h
E

The curves include cases for p=0 and p=

Heeall fror the discussions in 8

tion 3.2 thal if p=1 for this porfectly balanced systerrs

and Cg Ky will all be unity. Therefore, we have a relatively

member (log) margin correlation coefficient values represented (0, 0.5, and 1),
Assuming that the correlation beiween member resistances Ly 18 zuro, this
spectrum of mernber margin correlation coefficient values represents (g, 3.7) a

- of bhe resistance

ratio of coeflicient of variation of the load Lo )
zevo Lo unity to infinily

The reader is again invited to study for himes

uncertainty {COV), and ductility upon system comp
ey factors. The product Cy Ay is also pletied in these figures even though: |

Oz

represents simply a re-scaling of Guenard’s figur

1

that for high ductility the redundancy factor can be ve ey smali {l.e., very good),

tul only for small correlation cosflic s and lower coeflicients of variation., As

both of these factors grow and as s (Le., as 7y decreases),

ine redundancy

danoy i

nard’s progra

;bhe rogl
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each structure PIF,] is fixed at 107 or 107 We work here dircetly with

& P 47 ey ¢ e T o: Tenlaen b1
M=ok, /{8 My and 5 are assumesd to be sintly log-

g3 {or approximately C0OVs
£ IS ]

normaily distri

of g and 0§ the log capacities are assumed to be joint Ay normal with common

correlation coefficient f.,. (This iz also approximately equal to the correlation

s

independent o

3012, 318, art

coeffic

tanoes, - ars

] s - . . L . ~ g gy
therefore valid for all cases in which the indicated pooand g~ o274 587 hold,

For example, if fy =0, then pf is approxima ely the ralio of the {squared) load

COV to the sum of the {squared) load and resistance C0V's: and gge 18 the sguare

root of that sum, Le., approximalely the OOV of the antilog of M {Le., the COV of

the safety factor. £, /{S/n)). The results are shown for & range of practical

values. We see that if o) is as large 23 0.9, as Chap. 4 suggests it might well be in

practice, then neither Oy nor By differs as rac livally away from unity as we have
seen In previous examples. For pﬁigjxﬁ.g, the redundancy faclor &y can al best

o
e 83 joes

the complexily factor, which is cnly 2 Lo 4 at n =8 {for 108 and i

respectively} at this high correlation o

F T3

It requires ductility to do even this

well; if any significant brittleness exists, the oo nplexily "wins” and the net sys-
tem factor follows Oy In this range the general trends are mildly sensitive to
absolute probability level. ¢ is somewhal lars ger and fgis somewhat smaller for
more relisble systems. Lower margin correlation {e.g., 0.5) imiproves By only in
the ductile case, permitting significant net systent redundancy {Cg Bu<l). Given
any significant brittieness, however, (O again drives Lhe net system fuctor, and

to values close Lo n {e.g., in excess of 6 for nz 8l

Although this is a very idealired system, it can be an exiremely informative
one for purposes of oblaining an understanding of the impacts of randomness,
corretation, and brittleness on syvstemn requndancy. L in fact, may be rathoer

accurately representalive of well-balanced indeterminate structural sysbams,

As we have dizcussed, this ideal model w

to

1o gelecied ieariy in proportion ic

bution in the intact structure. In the case study of ¢ jackel platform

{Chapter 4}, we found that the simple ideal model here could represent rather

alistic system provided proper interpretation

walil the behavior of ihat more

was made. Most of the oritical failures of mernbers in bthel strocturs ook olace

/

{The same efecl was observed in =




In the four vertical

companion strucha

[ T T 1
Te, GAach sucn panal Gl

represented z3 an Ve

icienks

E Pl o s B Nt
FOUY O TnEInoers

are four bents, there are

coefficients, and britileness factors for the

Ly

"'f
o
Q
"

of wariation, the cor

sstimaled

i(‘hi‘v’i’l& (2L

tem” making up the X {or K} braced pansis

detail in a companion report [(Nordal et al,

“member” will have a larger

mraced., With the

coefficient among

large, 0.B8. We can an

the systerns will behave ag if thelr com plexity and redundancy faclors wero

close to 1. These conclusions hold for the analysis of that

i

condition and subjeated

cal jacket in its intact (unda

s d Theres fa o

wave load from one perpendicular dircclion. There is a

because of the

sase study structure is atypical of many real offshore str

particular way this nypothetical case was designed originally. The result

design process left all vertical bracing syslems almost uniformly

stressed, providing no backup capacily should one of the bracing panels fail,

sidual strength

thereby eliminating thal potential source of {post

or whal we rrzigh% call here "deterministic redundancy”,

ed by "lack of balance” of the member sapacities with respect Lo Lhis pa

ioading case. Also because the effective correlall

so high, the potential for whal we have caiied probabil

dapev is also lacking., Recall that "probabilisticully-induced redundancy” {He<l?
¥oudtpss,

iz apparent in Fig. .11 in (ideally balanced) systerns only for those cases with

L

Leth low correlation coefficients and bigh ducliiity,

The Failure Path Pormulation

We burn Lo one fina

ity problems

pansion of the event jsyster

the union of two failure cseguences the ntergec-

tion of thres events, Cor rst of the thres events



we idenlify as an ordering even': the second th e evenl that the first member

L, the event that the secong

member failed in the partia sly damaged structure. Jt iy observed that the first
or erdering svent {;‘2{?(,—’2{?} . 18 of an entirely different nature than the intter
two. The last two evenls are member-failure related The first-rmember fallure
event will alwavs be a small probability eveni: the second may or mayv not be,
depending on many faclors as we have seen. The ordering event, however, will
always have a relalively large probability. In a well-balanced, two-member sys-
Lerm the probability that the first member margin is fess than the second
nember margin {in the intact structure} is approximately a half. For the per-
fectly ideal paralle! system, it is exactly egual to 1/ in our simple example
hereg n=g2,

it has been suggested by Bierager {1984) and others that a useful {and con-
servative) approximation in this event formulation of the failure seguences will
bete eliminale the srdering event from the failure sequence. Because we are
eliminating an event in an intersection, we are, of course, obltaining an event
which is "larger” than {i.e., contain ns; the original event and which will, therefore,
have a probability equal to and greater than the original event. This approxi-
mate representation of the system faillure is shown in Bg. 3.17 for the ideal

paraliel structure (see, in contrasi, Eq. 3.9)
Foystam = [(MT <Oy (M <0)] ({48 <0}/ V(4 1P <0)] {3.17)

At Stanford, we have adopted the habit of calling this formulation of the provlem
a foilure path formuletion as opposed Lo the more precise foilure seguence for-
mulation discussed above. Noiice that in a failure path representation of a two-
member struciure, we I'have the union of two events, each of which is agsoni-

ated with a particular order of member failures, the association ariging through

the sequence of intact and partially damaged structures that must be analvred,
“gu & b
Witnin each of these failure patiis we continue to have an intersection of evenig,

g evenis and they do not

Now, however, these are limited anly to member failur

Hennett, 1988 and Keramohondoni,

i ;;apg;:fe,@“&;*r‘n are prirmari 1Y Cone




veniense and com
with the
available for car

of randorn varia

Lhe caley

ering event.
the mmore anocurate form

han the failure path ma

azsociated with the v‘f:péﬁr ‘
Arcimplication of the failure palh form

}‘syxfgm =

=1, (), PP &

iz that the &

guence events denoted FS)

lating the pmb;—ebiii‘ty of failure

tion of probabilitles indicate:

least, for the fact thal the fail path events are nol mubus

‘

fow for thelr intersections. In the finall

o L P & T o S |
3 01 f;qi‘::. 58 and

both the fallure sequence formulation mutation of the system

failure event can be represented as a u
which in turn can be repro

denoted

rorgsTed oo 4z
5313 and Fqg.

zh orderin

Lthese member failure events rmusgt be

events sucn as those shown in Flg. 3.0,

EMLE Aang rarne




terms of capacities and load effects. In the siriple, bribtle, semi-brittic and duc-
« as fllustrations here, Lhoso micrnber

woar connbinations of member

fatlure evenis can be writl

s s

3E Lo e . srved sryradiessd
&3 ‘E%,E(,’&, fl)i, 4 Alrniea

cad random variabiss may themselves in

turn be functions of several so-called busic randorm variables which all together
erial properties, dimensions, wave

o write, instepd of margin-

based fallure svenis, the more general statermnent: g{Xi<0. cralure 18 re-

piete with methods and tech nigueas fc xul the computations of
B

probabilities of unions of inlerseciions event desceribed by the

negativity of a function g of a vector of random variables X. It is not cur inten-

Lion inr this methods except as they im-

pact the questions of system retiabliity formulation. One such example wag dig-
cussed just above where the ineffectiverioss nf current computational capabili-

s inowhich some of thoso evenls are of

Lies with respect

relatively large proba

lively small probability was
cited as a reason for replac ing the fallure sequence formulation by the fallure
event formulation,

The structural system reliability analysis formulation that we have present-
ed in this chapter is capable of handling a rather broad set of structural sys-
tems. But the representation of the mechanical behavior of these elements is

3

obviously extremely limited: ihe simple two-stale member behavior may be

inadeguate for proper representation of structural system b ehavior, particui

n the representation of post-member-faiiure such as post-buekling behavior,

motenie, stabic load system is also a limiletion or

the limitation to a single

srechanical formulations, the proba-

.
iy

v )

this melhod. Questions ¢

procedures will be discussed in

the computationsl

ilistic formulation
Chapter 6 to follow. We will find that it is possible to enhance the mechanical as-

sumztions niAior reduction

efliciency

probiems, for example wvolving siructural dynamic behavior Gre gen-

erat systems reliability formulations and computallonal methods are nECeYsary,

Alttiough such technigues exist ineflicient for practical

ation to large structures,




nigues for more general applicabifity.

realistic selb of

The current chapler has, however, indicated how a rela

structural member behavior assumplions can be repres

systams reliability formulation. We have used thael formuistion Lo show how fac-

r ' dancy factor

tors such as the system complexily faclor and the sys

depend upon post-failure mechanical behavior and upon ¢ ‘o parameter

values such as coeflicients of variation snd corrsialion L.l 8 among im-
5

We belisve that s

poriant random variables: namely, resistances and lof

careful study of these relationships will bring enginee

liability and safety of large structural systems, insights that are nob avallable in
deterministic systerns analysis nor in member-level strucltural reliability

i F

analvsis., We hope, therefore, that this chanter has helped demonstrate some of
Iy We hop f that this chapter has helg i trat

the potential advantages of structural systems reliabiiity.
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Fig. 3.1: Statically Determinate Struclure.
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(Notation: upper case letters are random variables, e.g., R lower case

letters are specified constanis, eg., k)
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Fig. 3.2 Q@zﬁ@%exﬁy faclor, C,, for the ideal sysiem in which all members have
the same (marginal) failure probability, P[7, . For the general problem
ranges from 1 1o approximately 1+ 5 P{F 1/ PIF,].

i




LdfELEILI G TIP3 7

F%‘i RQ
>
S MODEL L ]
e ﬁ; g
- ﬁz o

a) Real Structure

b} ldealized Paraliel
(Two Dominant Members)

Structure

Fig. 3.3 Hedundan! Struclure. (See Fig. 3.1 for definitions and notation.)
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a} Two-Member System b) Muiti-Member System

Fig. 3.4: Failure-Sequence Trees.
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Fig. 3.5: Several Simple Allernate Member Force-Deformation Assumptlions.
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Chapter 4

SOME ILLUSTRATIONS OF STRUCTURAL
SYSTEMS RELIABILITY ANALYSIS

The purpose of this chapter is to illustrate the application of structural sys-
tems reliability analysis through two case studies. In addition we begin to gain
insight through these examples into the kinds of questions and what kinds of
results the engineer may ask and receive from systems reliability.

4.1 Steel Jacket Bxample.

This example has been presented in sorne detail in a companion proeject re-
port entitled "A Systems Reliability Case Study of an Bight-Leg Steel Jacket Plat-
form” (Nordal el al, 1987). This study was conducted by Mr. Harald Nordal of

tatoil and by the investigators of this project, with the cooperation of several of
the technical representatives of the project. The FAILUR program developed by
Dr. Yves Guenard (1984) was used to conduct the reliability analysis. The struc-
ture is the same one designed and studied previcusly by Lioyd and Clawson
{1983), deterministically but non-linearly. We are concerned with obtaining an
estimate of the reliabilily of this structural syslem when subjected Lo extreme
wave loads. The broader objective is to explore the utility of structural systems
reliability with respect to answering questions about the configuration of the
structure {e.g., X-bracing vs K-bracing), member sizing criteria (e.g., horizontal
bracing), robustness, and sensitivity to various environmental and methodologi-
cal assumptions.

The structure, shown in Fig. 4.1, was modelied as a truss with loads applied
at the nodes. The nodal forces were estimated by applying Lo the truss a 100-
year design wave of 83-fool height and using first-order wave theory. The capaci-
ties of the members in tension and compression were estimated b by conventional
formulas asﬁ;ﬁsi@é for any bias they mayv contain and given appropriats
coefficients of variation. The probability distribution on Ehe loading random varl

le was chosen from current AP! practice as represented in Hoses {1986 fo

‘,..u
2N

5
s

b

the Gulf of Mexico and on the basis of the Judgement of the Norwegian engineers
for the North Sea environment. (With the coefficient of variation and 100-year
value gpecified the median of the assumed log-normal random variable foliows

imrnediately.) Post-failure behavior of the structural members was representad

e s

s the bwo-slate somi-britile members shown in Fig. 3.5 with ductility coefficient,

=2
b




7 ranging from 0.4 to 1. The value of 1 was adopted for tension members and
the value to be used for compression members was the subject of a sansitivity
study.

