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Abstract: By this research project we hope to contribute to the automation of the reliability of complex systems
with failure delay by introducing the Fault Tree (FT) technique. So, we present gates delays transformation
method in a tree logic and intermediate gates delay elimination. We defined gate delay domains notion and
developed a transformation algorithm of gates delays in F.T. We have considered the cases of systems with
non reparable and reparable components with random and determinist failure delays. To calculate the
probability of occurrence of the unwanted events in an FT, we used common laws of life expectancy to
determine the distribution functions and probability density of life expectancies of system components.
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INTRODUCTION

The increasing complexity of the mdustral
equipments of systems with important dimensions and the
importance of the incurred risks of default. This has given
the FT techmque great importance and an extremely
useful tool m the analysis of complex systems safety of
exploitation. We investigated in particular systems
characterized by failure delays (Limnio, 1992) strong
mteractions between ageing components. The FT method
(Barlow and Lambert, 1975) 1s well adapted and consists
in representing the logic of the interactions between
diverse elements at various levels of a system, with the
help of intermediate logical operators. This 15 based on
two main steps:

¢ Tree construction
*  Qualitative and quantitative evaluation.

After the introduction of the pseudo Boole algebra
(Schneeweiss, 1981) to process the delays of failure and
the recursive approach (Page and Perry, 1986) who has
simplified the qualitative evaluation (cut sets) in an FT.
The FT technique has became a major tool in the analysis
of complex systems reliability. The non simultaneity
principle (Schanthikumar, 1986) is integrated into the
modelling and the representation of failure process. We
investigated the failure delay in the representation of
fault tree logic and presented a gates delays
transformation method. We developed a corresponding
algorithim. Certain events (components) have been
modelled by determinist and randem life expectancy
processes (Dunbar, 1984).

We have done the calculation of distribution
functions and probability density of compeonents and
system life expectancy (Theologou and Limnios, 1990).
This would help m the evaluation of occurrences
probabilities of events in a considered FT example (Pages
and Gondrar, 1980).
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MATERIALS AND METHODS
Delay gate processing in FT:
The input DG is an AND gate: Before the transformation
of delay (Fig. 1) we have:

S ()= 0 if 0=t==<
(0= Y-1=X,(t-1X,(t—1)
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Fig. 1: Before the transformation of delay
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Fig. 3: Before delay transformation
After the transformation of delay (Fig .2) we have:

if0<t<t

-1).X,(t-1) ift=t

0
S, ()=
= {Yl(t) Y, (=X, (t
Then we can write:
S,(t)=8,(t), vt = 0

The input DG is an OR gate: Before delay transformation
(Fig. 3) we have:

S1(t):{

After the delay transformation (Fig. 4) we have:

0 ifo=t=<
Yt-u)=X,(t-1) + X,{t-1) ift=z

0 if0<t=t

YO +Y,)=X(t-1)+X,(t-1) ift=t

Sz (t) = {

We can write:

S(=38,t) . forallt=0

563

G @D

|
X1 X2

Fig. 4: After the delay transformation

Transformation algorithm: This algorithm developed for
power plant reliability calculation program (Abderrezale,
2004) allows to establish domains and associated time
delays in FT, once the FT is introduced in the program

If DG, €S Then D(DG) = {i,.....i0)

In every 1 € °D (DGi), we associate the delay T1
corresponding to the gate delay GDi.

If 1 belongs to the domains of several gates delays,
then the delay (t) associated is equal to the sum of the
gates delays.

RELIABILITY QUANTITATIVE EVALUATION

We only consider the evaluation of the occurrences
probabilities occurrences of components events from the
distributions
densities according to Pagés and Gondran (1980) where

functions and those of probabilities

we have:
The component Reliability i

R(t) = P {the i component failing between (0, t)}
The repartition function F

Fit)=1-&*
The probability of density of T

dF
f (t)idgt)

=he

If the component is of time delay (T) with constant A, its
occurrence probability 1s:

Prob=1-¢*t-?
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For complex systems with default time delay we
considered the cases of non reparable components and
reparable with fixed and random default delays.

Systems with non reparable components: According to
the associated delay nature of FT basic components,
we have:

Fixed delay (T): The F of T of component is formulated by:
F{t)=P{T <t} =P{X+t<t} hence:

E(-vfor tz1
0 forQ<t <t

FT (t) = {

the f(t) :
()= A et

Random delay: According to the associated delay nature
of FT basic components, we have:

Fit) =P{X+t= t}

If X and v follow, respectively, an exponential and
Weibull laws.

