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ABSTRACT

The reliability of an idealized
eight-leda, steel-frame offshore plat-
form (excluding piling) under extreme
wave loads has been estimated using
structural system reliability ana-
lysis. Wave loads and nerber resis-
tances were treated as random vari-
ables, and reliability calculations
were performed under a variety of
conditions using first order reliabi-
lity methods. The issues examined
include X-bracing versus XK-bracing in
the principal load-carrying bents, the
effects of wave load variability on
system redundancy, hypothetical
damaged conditions that were simul-
ated by removing selected frame
members, and the adeguacy of
horizontal bracing to transfer loads
between the frame bhents. Deterministic
static push-over analyses resulted in
brittle system failure with no post
first member failure capacity. Using
proposed probabilistic redundancy
measures the X-braced frame was found
to be almost an order of magnitude
Letter than the
K-braced frame. The redundahcy (as

(more redundant)

measured in this report) of both
framing alternatives was found to
increase as wave lcad variability
decreased.
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The
withstand

ability of the structure to
damage (structural robust-
ness} was measured by comparing the
increased system failure probability
for the damaged structure relative to
that found for the intact structure.
The framing alternatives were found to
be comparably sensitive to damage.
Calculated increase in failure
probability is between one and two

orders of magnitude.

NOMENCLATURE

Ax - «¢ross sectional area

D - damaged state

d - outer diameter of member

di - inper diameter of member

E - nmodules of elasticity

F ~ force or force factor

fy - mean yvield stress

GM - Gulf of Mexico

I - intact state

k - buckling factor

NS - North Sea

Pf - probability of failure

R - resistance

B - safety index

2 - buckling length

n - post failure fraction of
unfailed capacity

P - correlation factor



TNTRCCUCTION

In the recent years there has
beeu a centiruwcus development of
syster reliability methcdes capalkle cf
analyzing complex structural systems.
Ir the present study, a methed based
uper the member-replacement technigue
as described in Guenard (1} has been
applied in a case study of an eight~-
leg, steel-jacket platform.

The structure is shown in Fig.
1. It is an idealized structure in
the sense that it is designed for the
operational phase only, and thus does
not include any added fabrication or
installation steel. The importance of
this should be kept in mind if an
attempt is made to generalize the
results of the study. Lateral forces
are transferred to the piles primari-
ly by the broadside diagonals and by
the ¥-braceg in the four vertical
bents. At each level, horizontal
X-braced panels transfer loads het-
ween the vertical bents. 1In our study
we have estimated the reliability of
the structure when subjected to
extrene wave loads. We have focused
on the behaviour of the four vertical
bents (first X-braced then K-braced).
The study is limited to their perfor-
manrce under the worst wave direction,
namely a broadside wave from the
scuth. Next we have varied the wave
lcad variability and investigated its
effect on the reliability of the two
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evaluated the consequences of exogen-
ously caused damage, and finally

examined the behaviour of the hori-

transfer loads

For the

hat
between the vertical hents.
wave direction analyzed the horizon-
tal X-~panels are almcst unloaded in

the

intact structure.

194

The structure has previously been
studied using a deterministic
approsch kv Lleoyd and Clawson (2). It
was therefore peossible to concentrate
effort on probabilistic aspects such
as uncertainty models for the envi-
renment and the structure (member
capacities) and in particular on the

system reliability analysis.

ANALYSIS METHOD

A brief description of the
analysis method is given beleow. A
more general discussion of structural
i (3.
reliakility analysis computer program
FAILUR is described

Dvieanard
TUSlidiia

ven in Karamchandani

in detail in

(1). The

. .
. The analysis estimates

the precbability of system
to extreme wave loads. Failure is
defined for each individual member of
ncture hy a failure function

describing a limit state. A member

fails if & limit state is reached.
The limit state or failure function
used for the truss members of the
example jacket is the condition that
the axial member force is equal to
its elastic resistance. When a member
fails its stiffness drops to zero,
and the member force becomes a con-
stant, edqual to a post-failure f{rac-
(The

details of the semi-brittle force-

tion of its maximum capacity.

deformaticn behaviour assumed for the
truss members of the structure is
discussed later.)

The fcrmal criterion for fail-
ure of the system is a major loss in
stiffness as meacsured by the deflec-
tion at the center of the top of the
structure. Practically the analysis
of a particular path or sequence of

member failurec was stopped when the
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Fig. 1

son (2). Dimensions in meter.

probahility of the sequence stopped
decreasing; this was usually after 4
to 6 members in the structure had
failed. Failure of the system can be
defined in terms cof faillures of its
members. Each sequerce of member
failures which leads to system fail-
ure is called a "failure path"; the
probability of system failure is the
probability any such failure path
will occur. If all possible paths are
not included in the aralyesis, then
the result obtained is a lower bound
on the prerability of system failure

{(i.e. since some pctential failure
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General view of example structure. From Lloyd and Claw-

paths are ignored, the true system
failure probability will be larger).

If, for any specific path, all the
menber failures in the path are not
considered (i,e, an incomplete path),
then the probability of occurrence of
the path will be larger than the true
value and a system failure analysis
including all such incomplete paths
will result in an upper bound on the
probability of system failure. In the
extreme case, the lower bound could
be the probabiliiy of occurrence of
any one particular complete sequence,

and the upper Lound could be the



probability thet &rny member fails in
the intact structure (i.e. in each
path onlyv the first member failure is
considered anrd all further failiures
are ignored). Because c¢f approxima-
tions made, the "lower bound" used
cannot, strictly speaking, be proved
except under special conditions, e.g.

pure elastic-plastic behaviour.

For most reaiistic structures,
there are a large number cf possible
failure paths. Hence a search tech-
nique has to be used to identify the
important paths (i.e. paths which
have a high probability of occur-
In Guenard (1},

rence) . a branch-

and-bound technique to identify t

most important failure path has been
described. In this technique the
first step in to investigate the
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in the intact structure. For each
member i, the probability

that the member fails, P

{tmember i fails in the the

intact structure) is computed. Note:
this is also the probability that a
damaged state with member i

failed is reached. Let member

i, be the member with the largest
probability of failure. Hence, the
damaged state associated with member
i, failed is the most likely

to occur damaged state. Focus now
shifts to this damaged state. The
next step is to investigate the pro-
bability of subsequent failures. The
probability that a subsecuent damaged
state with member i, and
j failed occurs is P
{(member i, fails in the

intact structure and member j
fails in a damaged structure with
failed}.

has been calculated for all surviving

member i, Cnce this
members, the focus shifts to the
currently mest likely damaged state.