Hesults. The estimated system failure probability for the Guif-ofl-Mexico-
lovated X-braced platform iz § x 10°% The probability of failure of the mos
likely-to-fail (MLTF) member is considerably higher, 4 ¥ 1075 That is, the sys-
tem as a whole is found to have a failure probability of about 25% of that of the
MLTF member. In different words, given that the MLTF member is overloaded in
the intact structure, the probability of system failure is oniy 25%. In the terms
of Chapter 3 the product {7y /Ay is 0.25. The probability that some member, iLe. .
at izasi one, is oversiressed in the intact structure is 11 x 107°% or about 3 times
larger than that of the MLTF member. In the terms introduced in Chapter 3,
this implies that the factor C is equal to 3 for this structure. [ ividing this fag-
tor into 0.25 we conclude thal the A, redundancy factor for this structural syg-

tern is 0.08.

Given the large number of statically redundant members in Lhe sysiom
{Fig. 4.1}, we must conelude that the coefficient of correlation among the
member-failure margins is quite large. This is confirmed by observing the rela-
tively large coeflicient of variation of the applied base shear {the random vari-
able which serves to scale the spatial load disiribution): its coeficient of varia-
tion is (.07% while the member capacities have coefficients of variation in Lhe
10-15% range. The implied correlation coefficient among {log} member-failure
margios {Eq. 3.7) is in the order of 90%. Inspection of the probabilities associat-
ed with various branches and paths on the failure tree for thiz particular strue-
ture shows Lhal the most Hkely member fatlures are in the vertical A-bracing of
the bays at the second level of the platform. The MLTF member is in fact a
compressicn brace in one of these vertical X-braces. Given failure of this
mernber, the conditional probability of failure of the subsequent maost-likely-io-
fail member {namely a compression brace in an adiacent beni) is more than

30%. Looking ab the several most likely failure paths, one concludes thal bhe

L

general failure progess in 12 aimost ceriain to be a gradual

members with comparable
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failure probabilities, the conditional probabilities of subsequent failures ars re-
latively large, and there are many faiiure paihs with probabilities comparable Lo
that of the most likely failure path. Most represent minor perturbations of the
order of failing of these third-level bracing members. Therefore their unions are
highly overlapping and it is not surprising that the probability of failure of the
systern {the union of these paths) is little different from that of Lhe most likely
faillure path.

Site Studies and Parameter Variations, If we change the location of the
siracture to the North Sea where the load coefficient of variation is smaller (in
the study 23% was used in place of 37%}, and adjust the median wave height ac-
cordingly {such that the 100 year wave is siill the 683-foot design wave), then we
find of course a much safer system, The system failure probability now is caleu-
lated to be 1 % 107% The MLTF member has a failure probability which is much
higher than the system value, namely 1 x 1077, implying a CuRy of 1072 lower
{better) than that found in the Guif of Mexico structure. This coincides with the
conclusions drawn in Section 3.3 The value of Ly for this structure, however, is
littie changed, implying that the He term itself is approgimately 0.003 for this
structure, or more than an order of magnitude lower than that observed in the
Gulf of Mexico strusture,

Here we find that if we place two identical structures in two different en-
vironmental surroundings with the same 100-year wave, the structure which i= in
absolute terms more relinble (due Lo the less bazardous, lower COV loading en-
vironment} has redundancy in probabilistic terms larger than that of the less re-
hable system. The ¢ term is virtually unchanged i mpiying that the net system
effect Cy K follows closely the behavior of g Recall that #; is the conditional
failure probability of the system given that atl lzast one member in the intact
structure is overioaded, The apparent redundancy is larger in the North Sea 2.
vironment, where the load COV is smaller, because it is less likely that a load

which iz adeguale

members. These conclusions are based, reos

struchures are designed for the same i00-vesr wave load

K- versus X-Bracing, Next we soughl Lo determine the impact of changing
the configuration of the vertical oracing system to K-braced to begin Lo under-

i+

“locally” statically determinate braecing system upon




members was hased on current member-sizing practice in the industry; this rule

le firstrnember failures probabilities and it is therefore

did not lead to comparat
somewhat difficull to make the comparisons as cieanly as one would like in pro-
babilistic terms. Having re-configured and re-sized the structuaral bracing sys-
tem, the calculated failure probability of the MLTF member for Gulf of Mexico
environmental conditions was 1.1 % 167% or nearly iwo orders of magnitude
targer than that of the X-braced svstem® however our primmary focus hers is on
the impact on the system as a whole and specifically on its redundancy. The
systemn failure probability was caleulated to be 1.3 x 1078 implying a Oy f2p sys-
tem factor slightly greater than 10 1.2, The Cp term is little changed from that
in the X-braced system, here aboui 1.8, lmplying that the redundaney factor of
£g is 0.65 in this structure. Comparing and contrasting these numbers with
those for the Gulf of Mexico X-braced system, we conclude thal the K-braced sys-
tern has a system factor, £y Ry, and redundancy factor, Fy ebout 3 to 4 times
worse (higher) than that of the X-braced systern.

There was approximately an order of magnitude decrease in the failure pro-
bability when the S{—:mhbfii‘i}é {n=0.4) compression member in the X-braced Sys-
tern was replaced by an elasto-plastic modei (n=1). These models bound the
correct strut model. Given the greater post-failure flexibility of the failed bent
ir: the semi-britile K-bracved structure, the effect of vhanging to an elasto-plastic
model should be even larger on Lhis systerm. The conclusion is that the mechani-
cal modeling limitations of the simple, binary semi-brittie member are irmpor-
tant.

Horizantal Dracing Sizing. Next we consider the gquestion of sizing the hor-
izontal oracing. These members may play an important role in platform tran-
sportation and launching, bul under the wave ioad they may be lightly stressed
in the intact structure. An interesting guestion in the systems reliablility con-
text is whal iz the horizontal bracing members’ role in the post-first-member-

failure state of the system, when they rmay be needed to transfer lateral loads in

the falled bent into parallel benbs, As

n the heorizor planes sized with a minimum thickness of

A-bracing men

baged on togt o

er iaan those used for




3/8 inch and 4/t ratio less than 60. As anticipated, in the intact structure the

probabuities of failure of these members were many orders of magnitude small-
er than those of the vertical X-bracing members. The forces in Lthese horizontal-
bra

when failure in an adjacend vertical brace took place. In absolute terms these

mmembers and their failu : probabilities increased markedly, however,

values were still small, however. This study concluded that one could completely

giiminate one of the two members in the horizontal X-braces, before these
members would begin to play an important probabilistic role in any of the
fallure sequences. In addition, when the case {see below) of a damaged member
was considered, it was found that a sequence of failures involving the horizontal
dingonals next to the damaged bent appearsd among those that were the most
ce the X-configuration was replaced by a gsimple diagonal,
the horizontal bracing {the sizing philosophy) could not be mueh smaller without
impacting significantly on the robustness of the systemn with respect Lo damaged
verifeal bracing members,

This apparent (uorizontal bracing reduction) conclusion must be tempered
by the limitations of the Hlustrative example; the structure was not designed nor
analyzed for other than wave loads nor did we analvze it for wave toadings in the
broadside direction. This is a good example, however, of a situation in which both
structural anaiysis in the post-failore range and systems reliability analysis pro-
vide guantilalive guidance and answers that are difficuit to assess by more fami-
Liar methods

Robusiness. The final study involves the robustness of the systermn with
respect Lo loss of eritical members due to some unspecified EXOgENoUs cause.
When a third-level bracing member in a vertical bent in the K-braced systermn is
removed, the f{ailure probability of the system increases almost two orders of

magnitude to 5 x 1077, Tailure being virtually assured when the wave is large

encugh o exceed the & member capacily in any of the remaining benis, In

centrast, for the X-braced system, f one critical tension member is removed the

failure probability of €s only aboul one order of magnitude o

N N et -V S -5 iy N . T T v " 5 I
2% W from 1 x 1079 The robusiness of the Ybraced system is betlter with

respeet to the less o
thiz dar system has increass vintaci-structure value of about 0.08

to 0.7, the loss of redundancy in the systern as a whole. The 7 value

3 to sbout 1 reflecting the relatively hi igh stress level

ng frorm the original X,




Unstated, however, iz the assumptlion in the preceding resulls that the
capacity of the adjacent compression member in the X-brace would not be re-
gduced by the loss of the lenzion member. This is likely to be an unrealistic
model of the X-bracing after the damage-causing evenb. Assuming, in conlrast,
that the loss of the tension member reduces as well the capacity of the compan-
ion compression member through the implied tnerease in the unbraced lenglh
{a loss of approximately 20% in axial capacity), one finds a fallure probability for
the system of approximately 3 x 107% or some 30 times that of the intagt struc-
ture. This number is comparable to that {60} observed in the K-braced system
implying thatl the X-braced systern 1s only a little more robust with respect to
toss of this particular {most} critical member than is the K-braced system to
ioss of a2 diagonal. Assuming the damage iz caused by a failing object or boal
collision, the X-braced system may, however, be less likely (o lose its most oriti-
cal member than is Lthe K-braced, which is certain given loss of a bracing
member al all. I one takes the pushover test literally, L2, ignoring the alter-
nating eflect in real wave loads, then he might assume approximately a 50-50
chance of losing either the compression member or Lhe tension member {(but
not both) in the X-braced case, the net robustness factor {(Ba. 2.4} for a typical
bracing bay becomes a factor of only 26, implying a somewhat more robust sys-
tem than the K-braced. {The compression member failure implies only a factor
of aboul 10 in mmerease in faidlure probability; 20 is just the weighted average of
10 and 30.)

Finally, if one consziders the possibility that the X-braced system will be
damaged to the extent that bofh the compression and tension member are lost,
one fnds an inerease in the fatlure probability of the entire structure of a factor
of about 85, virtually identical to the robusiness of the K-braced system with
respect to the loss of a brace.

Conclusions. This particular case study struclure may not be particularly

esizity must be

representative of typical steel jacket siructures.
interpreted with caution. The structural model

N . N
- S O § Yo g
al wouid have LI AT Led the

dezign consideralions

Most specitically, there are no s Lthe siructure in oon-
trast to typical platforms whers some of the merabers whose size iz governsd by

izunch loads alse contribute to the resistance under wave loads. Thess
mambers should be avalabie to provide precisely thab degrse of post-first

ity peaded by a bhighly redundant structure o not only

- % &
mgmbear-y

e
3
el




still higher applied loads

should be expected that

realistic steel jackels will demonstrate much higher system and redundancy

example platform.

portant, relevant information to be gained
from relability analysis of structural svsiems. This information may include
comparisons of different struciural o nfigurations with respect Lo their ahwm te
retiability and with respect to their redundancy and their robustness. ¢ is also
clear thal the measures for making these comparisons in probabilistic termes,
such as the proposed robustness factor, require more study and more experi-

eince before we understand properiy how Lo use and interpret this new tool
4.2 Uravily Structure Example.

The reliabiiity analysis of 4 concrete and steei gravity structure in some 130
meters of water was undertaken by researchers in the Nelherlands {(Wrouwen-
velder, 1985) This study is particularly interesiing here from the perspeciive
that, although the structure is compley, it was demonstrated that relatively sim-
ple mechanical models were adeguale, that the svstems analysis reduced to a
rather simple form, and that even rather crude probabllistic methods (namely
the mean-centered, first-order ar alysis} could yield useful insights into the
behavior and reliability of the structursl zysterm. The struciure is shown in Fig.
4.2 and its two-dimensionsal model in Fig. 4.3, The structure was loaded by wind,
wave, current and dead load. The appropriale mean and standard deviations
were assigned to these loads and to the seversal relevant ca spacily random vari-
ables, {concrete strength, reinforcing sieel st ength, pre-siressing stael
strength, cellision factor, efv.] As an initial approximation, the structure was
assumed to behave 1 oan elasto- -piastic manner.  Several possibie fallure
mechanisms were identified and only one was found to be dominant, a simple

- meshanism involving hinges at the foundation and deok igvel, Le., in

the concrete and s capacily ran-
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ian of the caps acity of the structural system failure mode a8 & whole was found

to be only 11%. The so- calied safely index . f, of this system Was found Lo be 8.8
11 ig impossible Lo transiate this reliab sility measure into a pracise failure proba-

hility withoul more specific sesumplions as Lo the aa;f«;‘if%%}at‘aoa types in the prob-
tern. One can, DoWever, compare this g-level with typleal values encountered in

membe pereliability gtdies, whgre ¢atues of the arder of 3 to 4 are ol UnCon-

Mol

The structure was siyzed using 4 gophisticated non-linear sirac-

1, that includes pxplicitly bot h geometric and phy~

tural analysiy progran By
sical non-linearilies. Two important limit states of system be havior were

either tng concrete or

dentified. The first 18 asspoiated wilh tyield” straing
steel at any peint the second 18 associated with the ultimate strain level in the
concrete ab any point. The relinbility assessime it method was again simply
mean-centgred first-order snialysis  if which the nNecessary gensitiviby
coaflicients of partial derivatives where calculated by straight forward fumeri-

cal means, Le. repeating the structural analysis for, first, the mean-centered
variable values and for, thier, umi«st&nﬁa?é»dzfvia’i,ion inereases in each of the
important random variables. The loading syslem Was presamed Lo he propor-
tional from zerc [or all of the several loads involved. The conclusion was that
with respect to the yield-strain 1nit state only one of the two possible modes
dominated, namely that of vield in the concrete. The fi- Jevel for ihis fallure
mode was 4.1 and the structure had an effective coefficient of variation of 26% in

mode. In contrast, with respect 1O ultimate stral n, governed by ul-

simate stramn conerete, he glevel was b o and the coeflicient of variation of 12%,
agresing very closely with the porresprnding numbers found in Lhe simple