The system f(t) and F(t) are deduced from their
respective functions convolution (Theologou and
Limmos, 1990) where:

E=F* F=F iFL (t-w)dF, (u)

the f(t) 1s :
Ty = (0¥ (1) = jx e-" 2y edu =2 Ae-" (1)
0

Systems with reparable components: According to the
associated delay nature of FT basic components,
we have:

Fixed delay: The F(1) and f(t) of T of the component and
of the system when the variables X and Y follow

respectively the exponential laws of respective parameters
A and p, are expressed by Shanthikumar (1986):

t

Fo(8)= j e™dF. (1)

0

the pdfis:

-1
f=2 3 (pf ™™ O(t-(ntl)t)  pourt=r

n=10

otl D)= Mo e
At A+pu

Random delay: The F(t) and f(t) depend an usual laws of
T and T where we have:

B ch
s(s+A+A+p+c)+ic

F () =

28

FT (S ) and

(2 -

Where ¢ is an exponential law parameter, s, and s, are the
following equation roots (Theologou and Limmos, 1990):

ST+ (A pCIS +AC =0
RESULTS AND DISCUSSION

Application example: We considered a non reparable
system with reparable and non reparable components.
The default delays are fixed and random. The FT
representing the system is shown in Fig. 5.

Table 1: The basic components data

Components A (1/h) pnilh) d (1/h)
1 104 107

2 103 10! 2,10
3 104 102 2,102
4 1073 107! 2.107!

Where d data colurnn for non reparable component with random delay. Gates

delay: t;=10thand1;=5h
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Fig. 5: Fault-tree with délay
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Fig. 6: Basic components (events) delays association

The basic components data are empirical and shown
1 the following Table 1:

The FT considered processing:

¢ Tree transformation

*  Gates delays domains determination GD1 and GD2
D (GD1)=423,4}
D (GD2) = {3.,4}

¢+ Basic components (events) delays association for
component 2 we have:

T,=10h

For components 2, 3 and 4 we have:

T,+1,=15h

The components 2°, 3" and 4" become fictitious their data
change (Fig. 6).

Occurrences probabilities calculation: We determined
the occurrences probabilities of undesirable events of FT.
On the basis of repartitton functions equations (F(t)) and
the probability densities (f(t)) of life expectancy of
components and system.

Non reparable components: The basic events occurrence

probabilities calculation results with an exploitation

duration time t = 100 h, are gathered in the Table 2:
Occurrence probability calculation of the FT top

event for the same exploitation time duration (100h) are:

TOP Prob = 1.008299E-02, for random delay

TOP Prob = 1.008024E-02, for fixed delay
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Table 2: The basic events occurrence probabilities calculation results

Fixed Random Without
Component delay delay delay
1 0.01
2 9,1393.10° 9,04837.10°?
3 9,91536.10° 9,9005.10°
4 9,18512.10° 9,04837.10°

Table 3: The basic components occurrence probabilities evaluation

Fixed Random Without
Component delay delay delay
1 0.00629
2 2,1799.107 6,2440.102
3 8,5434.10° 6,2985.10°
4 2,1799.10° 6,2440.10%
Reparable components: The Dbasic components

occurrence probabilities evaluation: The component 1 has
no delay, components to 3 and 3 have become fictitious
and their occurrence probability is evaluated occording to
the delay nature.The calculation results are gathered in
the following Table 3:

The top events occurrence probabilities for T fixed
and random for an exploitation duration time of 100 h are:
Top Prob = 1.008299E-02 fixed delay
Top Prob = 1.008024E-02 random delay

CONCLUSION

By thus research project we have shown that the FT
intermediate gates delays transformation consists in their
transformation to the basic events level, without changing
their output parameters

This process allowed their elimmation from the tree
representation.

By their delays association with the tree basic events
data.

By the mtegration of F and pdf of components life
expectancies for the calculation of the system reliability.
It 1s also possible to have global system model and to
malke the parameters reliability calculation automatic.

Notation:

GD . Delay gate (delay operator)

3 Set of delay gates

Gdi . Delay gate belonging to S

T : Failure time delay

T . GDitime delay expressed in hours

T :  Random variable of system life time

f (pdf) Component probability density function of T
D(DG), Delay gate domain

I . Basic event of FT

1,4} Set of D(D@G) basic events
T Fictitious basic event
A : Mean failure rate
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1 Mean repair rate

F T repartition function

F Laplace-Stieltjes transform

* Convolution product

S Indicating variable (i.v) of output event gate

3, Lv output of the event of gate AND or OR.

Y Lv input event of delay gate before
transformation.

Y, Y, Lv. output events of delay gate after the
transformation.

X, X L.V input gate events.
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