This could be either a damaged state
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with Juct one member failed or a
damaged state with two failed rembers
(i.e., member i, and another

member j). Subsequent

iailures in thkie mest likelyv damaged
state are irvestigated next. The
procedure continues until the damaged
state being focused on is a collapse
state (i.e, a damaged state in which
the system is considered to be
failed) . The sequence of failures
leading to this damaged state is the
meost likely failure path. This is
varanteed because of the unigue
look~back” feature in this
algorithm. This procedure can be
continued (i.e., looking at the next

paths.

has an option to automatically per-
form such a branc-and-bound search
In the

for the most important paths.
eing studied,

idealized structure

jon

however, because many of the critical
member (such as the X-braces in the
critical bents} have very similar
failure probabilities, the total
number of damaged states to be inves-
tigated is very large {i.e. many
alternative damaged states with simi-
lar probabilities of occurrence
exist}) and the computation time (and
memory requirement) is too large to
be practically feasible on a minicom-
puter. Therefore in this study the
potential failure paths were identi-
tied using manvel searches. 2lthouch
the paths identified using such manu-
al searches are not guaranteed to be
the most impeortant paths, past expe-
rience irndicates that this will usu-
ally be the case. In tact in many
cases, in the marual search, only one
inportant failure path was identi-
this is
usually sufficient to degcribe the

fied. As diccueced below,



system behavieur in the system reli-
ability sense,

The results cof the searches aze
presented in the form cof failure
In the nodes

trees, theve trees,

represent damaged states of the
structure and the branches enervating
from a node represert menber failures
in the corresponding cdamaged struc-—

tures. The notatien used in these

failure trees is explained in Fig. 2.

In addition to the probabilis-
tic analysis a set of analysis with
member resistances deterministically
equal to the mean resistance was
carried out. Thev were used to com-—
pare with the mere advanced struc-
tural model of Lloyd and Clawson (2),
and to compare with the probabilistic
analysis performed. For example, one
can compute the probability that the
random loads will exceed simply the
deterministic system resistance.

MODELLING CF THE CASE STUDY

Structural Model

The structural mcdel was made
as simple as could be justified. In
order to concentrate on the probabi-
listjic aspects of the study, the
results of Lloyd and Clawson (2) were
used as guidance in identifying the
dceminant structural behaviour.

In their study, Lloyd and
Clawscn report the structure to glob-
ally act like a truss, and further
that the main contribution to frame
action in the structure is due to the
uirect wave loads on the menbers in
and kbelow the wave zone. As a conse-
quence 1t was anticipated that ¢glokbal
behaviour could be modelled by a
truss element model if the wave loads
are treated as concentrated ZJoint

lveds. These assumptions lead to a
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MEANS SEARCH STOPPED, BUT FAILURE
STATE NOT REACHED. INCOMPLETE PATH.

4.8

- - MEANS FAILURE STATE REACHED,
COMPLETE PATH.

4.24

PROBABILITY {ORAR THAT BOTH 14
FAILS 1N THE INTACT STRUCTURE AND

" 11 FAILS IN THE DAMAGED

LE AUCTURE,
3.80 \ FAILED 5T|

PROBABILITY | ORE} THAT THE CAPACITY
OF MEMBER 11 WOULD BE EXCEEDED IN

197 STRUCTURE IN WHICH MEMBER 14 HAD
FAILED.

"
397 ——

PROBABILITY { ORR) OF THE CAFACITY
OF MEMBER 14 BEING EXCEEDED WHEN
STAUCTURE I3 INTACT.

INTACT
STRUCTURE

Fig. 2 Failure tree notation
space truss model representation of
the structure consisting of 216 truss
elements and 67 nodes. The foundation

is rigid.

The structure was designed
according to the API guidelines using
all X-braces. Dimensions of the ver-
tical X-bents are given in Fig. 3.
Some members were sized simply accor-—
ding to general reguirements such as
maximum member slenderness, minimum
diameter, and minimum wall thickness.
Examples of such members are the
horizontal X-panels. The dimensions
of these members would normally have
been dictated by some temporary
design condition prior te the opera-
tional phase of the structure. How-
ever, for this example studv no such

condition was explicitly considered,

The AFI recommended k-factors
used to design the structure are
given in Table I. Based on recent
testing experience, more realistic
values of k's were recommended by
engineers at Exxon for calculating

the mean resistance of the jacket



Table I. Table of buckling lengths, & , and recuctlicn factors k.

API design values and assumed mean values.

Member Design Ceed in this study
type kK, % to predict mean capacity
k , 1
X~-brace 0.9 , 0 /2 6.5 . & /2
K-brace $.8 , 2 0.7 ,4
Diagonal brace .8 , 1 0.5 , %
Leg 1.0 , 2 0.5 , ¢
Horizontal leg
to leg brace 0.7 ,1 0.5 ;¢
* g is for a brace the length along the brace from leg to leg.

members. These k-factors are also
Note that the k-

facter used for X-braces implies that

given in Table I.
s are fully
supported with respect to buckling
ocut of plane by the intersecting
tension member,

As

ture was

part of this study the struc-~
redesigned with vertical
X~-braces

Tvoamd o

af +
Moo A N -

Fig. 4. The K-braces were sized by
matching the values of only the axial
force term in the API-guideline unity
rherks with the corresponding terms in

F0il LI CRLICS PRI 2

the original X-braced design. Other

matching criteria might have been
used, e.g., equal weight, equal total
unity check or equal reliability

level. The combination of the chosen
matching rule and the k-factor values
had a profound influence, as will be

seen below.

The elevation of the herizontal
framing was not changed, the batter of
the membkers in the XK-brace is thus
twice the batter of the X's. This is
one scurce of difficulty in the com-

parison. The K~braces may neot be typi-
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cal in this respect.

The force-deformation diagram

ehrtan
no

n B
Sid Iy

Wit An T o dog=

ig. 5 was app tc des
cribe the member properties. In this
semi~brittle model, the member force

increases elastically to the member

element is increased beyond its fail-

ure value, the element force abruptly

fraction, n , of

drops to a its un-
failed capacity. For this applicaticn
a deterministic value of n = 0.4 was
used for members failing in compres-
sien and n = 1.0 for tension failure.
In other words we assumed ductile
tension failure behaviour, maintaining
the failure lecad, and an abrupt drop
to 40 % capacity when failing in com-
pression. The validity ot these
assumptions iz discussed in the light

of the analysis results,

Tn a probabilistic context the randoum
member properties are described by a
mean resistance, a coefficient oi

varistion (COV) and a probakilicy

g

distribution. In contrast to the
design capacities taken frem cedes,

which include some conservatism, the



LGa ﬁxnnzn DIAMETER THICHNESS

ROUP in ew (inch) in cm ({inch)

HZ4

LG3
XB3 ¥1 61 (24) 0.95 {0.375)
2 . .