=

slaste-plastic ms—ac%aarzé{za} representaliodn of the systerL

tudy was & gensitivity

Hf the unoertainly in the indivi-
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to whether or not this corrosion will take place at all, as opposed to case-to-case
rendomness.) The apparently somewhal coniroversial azsumption aboul corro-
sion led to the conclusion that this corresion effect contributed between 40% to

1

hoof the models and which of the

B0% of the variability depending upon
filure modes one was considering, The second most dominant random variable
was thatl asscelated with the inertial coefficient, O, , in the Morison eguation. i
was assigned a coefficient of variation of 25% to reflect the uncertainty in
predicting basic siructural load sffects given the wave height. 1t contributed
between 10% and 30% to the tobtal variability in the problem depending upon in
the model and failure mode. (Together these two randem variables contributed
a sum of about 70% to the total variability in ail cases.) The only important en-
vironmental variables contribution was the wave height, which contributed some
5% of the total variability based on being assigned a 5% coeflicient of variation.
{Thiz was the assumed COV for the maximum wave height in 50 years.) The rein-
forcing steel coniributed several percent of the uncertainty of the ultimate
strength mode, but. of course, did not figure significanily in the concrete-yvield
mode. {It had been assigned a coefficient of variation of 8%}, The author states
that the failure mode associated with vield or cracking of the concrete may be
the most important for this system because of the lmplied corrosion effects.

Because only simple modes dominate, the system behaves effectively like a
single member; all system factors (0, Fgo and Cp Ry are unity.

While the systerns behavior aspects of this problem tend to be retatively
simple, due largely to the dominance of a particular failure mode or sequence, it
demonstrates thaet we should be prepared to address rather complex structures
with relatively sirnple reliability methods, when they are adequate for the job at
hand, and that even theses simple analyses can produce results of interest and

significance to the engineer.
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Chapter 5

SYSTEM RELIABILITY NEEDS IN THE INDUSTRY

In this chapter we shall aitempt to identify in general terms many of the
types of problems and situations in which structural systems reliability would
enhance the practice and operation of offshore engineering. Our ultimate objec-
tive will be to compare these needs with methods which are available to satisfy
the needs. The appropriate methods will be discussed in Chapter 8 and in more

detail in the companion report (Karamchandani, 1987).

As elsewhere in the report the focus in this chapter will be on structural
systems reliabilily as distinet from member behavior and as distinet from
me;nber reliability. We shall focus alse in this chapter on safely as distinct from
availability. The word "availability” {sometimes, indeed, the word "reliability" it~
self) is used to mean the fraction of the economic life in which the system is
available and functioning as intended. Many of the methods that we shall dis-
cuss here have been and are used in engineering practice to study availability as
well as safety. Further, our focus wilj be on fixed platform structures as op-
posed to exploration and production facilities. Finally, the ermphasis will be on
failure of the structure, although we understand perfectly that operationat pro-
cedures, accident prevention and many other portions of the process are equal-
ly important. We are, however, interested here in the poteniial interaction
between the structure and giements of the design and operation. For examyple,
as we saw in Chapter 2, we can define formally an interaction between the redi-

dancy of the system, e.g., :;?3. and the inspection guality, }Sj inn Bg. 2.3,

3

We recognize that whether we are discussing members or systems, and

whether we are digcussing deterministic or reliability-based analysis that many
aspects of the studies will have common characieristics, For example, we

fort

in

erent levels of analysis resources and

i

La
understand that there will be
depending upon whether Lthe probier is a comparative conceplual study, & feasi-
bility study, a design and analysis, or an evaluation of an existing structurs that
is damaged. There will be in these varicus sifuations different lavels of complex-
ity in the structural meoteling and analysis, the repregsentation of the loads, and

Because our focus is on system




safety, be it deterministic or probabilistic, we shall emphasize posi-failure
behavior of members and systerns. Therefore, non-linear structural analysis

¥

methods will be used generally, In some cases, linear-elastic stractural ana

pe it static or d mic, may be adeqguabte for the investigalion of faligue and

culties and cosis

erack growth and possibly the consideration of operational dif
trmiplied by first-roember failure,

We shall lock below al three general categories of offshore indusiry needs.
The first is the evalualion of new platform concepts and environments. The

and design pro-

second iz the improverment of existing platform con

g?%
o
F,f...
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cedures, And the final area 1s the assessment of operaling

5.1 Pwaluation of New Concepts and Environments

The search for oil in deeper walers and in new environments such as the
arctic have created an interest in new structural coneapts for platforms. In vir
tually every case new system concepls are constructed from familiar materials
and members, e.g., structural steel members, cables and stiffened shells (huils).
What is primarily new is how these members are configured into a system. In
the same way thatb structural analysts are interested delerministically in how
the new systems might behave, so too should structural systems reliability
analysts be concerned aboul the reliability implications of the new
configurstions. Has redundancy been maintained? Has residual slrength been
maintained? Has robustness with respect to member or local failures been
maintained? What (s the relalionship befween the complexity of the sysiem, its

F

redundancy, and its robustness {as measured by Oy, By and ROR,, for example].
For new concepts, many of the systems reiiabiiity studies might be carried
out &b a relatively simple level. Perhaps, rather crude mechanicval and systems

models mizght be adequate. Une would antizcipate that the emphasis would be on

comperalive reliabilily, redundancy and robusiness, the comparison being with

more familiar existing platform concepts such as stesl jackets For inhis reason

alone, one would want to perform systemnms relisbibiy

mon piatform types. The despewals

t new kinds of load combirn

Thiz is different from what the

may be of inlare
Deeper water implies the introduction of compliant structures wilth their less

dently predictable behavior. Currents and

familiar and hence perbaps e

a larger role. And finally, it implies the strong role of structural




dynamics. All of these elernents have the implicalion that the relationships
belween members and the system, and belween momber safety and syslem

¥
safety may potentially be dilferent from whal we are accustomned Lo based on
the indusiry’s experience. This In turn implies the potential utility of structural
systems reliability to combine and study these various issues,

Uncertainiy. These novel environments and behaviors ray imply the ex-
istence of & significant arncunt of uncertainty. We use the word Tuncertainty”
with care and precision here to distinguish it from randomness, as mentionad
previously, Uncertainly can be reduced with increazed information such as in-
creased experience or more refined analysis and testing. System reliability
promises Lo caplure and display this uncertainty for analysis and decision mak-
ing. Although nol common practice yet in the offshore industry’s reliability ana-
lyses, it is comronplace in nuclear-indusiry PRA praclice to propagate through
the system uncertainly separately from the randomness, and to display at the
end of the study & statement about the uncertainty in the failure probability es-
timatle. '

For novel structural systems we would expect this uncertainty {almost by
definition} te be greater than for existing systems. The importance of this un-
certainty needs io be emphasized in novel-structure planning end decision mak-
ing. Under what circumstances should one build test structures {e.g., the Navy's
deep waler moored semisubmersible or a less-than-full-depth’ prototype). Can
novel structures’ uncertainly be offsel by a meore intense inspection policy?
Uncertainly's importance in novel structures also requires an analysis capability
that permils the comparing and combining of uncertainties from different
members and portions of lhe total system. [t is necessary to update uncertain-
ty {typically reducing it) as new information snd data become available, g8,
test structure or prololype experience, from inspecltion reports of orack
lengths, ete. The need is for an anslysis capability thal propagates the uncer-
tainty in the elements of the problem, e.g,, loading, siructural components, sle.

into the uncertainty in the tolal system behavior. Clearly, for example, a greal
deal of uncertainly can be toleraled in members and Lypes of behavior which

asre not nportant Lo the overall sysiems reliabilih

V‘N«V

This novelly and uncertaintly also suggest the need for careful consideration

of the robustness of the system. Hecause experience is lacking with exactly how

i

the system and environment will interact and because external inspection wil

o

be difficult in deeper wabter, it may be particularly important that one en-
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courages platform systems thal are damage tolerant, I may be useful to con-

sider an analysis in which it is presumed thal, cne-by-one, each individual

ed or eliminated for

o

mernber or portion of the struciural system has been dam
whatever reason, and then to analyze the reliability of the remaining dameged
system. This is an example of the analysis of the systemn due to exogenous
events in an a priori mode described in Chapter 2. The Quantitative Safety Goals
promulgated by the Nuclear Regulatory Commission in recent years have includ-
ed the requirement that one study the safeily of the total plant systern given
that a core-melt accident has occurred for whatever reason. Such a require-
ment puls an emphasis on the damage and/or system impact mitigation capa-
bility of the vontainment structure, the spray systems, operators, ete. The pro-
gressive limit state (PLS) consideration in the Norwegian NPD regulations follows
this same logic.

#e understand thatl the systems reliability analysis should in many cases be
extended beyond the pure structural behavier into operational and inspection
policies. This may interact with the structure itseif in this larger systems
representation. Uperational changes may reduce accidents {p;) or the impact of
accidents {should they happen) on the structural integrity {p;;;) or both {pgy in
Chap. 2, Eq. 2.2). In a novel structure where there is no experience with its
behavior inspection plays a much more important role; it reduces uncertainty.
The long-term reliability of the system may be strongly dependent on the degree
of inspection given a new structural detail such as the connection of a TLE ten-
don to its hull. Therefore, the inspection policy for a novel structure may be an
important integral part of the total system safety analysis.

Many of the concepts of structural systems reliability contribute 2o or have
been borrowed from the larger fleld of systems reliability. The successful prac-
tical application of PRA in the nuclear industry and elsewhere suggest that it

can be a useful tool as well in the offshore indusilry when it explores the intro-

duction of new production concepis such as subsea =y

methods of pipeline construction and des sign. Structures are predomi

passive. Aclive systemn components {controls, valves, human beings, =t} re-

¢

tools,

i#
e

guire, however, very similar sysiems annalysi

All of these elermnents of novel platform concepts suggest the importance of
understanding well the strategy for providing redundancy and robustness al the

fact that complezity in-

¥ y,
zppintions, The

cresses must be remembers



fact that system redundancy decreases if all elements of the structural system
arc in near-perfect balanee under the dominant loads should he kepl in mind,
Alternale loadings such ag those during the construction process may have a

largely unappreciated, but important role in creating backup capacily to share

the Inads under extreme environmental conditions should one member fail The
im;}a‘rtancse of the availability of lightly stressed members cannot be ignored.

stem robusiness may be improved by insuring Lhat damage caused by, for ex-
& & o t=3

ample, ship collisions or cperalional aceldents zuch ag explosions be lccalized
and that alternate load paths be provided. The ability to analyze the impacts of

these system-level strategies upon the reliabi lity of the novel platform should be
beneficial to structural systems designers. The subtle role of randomness and
relative degrees of randomness {e.g., in the load versus the capacity) as they im-
pact element margin correlations and in turn gystems reliability should be un-
derstood. Systems reliability provides the only tools to produce this level of

undtmidr}dms at the stage of novel concept desi Sigo.

