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Abstract

In the paper, definitions and theoretical resultsgstem operations process, multi-state systaabildly, risk
and availability modelling are illustrated by theample of their application to a bulk cargo transation
system operating in Gdynia Port Bulk Cargo Termifidle bulk cargo transportation system is consilére
varying in time operation conditions. The systemmkglity structure and its components reliabilfiynctions
are changing in variable operation conditions. $¥&tem reliability structures are fixed with a hatcuracy.
Whereas, the input reliability characteristicsha# bulk cargo transportation system componentsrandystem
operation process characteristics are not suffiigierxact because of the lack of statistical daiayway, the
obtained evaluation may be a very useful examplsimmple and quick systems reliability characterssti
evaluation, especially during the design and imprgthe transportation systems operating in ports.

1. Introduction the multi-state reliability function, the risk futihan
King i he i £ th liaili and the availability of systems on the base ofrthei
Taking into account the importance of the reliapili oo honents' reliability functions is then the main

and operating process effectiveness of technicalegearch problem. Modeling complicated systems
systems it seems reasonable to expand the two-Staffye ations' processes is difficult mainly because o

approach to multi-state approach in their relipili 506 number of operations states and impossibility
analysis. The assumption that the Systems args nrecise describing of changes between these
composed of multi-state components with reliability ;o1es One of the useful approaches in modeling
states degrading in time gives the possibility fo,rthese complicated processes is applying the semi-

more precise analysis and diagnosis of theiraioy processes  Modeling of multi-state real
reliability and operational processes’ effectivenes i:hnical systems’ reliability and linking it with

This assumption allows us to distinguish a systeMyami_markov model of these systems’' operation
reliability critical state to exceed which is eithe processes is the main and practically important
dangerous for the environ_ment or dogs not assere thocaarch problem of this paper. The paper is devote
necessary level of its operational processy, his research problem with reference to basic
effectiveness. Then, an important system religbilit ojiapijity ~structures of technical systems and
characteristic is the time to the moment of exaagdi particularly to reliability analysis of a port buiargo

the system reliability critical state and itS yangportation  system in variable  operation
distribution, which is called the system risk fuont conditions. This approach to system reliability

This distribution is strictly related to the system investigation is based on the multi-state system

multi-state reliability function that is a basic g|iapility analysis and on semi-markov processes
characteristic of the multi-state system. Deterngni modeling.
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2. The bulk cargo transportation system * a reliability state 3 — ensuring the highest
description efficiency of the conveyor,

The Baltic Bulk Terminal Ltd. In Gdynia is * a reliability state 2 — ensuring less efficientloé

. . working conveyor by spilling cargo out of the belt
designated for storage and reloading of bulk cargo .
suchg as different kings of fertilisers i?e.: ammaoni ) caus_ed _by partial damage to some of the rollers
sulphate, but its main area of activity is to ldadk or ml_sal_lgnment of the belt,_ i
cargo on board the ships for export. The BBT is not *a rel'ab”'w state 1 — ensuring less gfﬁaency of
equipped with any devices to enable the dischafge o the working conveyor cc_)ntrolled directly . by
vessels. operator caused by i.e.: stretched or slightly
There are two independent shipment systems: damgge_:(_j belt,
1. The system of reloading rail wagons. ca r¢I|ab|I|ty state 0 — the conveyor unable to work
2. The system of loading vessels which my be caused by i.e.: breakage of the belt,

Cargo is brought to BBT by trains consisting off sel fa(L:iI[ure of rollers or elongated belt beyond
discharging wagons which are discharged to a\Na justment range.

hopper and then by means of conveyors are € pre"”?'“a”'y assume that the bulk cargo
transported into the one of four storage tankegkil ransportation  system is composed of nine
Loading of fertilisers from storage tanks on bodiel ~ subsystems S, S,, S;and S, S, S5, S, S,

ship is done by means of special reloading systems , having an essential influence on its reliability.

bucket somveyor which llows the traner of buk /e _ Mtk the _reliabilty functions of - these
y subsystems respectively by the vectors

cargo in a vertical direction. Researched system is
system of belt conveyors, called later on the parts

system. R(t, 1) = [R(t,0), R(t,1), R(t,2), R(t,3)],

In the conveyor reloading system we distinguish the t0< Q)1 =123 ...,9,

following transportation subsystems:

S, S, S — the belt conveyors. with the co-ordinates

In the conveyor loading system we distinguish the

following transportation subsystems: R(t,u) = P(S(t) = u | S(0) =2) = P(Ti(u) >1)

S, — the dosage conveyor,

S —the hor@zontal conveyor, defined fort < 0,), u = 0,1,2,3,i = 123, ...,9,
S — the horizontal conveyor, whereTi(u), i = 1,2,3,...,9, are independent random
S, — the sloping conveyors, variables representing the lifetimes of subsyst&ms
S — the dosage conveyor with buffer, in the reliability state subsetifu+1,...,3}.