Wz3 HIZ 51 (20) 0.95 (0.375}
HE3 41 116 0.95 {0.375)
HZ4 36 (14) 0.95 (0.375)
Lg2 xB82 ¥B1 51 (20} 1.27 {0.500)
B2 46 (13) 1.27 (0.500)
Hz2 ¥B3 36 (14) 1.5% (0.625)
161 100 (39.25) 4.76 (1.875)
LG 62 100 {39.25) 3.49 (1.375)
X8B3 161 100 (39.25) 3.49 (1.375)
1G4 160 (39.25) 1.91 (0.750)

i7a)

Fig. 3 Dimensions of X-braced vertical bents
LG IH_WER DIAMETER THICHNESS

GROUP in em (inch) in am (inch)

HZ4
a3 KB3 H21 61 (24) 2.86 (1.125)
23 BZ2 51 (20) 1.91 {0.750)
HE3 £1 (16) 1.91 (0.750)
HIA 36 {14) 0.95 (0.375)

KB1 61 (24 1. .
Laz K82 (24) 27 (0.500)
EB2 56 {22) 1.27 (0.500)
HZ2 FB3 41 (16) 1.27 {0.5p0}
161 100 (39.25) 4.76 {1.B75)
G2 100 (39.25) 3.49 (1.37%)
LGl 143 100 (39.25) 3,49 {(1.375%
KBY G4 100 (39.25) 1.91 {0,750)
HZ1
Fig. 4 Dimensions of K-braced vertical bents

mean resistances are best estimates of
the "real" capacity.

The AIsC formula given below was used
for the capacity of compression mem-
bers. Note that for our application
the code salfety factor was removed.

2
= _{k2/r}) ]

R, = O.BSEYAx(l ,
2CC
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A 15 % reduction has been intro-
duced in the resistances (the 0.85
factor) to compensate for the neglec-
ted moments induced by frame action,

The tension capacitv was calculated as

RT = 0.85 fy Ax

which is conservative due to the 15 %
reduction factor.

In general the menbers in the
example structure had low slenderness
ratice resulting in low reducticr in
the comprecsion capacities due to
buckling.
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The member resistances were
assumed to be lognormally distributed,
with a coefficient of variation (COV)
of 10% for the tension capacity and 13
%t for the compression capacities. The
COV's are based upon work presented by
Moses (4).

Environmental and Structural Load

Gravity and environmental loads
acting on the jacket structure were in
the computer program modelled as two
fixed patterns each being scaled by a
random variable. One load pattern is
used for lateral envirconmental (wave)
loads and one for vertical dead load,
Guenard {1}. The wave locad pattern
used is based on the set of forces
acting on the structure due toc the
19.2 meter (63 foot), 100-year design
wave. This pattern is input as nodal
forces to be consistent with the trucss
medelling of the structure,

Wave loads acting on the struc-
ture are basically drag dominated. The
wave height, H, to base shear, F,
transformation can therefore for our
application be approximatéd by:

X

— — a x-..
F=CEH = rlg(ﬂ/19) = Fiq X Fry

with x = 2.0 tc 2.2, C a constant, Fl9
is the base shear associated with the
19.2 meter wave pattern of fcrcee, and

Fge is a scale factor dependent on H,

— — SEMI—BRITTLE (O4nd 1}

Member force deformation mcdel
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In using this load ncdel, i.e.
scaling of the fixed load pattern, one
should keep in wind the danger of
scaling beyond realistic values, both
with respect to realistically occur-
ring waves and associated velocity
fields and with respect to changed
structural gecometry due to surface
effects. In particular the wave height
should be compared with the actual
deck elevation. In our example study,
the deck elevation is 15,25 meters {50
feet) above mean sea level. Conse-
quently for wave heights above about
30.5 meters( 100 feet} the structure
will be unconservatively analysed
because we neglect the sudden increase
in wave load when the deck is hit.
(The importance of this assumption is
under current investigation.}

Fgyg is a function of the wave
height, consequently the mean, COV and
prebakility distribution of FQL are
all indirectly given when these are
known for the wave height. The wave
loads are assumed here to follow a
lognormal distribution, Moses (4). As
discussed there, Fg; also includes, in
addition to U, a random factor teo
describe the uncertainty in predicting
the forces (base shear) given the wave
height. Background data for the COV
values used can be found in Moses (4)
(5} .

are used in this study, one represen-

and Anderson et al Two sets of Frg
ting a typical Gulf of Mexico (GM)

case (our base casge), and one a North
see Table II, The GM
case 15 also referred to 25 the high-
COV case as opposed to the low-COV
case of the NS. This hicher COV is due
in part to the hurricane risk in the
GM. As both cases

Sea (NS) case,

are scaled to have
the same 100-year wave,

tile),

{0.99 frac-.
the mean of the NE case is
highexr than the CM case due to the



lower COV of the former cage.

The values given in Table II are
lifetime values, i.e. representing the
necr and COV of the forces induced by

in

the extreme wave cocurring in the {20
year) lifetime of the structure. This

results in the failure preobabilities
discussed in this study being lifetine
probabilities.

Table T

-

. Wave load scaling factor

Means and coeffi-

cov

Gulf of Mexico, GM
North Sea, NS

0.75 0.37
0.85 C.23

Included in
a factor of 1.6 to account approxi-
mately for loads due to miscellaneous
appurtenances (conductors, etc).
DISCUSSION OF RESULTS

Structural Behaviour of

Ttructure

When subiect to a broadside
wave load (south directicn!, the
structure behaves basically as four
identical parallel bents. Ary acymme-
try in the load are distributed by

the horizontal frames (X-braced).

The capacity of the structure to
sustain lateral load is dictated by
the capacity of the framing system in
the vertical bents. The vertical
bents are almost identical with
regul-

As

respect to size and dimension,
tirg in a well balanced structure.
will be discussed later this beha-
vivur s ilmportant to keep in mind
whel evaluating the results cohbtained
1 the prcbabilistic analysie. Mere

realistic structures will iwn manv

20

_this

tases include additional steel ard
framing cictated by design reguire-
merts Ifor phases prior to operation,
and will thus have mewmber capacities
ihat are more unbalanced, with

s aime e B T T
LEopeErh LU cuviLuiunelliidl 104dUb.