2 Refinement of Current Design Practice

Although the industry experience with most of the existing platform design
concepls, most particularly the steel jacket structure, has been exemplary, the
opportunmty to reduce further the cost of such systems without impact upon
their reliability may be important in the current economic environment. I one
has the ability to analyze the structure’s cafety al the system level az distinet
from the member level, it may permit the possibility of changes in current
design practice, Exameles inciude #izing rules for horizontal bracings, the im-
pact of pile foundation redundancies, alternate bracin ig schemes {e.g., ¥ versus
K bracings}, joint capacily sizing rules, eto. Systems reliabl ity might also evalu-
ate and help improve the curreni des sign practice procedures for evaluation of

platform safety. Ueterministio developments have already gone forward in se-

igmic overload criteria, im;h;déng post-member-failure an
dynamic means. The PLY on

s enpr b
SITISNLed’:

ness question. How shouold L bs "éz’:s“v\f el

ity one could analyze quantitative Iy the effectivenzss o

ternakive

The preceding need suggests the requirement for effective cost-benefiterick
analysis possibly mmg forraal mathematioal programiming or optimization pro-

aircraft and

actice in aeroEpacs indusiry

Such techn




oy 2 deterministic basis and Lheir

Bitistic conbext, ag well

At the hroasder level, one can identil

able to trade off the cost of operation chianges

their impact upon system reliability. Thal impact might be upon sccident oo-

currence rate, accident impact mitigation and even member sizing where fa
tigue and crack growth are critical.
The industry haz already ra ation of

probability-based, lvad-and-resistance-factor

The developrnents to dale, however, have be con-

siderations. Structural code development has beon sensitive Lo

gystem-level questions; buckling criteria, for exmmple, are seporaled wnio pri-

ize that duc

mary and secondary members: reinforced conere

Ly . e -

Lty will permit moment distribution different from bhe simpie elastic sstimale;

seismic Bullding codes distinguy between more brittle systems and more duc-
tile systerns. All of these consideralions bave, however, been included in the
code on the basis of qualitative experience and judgment. There is need Lo com-

plement the current member-hased code development with systems reliability
analysis. It could provide the quantilative information to delermine the cir-

val oriteria should be modified

cumstances under which conventlonal member-
to refiect system implications. One can envision a system factor contained

within the resistance or load factors of current probability-based design code

g

formats. We know from our discussion in Chapler 3 that faiiure probability

complexity and system redundancy. A

T}

tevel of a systermn depends upon sys

systern factor in a code would penalize a more co iplex and less redundant sys-

tern and, vice-versa, reward the less complex and more redundant systern. How

function of

=

of such a gystemn faclor and as

Lo praciically develiep the

what easily identified system and load characteristics is a mnjor open gquesiion

today.

i

wsitive” code should

oo

endence of load factors,

tion updaling procs
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5.9 Assessment of Operating Platforms
Many indusiries have learned that evaluation of existing structures is one of
the major poteniial areas of benefit from reliability and specifically from sys-

terns reliability. FEwamples include the darmm safely management program in the

U.S., re-evaluation of the inventory of existing highway bridges, and retrofitling
problems in the nuclear power plants indusiry where new experience and indus-
try accidents have enforced the need to re-evaluate cperating planls. The sim-

ign concepts {e.g.,

plicity and conservatism of upper-bounding, deterministic &
the probable maximum earthquake) may be tolerable when one is preparing the
design of these systems. With re-evaluation there may nolt be the margin for

x

such simplicily. Further, there is less professional experience with and fewer

mient, and damage impact

time-tested procedures for re-evaluation, re-a
prediction than wilth new design. All of these areas suggest Lhe need for systems
reliability application.

Earty Generafion Platforms. With the maturity of the offshore industry hzas
come the question of dealing with older offshore structures. Whether it is a sin-
gle structure or & group of structures, the guestion of the assessiment of the
current stalus of the salety of an old structure is a difficult probiem. The level
of information may be low and the cost of obtaining that information may be
high and unwarranted. The status of the capacities of various members ray be
pighly uncertain. Other new issues may exist in the syslems relability quesiion
of old structures {(and more generally any existing, operating platform). For ex-
ample, all the members in the systemn have been exposed Lo a comparable en-
vironment, e.g., comparable corrosion levels uniplying high levels of member-to-
member correlation in the capacity reduction due io corrosion. There are cer-

+

1 aspects of the problem that are betier known for existing structures than
for structures at the time of design or concept development. For example, the

degree of marine growth and more generally, the characteristios of the local

i tale i the

‘ing environment including wind and wave leveis are better known

ife of the strocturs ihan before ife consiruction,

tions in uncertainty Lo demonstrate comparable safety levels late in the life of
the systern compared with those when the designs were only on paper. These
guestions of {ife extens

4

L
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should enhance significantly engineering judgment.

He-dsgessmments. Somewhat

e behavior of sueh

ion aboul

rmust be re-evaluated in the light

structure or new informalion aboul the lvading environment., Sysiems re

by analysis has proved a uselul bool in such cases. The intreduction of

tems with as vel unobserved bhohav ey lead Lo an

such re-evaluations in this industry, ¢
alled upon to find levels of system capacity

- P
methods wers

exploited during the original design
justified.

A somewhab similar re-evalcalicon may be required when the owner wishes to
upgrade the use of an existing platform. For example, he may wish to increase
thie working loads on the operaling decle. Again, it may be possible Lo use more

bal the rcliability of the system as

Py

advanced analysis melhods to demonsirete

& whole #ill be ad&equts& i the new operation is permitied. Ip parli can

agein 1 this siluabion lake advantage of the reduction of uncertainty that has

Laken placed in cerlain elements of the problem since the siructure has passed

not sucecessfyul the

from a paper design o an in-place reality, [f this approach i
methods may be used Lo minimize the cost of alteration to the structure o
achieve the upgrade.

Damaged Structures. Undoubtedly, one of the most important needs in the

indusiry is Lo assess the implications of dameage Lo an offshoers structure. This
¥

zvalualion may be needed & priori for example, when & considering

wve inspection policies ag discussed above. More commonly, it Is necessary o
posteriori when the occurrence of damage Lo the systerm leads to the question of
whether cne needs Lo abandon the platform, repair or alter it {now or isler}, or

simply wabeh o through more inten stion i3 what has

been the impact of the damage on it}

nulation of thiz guestion was discusgsed

the reliabilily,

may be exg

strate adeqg
may invoive a very detalled analy




tions of the increased information, might be effective in demonstrati ig contin-

ued systern operalion without significant systern
modification is necessary, the effectiveness of alternative repair sirategiss with
respect to the syslem’s safely can potentially be better svaluated through relia-

bilily based analysis.

5.4 Summary

Reviewing all of these classes of needs &t the varicus stages in the life of the
platform in which they might apply, we come to the conciusion that the rEquIre-
ments upon structural systems reliability in the future are very broad and very
heavy.

From a mechanical modeling point of view it is clear that Lhere should be
systems reliability procedures capable of paralielir i 2l the deterministic strac-
tural mechanical analysis levels. This ranges from simpiified mechanieal modeis
thrahgh typical design level analysis to advanced spreialized studies. The
mechanical modeling problems include: structures and soils: statios and dynam-
ies, both linear and non-linear; high- and low-pycle faligue; and botlh discrete
and continuous systems. We can see the need for both typical Lruss and frame
structures as well as continuous models of structures, and even finite element
analysis representations.

Similariy, a variety of loads modeling needs exist. They include many load
types: wave, current, wind, seismic and ice, at least, They include both the slai-
e and dynamie frequency ranges for structures with a broad d frequency range.
They include short-term, e.g., within wave and within storm, and long-term
needs, ¢.g., storm- to-storm and year-to-year.

[=

Une can see the need for specialized procedures for routine apnlicalion to
P L

relatively narrow classes of structures, c.o. statie araivsie of steei jackelbz, and
,£

1at could be appl

& broad

ling guestions, there is an svi-

dent : rocedures that include inspy operation issues ay weil as
accide the ability to represent numan factors and policy as-

and/or optimization procedures would be useful in o
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broad set of the applications nseds discussed above,

re g a

A recurring theme in the thres seclions above was uncertainty.
need o assess uncertainty quantitatively and sccourately, and alse to update 1t

L of thi

in the face of new information. The treaim s yneertainty should
ried along in parallel wilh that of the randomness in the loading and material

properiles.



Chaptler 8
STRUCTURAL SYSTEMS RELIABILITY METHODS: OVERVIEY

the methods currently available to compute the re-

This chapler address
Hability of structural systems. It is worth repeating thal cur focus continues to
be on the issues that make structural systerns reliability unique. As with

member-reliabilily analvsis, there are many uestions such as computational
3 ¥

techniques for the analysis of large numbers of random variables, treatment of
uncertainty as distinet from randormnness, randomn vibrations, fatigue, eic., that
must also be addressed in the systems reflability problem. In particular, we
nave in systems reliability the need for efficient computiation of the probability
of evenis asscciated with the value of a function of a large number of random
variables, e.g.. a member safety margin being negative {or member failure oe-
curé}‘ We also shall, as the methods advance to proper treatment of multiple
tvads and of dynamic responses, have need for stochastic process analysis, Ag
we have discussed, questions thal become specifle or particularly critical to sSys-
terns as opposed to members include the specification of post-Taiiure benavior of
members and non-linear analysis of large struciures, and Lhe {probabilistic)
treabment of intersections and unions of failure events associated with individual
members or components, both in the intact structure and in subseguent
"partially-failed” states of the system. Indeed, the refalionship betfween the
states of the members and the state of the system as » whole is & fundamental
concept i systems reliability,

The analysis of the reliabilit y of a structural system requires three major
steps. The first is the specification of the mechanical behavier and loading
models. The second is the development of the relatior iships among events and
arnong the random variables in the problem. And the third is the cornpulational

its particular feaiures bul each ales has the

step. Each of th

t for purposes of engineering analysis simplification and ap-

proyir may be mads. The first b of ihe mec
muodel and lvad model may appear obvious, vei, it has besn the author’s gxperi-

ence in reviewing literafure in systems reliability in the past year that this par-
ticular step has not in all cases been given proper care. The precise mechanica)l
and loading assumptions being made by the investigator of a problem may not

,.

gsecond step was illusk i Chapter 3

altwavs have be
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particular cases; for example, the iruss in Figure 3.1, The event

failure” for a statically deterrninate siructure was f(}uz’zd Lo be the
member failure events {(Eq. 3.2) and each of these in turn could be writlen in
terms of an event involving a function of two random variablies, namely the ioad
tevel and the capacity of that particular member. We saw in Section 3.4 thatl the
events specification for the sequence of failures in a statically indeterminate
structure could be simplified, Eq. 3.18, for the purpose of facilitating their fore

mulation {and computation). The actual compulatiornal and numerics] schemes

associated with step three, with caleulating, for example, the probability of the
union of the set of intersections associated with an equation such as Hq. 3,10
are not trivial; suffice it to say, the difficulty of doing so well has only recently
been surmounted and the computation not unexpectedly involves its own set of
approximations. The engineer is familiar with mékmg mechanical modeling and
lvading approximations for purposes of simplifving his analysis, coniinuacusly
making Judgrnents as to their adeguacy for his purpose. Precisely the same

£

kind of reasoning must be made with respect to the treatment of the second and

third steps. of event sgpecification and computation. in svstem reliability

.;

analvsis.

8.1 Discrete-Staile Syulernn

In Chapter 3 we studied the formuiation and the behavior of systems thal
could be represented as shown in Figures 3.1 and 3.3. They are characterized by
& single, scalar random variable to represent the load or load system and by
members whose capacities can each be described by a single random variable.
Further, the structures were assumed to be linear and elastic when intact and
ihe post-failure behavior of the members was characterized by ithe force-
deformation diagrams in Fig. 3.5. Their lorm implies that, as the load is ir-

(‘ H

creased monctonically from zero to its final {random) value S, a failed member

can simply be dropped from the structure, being replaced by its post-failure

force, nH and a new {"partially failed”} &

i

We saw that

for this modsl b
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with a particular seauence of member failures. For bhis class of rablems we
1

were abie to represent the system-failure ovent in lerms of a univn of intersee-

tion of member-failure events described by BEg. 3.8 i event in the right-hand
side of that equation represents a braneh i the ordered sequence of member
failures, Ziubs«aq vently we saw how these events could in turn be represanted in
terms of safely margin variab e.g, Eg. 3.8, which in turr could be reprasent-
ed by the load and ?ﬁ{ff?lbé}i’“(fiﬁ@&{:ity randoers variables such as Ege, 310
through 3.12. We shali not discuss the computation of the probabilities of Lthese

tinn is simplified i the

events beyond recalling (Section 3.4} that that comou!
events themselves are simplified by ég'ﬁariﬂg what we ¢all the ordering events,
{such as (M7 <HF)inBq 3.9), in the individual br anch definitions.

This particular class of structural retia bility problems can be characterized
more generally by the load can be represented by a single random variable,
even though it may reflect {scale) a spatially distributed patiers of loadings on
;ain%s or members; the load is assumed to increase m onotonically from zero to
the random value S the individual members pave capacitics represented by &
single load effect (e.g., axial force or moment): the mechanical behavior of a
mernber can be represented by two states, referred to as the infacf and the
juiled stafe. (In the latter state the member has no stiffness). The implication
is that the system itself has a finile set of states, each represented by a combi-
nation of binary states of all the members. Jt ig further implied that there is a
finite set of {ordered) seguences of member-state changes or failure ssguences
by which the system can pass from its initial intact state to its final failed stake.
in different words, the failure sequence tree (Fig. 3.4) has a finite number of
branches at each node and, therefore, a finite number of paths through the tree.

Searches. Perhaps Lhe most effective current available methods for large
scale structural systems reliabilily are thoze thal address this particular class
of structural reliability problems. Tt has been studied by many authors {e.p.,
Murolsw, 1983 Mosss, } 852, Hermeft gnd Ang, 1888 Thoft-Christionsen, J A
Melchers and Tong. 1984 Guenard, 1884; Hjerager, 1884; ete.). Several com-

puter programs are available to estimate the refiab

Boge l

be modeled in this wavy. r from au-

somipuiaiion procedures

thor to author. They virtually ail, however, have the following general charace

teristics. All the authors replace {irmplic - failure sequences by

‘oh through the

the failure path approximation {(Section




iy very large number of fallure

guence or path is one with a rela
wants Lo restrict the probability computations to only one

of the failure sequences; the calculation of the probabilil ¥

thie sequence of member failures and then of the union o

miay be relatively costly and only recenlly was accuralsly eslimated.

