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1. INTRODUCTION reliability. The above approach causes

significant difficulties in calculations :
As a rule reliability of offshore structures is

estimated on the basis of Level-1I methods'. In - The failure surface can not be the

most
the process of calculations a failure surface in commonly defined explicitly and therefore the
n-dimensional space of basic variables is derivatives essential for reliability index
defined. Then, the reliability index A2 as the calculations can be determined only numerically.
shortest distance from the origin of coordinates - In the general case there is no one-to-one
to the failure surface in a normalized space of relationship between reliability index and
basic variables is calculated. This reliability failure probability, so the wvalue of failure
index is usually used as a measure of structural probability is estimated approximately.
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- The failure surface can be of such a form
that several local minima are present. In

this case if the process of calculations

converges not to the global mimmum
structural reliability can be dangerously
overestimated.

- To estimate the reliability of offshore
structures many possible failure modes and
their correlations should be taken into
account.

The approach suggested in this paper makes
it possible overcome the above drawbacks. The
statemment of the problem is as follows.

Basic load Li, L., Lt and resistance Ri, Ry,

Rn be

values with known probability density functions.

variables are assumed to random

Arbitrary sets of realizations of basic vartables
are denoted by 1= (0, 1, L,
A set |

IYand r - (r:, o, .
(L, b,

), respectively. oy D)
represents a load pattern.

It is assumed that for any | and r the load
bearing capacity of the structure 1s determined
by the load factor u, that is, one of the failure
modes occurs when the load pattern 1s u ]l (u
I, uly, o, u k) and a set of resistance variables
15 fixed. Load factor u can be determined on the
basis of any determunistic design method: a load
pattern 1 1s being increased proportionally until a
failure mode occurs.

The probability of failure Pr is denoted as :

Pi = Prob. (u < 1) (n

=1 - Pr. The task of

the reliability analysis of an offshore structures

and the rehiability is Ps

i1s to determine Pr This task is solved in the
following order.

First a response surface in the form of a
polynomial for the load factor u i1s buwlt. The
polynomial is a function of realizations of basic
simulation 18

variables. Then Monte Carlo

performed : for random sets of basic vanables
the values of u are obtained from the equation of
The

probability density function in the form of one of

response  surface. next step 1s to fit a
the Pearson’s curves for the values of u thus
obtained. Finally failure probability, Eq.(1) is
computed by numerical integration. The main
concepts of this approach are discussed at the

next sections.

2. STRENGTH OF STRUCTURAL
SYSTEM

The load factor of a structural system up to a
by

load method,

particular failure can be calculated

the

stage

using extended  incremental

which 1s one of the method for the structural
system reliability nnalysis“, u; be
mean load factors corresponding to incremental
stages. At the j th falure stage (incremental
stage) the relation between component strengths

and load factors for a failure mode is as follow :

R Ay U1
R: Ay Ax uy

- (2)
R Ay Ap Ay | uj

where Ri, Ry, .., R; are strengths of components

ni. n-..., n, which are involved in the current

faiure path, m - n» - n;, and w, uy, .., u; are
load factors up to a particular failure stage. For
example w; i1s the load factor to fal the first
component i, U2 1$ that to fail component ni and
n». For simplicity Eq.(2) 1s expressed in a matrix

form :

{Re} = [A] {U} (3)

where {R.} and {U} are vector of component
strengths and load factors, respectively. Matrix

[A] is called the total utilization matrix and its
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element Ak is given as :

1
Aki= 12_ al((il) P(l) (4)
is the number of basic load cases
applied to the structure and P" is the 1-th load

value.

where t
The wvector of load factors for load
increments can be obtained by .

(U} = [A]" (R}

If collapse of a structure occurs when )

components ni, nu .., n; have failed, the total
load factor, u corresponding to the structural

collapse can be obtained by summing up all

o

elements in the load factor {U}
=%

(6)

This denotes the ratio of collapse load to applied

load and it i1s closely related to the reserve
strength factor (RSD” defined as :
RS = System collapse load 7)

applied load

The deterministically important failure modes
are found based on the deterministic critena in
reference [2]. The collapse of structural system
theoretically occurs when the determinant of
This

however, meaningless in the case of complex

structural  stiffness matrix 18 zero. 18,

Hence, the occurrence of the
the
determinant is very small compared with that of

structural systems.

structural  collapse is judged when

initial state as component failure progresses.
That
following inequality is satisfied :

is, the structural collapse occurs when

_det[K;]
det[K,]

(8)

where det{K;] and det[K.,] are the determinant of

stiffness of a structural system at the j-th

failure stage and at the initial state, respectively.