X-braced Versus K-braced Verticeal

Bents in the Intact Structure.

X-bracedvertical bents. The

bents in a Gulf of Mexico type
envircnment, The general structural
behaviour discussed abcve was
observed. The two inner bents were
virtually equally loaded, and the end
bent were also significantly loaded,
In addition the horizontal framing

[ O T -
DY sTel SLill €nouyll To Tidnsier

was
forces effectively from one bent to
another in case of failure and
stiffness loss. Because of the low
values of slenderness ratios (kg/r),
the capacity reduction due to
buckling effects in the compression
members was small. However, together
with the compression loads induced by
the gravity load in both members of
the X's, it makes the compression

members to fail first.

In the deterministic analysis
uniformity in load and capaci-
ties lead to a brittle system fail-
ure. If a post-buckling capacity of
only 40 & (n= 0.4) is assumed for
the semi-brittle compression members,
the structure cannot sustain the
force redistribution following fail-
ure of first compressicn member and
collapses without load increase. Even
with a ductile compression member
assumption {n= 1.0}, the determinis-
tic system failure lcad is cnly 5 %
larger than itle first-menker failure
load.

For the X-kraced structure the



“rorrect® answer is somewhere between
these limits, a more accurate com=-
pression member model weuld predict
only a gradual reductior in member
force with increased deformation., The
consequence is that the syetem has
very little, if any, overload redun-
dancy as measured by post-first-
member~-failure capacity.

In then = 0.4 deterministic
analysis of the base case, failure
occurred at an ultimate lateral capa-
city of 38300 kN (8600 kips). For
comparison of results to follow, the
probability of the load exceeding
this deterministic capacity is 1.0 x
107> and corresponding safety index
B =
Strength Factor (REF) defined as the
ratio cf environmental load at

4.28. This gives a Reserve

collapse (undamaged} to design envi-
ronmental load of 3.3 to 3.45, com-
paring well with the REF = 3,5
reported by Lloyd and Clawson (2)
based on a more advanced structural

analysis,

In the probabilistic systems
analysis performed here, we take
account of the probability of lower
or higher than average member resist-
ances in addition to the load vari-
ability. However, for the analysis
case with the large environmental
load COV, the resistance COV is rela-
tively small. The failure tree devel-
cped for the base case is shown in
Fiy, 6 with the notation from Fig. 2
and element numbers from Fig. 7.
Eaged on an earlier preliminary anal-
ysis, only 40 of the 216 members were
formally treated in the probabilistic
study, the remaining members have
negligible chance of failing.

Only cne complete failure path

representing structure collapses is
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shown. This is the most probable
failure path with cafety incex B =
4.4. The path starts with failure ir
the most likely to fail member in the
intact structure and involves failure
in all members of the vertical X-
braces at the second level bay.

The cther branches in the tree
are incomplete failure paths. They
all have safety index comparuble to
that of the most procbable failure
path. The search in these branches
were stopped when the increase in
safety index by going one step fur-
In the

X-braceda structure this cccurred

ther into the tree was small.

after 4 members at the same bay level
had failed. A general observation
from the failure tree is that the
mechanisms leading to system failure
are failure of all members in the
vertical X~braces at one of the bay
levels.

The tree in Fig. 6 shows why
the automatic search option in the
computer program was ineffective for
this structure. Following the auto-
matic search criteria of searching
for the "node" with the lowest g ,
all
index lower than 4.4 will be devel-

"nodes" in the tree with safety

oped prior to the final node in the
most probable failure path. In par-
ticular this leads to that may of the
failure paths developed includes the
same members with orly slightly dif-
ferent member failure sequence and
nearly the same safety index. It can
be shown that only a small error is
introduced in the calculation «f the
system safecvy index by ignoring one
of these failure paths,

The results of the
tic analysis cof the base

probabilis-
case are
summarized in Table ITI, (case

¥-I-GM). Second vertical column in
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BENT A BENT B

Fig 7 X-braced vertical bents.

the table gives the safety index (and
corresponding probability of failure)
of the Most-Likely~To-Fail member
{(MLTF) . This is the lowest index
found when comparing all members in
the intact structure. Third column
gives the safety index calculated
frcm the union of first member fail-
ures., It represents the probability
that at least one {i.e. any)} of the
members in the system might fail in
In the fourth
column, the most probable failure

the intact structure.

path safety index is given, and
finally the fifth column gives the
system safety index representing the
probability of failure or collapse of
the entire structural system,

The MLTF-member in the base
case is the member loaded in compres-
gicn at the second level bay of the
most heavily lcaded inner bkent. In
calculating the union cf any first
member failure, it was noted that a
union of only the 6-8 most likely
members of the vertical X-braces in
the intact structure gives approxi-
mately the same results as the union
of all members. This indicates that
these few nmemkers which all are

loaded in compression by the wave
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Member numbering.

load, govern the any-first-member-
failure probability. The system
safety index is 4.2 corresponding to
a failure probability of 1.3x10_5.
This is about an corder of magnitude
less than the probability that a
member will fail in the structure.
Probabilistically, the likelihood
that the system will fail given that
a member fails is therefere about 10
% implying in effect a kind of redun-
dancy not detected in the determinis-
tic analysis.