S —the loading system. _ Further, assuming that the system is in the rdiigbi
The scheme of this system is presenteféigure 1 state subsetu{u+1,...,3} if all its subsystems are in

this subset of reliability states, we conclude it
system is a series system of subsystefs S,,

C
g S S
WMMN U LADOVARKI Sand S, §, §,, S,, §, S with a general
c scheme presented iRigure 2.
| -1
VVVVVVVVvY c s 1S S
\
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Figure 2.General scheme of transportation system

Figure 1.The scheme of port bulk cargo structure

transportation system. _ _ _
The bulk cargo transportation system consists nine

After discussion with experts, taking into accotnet ~ Subsystemss, S,, S5, S, S5, S5, S, S, S
reliability of the operation of the system, we - the subsystemS, composed of 1 rubber belt, 2

distinguish the following four reliability stated s drums, set of 121 bow rollers, set of 23 belt
components: supporting rollers,
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- the subsystenS, composed of 1 rubber belt, 2 states:z, z,, z;. On the basis of data coming from
drums, set of 44 bow rollers, set of 14 belt suppgr  experts, the probabilities of transitions betwekea t

rollers, operation states are approximately given by
- the subsystentS; composed of 1 rubber belt, 2

drums, set of 185 bow rollers, set of 60 belt 0 037 063

supporting rollers, [pplaz=[1 O 0

- the subsysten®, composed of three identical belt 1 0 0

conveyors, each composed of 1 rubber belt, 2 drums,
set of 12 bow rollers, set of 3 belt supportindent,
- the subsystentS; composed of 1 rubber belt, 2

drums, set of 125 bow rollers, set of 45 belt = b#| , ,
supporting rollers, b,l =123, b#l, are given, we can find the mean

- the subsystenS, composed of 1 rubber belt, 2 values of the unconditional sojourn times!,,,

drums, set of 65 bow rollers, set of 20 belt suppgr 0 =123, in particular operation states,. Next,
rollers, knowing the mean values of the unconditional
- the subsystents, composed of 1 rubber belt, 2 sojourn times in particular operation stats and
drums, set of 12 bow rollers, set of 3 belt suppgrt  solving the system of equations

rollers,

- the subsystents; composed of 1 rubber belt, 2 {[ﬂllﬂzﬁs]=[7Tl’ﬂ2,”3][pbl]3 5

Using the results given above and when the mean
values of the conditional sojourn timesM,,

drums, set of 162 bow rollers, set of 53 belt
supporting rollers,

- the subsystents, composed of 3 rubber belts, 6
drums, set of 64 bow rollers, set of 20 belt suppgr
rollers.

T+ 7T, + 7 =1,
7 =05, 71, = 0.185, 77, = 0.315,

we obtain the Ilimit values of the transient

3. The bulk cargo transportation system probabilities p, (t) at the operational statez |,
operation process characteristics evaluation

Technical subsystems§,, S,,..., S, indicated in P, =0.6679, p, =0.0945, p, =0.2376. (1)

Figure 1 are forming a general bulk cargo , )
transportation system reliability structure preednt 4- The bulk cargo transportation system in
in Figure 2 However, the bulk cargo transportation Variable operation conditions reliability, risk
system reliability structure and the subsystemsand availability evaluation

reliability depend on its changing in time operatio \ye assume as earlier that the bulk cargo

states. . transportation system is composed ai=9
Taking into account the operation process of the

considered system we distinguish the followingtss i subsystems, 1= 123,...9 and that the changes. of
three operation states: the processZ(t) of the bulk cargo transportation

-an operation statez — the discharging rai system operation states have an influence on the

system subsystemsS reliability and on the
wagons to storage tanks or hall when SUbSyStem?eliabilit structure as well. Thus, we denote the
S, S, S, are used, with the structure given in y ' ’

Figure 3 conditional reliability function of the bulk cargo
: . . transportation system subsyst&nwhile the system
 an operation stat&, — the loading of fertilizers

from storage tanks or hall on board the ship is

done byusingy, S, &, S, S, S, subsystems,
with the structure given iRigure 4 R® (¢, )l

* an operation stat&, — the loading of fertilizers =[1, R® ¢,1), RO t, 2), ..., R®'(t, 2)],
from rail wagons on board the ship is done by

usingsS;, $, S, &, S, S, S subsystems, with the  where fort 0<0,00 ),b= 123, u=12,...,7
structure given ifrigure 5

is at the operational statg, b= 123, by

According to expert opinions in the operation R‘b)(t,u)zP('I'i‘b)(u)>t|Z(t)=zb),
processZ(t), t=0, we distinguished three operation
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and the conditional reliability function of the bul R 2)]®= exp[-6.5171], (8)
cargo transportation system while the system iket

operational state,, b= 123 by

[ R, (,3) 1= exp[-8.406t]. (9)
Rr(l::) (t, Thus the subsyste® is a multi-state series system,
_ (b) (b) (b) consists ofn = 248 components, its reliability
=1, Ry, t,D, Ry, (t,2),..,Rnb (t,2)],

function [6] is given by
where for t0<0,0), b=123 n,0{12,...9},

u=12..z [Rouat.0P= [1, [Rpugt D1, [Roys .21,

Rr(]g) (t,U), - p(T(b) (U) >t|Z(t) — Zb) §248(t !3) ](l)]' t U< 0, ), (10)

where
We assume that the bulk cargo transportation syste [R,u (tD)]® = exp[-21.227] (11)
subsystems S ,i=123,..9, are its three-state 248 ’
components, i.ez = 3, with the multi-state reliabilit =
functions Y [Rous2]%= expl-26.5771) (12)
- R = -
O t,0=[1, R” ¢1),R" ¢,2),RP .31, [Ross(t.3) = exp[-34.232t]. (13)