. 10
¢ 1s a small number, say ¢ = 10 .

3. RESPONSE SURFACE

To calculate Py first a response surface in the
form of a polynomial for the load factor u should
be built. For this purpose a number of deter-
ministic designs are carned out at different
of
variables and load factor u is determined in each
The built

(n+t+1)-dimensional space and passes through

points (n+t)-dimensional space of basic

design. response surface 1s in
the values of u calculated at the above points.
These points can be fixed in various ways.
A1
Bucher and Bourgund have suggested to use
a response surface in the form of the following

polynomal :

2 s 2 n
Ui 110 oy 1)~ ko * -21 leanljl‘ -21 _Zlb,ﬂ (9)
p= o= 1=li=

To obtain the values of unknown factors Kk,

a;i, by deterministic designs are carried out at the

points ( py, oy fy, fr, o i) Ly, b8, 0,
Hip oo Bie Moy o B0 G, g, Y 8101,
F7TSN 7R ) RO O 72 AR /2 IR 7 N 7 M/ S

+ 8,01 where, py, p, 0y, 0 are respectively
mean values () and standard deviation (0) for
i-th load (1) or resistance(r;) basic variable and
8, 6, are the number of standard deviation
from the mean value 4 to the design point LE 80,
Factors ko, aj by are determined as the solution
to a system of (t+n+1) linear equations. The
right hand sides of the equations are the values
of u calculated at the above points.

The investigation has shown that sometimes
the accuracy of the approximation by polynomial
(9 should be improved. For this purpose other
polynomials can be used. First of all the largest

power of polynomial (9) can be increased:
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2h ot 2h 0 Lo
uly, oy Ly 11, o, T =Ko + 21 _Zlaql;’* 2} _Zlu’r# o)
j=li= i=1i=
In this
case the number of deterministic designs (the

N =

where h is an integer positive number.

total number of polynomial terms) is

2h(t+n)+1.
Sometimes the following polynomial appears
to be useful (N=2t+n) :

1

ully, .., Iy 11, o, To) = Z

1
>N

‘M~

I
<

5
MM"‘

'\x in In

. in
klw.“ 1m ]-I : lrl Ty

Ly, i1' (1)

If the accuracy of approximation by polynomial
(11)

can be added to polynomial (11) :

is to be increased then the terms of type (5)

! 1 1
u(ll’m'lt’rl’m’r”) 7 2’*0“- zjol = .2:
kx“ Iy 1 11 llhrl "rn
2h+1 t n
> Zlaulﬁ Z Z‘b,Jn (h, t, r=1) (12)
=2 jom =
In this case N=2'"+ 2h{t-n).

To increase the accuracy of approximation the
(t~n)-dimensional space of basic variables can be
divided into several points and different polynomials
(9) - (12) can be used for different parts.

4. MONTE CARLO SIMULATION

After the response surface has been built the
Monte load

combination 1s carried out in the following order.

Carlo  Simulation for each

- Knowing the probability density functions
for all basic variables and using Monte
Carlo Simulation obtain m random sets (1,
ri) (=1, m) of basic load and resistance
variables.

- Using equation(s) of the response surface

determine the values of w (i=1, .., m) for

Krakovski

each random set of basic variables.

- Assume the values of w; thus obtained to be
m realizations of the random variable U, i.e.,
the sample size is m. Calculate the first four
statistical moments of the sample.

- Fit appropriate probability density function
fi(w) from the family of Pearson’s curves (the

of the

distribution coincide with those of the sample).

first four statistical moments

- Using numerical integration calculate the

probability of failure for i-th load
combination, Pg :
)
P = [ _f(w du (13)

Taking into account all load combinations and
using the total probability theorem calculate the
probability of failure :

s
Pr= 2 PQ)Ps (14)
=
The algorithm was implemented in the form of a
of the

results was proved by many test examples”. A

computer program. Accuracy program

possibility of using statistics of extreme values

(1)
was demonstrated .