The base case structure was
reanalyzed with wave load variability
representing a North Sea environment.
The results are summarized as case
X-I-NS in Table III. Comparing the
two cases, one sees first the lower
probability cf first member and sys-
Recall

however that the mean loacds are

tem failure in the N5 case,.

gcaled such that the 100 year design
wave height is the same in both cas-
es. Because cf its lower COV, the
mean scaled load is 13 % higher in
the NS case. The higher B is a result
of the lower COV and the high REF.
More important for our purpcse we cee
a larger difference between the uniorn

of any first member g and the rycstem B



Table 11X

Table of results. Numbers are safety index, unclanped,

#nd corresponding prekabilities of failure, clamped.
Case MLTF Urnion of any Most likely System
lst failure failure path failure
-5 -5 -6 -5
X-1-GM 3.961(3.7x10 ) F3.71(11x10 ) 4.40(5.4x10 7} | 4.20(1.3x10 )
» -7 -7 -9, -6
X-I-N8 5.10(1.0x10 ") |4.97(3.0x1C '} 5.92(1.0x10 "} | 5.94(1.1x10 )
- -3 -3 -3 -3
F-I-GM 3.06(1.1x10 7) 12.87(2.0x10 7) 3.17(0.8%10 7) | 3.03(1.3x10° "~}
G4 rr gD o s o .esnDs T i ) -5
K~-I-NS 3.84(1.6x10 ") |3.75(8.8x10 ) 4,05(5.,4x10 7) | 3.95(3.9x10 7}
-4 -4 -4 -4
X-D-GM(A) | 3.15(8.2x10 "} |3.11{9.7x10 ") 3.52{2.2x10 7} | 3.50(2.3x10 )
-3 -3 -4 -4
X-D-GM(B) | 2.71(3.4x10 ~} [2,.71(3.4x10 ) 3.42(3.2x10 7} | 3.40(3.4x10 7}
-2 -2 -4 -4
X-D-GM(C) { 2.26(1.2x10 7} (2.25(1.2x10 “}) 3.200(6.9x10 ) | 3.19(7.0x10 "}
- -2 -2 -2 -2
IK-D-GM 1.5216.4x10 7Yy ]1.521(6.4%10 ™) 1.64(5.1x10 ) | 1.62(5.3x10 )

{(or failure probabilities) in the NS
case. In other words the "svstem-

effect"” is larger in the lower-load-

COV case, NS, We shall discuss thisg
point further below.
For both the GM and NS analys-

es, as well as for the deterministic

case, a system failure mode tends to

develop at the same bay level in all
four vertical X-braced bents. Due to
this localization vertically and due
to the previously discussed load-
capacity uniformity, this system can
he compared to a simple ideal paral-
lel system consisting of four semi-
brittle components, Such a system is
(1.

8 through 1i1i.

diszcusged in Guenard Fie results

are presented in Figs.
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Approximate analysis of this
large structure via this simple ideal
mcdel can be useful particularly in
terms of faciliating a mcre general
perspective. For cur application we
interpret n = 1 (where n is the num-
ber of components) in the figures to
represent the system safety, and n =
4 to represent the system safety. The
"cumponents" for cur structure are
now (two-member) X-braces. Consider
first the characteristics of this
eguivalent component. Using the ten-
of a member in
the

cempression capacity is 0.%3 t.c. At

gion capacity (t.c)

the X-brace as a unit reference,

failure of the compression member,
the capacity of both members acting

tegether, i.e., the ultimate capacity



Fig.

Fiqg.

kesults cf ideal parallel

system analysis
(py=0)

Influence of SF on the

redundancy of the
brittle ideal parallel
system (CVR=0.10)
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correlation between member resistances

, with R common mean resistance and

coefficient of variatior common to all resistance



of the X-brace is:
1.86 t.c.

2x{0.93 t.c.) =
After failure of both men-—
bers the residual strength ot the
X~brezce ie (with the ductile tensicu
Lenber and the 60 % reducticn in the
t.c. The
pcst-failure capacity as a fraction
of the ultimate capacity, n, is thus:
1.37/1.86 = 0.74, Further, the locad
COV is 0.37 and 0.23 (for GM and NS,
respectively), the net COV is found
from (0.37)24¢0.13)% = (0.39)2 and

fn_ 72721
i

LR

T T

<+ N . o
A and vie

1'2\2 = In '!:\2
PR el § PR e
effective correlation between

about

0.83% and 0.67, respectively. The

"comwponent™ safety margins is

effective correlation is measured
here by the ratio of locad variability
to tetal variability.

~ — n ‘1'7\21’ PR .Y '!'1\2 i 1"\\2\ —
r L R AT B A I S I M | - WUL.i3) ) =
M

C.89.

Unfortunately the parameter
range considered in Guenard's case
study, Figs. 8 through 11, does not
cover our case. Study of the figures
does, however, show general trends.
Fig. 9 shows that in particular for
higher correlation levels the bene-
fits of low degrees of redundancy,
i.e. n =2 to 6, are not present
unless n is high, The benefits
increase, however, with higher B
(Fig. 10) and with lowexr COV's, as we
have when we compare the North Sea
case to the Gulf of Mexico case, This
simple ideal system representation
does not of course capture the small
but potentially important difference
in mean resistance/load ratioc that
exist between bents, nor the effects
of initial forces induced by vertical
loads.

Several probabilistic measures

of the reaundancy of a system can be

suggested. For example the difference
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between Bs(system) and Ba {any first
member failure) parhaps divided by 8
ie a B measure of the conditional ”
reliability of the system given a

first member failure. For a statical-

iy
a
the difference is always zerc. In the

B ] R h=l =
determinate system, BS:: ® and

opposite extreme, for a system with
extremely high redundancy Bs would be
much larger than Ba and the differ-
ence would be approximately egual to
B g itself, i.e., the system is
almcst as reliable given a member
failure as it is before. {Normalized
by 8.
this "perfectly" redundant system

the redundancy measure for

would be unity.)

With the results from Table III
the (normalized) differences for the
X-I-GM and the X-I-NS case, become
low

respectively: 0.12 and 0.16 i.e.,

values on the ¢ to 1 scale. In con-
trast, from Fig. 8, we see ratios as
high as 0.5 for parallel systems,
even with a small number of parallel
"members®, provided they do not lose
a significant portion of their
failure load (nh = 1.0 to 0.75),

iclose to zero).

and
provided p is small
This last condition might apply in
fatigue rather than extreme lcad

situations.

A similar, but more direct
measure of redundancy is the condi-
tional probability of system failure
given any first member failure. This
is the ratio cf the system failure
probability to the first member £fail-
ure probability. These ratios are
0.12 (X-I-GM) ard G.003 (X-I-NS).

For both redundancy measures we
note that the system redundancy
depends on the lcad characteristics
as well as the structure itself. The
redundancy measures for the structure

are sunmarized in Table IV,



Table IV Redundancy measurcs
Case Redundancy Redundarncy
* * %
neasure 1 measure £
X-I-GM 0.12 0.12
X-I-NS .16 0.003
K=-I-GM 0.7
K-I-NS . 0.4

* Normalized safety index difference,

** System failure probability condi-
tional to any firet member fail-
ure,

(See text for definitions}

first member failure proba-
bility u ve, is the probability
of any first-member failure. This
probability will be larger than the
most-likely~to~fail-first member
probability, because it represents
the probability of the union of all
possible first member failures. It
has the benefit of representing what
might be called "system complexity”,
the mcre the number of highly
stressed members the larger this
probability will bhe relative to the
most likely member's failure procbha-
bilitv. On the other hand high effec-
tive correlation as is induced here
by high load variability, will reduce
the difference between these two

first-menber failure measures.