Many different schemes are available for more or less

1

@
thirrough the iree to ide m;f} the more Likely failure paths of this structural sys-
tem. The simplest method simply replaces sll random variables by their mean
values and conducts a deterministic analysis, incrementing the joad from zero,

identifying the {unigue} sequence of member failures,

the dorinant sequence {(e.g., Moses and Stahl and
effective schemes attempt to identify at each step (i.e. node

in the tree), the member which is most likely to fail that

ohwsen branch to the next node, repeat the provess step

state is reached, and ccllect this sequence of member

I

path. The estimation of "most likely" at each node is based on a marginal calcu-

lation {i.e.. P[##*)=0]), on a ("first-member-and-nexi-member’) double inler-
section {e.g., Murofsu, 1983) orona complete stalement such as the condition-
al probabilily of failure of the next member fsilure giver all the preceding

member failures [Guenard, 1984). In contrast to Guenard's formal brancl.-and-

bound (look-back-and-ahead) algorithm that the most likely

cting a2 the "dom-

palh iz found, the search lechniques are largely ad b &
inant path” a path of unproved superiority, This banefl 2y or maey not be im-
portant to the final accuracy,

Intersections end Urdens. Unce a proposed dominant sequence of failures
>r sel of sequences) has been identified, the next ob

ent defining the intersection of the individual events in this sequence in terms

of the random variables

, whose margin can

= and load random

f-

el



fact, mstorically, the tree searchas through complele, ordered failure se-

guences were introduced slrnply to facilitate identifying s‘sioahasiicaiiy dominant

plastic collapse mechanisms from among the many such mechanisms thal

R i
FEa! LA L

for a large structure. {This fact, coupled with the relative insensitivily of both

P S

linear and elasto-plastic strucltural analysis to the details of ‘path” by which

find in the structural systems reliability literature, particularly with respeet to
stalernent of mechanical modeling assumptions and the limitations of the failure
path approximation.)

For other than the ductile case, however, the entire set of intersections
{i.e., the entire sequence of member failures, no just the last) must in principle
be considered. In recent years it has become 1 possible to calculate approximate-
ly the intersection of a number of events each involving a function of a vector of
raz’zdpm variables, ie., the probability of a failure path. The successive improve-
ments of this scheme are identified primarily with the Technical University in
Munich [Hohenbichier and Rackwitz, 1983; Hohenbichler ef af, 1985). We do not
intend here to describe the computational techniques involved, they are wel] do-
cumented elsewhere (e.g., Hadsen, ef al, 1886). Finally, many of the more re-
cent methods for solving discrete systerns under scalar loadings have searched
for not a single dominant failure sequence, but a set of two or more such failure
paths. The final step is then to calculate the probability of the union of this
identifled set of sequences, which are, in turn, intersections of member-failure
events. Here again recent computational schemes have made it possible Lo ob-
tain quite accurate and efficient estimates of the probability of the union of in-
lersections of events thal are in turn functions of a vector of random variables
{e.g.. Ditlevsen, 1979 Hohenbichler ef al, 1985. Hadsen et wi, 1986

HMultiple loeds. The class of discrete systemns reliability analysis can be ex-
tended Lo multiple random loads, at least under certain limitations. Many real
problems involve two or more random loads, e.g., gravity loads {t‘%aaé arl spera-
tional deck loads} and {largely] horizontal wave lpads. The simplest model of
such a problem, one often seen in has a single random

variable scaling & {deterministic} spatial . representing each load type.

The loads are said Lo be time (nvaria sly aciing.
Unfortunately this is an incomplete specification for systems reliability,

specify the load path, a description of the relative rales at which the

stale thal the two {random) load

applied. For exarng



levels will be achipved by proportionally moreasing them from zero, Or Lhe dead

= load. Althourh opl iy rec ently well apore-
i3 Fy

eiruet

toad was applied first and then Lhe wa

is srsentiall it s oa gl

matter to ¢

realistic structural problems in which the final values of Lhe {two, say) lcad
values are the same, but depending on the load path the structure either failg or
does nol. Simple stability and uplift problems are classic exam iples; members
wcaded in tension by one load and in compression by the other are common in
large systems {e.g., the tension member in a vertical X-brace),

For the structural behavior represented by the model in this section, the

analysis technigues can be applied without modification provided it is specified
that the load path is proportional frem zero {(Karamchandani, 1987). This
specification insures that in a gross sense Lthe loading is monotonically increas-
ing. As individual members fail, of course, this condition may not hold at the in-

1

dividual member level. This is true even under a single load, of course. As men-
tioned above, the mechanical model and load event assumplions must allow for
Lhis possibility, if only by stating conditions under which the analysis may not
sirictly apply {e.g., elastic unicading of already “failed” meinbers, failure of ad-

ditional members during the "unloading” of a failing brittle member, ete.}.
Another wey in which the model may be used is £6 specify a random set of
load paths, each of which can he characterized in its intensity by a single ran-
dom variable. Fach path might be a {one-to-one) function such as Sgz=h (S))
with 5y specifying the load level After substitution of Sy by A (S,) only the
scalar .5, would appear in the reliability anelysis. The anaiysis® would produce a
system failure probabilily for each path in the set, ¢= 1,2, . 5. The final step is &
weighting of the failure probabilities oblalned by the likelirood G? each path
function. Note that this approach may be a natural one in cases when differant
Ioading scenarios are envisioned, it could even be used, rather awkwardly, Lo

ding to a raendom point {5, 85 in load

o

reproduce the case of proporiional |

s |

o
space by transforming the joint disiribution of &y and 5 inko polar coordinates

=3

384

i”ﬁ

{O.R). discretizing into a set of directions €, G;... 8, and representing the |

¥ by the lengith & with ¢

inten stribution, Fris, - For each 8 | the tws lnads
would be gubstiicted in the analysis by 8, =Rcosf, and Se=Hsinf, again reduc-

ing each systems analysis to a scalar load problem,

¥ Strietly only the failure path meihad,
F




Sy first, and out of each success-branch end node appends a second tree associ-

ated with next incrementing &, The size of the total tres expands rapidly of
course,

In short, even so-called time-invariant, simultaneous raultiple load cases
must introduce time implicitly through the specification of the load path. Expl-
cit treatment of {statie} time varying muitiple loads on discrete systems has re-
cently begun to recelve sustained allention (Guers ond Fackwilz, 1886 Wen and
Chen, 1986) vie ouicrossing anzalysis. One can visualize the trace with respect to
time of (§,(£).5,(¢)), starting from the origin, passing from the safe domain
across the particular segment of an  overall intact-systemn g %function
corresponding to first-failure in Member k& |, followed by an updated, damaged
system g-function, g%, ete. The tree structure remaing; the analysis of each
member-failure event {each branch) increases significantly.

Conclusions. Many of the methods of analysis of Lthis class of discrete sys-
tems are discussed in much rmore detail in Chapter 3 of the companion report
by Karamchandani {1987). Two of the more popular methods are denoted
Member Replacement Method and Incremental Load Method; they are effectively
equivalent in many respects. As they bave been applied in the literature, the
former method has the advantage that it permits one to use the search methods
that utilize more than the marginal probabiiities of fatlure of the next rmembers.
The iatter method has been suggested for somewhal more general structural
problems {e.g., Moses and Stahl, 1978).

These methods have proven themsslves computationally fast and efficient:
it is possible, as was demonstrated in Section 4.1, to carry oul reliability asscsse
rnents of large-scale offshore platformes with these methods, As mentioned, they

[ )
£

suffer from several approximations i f
P

tation whose implications are not fully known

[

‘he mechanical modsl is, nowever, & sevare limitation: alibough it is used in
praciice, it is not state-of-the-art nen-linear, static pushi-over analysiz, The

single-failure-force (e.g., axial) and the binary, semi-brittle posi-failure model

The methods ars subject, how-

£y

are Loo simplisiic for many practi

ever, Lo generalizations. Several authors have ineluded approximate {elasio-



plastic) axial-foree-moment interaciion treatments (e.g., Thoft-Christionsen wod

Murotsu, 1988). The semi-brittle model is a more rigid constraint. The key

characteristic of Lthis meihod is, however, nol the binary member
finite number of sequences and the finite number of state changes within a se-
quence. it appears therefore that one need not in principle Hmil the number of
member stales to two., Multi-siale members will imply some incresse in the

Bul the benefits

cempulalion because of the increase in the size of the ir
that might be derived from multi-state members are a marked improvement of

the mechanical modeling of the post-failure behavior of the members.

6.2 Continuous Systems.

In many circumstances the approximate mechanical and/or loading models
discussed in Section 6.1 may be considered inadequate. It appears not to be
possible then to wuse the efficiency of the discrete systemn  (union-of-
mtersections-of-functions-of-random variables) format. For example, as soon as
the force deformation diagram of a single-member is essigned a smooth curvi-
finear function, it no longer has a finite number of states: hence, the system
does not have a finite number of states and one cannot identify the tree-like
structure that characterize discrete systems. In still other situations, even
though the discrete models above may hold, one may find that computation
methods other than those in Section 8.1 become preferable, for exampie, when
the number of member states becomes extremely large. There exist a wide
variety of alternalive computation schemes, many of which are quite general.
The major difficulty with all of them is one of computational cost. We present

2 with variations

next Lwo broad classes of these more general methods, toge
designed to make them more cost-effective.

Simulation Methods. The most straightforward of sueh melhods is ihe

Menfe Caric technique, which simnly fixes all the random variables al .
sipulated values and then condusts a convenlional analysis of the

(delerministic) structural system problem. The results will include realizations

3

of member failure events {or not), sequences of failures, ete. {if indeed such

discrete representations are meaningful for the systermn). Note that & realizatio

3

of the load path is alse implied; there is no resiriction on how complex it might

be, The gsimple conslusion of thisg anziysis is eilher thal the svsiem has failed or
that it has not falled, Le., the sulcoms is & E¥siern Success or systerm failure,

C?i‘ﬁ
s



The probability of failure is estimated as the observed fraction of failures in a
set of experiments in which this simulation of variable values and structural By~
temn calculations are repeated many times,

There are various computational improvements to the method that incre ase

»f confide:

Lo some degree its efficiency, £.8., they provide the same de

in the final answer with a smaller number of samples. The com— oy

tic of most of these more effective, so-called variance reductio,. .
one must have (from sorne exogenous source of information) ¢ L. tter ides of
where to "look for” the failure event in the space of all randon: v.. isbles, A pri-

thods are dis-

mary example is the so-called imporfance sampling. The:

3

cussed in detail in the companion report by Karamchandani 7 G567

The negative side of these methods is recoginesd whe . wo realize that typi-
cal failure probabilities of interest in straciurs reliabi s are 1070 or less,
Numbers this low may require 10 samples (including 10% s oo lural analyges) in

Practi-

order to obtain a satisfactory degree of confidence in |
cally, the variance reduction improvements can ab best reduce this number by a
factor of perhaps 10. It should be pointed out that in many probleme i may be
that the structure behaves well within the elastic range for many of the
thousands of samples involved. {The variance reduction technigues, on the oth-
er hand, will produce a large ¢ proportion of non-linear runs, negating in total cost
some of Lthelr apparent savings.}) These simulation methods have the benefits of
being simple and direct and being easily used in companion with existing struc-
tural and leading analysis programs of the familiar deterministio type.

feduced Spoace Melhods, We discuss next several rather general methods
thal are under current inves Ligation by a number of researchers in the structur-
al systems reliability area. A comrmon characterisiic of these methods is the
reduction of the space of multiple random variables X o a reduced set. Let us
consider & subset X, and the rema ining set X, For specificity in what follows,

ssume that X is in fact simply & scalar variable, X, and more particu-

is & Ioad intensity variable. In efeclive appications this might he
the most important or dom cural leading, e.g., the total base shear

dae to the extreme wave. The reader van sas Hy generalize the discussion below

to the situstion in which X, is a (typically smail} vector, a subset of the total

3
"
2
]
g

ector X In whal folipws, we will simnply sketeh the general patterns of sev

these methods; more details can be found in O




nize the flexibility of methods that are under consideration and hAelp him, when

reading specific papers by other researchers, Lo
used as perhaps falling into one of these general calegories,
in discussing these general methods it is useful to think of the exigt

& system g-funciion, g (%), of the vector of random varial

The function need not be uniguely defined; its only nece
that it takes on the value zero at the interface between the safe domain and un-
safe domain in the multi-dimensional space of the ¥ vecior, nsgative values in
the upsafe domain, and positive values in the safe domain. For a member Lhe
salely margin, K-S, is such a [unction (of X =F. capacity, and Ho= 5, load
eflect, for example.) For complex system reliability problems the function is
primarily only of conceptual value. Typically, it can only be implicitiy identified
because it normally takes a (deterministic) computer algorithm to evaluate sys-

tem failure or not-failure given a set of values of ¥

.
in the systems discussed in the previous sections, for example, g (X) would
represent the union of intersections of the member-failure-events, in this case
one can visualize g{X)=0 as an envelope of the union a set of intersecting
curves, Fig. 6.1,
In the first method, which we will call simply Method A, the Brst step ig Lo
fix the value of X, at one of a small set of pre-selected values 23, i=1, 2, LU ¢

wiich N is the number of values o be selected. Step 2: & Monte Carlo analysis

is run on the ¥, vector, selecting N, sebts of values from the condifionn! dis
tion of ¥ given X, (in many cases X, may be chosen so that X, is in fact in-
dependent of X,, simplifying this distribution). Step 3: with the selecled Ay
value and for sach of the sets of sample X, values, onz conducts a conventional

structural analysis to determine whether the structure fails or does not fail

o

The result after ¥, sets of Xy values is an estimate of the probability of failure of

L3

the system for that seleclted value X, :xé‘ ﬁie@at%imm cver =1, 2, A, vields
points on the funcliion 7, (x%}, Le., the probability of failure on the systern con-
ditional on X, =2%. {In some reliability s ig referred to ay & sys-