5. NUMERICAL EXAMPLE

The
illustrates the above approach. Consider a jacket-

numerical example presented below

type offshore structure shown in Fig.lw. Two
cases with unclamped (Case 1) and clamped
Load

and resistance basic variables are assumed to be

(Case 2) joints 31, 43, 55 are analysed.

normally distributed with mean values and
coefficients of variation presented in Table 17
Polynomial given as Eq.(11) was used for
approximation. Deterministic designs described
has been carried out at the

8 =0,=3. The

in the section 2

corresponding points  with =
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results of the calculations have shown that only
one failure mode occurs at all points of each
case: the failure paths are 35-33-36 for Case 1
and 19-33-17-25 for Case 2. In Case 1 the load
factor u is affected only by fully correlated
strengths of the elements with end numbers 29,
31, 32, 33, 35, 36 and by the fully correlated
loads Li, L2, ..., Ls, L,

and loads are denoted by n and li, respectively.

..., Liz. These strengths

In Case 2 the load factor u is affected also by
fully correlated loads L7, Ly which are denoted

by 1. The approximating polynomials are:

u = 14322 - 05276 1; + 0.1145 11 + 0.0836 1)° (15)
for Case 1 and
u = 29010 - 0.6662 1; - 0.1013 1 + 0.00955
+0.0766 17 +0.035 1.° (16)
for Case 2.
Monte Carlo Simulation has shown that

probability density functions can be represented

by the Pearson’s curves of type 7 :

u=—-1.5106

] - 27 6431
fu) = 07739 [1+ ( 17419 )] (7
for Case | and
- =0 _2“2.98_4& 21 154386
flu) = 05921 [1+ 37017 )] (18)
for Case 2.
Probabilities  of  faillure  determined by

numerical integration are Pr = 0.16593 for Case 1
and Pr = 0.002044 for Case 2. Failure probability
1.)!, -

failure probability Pr =

0.16593 is somewhat in excess of the similar
0.08758 determined
And in Case 2 (clamped joints)

in
reference (7],
the failure probability is considerably less than
(unclamped joints).  These results
that the

approach the failure probability of a structural

in Case 1

indicates usin,, response  surface

system can be efficiently calculated with retaing

the And the
probability implies that the system safety can be

accuracy. results of failure
much enhanced by strengthening the joints at
the cross points of braces in case of jacket type

offshore structural system.
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Fig. 1 Jacket-Type Offshore Structure”

6. CONCLUSIONS

can see that the
it

From all said above one
to
the

approach  makes possible
the

introduction in this paper:

suggested
overcome difficulties mentioned in
- There is no need to calculate derivatives
essential for reliability index calculation. But
the failure surface is expressed explicitly in

the form of a polynomial.
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Table 1 Data of Offshore Structure in Fig.1 (unit : m, KN)

(a) Load data (b) Strength data

load no. mean cov component sectional reference
value no. area strength” |
1, 3, 4, 0.0810 5286.0
wave load
57 8
L 368.1 0.42
L 334.1 0.38
9, 11, 12 0.0638 3842.0
Ls 1815 0.41 .
L 169.6 0.36 13, 15, 16
! ” ) 17, 19, 20
Ls 142.7 041
21, 23, 24
Ls 137.6 0.33 ‘\
| Ly 45 0.40 |
i f 25, 27, 28 0.0154 476.9
1 Lo 55 0.68 ! )
- | 37, 39, 40
Lu 3.7 0.45 ;
L 139.0 0.33 ? .
I 29, 31, 32 0.0200 7985
Lz 205.0 0.46 i _
: 33, 35, 36
Lis 72.3 0.31
- ‘ 41, 43, 44 [
Lis 88.9 045 _ |
_ ; 45, 47, 48 1
Lis 56.9 0.34
L 29.9 0.40
‘ 49, 51, 52 0.0167 5178
| deck load
! L7 2490.0 0.10 i _
! i 53, 55, 96 0.0247 980.4
Ls 2490.0 010 | o
| 57, 59, 60
* reference strength : plastic bending moment
COV = 0.08
o Correlation coefficient o Correlation coefficient

0O = lAO for L1 ’I,ﬁ. sz *L17
=10 for L7 & Lk
= 1.0 for Ly -Lio

0.0 for others

0 = 1.0 for the same component type
= 0.0 for the different component type
o Elastic Modulus . = 210 GPa
0 Mean yield stress = 276 MPa

It

calculated.

There 1s, therefore, no need for one-to-one

Failure probability is directly
relationship between reliability index and
failure probability.

- Because of direct numerical integration of
the probability density function the problem
of many local minima does not arise.

is also need to consider all

- There no

possible failure modes or to single out

All

necessary failure modes as well as their

stochastically dominant failure modes.

correlations can be taken into account as

the response surface 1s being built.

In authors’ opinion all these advantages allow

for simple and effective reliability analysis of

offshore structures.
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