In this study the probability
of the union of all possible first-
member failures and the probability
of the unicr of all possible failure
paths are found not to be greatly
different from those associated with
most likely first member znd mest
likely failure path, owing to the
high lcad COV. The implication is
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that the ratic of riost-likely-
failure-path probakility to most-
likely~first-member probability may
be a good estimate of the preferred
ratio; system probabkilitv to any
first-member-failure probability. For
the X-I-GM case the ratio of most-
likely-failure-path to MLTF-member is

0.14, which is very close to the

A final note: one should firé a
roArnAanmry Aafini+imrn +hatb nrmatoard s
redundancy definiticon that protects
against cases where highly likely

The semi-brittle compression
member model used assumes a (0%
instantaneous drop in member force
following failure. Comparing this
load deflection behaviour, Fig. 5,
with experimental results, the full
(60 %) capacity reduction requires
axial member shortening cf approxi-
mately § times the failure deforma-
tion. For the X-braced structure,.
however, this deformaticon of a com-
pressicn member was focund to be less
than twc times the failure deforma-
tion prior to the corresponding ten-
At this level of

deformation, the remaining force in

sion member failure.

the compression member is in the
order ot 80 to S0 % of capacity. The
semi-brittle compression member model
may thus be quite counservative for
the X-braced system. A closer (but
somewhat unconservative) safety index
may be that associated with a per-
(n=1.0)
member. For this value,

fectly ductile compression
in the GM
case, the safety index of the most
likely failure path increased from
4.40 to 4.75,
member failure.

a probability of 1 x 10~

viz—-a-viz the first
(4.7% corresponds to
6y . Thie



higher Bs implies a higher redundancy
weasure. The conditicnal prebability
above reduces for the X-I-GM case to
0.03.

We conclude that for X-braces, even
in the large COV %X~I-GM-case, with
the preferred redundancy measure,
i.e., the conditional probability of
system failure given any first member
failure, is between 0.03 to 0.12 and

probably less than 107'.

K-braced Vertical Bents. In

the K-braced structure, the predicted
structural behavicur is in general
not significantly changed compared to
the X-braced case. In particular the
uniformity and symmetry discussed
above is still present. Therefore
there is little or no post-first-
nember-failure system capacity. The
deterministic semi-brittle structure
fails upon failure of the first com-
pressicn failure. Further, the post
failure deformation of the compres-
sion members in the K-bays are large
encugh to make the semi-brittle rep-
resentation less conservative com-~
pared to the X case. The n = 1.0
approximation would be much more
unconservative for these K-bays. The
results of the probabilistic analyses
of the K-braced structure are summa-
rized in Table IIY for the GM and
NS-case (as case K-I-GM and K-I-NS
respectively) . Note the large drop,
two orders of magnitude, in abscltte
reliability level for this system
when compared to the results from the
f-braced structure.

Referring back to the determin-
istically defined reserve strength
factor, PEF, 1his would be 2.3 for
the K-braces structure, a significant
reduction cumpared to the X-braced
REF of 3.3. Thkie drcr is & conse-—

guence of several factors. Firstly we
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chose the dimensions of the K~Lraces
so that the unity check with respect
to axial loads were matched For the
two framing alternatives when
designed according to the API design
quidelines. Ir we instead had chosen
to match the total unity checks, zhe
drep in reliability level would have
been reduced by almost one order cf
magnitude. We could of course alsoc
have chosen some other matching cri-
teria, for instance we cquld have
aimed at matching the reliability
levels cof the two structural systens
directly. The criteria checsen deaes
however in principle represent what
is thought of being more practical

and realistic.

Given this API based matching
criteria the reason for the resulting
difference in reliability level can
rartly be explained deterministi-
cally. Utilizations in terms of axial
load as a percentage of mean value
axial capacity are given in Table V
for the critical member in the two
structures, Alsc given are the multi-
plication factors on the wave lcad
necessary te reach 100 % utilization.
The large difference in this factor
and thus the reliability index is due
to ilie relatively larger increase of
the X-brace capacity to reach best
estimate means as used in the relia-
bility analysis (see Table I) and
also due to the effect of the dead
load reducing the available capacity
of the X-brace to be utilized by
lateral loads. The latter is a conse-
guence of a broadly observed wezkness
of allowable siress based codes, that
they lead to much lower overload
margins in bracing members that are
stressed only under extreme latveral
loads cuch as waves, wirde cor seismic
events. It shculd be noted that this
effect would Le even larger if the

ratio of dead load to live load is



‘nrreased,. One should keep in mind
that K-braces analyzed herein are
non~typical as the story heights in
the structure were not changed. As a
consequence the batter of the K-
braces are twice that of the X-
braces.

Table V Utilization factors for
critical X-brace and K-brace

ra
in vertical bents.

Utilization |Multip.factor
Factor on Fg, to 100%
Utilization
W -BRACE 0,27 4.36
[K-BRACE 0.33 3.03

Repeating the analeq to an
ideal parallel system, as was done
for the X-braces, the ultimate capa-
city of a K-brace "component”" is:
2(0,8) t.c. = 1.6 t.c. (recall the
larger ki /r ratio). To maintain egui-
librium after failure occurs in the
compression member, the force in the
tension member must alsoc decrease,
the post failure capacity of the
brace system is therefore 0.4 x 1.6
t.c. = 0.64 t.c.. This results in
postfailure capacity factor,n= 0.4.
The effective correlation remains
about 90 %. Referring to Fig. 9, the
small reduction in system versus
most-likely-first-member-failure
probabilities found in the analysis
is not surprising. In fact, with such
2 low n level one might not be sur-
prised to find a four-bent system
failure probability greater than that
of an individual bent. 1t is also

worth reting that in a K~-braced bent,
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when modelled as a truss, a mechanisn
is formed after first-member failure.
The four-bent K-braced structure is
thus more directly comparable with a
four cerponent ideal parallel system
than the X-braced, as the latier
requires failure in both members in a
bent, i.e., a total of eight members
ir the fcur-bent structure to form a
mechanism. This was however taken
into account in this idealization
when the X-brace was modelled as a
"component",

The proposed redundancy mea-
sures for the structure with K-braced
vertical bents are alsc given in