Lo frogifiy funciion, i indeed X i3 a dominant loading variable: this is, for ex
i &

ant seismic reliability analysis communi-

S

ty.) Step 4 one caleulates a net system failure probabiiity by integrating this

last function weighted by the probability disiribution (density or discretized

rnass funciion representation) of X, over all z, values.
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This melhod is particalarly effective if the probability distribution of Ay has
a relatively large variances, implying that its probabilily density function (PDFY is
refatively slowly varying over the range of z, values in which the conditional Sys-
tem failure probability, Py (z,), passes from near zero to near one. This flatness
of the PDF has been found to be the case under loadingz such as the seizmic
load where the coefficient of variation on the peak ground accelerabion ey
exceed 100 percent. In some offshore cases we may expect the PDF of wave load
effect {if not maximurm wave height) to have a reiatively large variance: this was
observed in the jacket illustration in Section 4.1, In extreme cases, such as the
seismic case, the system fragility function can, to a first approximation, even be
repiaced by a step function from zero Lo one at the value of z; corresponding to
50 percent level of Py {z;}. In this case the systemn failure probability is approxi-
mately equal to the probability that load variable exceeds that median z; value.
A distinguishing characteristic of Method A is that one must conduct several
Monte Carlo analysss, one al each of the values of zt. Appropriate sample sizes
N; change as a function of where one is on the fragility curve. Importantly, they
may be very small (on the order of 10} near the median, which may be the most
critical area if, as discussed above, the variance of A is relatively large. As one
passes toward the tails of the system fragility curve one would like targer sam-
ple sizes to obtain the same standard error of astirnation; one may often
tolerate, however, larger standard errors of estimation u: these tails and hence
not such large increases in sample size as one might anticipate. To take advan-
Lage of these polential savings (over, say, simple Monte Cari@}, one must choose
Xy well, and one must know in advance or by clever sequential searches just
where the median and fails of this fragility curve lie, i.e., what values :zr'é to
choose. Structural and reliabllity experience can be = prime source of such in-
formation.

The second method, Method B, uses the same A; and Xy sub-vector ap-
proach discussed in Method AL It has the foliowing steps: Step {1 ons simulates
from the distribution of the sub-vector Xy & set of values xX for k=1, 2,8 in

Y

which N is the Monte Carlo sample size Step 20 for each sel one conduct

fsd

search over the X, axis to find the value z%° where the system is just on the
verge of fatiure. Al Lhis point we would say that lhe system g-function, g (&Y,
#quals zero. Step 3 the probability of failure is caleulated condifional on the
specific selected set of g, values, Le., x¥. For the case in which Xy is a load ran-

dom variable, this can normally be done by evaluating the srobabil ity that ¥,




takes on a value larger than %' In words, this probability is the conditional
complementary cumulative distribulion function of Aygiven . {We noticed in
passing that if X, has indeed been selected to be independent of ¥, vector, this
iz a simple caleulation, } Let us call this value }3» ck=102,08 Step 40 ons can
rrow estimate the system failure probability by simply summing the conditional
probabilities of failure just identified ang dividing the sum by N,

Some particular applications of Lthis method (Esteva, [885; Bjerager, 1886}
have taken advantage of the fact Lhat the X vector can be transformed ints a po-
lar coordinate representation, fe. in terms of vector length, &, and a set of

he length K plays the role of X, . If

iy
i
i

direction angles or direction cosines,
further, the ¥ vector has first been transformed into U, a normalized indepen-
dent Gaussian vector, then the direction cosine vector {playing the role of X in
the description above) is aniformiy distributed on the unit sphere, simplifying
its simulation, and the length 7 is independent chi-distributed {with n~1 de-
grees of freedom, being the dimension of vector X 1, simplifying the calcula-
tion of the probability of failure given the value(s) associated with the
transformed) g-function belng zero. The price paid for the simplicity on Lhe
so-called directional search method is the enhanced difficulty of carrying out the

search in the transformed space.

The basic characteristic of Method B is that, relative to simple Monte Carls,
one gains a much greater amount of information with gach realization in the
sirnulation because one searches for z§" and obtains a failure probability }jfé for
each realization (as opposed to obtaini ing nothing but & 6 - 1 {binary} observation
as ln simple Monte Carle). Given more information per realization it is not
surprising that one can reduce the size of the sarmple, vis-a-vis simple Monte

oy e

Carlo, necessary to gain comparable confidence in the estimate {e.g., 95%
confidence bands of the same pereentage in width), The price s paid, however,
ln the search process; the structure will have to be analyzed for several to many
Mente Carlo realization in order to identify {at

least approgimately) the edge of Tailure surface, ie., the value of x5

different values of z%

such that

zs bhig

the g-funetion equals zero. In some c:

't oniy a st

maental load application,

The third method which ws will zall Method C
£

nigues. Step It szelect set of values from the entire vector X (These values may

erred Lo as ezperimental design. Step

be selected by simolabion or by what

Le the v

2 of valizes, }{ T, Sall

2 for each s



tem g-funciion, g{X). Step 3: using a a technique of linear or non-linear regres-
sion analysis, approximate the g-function by a sim pi polynomial chiaining an
explicit (approximate) function F). Step 41 caleulate the probability of
feilure by conventional functions of random  variables techniques  as
Py = PIF{X)<0], using, for example, one of the modern methods such as FORM or
SORM. The effectiveness of Method O is not well known as yei; one is concerned,
for example, that in general the precise numerical value of the g-funclion has no
meaning except for values g=0 {e.g., By rﬁ@ﬂatonic&iiy increasing function of a
g-function is also a valid g-function), and what this may imply about the result-
ing effectiveness of the approximation. In any case one should use some form of
penalized objective function that favers a good fit near g=0, and, if efficient to
implement, a belter it for higher values of F & Le, near the most likely failurs
point. This method tries to extract more information from cach Monte Carlo
sample by using the value of the g-function as a distance measure {however im-
perféct it reay be.

The fourth method, Method I, involves more steps. Step 1: selsct a set of
values xX of the sub-vector g 1=1, 2. N, Although not neceszary, it has been
found desirable and successful {Veneziano ef ul 1885) to split this sub-vector in
turn into a vector of "more important” variables Fpes and “iess important” vari-
ables X, . The first set, %3 may be selected by some form of experimental
design or simply simulated; the second set, x4, should be simulated from its
conditional distribution given the first set. As in the second step of Method B,

%

search along the X, axis to find that vaiue 3 such that Lthe system g-funclion iy
{approximmately) zero. {Thiz is the expensgive, possibly multiple struetural
analysis step.) Step 3 by regression analysis {sometimes cailed TESPONSE Fur-
Jface in this context} it a function of X to sub-vector X, {or more specifically Lo
the sub-vector X,,, }ina sonvenient, explicit polynomial form Xi=h{¥,}. %Gt:i;'*
it in the regression analysis caplures not only the "modeling”

o F

B
difference between the exact and the fitted value of ¥ versus X )

P error associated with the randomized values of K

probabilily of failure by a function of random variabios methos such as
FORM or SORM, using the proximate analytical g-function FEy=n{¥,)-X .

The random error term, £, [rom the regression analysis, with its zerc mean and

presumed Gaussian distribution, can alss be absorbed at th

ed g-function, Le., by nersasing the veotor #sto include &
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The potential effectivensss of the method is eviden

has been used by its authors /7 {Veneziang gt of,
of failure of a multi-story multi-bay reinforced concrete structural frame with

complex non-linear, cumulative-hvsterstic fa: lare coritaria under severs tran-
¥

slent dynamic stochastic sarthouake ground motions. The method appears Lo
be both flexibie and efficient. It is flexible in that the enginesr can categorize b

random variables into the three categories indicated X, ¥....

P Xpry depend-

e in the problem, < method is

ing on their relativs variability and importan
efficient i that it takes advantage of the rejative strengihs of regression

analysis (Step 2}, FORM-like methods (St tep 4} and Monte Carlo and or BRpar-

mental design} (Step 1), 1t does, of course, reguire in Step 2 the

cess of searching for the failure surface, ie., for g=0, by, in

structural analyses. This must be done Ny timmes. The obizetive of the ity

and smocthing process is, of course, Lo minirmize Lthis oforl by keecing the size

of the set selected in Step 1 as small as possibie,

- o _
¥ position of th methods has intentionall

Ii

W
"

3%
nere in order to give the reader a flavor of Lh e possibility

technigues of probabilistic analysis in order to efficientiv conduct

o laft wilh

systems reliability caleulations on large general systemns. One iz

the impression that researchers will continue to invent varistions and permuta-

tions on these and similar ideas, and that i will be & diflicull research task fo

evaluate these various strategies for any but a speci
ple of example problems. This situation is somewhat analogous to that found in

including even Hnear

the feld of mathematical programming or cptimiz
programming, whose many available algorithrus are in fact CoMmpared empirical-
iy on sets of sampie problems for theip relative efficiency. In this age of expert
systems one can envision a computer program that would goide the siructural

2 gxperiencs of

engineering user through a "cookbook” of such meth

variety of problem experiences. The information that would

Terent random vay

: of the structure’s

pecific internally generated

=3

L

information. The latisr would include S*i'iﬁ%@i"&"iig roeflicients or partial deriva-

tives of failire probabil

calculale such

cent d """‘ﬁf?“”< ents in

£-14



coeflicients (Modsen ef al, 1886). Tne selection of methods, sample sizes, and
other paramelors can cven bo sequential, changimg as infornralion becomes

available during the probiermn soluticn.

£.3 Additional Topics

In this section we will collect a number of issues that are of major Hitpor

o

tanice in the realistic analvsis of Lhe reitability of large offshore structural sve
o o

il

1,

terms. None as yet, however, has received a greal deal of rescarch or applica-
tion. Therefore, our treatment can be brief.

Loads: It is not unexpected that the Lopic of characterization of environ-
mental foads for the use in structural systems reliability caleulations has not
yet been given systematic treatment. [t is only within the last decade that ei-
ther systems reliability or structural loads analysis has individually been given
significant attention. It is natural thal the first work in structural systems reli-
ability would focus on single or simple sets of time invariant loadings. It is
equally natural that the study of multiple random load processes would focus in-
itially on individual members. In this section we wiil do little more than point
out some of the necessary problems for future identification and solution, prob-
lems related to lvads on structural systems.

It is helpful to consider in parallel a zet of increasingly more comiplicated,
reaiistic representations of loads on a {Sc;-i?;zarﬂcapasiiy} member with ihe
correspondcing cases in a system. The strnplest member-level problem is that of
a load represented by a scalar random variable: the paralle! problem for a sys-
tem is a spatial pattern of loads scaied by a single random variable, as we have
discussed in previous chapters. We have not pointed cut, however, that there is
no difficuity in prineciple in treating Lhe casge when the spatial load pattern

i |
changes systematically ”m“a{(}ﬁ@;s

5 ralue of the scaling veriable, A
practical case is one in which the fo changes with increasing wave

The next problem in diffic:
appliied o the same
member cross-section.} The probiem appears Lo reducs te simply considering
the sum of those ioads, which is in turn a scalar random variable. Civen that

it in this eoloe

sumption that the icads are proportionally incressed, The parailel




problem in a system is already ccﬁsidéfa‘s’zy mure compiex, for, as wo have dig-

s

cussed above in Section 8.1, cne should be most expll boul specifying

path or trace {relative rates} by which the various loads increase to their final
{randoem) vaiues. One can already then nol escape at least fhis itnited con-
sideration of these loads as Hme-va arying process. To reduce them, as is oiten
done in both in deterministic and stochastic practice, to a simpler problem by

assuming that they increave proportionately from zero is to gain ihe analysis

benefits that one can derive from that representalion; ib is not necessarily to ohe
tain a realistic representation of the loads on a structure {Bierager, 1984 Wen
and Chen, 1986; Karamchandani, 1887).

For a member the next most difficult ¢ problem is to consider the {single, for

[R
LinEr

1owW) loading as a general {rzon«mcnoiaﬁée) unction of time, Consider
member reliability problem. If the response of the structural system in which i+
resides can be assumed to be s static, then the analysis of this load randorm pro-

cess reduces to finding the characteris stics, Le., the probability distribution, of

the random variable defined as the maxirnum of this load process over the life-

time of the structure. If the structural r response 15 dynarmic, one must first con-
duct a random vibration analysis and then sclve it for the distribution of the
maximum load effect in the member. REither of these maximum random vari-
ables can be used together with the probability distribution of the capaciiy {o

]

find the probability of member failure. The paraile! proble

for slructural sys-
tems safety analysis is analogous pr ed there is no darmage, i.e., no change of
the system out of the linear-elastic intact siate However, even in the simple
static load process case, one can envision much more complex behavior in the
syslem. For example, as the load is applied and removed or reversed and ap-
plied again, as it might be during a sequence of severe waves in a large and in-
tense storm, or in a sequence of inlense storms, one must consider the siruo-
tural system passing into p arfislly damaged states. Some members may yield,
for example, followed fater by unloading and strain reversal in these “falled

murmbers, Determinis

follnw the slement stal

decreases. The analogou s computations are made cormmenly in the indy siry Lo

day during non-linear analyses of large Jacket structures located i

in & deterministic context. A lear implication is that

e
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mation about the character of the loading process, and transmit from (he fnads
analyst to the structural analyst, much more information than that retained in
the simpler member analysis problem.

Finally, if one is looking at the probiem of multiple random load processes
and a single member behaving linearly until its failure, we can analyze the load
processes for the probability distribution of the maximum of Lhe load effect, ie.,
a hinear combination of such load processes. This is the so-called "ioad combina-
tion problem” that has drawn the attention of a number of research and code-
development engineers in the last fifteen years {e.g., Wen. 1977 larrchee and
Cornell, 1879; Borges aund Casterhelq, 1872}, Although not a trivial problem, at
least Lwo rather robust methods of analyses are available {"lpad coincidence”
and "point crossing”}. For the structural systems reliebility problem, the
anaiysis under & combination of several loads processes is non-trivial, but in
pringiplie little more difficult than we were forced o face in Lhe case of the prob-
lem of loads represented nominally as simply a pair of random variables, as gis-
cussed above. As we saw in Section 8.1, even Lhe simple discrete-system
analysis involves the treatment of the out-crossings of random load processes
through component-failure segments and following the successive partial-
darmage states of the systern. We can anticipate that the practical reliability
analysis of offshore rnembers or structures for time-varying loads will involve a
variation on the long-term/short-term analysis of environmental events.
Specifically one can envision a method in which random events cccur and each
event is associated with simply a verctor describing the major characteristics of
Lhe loading event, e.g., the significant wave height, the dominant wave direction,
average current velocities, etc., during the {perhaps storm) eveni. The struc-
tural reliability analysis can then be conducted within that event as if the loads
could be represented by a vector of random variables, as discussed in Section

8.1. Proper aceount must be taken of the load path, as was discussed there, and

ok
[

variables for the esvent. Such an arnalysis procedure would also be relatively
straightforward in principle for structural systems provided one ignores the L5
sibility of damege in one svent being "carried over” Lo the next event. If this
possibility cannot be ignored, Le,, if there i effectively a "system-level cumula-
tive damage,” then more complex methods must be adopted. The first step in
agsume the sc-called Markov properiy, Le. thal one can

te of Lhe system adeguately by & vecior of randorm variables
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which one varies from event to event. This method has been dermonsirated by

Veneziano (;’QSE} for & simple non-linear oscillator undergoing progressive col-

lapse and recently by Wen and Chen (1986) for elementary s

i

Cimbriralt . ! .
VOLUNal sveiems,

Practically speaking, for the foresesable future, beeanse we are pushing not

oniy the state-oi-the-art of svstems reliability and stochastic provesses, but also
¥ ¥

hani cdeling and analysis, in-

often the state-of-the art of structural mechanical

cluding non-linear dynamic behavior of farge struct icipale Lhat
the solulions are going to be limited to those that involve a greal deal of gimula-
tion. Of those methods discussed in Section 8.2 the pure Monte Carlo simulation
and Method D lend themselves to the analysis of these general system lvading
problems. {In the laller case shori-term time variatlon can be treated with Lthe
vector Xgn.}

Fatigue. The stochastic analysis of structural systems undergoing member
fatigue hias very recently begun to be considered by researchers. The elementa-
ry, ideal system of Lthe type discussed in Chapter 3, has been analyzed by Stahl

nd Geyer (1984). More recently Rackwitz and his co-workers have began Lo ad-
dress the more general but still discrete structural system of the Lype discussed
in Sectien 6.1 for fatigue (CGuers and Rackwitz, 1986). Interesting systemns
analysis questions here concern whelher Lhere is significant damage process
correlation induced in the member failures by the fact that they are subjected
to common lcadings. Stahl and Geyer (1984) suggest that the correlation
between times to failure of the members in the ideal systemr may be as low as
32%. Further onz iz interested in the systems aspects associated with the

ailure of one member increasing the stress level in the remaining members and

Frigy

hence accelerating their damage accumulation processes, but this is not unlike
thie basic overload problem we have been dise cussing throughout this chapter. A
final guestion of interest is whelher the graduaily accumulating fatigue damage
may interact significantly with the capacities of the members will respect 1o oo
casional overloads. As discussed in Chapter 2, Guers and Rackwit z {18988} have
studied this problem and concluded that, ai the individ al member level at
fits impact on reliability; this fa-

mechanics crack growth. It is

this conclusion that permitied us io separate the fatigue problem in Chapter 2
from the extreme value or overioad protlem, and thersfore to convenier aily con-

yous damage condition,
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Ungertainty Analysis: To the author's knowledge, outside of the above men-
tioned nuclea?—pDwar-p}aﬂés-—seismé&sat‘ety~anaiysis convention of separately
propagating through the systems analvsis the effects of uncertainty {not enly in-
dividual parameter values, ©.g. means, standard deviations, ete., but alse iny the
models, e.g., shapes of distributions and mechanical modeling assumplions),
there has been no widespread application of ancertainty analyses in the strie-
tural systems area. It does appear to be a problem which tan be treated by the
same general techniques one would use for uncertainty analysis in member-leve]
reliability analysis. Therefore we need not discuss it in detail here. In brief and
in simple form this involves repealing the reliability analysis for each and EVery
possiole combination of the possible values of the uncertain parameters and/or
models, and assigning to each of these sets of values a probability (or "degree-
of-belief"} value. The net result is an “uncertainty distribution” on the probabili-
ty of system failure. These techniques are described in some debai] in the nu-
ciea‘r industry’s PRA Procedures Guide {1983). Certain simple systems analysis
problems, e.g, those involving unions of intersections of independent binary
events with specified probabilities {as opposed to events defined by the value of
a g-function of the vector XJ can be treated at least approximatety by more
anaiytical methods.

Full-Scope Systems Analyses. These are analyses involving, and often em-
phasizing more, questions associated with the operation of the general oil pro-
duction system, as opposed to the structure supporting its platform. The ana-
lyses should include the spectram of possible accidents associated with the pro-
cess itsell as well as gxogenous accldents such asg ship collisions. They should
also include the interaction of possible operational accidents with siructures,
for example, explosions. The impact of structural-mechanical fallures in turn
upon the accident sequence may also be a facior. For example, an explosion
may cause partial structural collapse of the deck which in turn may induce the

of fire fighting capabilities and/or personnel BEGADE

o

s
o
g

N

v

author’s understanding that in the several (propriefar

23 Lhal have been conducted in Norway and

i faciiiil

of interactions have been explicitly. Indeed a primary purpose of

these studies has ofien been to address the layout of the facilities on the plat-
farm relative Lo epach other and refative to strucinral elaments.

tural system within the:

treatment of the g

lys been relatively lmited, in I
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plies that the svstems
the perceived relative

n

ponenis. Also, the details of the structure, ibs iavant and

not be well enough resolved al the early conceptual

Lo permil more than eursory structural system reli

may well be that Lthe level of structural s

by discussions in this reporl are mors tve than is

problem

appropriate given the importance of the contr

Lo the total system.

The Lechnigues for the Full-scope system analvsis heve besn eloped in
i 7
many indusiries, initially apparently in the sercspace industry, reaching fuller

adopted

development in the nuclear industry in 1970°s and early 80°s, and
and extended by other industries such as the offshore industry and more re-
cently the ehernical industry in the last ten years. Perhaps the most effeclive
single reference known to the author is the nuclsar-industry-sponsored PRA Pro-
cedures Guide (1883} It should be remembered, however, that the scope of the
studies envisioned by this guide ls indicated by the typical two-million-dotlar

budget {perhaps an order of magnitude greater than thal s spant on current
ofishore fullscope risk assessments.) The report includes a full discussion of

srposition), as well ag

i
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P
P
o
%
[
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the event-iree and fault-tree methods {(inciuding
treatment of uncertainty in paremeters and models.
There are two chaplers in the Guide on what are called erfernal svents,

The readers of this docurnent will find

SUch as sgigmic events, Llornados and A

these chapters particularly interesting with respect Lo their treatment of the

behavior of (passive) structures and {pagsive and active) electro-mechanical Vs~

tems under exireme envircnmental loadings. The
somewhnat iike that discussed in Method A of Section 6.2, although in place of
Monte Carlo analysis the system failure probability is caleulated by event-irees

wbal load intensi-

are typically simpiified

- or perfeclly dependent component failure svents

¥ g ~§‘
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the probability calculations. The probability of failure of each mechanical or
structural component in the system at a given peak ground acceleration level is
read from an input component Jrogility curve. The component fragility curve is
effectively the cumulative probability disiribution of the capacity of that
member with respect to the exiernal load, e, the peak ground acceleration.
The development of each of these individual member fraglity curves may be
rather complex because it must consider the mechanical effects of the soil and
the structure, their {non-linear} dynamic responses to the earihquake and, for
within-structure equipment, their effect upon the base-motions felt by those
pieces of equipment. In addition, these curves depend on the estimated strue-
ture or eguipment capacity with respect Lo these motions {e.g., (srnell gnd
Newmark, 1978, Kennedy ef ol 1880). Because it is reguired, in addition, to
conduct an uncertainty analysis, il is necessary also o specily uncertainty
bands about these mermber-fragiily curves and uncertainty bands abog! the ga-
ismic hazard curve. The systern fragility curve uncerlainty bands and final By
tem failure probability {e.g.. core meit probability} are deduced from the

analysis by the methods discussed just above.



Fig. 6.1 System-Level g-iunction Showing Member-lLevel gdunctions at
erent System Siates.




Chapter 7

CONCLUSIONS AND SUGGESTED DEVELOPHMENT AND IMPLEMENTATION

We have reviewed and critically evaluated the recent rapid developments in
structural systems reliability research and its application, all from the perspae-
tive of Lthe needs of the offshore industry. Based on this review and supported by
the experience obtained in our case study of the Lioyd-Clawson jacket platform
(Chapter 4), we have reached several conclusions.

There is a gap to be filled. On one nand, there is rapid widespread industry
devaiepmea% in reliability-based description and specification of loads, materi-
als, an& member behavior. On the other hand, there is a need to address guaiti-
tatively questions such as redundancy, residual strength of damaged systems,
robusiness, relative safely of novel platform conceptls, economic inspection stra-
tegies, treatment of uncertainty in new and existing platforms, ele. Thess are
all questions beyond the reach of member-based reliability anaiysis. Structurai
systems reliability analysis is the tool necessary to fill this gap.

With the rapid recent research developments in struetural systems reliabil-
ity analysis, it is now possible to conduet such an analysis efficiently and rou-
tinely on typical offshore structures, at least approximately and under simple
static loadings, We made just such analyses in the Statoil /Stanford study of the
Lioyd-Clawson platform. Wilh these new methods, it was possible Lo do much
mere even than simply make a single systems reliability assessment of a given
structure. Systems reliability analysis was used repeatedly to investigate the
redlability implications of alternative configurations {(e.g., X versus K bracing), al-
ternative horizontal bracing =iz ng, alternative lpad parg meters and meamber
post-failure behavier models, the loss of various eritical members, eto.
current procedures are efficiont eno ugh to permit systems reliability to be used
as a tool by knowledgeable offshore struc tural engineers without eyiensive prio
experience in svsberns reliability theory. In short, systems analysis methodels-
gy s bolh accessibie enough and efficient encugh to be used effectively in ad-

vanced industry practice today.



As currently implemented, however, these eflicient systerns analyses
methods are too elementary in their mechanical modeling assumplions to meet
all the expeciations of an advanced technology such as the offshore structures
community. The cause is a fundamental one. The methods are very efficient
precisely because their member-behavior models are so sirnple. The most popu-
lar of these models is the simple elasto-plastic model. Some methods include
more general bul still only two-state (binary} member behavior: an intact state
in which the member is linear elastic and a failed state in which no stifiness
remains. {See Fig. 3.5.) If the elasto-plastic version of this two-state member is
accepted, then a broad selection of available systems analyses technigues is
available. The most advanced is apparently the offshore-oriented syetem under
development by Veritas Research. With the twoistate ductile or semi-brittic
member model, one can use familiar linear structural analysis procedures which
are fast and familiar. Several reliability techniques are available to expleit this
characteristic. The more prominent are the Member Replacement Method and
the Incremental Load Method. {Chapler 6.1)

These methods can, however, be substantially improved with respect to
their mechanical and load modeling assumptions without significant loss in the
efficiency that makes them so practical today. This enhanced method would be,
we believe, a strong effective compromise between the current capabilities of
the systems reliability communily and the current industry practice with
respect Lo non-linear structural analysizs, 1t would be capable of systems reila-
bility analysis of three-dimensional, framed structures and foundations under an
extreme static wave load.

On the other hand, if we turn to the capabiiities of systems reliability
analysis with respect to the more advanced models of offehore structures that
sre needed today, inciuding continuous struciures such as TLE nulls, load rever-
sals, dynamics, fatigue, ete., we must conclude that their pﬁzsnmai 12 currently
imited to smeall-scale, special-study applications. Heveral of these methods,

e.g.. Monte Carlo, ete. {Chapter 8.2), may be general anough but they ars im-

o]

praclical in lerms of the computation {ime required for the analvsis of nighly re-
iable large scale structurss with complex ivading and behavior, To stugdy such
problems today, one must be a specialist and exploit special simplifications in
the model Lthe analysis, and/or particular raliability tools. There appears to be
no eflicient general purpose program thab can interface effecti ively with the

spectrum of existing indusiry loading and stroctural analysis packs ages, as would



be desirable if broad use of systems reliability for such problems is to be
effected.