Table IV. The X-braced structure h

a conditional system probability of
failure of about 107!, even in the
high COV case. In contrast this prob-

Deterministically we concluded that
the K-brace would fail when a single
member failed, whereas the X-braced
system might carry a few percent more
load (0 to 5 %, depending on the
effectiveness of the remaining stiff-
ness in the tension member in aveoid-
ing the drop to n = 0.4 of the com-
pressive force at failure). System
reliability analysis shows the X-
braced system to have a redundancy
measure about an order of magnitude
better than that of the K (about 0.1
versus about 0.7}. It is been
observed in the study of ideal paral-
lel system, e.g. Guenard (see Fig.
10, here) and Stahl and Geyer (6),
that the absolute level of the relia-
bility can influence the impact of
redundancy. To test this issue wve
have analyzed a K-braced system with
bracing capacities increased to give
the same most-likely-first-member
failure probability as the X-brace.
The redundancy measure remained at
0.7. At the lower COV level the ¥-

braced systems redundancy measurc is



iws crders of magnitude better. (Note
agaln the dependance of the redun-
dancy measure on the load COV). Con-
cluding, the K-braced structure has
cily a small system redundancy effect
even for the low CGV case, in parti-
cular when compared to the effect in
the X-braced structure.

X-braces Versus K-braces in a

Damaged Structure

General. In order to assess the
impact of damage on system relia-
bility, the jacket was analysed with
members removed. The damade may be
caused by an accidental loading,
fatigue or defects. In a determinie-
tic framework Lloyd & Clawson (2)
measure a structure's ability to
sustain a member failure by its resi-
dual strength, defining Residual
Resistance Factor (RIF) as the ratio
of environmental locad at collaps
damaged to the environmental lcad at
collape undamaged. From a probabilis-—
tic viewpoint we will assess the
system sensitivity to damage by com-
paring the increase in system failure
probability in the damaged condition
to that of the intact structure.

Only lifetime system safety
indices have been calculated for the
damaged structure. In a real project
such information could be useful in
the case of assessing the effect of
undiscovered damaged, for instance,
in connection with evaluating the
necessity of inspection. In the event
of known damage, one should however,
obtain the annual B's as they would
give useful information in determin-
ing if repair can be postponed tc the
follewing summer season, or if imme-
diate action is required.
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An important effect cf Camaye
to a tension mewber in a X-brace is
that the bucklirg length of the adja-
cent compression member will in-
crease, i.e., its capacity decreases,
Also its deformation will increase
causing the semi-brittle model {(n=
0.4) to become less conservative. 1n
the following, both options, i.e.,
with and without reduced compression
member capacity, are discussed.

Damaged X-braced Vertical

Bents. The single'member damage
thought to be most critical for the
structure, is damage to the tension
menber in the outer X-bent, With this
tension member damaged, the compres-
sion member in this bent is the one
most likely to fail first. The
results found for the case when the
damaged member is assumed to be able
to provide lateral support to this
compression member are denoted
X-D-GM (A) in Table 1II. The safety
index representing failure in the
first {(or next) member is 3.15. This
is lower than that of the same member
in the intact case (B= 4.28), due to
the increased utilization of the
compression member, The probability
of system failure under storm waves
is 2.3x107% (g = 3.50). Recall that
(under the same semi-brittle compres-
sion member assumptions) the system
failure probability of the intact

structure is 1.3}:10_5

. The proba-
bility of storm induced failure has
been increased by a factor of about
20 by the presence of a previously
damaged member. This chance is a
meastre of the eystem robustness with
respect to some exogenously caused
failure. (A statically determinate
system would have a probability of
failure of unity given damage; a
"perfectly” robust system, crne that
was not effected by the loss of a

member would have nu increase in



system prebakility failure.)

If the damaged tension member
is not able tu support the compres-
sion menber in the same bent, the
buckling length of this mewmber is
doubled, and the compression capacity
of the member is reduced by approxi-
mately 20 %. The system probability
of failure ie 2.4x107 7 (case
X-D-GM(B) in 1able III} implying a
robustness factor of 25.

It is interesting to confirm,
by comparing these twc damaged struc-
ture cased, that "redurdancy" as
measured here (system versus first
member failure) is related to there
being non-uniformity in relative
utilizations of members (or bents}).
In these two cases, the system capac-
ity and probability of failure is
about the same, but in the second
case the remaining member in the
damaged bent is initially higher
loaded relative to its capacity
irplying a higher first-member fail-
ure probability.

Iin the event of a full end-bent
bay being damaged (no load bearing/
shear capacity)}, the wave load/shear
acting on that bent will have to bhe
transferred to the rerﬁalnj.ng bents
via the horizontal X-braces above. In
this structure the unsymmetry intro-
duces a large shear force in the bent
next tc the damage. The pro
of failure of the compressicn member
in this bent is therefore relatively

high, see Table III case X-DL-GM(C).

Th 1ing part of the structure,
however, still has some capacity for
lcad increase. Therefore this damage
system displayes strong redundancy
C

1 ed failure

re
vith respect to wave indu
as measured by the system failure

probebility conditional to failure in
the MLTF member probability. The net
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system robustness has decreased with
a factor twe cumapared to the only one
member damaged system. With respect
to the svstem failure probability of
the intact structure, this is
increased by a factor of 55.

The analysis showed that the
horizontal X-brace still have suffi-
cient capacity to almost certainly
keep the failure path within the
vertical bents and at the damaged
level, but the horizontal X-brace do
start to become potentially suscepti-

le to failure. Further it was
observed that as members fail in the
vertical bents, the remaining
"planes™ (horizontal X-planes, broad-
side diageonals and unfailed vertical
X-brace) have comparable utilizations

and g8 's.

Damaged Structure -K-braced
Vertical Bents. In the K-braced

gstructure damage was simulated by
removing a member loaded in compres-
sion in an end bent. The resuits from
the analysis are summarized in Table
I1I case K-D-GM.

PRSP S

13 -
One should

Reep in mind tha
unlike the X-brace, which still would
have one active member left, the bay

in the one-member-damaged K-braced

Comparing probability of system fail-
ure in the intact {GM) versus the

damaged structure the system proba-

hility failure increased from about

ALY 1adllUulc llivascl QL

intact to about 5.3x10 2.