Finally, we identified several particular important topics where the systems
reliability analysis research community has vet to make virtually any progress
Lo date. The first of these is in the area of representation of randorm structural
lvads for use in systems reliability studies. It is very clear that the history here
has been based strongly on the consideration of individual structural member
reliability. In passing, as the community is now, toward structural systemmns
problems, a new set of issues arises. These include proper treatment of the load
path (& topic which is often not treated realistically even in deterministic non-
linear structural analysis), rmultiple simultaneous loadings, and ssguences of
sets of loadings. In all of these cases, systems reliability seems to introduce
problems thal had not been encountered previously in member reliability.
Secondly, the separate and careful treatment of uncertainty, as distinet from
randornness, has yet to be introduced explicitly in structural systems reliabiiity
analysis. The exception is in the application of such metheds to seismic analysis
of nuclear power plants. The methods, however, have not been developed for the
many additional needs parlicular to the offshore industry, e.g., fatigue ques-
tions, inspeciion questions, new versus old structures, information sensitive
codes, ete.

Fecommendalions, Hased on these many observations, we would like to
make several suggestions for a strategy to extend further the effective imple-
mentation of structural systems reliability in the ofshore industry, These in-
clude (1} developing mechanically-enhanced, efficient methods for certain
classes of strucltures for near-term use, {2} the continuation of various studies
ranging from special projects through generic topics to policy issues, and {3)
general methodological developrents. ‘

It appears that it will be feasible in the short-term to develop a stand-alone
computer program capable of exploiting the fast, afficient linsar structural sna-
lyses ?rac%ﬁ_ﬁrﬁs and the Member Heplacemnent Method of structural systerns re-
llability. In this form, the method would be useful bmmediaiely in practics. It

- of indusgtry engineers to gain experience with ByE-

would perintt a i
temns reliability on a large sample of structures, pro iding the industry with caji-
bration points with respect to the reliability, redundancy, and robusiness of
current jacket structures. The necessary improvements include both the

mechanical modeling assumplions and the loading assumptions.
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We recommend encouraging the current expansion of activily in the use -f

structural sysiems reliabilily through various zgpecial 5Ly
by & specialist in structural systems reliability and an zngineer closely faill

with offshore engineering practice. Specific projects that are underway or that
can be envisioned include different individual types of novel, compitant strye-

tures, the application to continucus hulls by finite-element analysis, full-scope

1

{iaya}ﬁt,/’t);}eraimﬁﬁinspecii{)n;f’strucmre} studies, etc. Other such special siu

dies might be aimed at particular generic topies such as the redundancy issue,
seismic questions, fatigue guestions, foundations, code factors, and particular
foad types. It will also be useful for the industry to continus to pursue various
policy/systems reliability studies such as those associated with the geriatrics
problem, damaged structures, or novel systems. Questions of interest include
what level of systems analysis is necessary, what kinds of study should be con-
ducted under such situations, which probabilistic model developments are most
needed, ete.

Finally, a number of general methodological developments appear to be
necessary. Une should be a ‘general solver” capable of being coupled with the
existing load analysis and non-linear and,/or dynamic structurai analysis pro-
grams used in the industry. Such & solver should be virtually independent of the
nature of the structural problem being addressed. Secondly, as mentioned
above, the treatment of uncertainty, including its specification and its updating,
appears Lo be a common thread among many of the industry needs, as well as an
area of very incomplete development in research, Finally, the particular metho-
dological developments necessary to the ofishore industry would appear Lo focus
on systems reliability procedures for large "one-off” structures using relatively
advanced mechanical methods {as opposed to the more repetitious, routinely
designed structural situations involved in the building and bridge industry}, par-
ticular loading types {e.g., waves and iee), and important dynamics guestions

{specifically detailed, non-linear dynamic analysis of deep-water systems),




Appendix A
COMPLETE STRUCTURAL SYSTENS RELIABILITY FORMULATION
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in which Tj, the expected time spent damaged {before repair) is the lesser of

L/ 2 and
= T a7 5T SOy )
= 5t + 5015005 + 501018 )08 + o (b.4)

and i1 which ?gm is the probability of damage detection prior to failing in the
damaged state, which is approxirmnately the probability of ever detecting the

damage or

79 =8+ (Il + =I5 =88 (A.5)
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Dafinition of Terms and Commenis

Proys Probability system fails during economic lifetime.

Br o Probabilily system fails due to overload in lifetime.

Brey genously mitiating sveni”, e.g.. ship

collision, dropped objects, fabrication error, and perhaps even fatigue.

P Annual probability of exceeding design wave load, e.g., 1077



Duration of econormie life, e.g., 2 years,

"Overivad factor”, defined such that gy, L 0 is the {lifetime) failure
probability of the “code base” member, Le., one fully stressegd under
design load to code lirnit, This aillows for randomness in capacily, com-
bined loads, ete Ppr L0 corresponds to the {lifetime)} failure proba-
bility associated with member level design as in the API LRFD project
basis, Le., 74,4, ). Typical value of O if Lhe {lifetime) B,,,. is 3.0 is
107% because & (B4, ) is 1070,

This factor adjusts, if Decessary, the base member from one stressed-
to-the-code-limit to the most heavily stressed member in the abruc-
ture; strictly, Ppr-L-O-Ly is the largest lifelime failure probability
among all individual members {or locations) in the structure. This
would be the governing probability if “worst-member” were the basis of
the analysis. Dg may be less than one, if, for example, the designer in-
tentionally chooses to be more tonservative than the sode. Dy will be
greater than one, perhaps, for clder, pre-current code structures, or
for operating structures being re-assessed for previously ignored {but
now found important) behavior modes or for new loads {e.g., heavier
operaling deck locads).

System cornplexily term. Defined such Lhat Poy L0 Dy Oy is the life-
time probability of failure of {at least) one member in the system, A

crude, conservative, approximation: C; = sum of individual members’

ennual failure probabil (each under its most critical load case) di-

vided by ppy -0 g, the annual failure probability of the most-likely-to-
fail mernber or "base” member. Zxact £y considers cerrelations {e.g.,
due to common load), ete. [y may vary from 1 te m, the number of
members in the structure. Pprs L. O, and Dy are individual mermber
factors; they do not reflect importance of the member to the system,

i

i

Co and Ay (to follow) are, in contrast, systemerelalfed factors. (Form

H

vnien of all oy

"5

3
P

s

b member fallures divided by

p = Frobability

[

Bpp L0 D

£

R EsTels

;

Systemn redundancy term {of the intact structure}. Fgis the con
al probability of iotal systern failure given at least one member has

failed. Defined such that Ppi L 0Dy Cp By is the lifetime system pro-

bability of failure using standard {pseudo) static pushover rnodels {ses
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determinate  structure, and less for structures with post-first-
member-fallure  capacity. O DyCo Ry represents the 'reserve
strength” {see Lioyd and Clawson, 198Y) of the svstem in probabilistic
terms. It is defined relative to the code design level. A typical value
may be 1079 or less. The product Op Ky {which may be greater or less
tharn 1) represents the net system effect versus the "base” member
{which may be the “code member”, if De=1}. Thus (g Fy equals the
system focior. (Formally Rg is the lifettme probability of failure of the
system under all loading events, €.g., multiple wave directions, seismic,
ele., as determined from appropriate static pushover representations,
divided by pp, L0 Dy Gyl

System modeiing foctsr. It corrects the analysis from the static push-
over basis {which is proposed here as the basis of Fg. for simplicily and
practicality) to the true case involving repeated foad reversals, with
perhaps dynamic response. Ms recognizes ductility, cumulaiive defor-
mations, shakedown, more refined failure criteria, ete. This value may
be largely judgemental {supported by deterministic dynamic analysis,
especially in the seismic case and by sitnplified special reliability stu-
dies) until system reliabilily caleulation capabilities improve Lo cover
all these complexities.

The anpual probability of cccurrence of "scenario’ 4 {p;) times the
(conditional) probability of damage/Tailure of member {or set of
members) §, given scenaric 1, Le. the probability of the joint svent
scenario 1 and damaged member(s} j. Scensrios include different
types of exogenous initiators (and different levels of se verity, if ap-
propriate, e.g., ship size). The member (set) j coliection may inciude
several levels of damage to each specific member { ce.g.. mildly bent to
total rupture}. Recent siudies suggest that it mav not be a bad ap-
proximation Lo include member failure due o fatigue /fracture through
this vehicle, even though it is not str lebly "exogencus”. A poorly con-

structed member {s.p per weldd can sertainly be included,
3 #

e lifelime probability of the joint E?%ﬁ?}’ﬁ:} Note if the struc-

o
o
]
o
g
G

aﬁ,
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ture fails immediately given the d damage stale 5, then p,;-Z is the pro-

bability of systern fallure due to this “cause”

21, w%}ﬁﬁ' probability of subseguent system failure while shill in the damaged

detection (and assumed in-

|

state j following scenario 1, Le., prior ¢



stani repalr, see if}) of damaged member{(s} j. This term considers the
residual strength of the svstem and the {less-than-lifetime extreme)
sea states that may cceur in the time until detection. That time is
affected by inspection policies, 7 and ;f’g see below.
?&»@;mmg The probability of subsequent system failure after detection and
repair. The term considers that the post- repalr capacity of member{s)
J may be different (generally lower) from that of the {presumed) initial
capacity. Uncerlainties may be larger, in particutar. The term allows
for the (reduced) remaining {expected) life in this "weakened” state
and hence less severe loads. (The exposure times E’T: and L&} will be

treated out of sequence, for clarity.}

This term "correcis” the base member case from Dy 0 Dy, the annual®

failure probability of a fully-code-stressed member (if Dg=1) or gen-

erally from the most-likely-to-fail member in the intact structure, used

in Dpo Lo pm’{}-ﬁg; the annual probability of failure of the most heavi-

ly stressed member in the damaged structure {e.z., with member 7

missing). f? allows for stress increases to ocwversiressed condifions

under the design load. Zi}j might have a value of 10% or higher if
member § was a critical member i, however, the damaged member
was nol importani to the lateral load carrying capacity of the system,

Eg- nay be as low as one, Le., the base member remains the member

stressed only to Lhe code limit.

E’§ An inspection gualify factor: the probability of detecting the damaged
member{s} j given the policy for sost-scenario ¢ inspection {(if any; the
ocourrence of of the scenario ilzelf may go undelected, as in the con-
struction or transportation flawed mem ber). Q'j is the rnon-detection
probability,

i This factor is equivalent io Uy excepl iL is for the damaged structure
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s This facter is eguivalent to B, excest it is for the damaged siructure.
¥ & &
the net dumoged-sivucture system fuctor, O By,

hat ¢ Cofg. because the damage local-

stressed members {the stress increase per se 18

! because of the relatively larger available capacities
in other mermbers if yet ancther member should fail s {3.5- 5)}?}
the annual probability of failure of the damaged system. (Note the

tic pushover model basis; this
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berm Mo to correct for th

factor might aiso depend on cases, o.g., when the damage

Sy
=
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reduces system ductility.}
7 The {expected} time during which the structure is exposed Lo the en-

vironment (e.g., wave and seismic) in its {unde tecled) dameaged state.

o

., thisg time is

Lfl

if the next regular inspection is certain to find the dam
just 7/ 2. where 7 is the interval between regular inspections {a policy
matter). (The 1/2 reflects randomness of the oscourrence time of the

7; iz given by Eq. A4, which in-

scenaric within 7.) More gene

cludes allowance for imperfeci inspection inoreasing this exposurs

time. If ail /§ are zero, Tj=0/2.

e

‘{ﬁm An inspection gqualily focfor. I all regular inspections were perfect

{i.e., all !gjni}. then this factor would be just lg. As shown in Bog. A5,

this net inspection factor is, strictly, the probability  of delection of

- §' ? 3 Py = Fr £ e Tl pmn g o
the damage } prior to failic g the damaged state, Provided ﬁf&ma&aéi}f

ig small relative Lo one, we can approximate f}f by simply the proba-
bility that the damage is ever detected {Fg A5} If this approximation
does not hold Ba. A5 must be modified b ¥ faztors similar to those in

Eg. A4 Lo allow for varicus possibilities as to how long the structure is
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Similar to Ay bul for a repaired sysiem (see 8}'}. It may not be
significantly different from Ry in value, but it will correct, for example,
for possibly revised relative likelihoods of member-failure sequences.
(Again if the repair affects svstem ductitity Me may also change for the
repaired system.)

The exposure time in the repaired stale, Le., the economic life remain-
ing after repair. It equals /. minus the (conditional) expecled time to
opeeurrence of scenario 1 {given that it occurs), which can range from
zero for construction errvors, through L/2 for random accidents, to
perbaps almost 7 for fatigue/fracture scenarios and minus fr’é the ex-
pected time to detection and repair. {Strictly Uy in Eq. A.3 should

correct nol for the lifetime but for i}gﬁ and hence will depend Lo some

{often mild) degree oni and 7.}

Inspection quality factor in regular {i.e., not post-accident, or here.

PP L] T : . ¥ : : i 5
"post-scenario”) inspection. See fg‘;’. in principle, f% should be the

detection probability given no post-scenario detection, and hence
depends on €.

Inspection quality factor in the second regular inspection: it is the
probability of delecting member § damage given it was not detected
the first time. Il may be nearly zero. {Again, il should in principle also

be conditicned on no post-scenario detection.)
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