This is an increase in wave-caused
system failure probability of about
40 due to the exogenously demaced
(removed) member., Note that this
measure of system robustness is of
the same order of magnitude as that

of the X~braced system.



kole of Horizontal Bracing in the

Structural System

The horizontal bracing in the
jacket has keen sized using design-
ers' prerogatives rather than code
criteria, 2s this bracing is basical-
ly unlecaded in the intact structure
during its operational phase. In a
real structure the cn-barge transpor-
tation loads would have determined
the dimension of some of these mem-—
bers; this structure, however, has
only been designed for the opera-
tional conditicn. For the structure
with vertical X-braces, the hori-~
zontal braces were sized according

to:

Minimum wall thickness,
t = 0.95 cm (3/8 inch)
Diameter tc thickness ratio,
D/t < &/D,

Furthermore the bracing config-
uration (X's) was apparently rather
arbitrarily chosen. This sizing
approach resulted in a rather stiff
horizontal framing, with kg/r = 3%
and thus only 10 % reduction in com-
pression versus tension strength.

Analysis of the intact struc-
ture subject tu a south (broadside)
wave, proved that the horizontal
braces fulfilled their mission by
efficiently transferring and level-
ling out lecads between the four ver-
tical bents. Even in the damaged and
post~failure cases, the horizontals
appeared to be streng encugh both
with respect to carrying tforces and
stiffnesswise. In fact they seemed to

have surplus capacity in all cases.

In order te¢ understand better
the limit betwvecih excess and insuffi-

cient strencth ¢f the hLorizontal
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frames, the horizontal ¥X-braces were
replaced by diagonele single diagenal
members. The nenber dimensions, as
given by the above rules, were not
changs2, The reliakility areliyeis cf
this intact structure revealed that
the dominant failure mode was not
influenced by this reframing, and
that the system probability of fail-
ure was hardly ckanged. The damaged
case investigated again consisted of
removal of a tensiorn member in the
Even for this case, the most likely
failure mode appeared in the vertical
X's. However, a "vertical" failure
mode consisting of failure in the
horizontal diagonals framing inwards
from the damaged bent appeared as
next most likely.
Concluding, the analysis of
structure showed that a horizontal
framing consisting of only simple
dizgeonals was sufficient to fulfil
the structural requirements of this
framing when the structure is subject
to a broadside wave, that is, the
horizontal framing did not contribute
to a significantly higher system
prebability of failure in fact this
probability would not have been lower
if the horizontals were infinitely
strong. If, on the other hand, the
capacity cf the horizontal framing
system was reduced significantly
further, its members would control
the reliability of the damaged struc-

ture. {(Note that this conclusicn may
not be valid for other wave apprcach

directions).

CONCLUSICORS

The example structure has been

1 or several cases incluaing

)
[

yred
Y

ol

I
o)

nd K braces, high and low load
variability and intact versus damaged

states,. Through these analysis a



ciructural system reliability analy-
sie method has been demonstrated.
fome results are summarized in Talble
VT,

From these results it can he
concluded that the X-braced framing
in the structure is supericr to the
K~-braced as designed. This heclds both
with respect tc absclute safety level
and redundancy, when both framing
systems are designed according to API
and compared on the basis cof axial
design unity checks. Deterministical-
ly, the reserve strength factor REF
for the K-brace is 70 % of that for
the X-brace. The correspeonding
increase in cystem probability cf
failure is larger than cne order of
magnitude,

The reascn for this difference
is twofold, firstly due to the rela-
tively larger increase in capacity of
the X-brace when comparing best esti-

mate values to des

=]

secondly indirectly due te the verti-
cal loads {dead load) being carried

by the X's and the resultant increase

The X-braced structure showed a
larger system redundancy effect than
the K-braced. This is in particular

evident in the low load variability

case when the variability of member

redundancy measure of probability of
system failure conditional on first
mernber failure, the redundancy of the
¥-braced structure is minimum 7 times

that of the K-braced, even in the

bich load variability case.

The study showed that the
redundancy ig rercitive to the model-
1ing of member post-failure behav-
jour. Further the redundancy will
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inicvease when the ditierence in capa-
city Letveen comprescsicn versus ten-—
sion Iorces is large. In the study
this differerce was probably underes-—

l
timated

kobustness of the structure
wirh respect to damage is measvred by
the incvrease in system failure proka-
bility following damage (remcoval) cf
a critical member. With this measure
no significant difference was found
between the two systems. In other
words although the individual X~brace
has a higher absolute safety level
anté redundancy, the overall system
behaviour is not dissimilar for the

two systems.

The study has revealed some
interesting aspects with respect to
< robustness measures.
ntact state the structure has
iformity in member utiliza-

1 ults in a low redundan-

tion in the remaining structure, and

as a conseqguence higher redundancy.

The result is an apparent in-
consistency in that a "well designed”
structure, i.e., well balanced,
highly-utilized-members, implies low
redundancy. Loes this imply that
redundancy is not as a desirable
gquality? Does it imply that the
measure introduced here ie inap-
propriate, although it works for
statically determinate systems? Or
deces it mean that "robustness” is
what we are really more interested
in, i.e., we would not like a major
reduction in system relisbility if
the structure is lucally damaged?
These issues should be further dis-
cussed in the iight of the improved
measuring capabilities oI system

reliability anaiysic.



Table VI
GM =

Summary of study results.
Gult of Mexico {high load variability)

NS = North Sea (low load variability)

[BRACE PROB. OF FRAILUERE KEDUNDANCY |[PROB. OF FAILURE | ROBUST
ITYPE INTACT MEASURE DAMAGED NESS
MEASURH
GM K& GM NS GM GM
-5 -6 -4
X 1.3%x107° 1.1x10 0.1 06.003 3.4x10 25
- - -2
X 1.3x1072 3.9x107° | 0.7 0.4 5.3x10 40

It is worth noting that a
"real" platform, as opposed to the
example structure, would be more
nents from phases prior to the
inplace operational phase. Although
unintentional this would result in
higher post-first-member-failure
system capacities and a more redun-

dant behaviour.

The member replacement tech-
nique, which is the basis for the
system reliability analysis, has
proved to be an efficient tool in
comparing alternative structural
systems and their redundancy or
robustness. However, areas with scope
for improvement in the technique, as
implemented in the computer program

PAILUR, have been identified.
The most important are:

- Mere detailed/realistic mechani-
cal modelling of post-fajilure
compres&sion member behaviour.

- Member behaviour under combined

axial and monrert leading.
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- More scophisticated locad pattern
modelling with respect to scal-

L]

gent™ automatic generation of

failure trees,
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