The reliability function of the bulk cargo

with exponential co-ordinates different in various _ .
transportation system, at the operational szatg6],

operation stateg, , b = 1,23

is given by
At system operational statg, system is composed
of three series subsyste®sS,, ;. [R(t,)]®
=1, [RtD1Y, [RE:21Y, R(E:3)]1™), 14
The subsystemS, is a multi-state series system [LREDI [RED)] 317 (14)
consists of n = 147 components and its reliability h
function [6] is given by where
_ _ _ D (+ (l): _
[R147(t,m](l)= [1, [ R147(t,1)] @ ’ R147 (t ,2) ](1)’ [R(t ;1)] eXp[ 3956&, (15)
[Ru7 3]V, t0<0,0), (@) [RE2]= exp[-49.668, (16)
where
[R(t:3)]" = exp[-64.286. (17)

[Rir )19 = exp[-13.138,

The expected values and standard deviations of the
[ﬁw(t,Z)](l):exp[—16.56q, (4) bulk cargo transportation system conditional
lifetimes in the reliability state subsets calcetht
from the above result given by (15)-(17), at the

R @ = -
[Rur €317 = exp[-21.643. ®) operational state, are:

The subsystens, is a multi-state series system,
consists oh = 61 components, its reliability function
[6] is given by

mP(1) £0.025,m%(2) £0.020,

m"(3) C0.016, y, (18)
[Ree(t0]® = [1, [Re1 ¢ D], [Re1 121, o0 1) £0.025 .09 (2) £ 0.020,
Rey .3 1], t0<0,00), (6)
where o®(3) £0.016, (19)
[Rey (t.1) 1% = exp[-5.204], @)
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from (18)-(19) it follows the conditional lifetimes
the particular reliability states at the operaticstate

z, are:

m® (1) 00.005m® (2) £0.004,
m® (3) C0.016.

At system operational state,, system is composed

of one series-parallel subsysteégpand five series

subsystem§&;, S, S, S5, S
The subsystent5, consists of k = 3 identical belt

conveyors, each composed df= 18 components.
Thus the subsystel®, is a multi-state series-parallel
system, its reliability function [6], is given by

[Rass01®=[1, [Rys € D1, [Ras (2 1%

Rye €3 1@] tO<0,00), (20

where
[Ras ¢ )]® = 1-[1-exp[-2.751])°

= exp[-8.253t]

-3exp[-5.502t]+3exp[-2.7p1t (21)
[Rast,2) 1¥= 1-[1-exp[-2.95a]]®

= exp[-8.868t]-3exp[-5AL

+3exp[-2.956t], (22)
[Ryst3)1? = 1-[1-exp[-3.276])°
= exp[-9.828t]-3exp[-6A]
+3exp[-3.276t]), (23)

Thus the subsyste® is a multi-state series system,
its reliability function [6], is given by

[R7st.0®=[1, [R75tD1?, [R45t.2)]1?,

Ri75t3) 1%, t0<00),  (24)
where
[Ry75(t1)]? = exp[-14.6421], (25)
[Ry75(t.,2)]? = exp[-18.2971], (26)

[Ry75(t,3) 19 = exp[-23.6621]. (27)

Thus the subsyste® is a multi-state series system,
consists oh = 88 components, its reliability function
[6], is given by

[Res(t.)1?=[1, [Reg t.)]?, [Res t.21?,

Res (.3 1%, t0<0,00), (28)
where
[ R (tD) 1% = exp[-7.5471], (29)
[Rgs ,2)1¥= exp[-9.4571], (30)
[ Reg (t,3) 1?9 = exp[-12.272t]. (31)

Thus the subsyste® is a multi-state series system,
consists of n = 18 components, its reliability
function [6], is given by

[RgtM®=1[1, [Rt)1?, [Rst.2)1?,

Ris €3]], t0<0,00), (32)
where
[Ry 1) ]? = exp[-2.7511], (33)
[Ry(,2)]? = exp[-2.956t], (34)
[Rys t,3)1? = exp[-3.276t]. (35)

Thus the subsyste® is a multi-state series system,
consists of n = 218 components, its reliability
function [6], is given by

[Ryyst.0®= [1, [RyatD)1?, [Ry5t.21%,

Ryst,3) 19], tO<0,0),  (36)
where
[R,5(t)]? = exp[-18.6391], (37)
[R,4(t,2)1? = exp[-23.333t], (38)
[R,45(t,3) 19 = exp[-30.226t]. (39)
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Thus the subsyste® is a multi-state series system, and further, using (48), it follows the conditional
consists of n = 93 components, its reliability lifetimes in the particular reliability states aet

function [6], is given by operational state, are:
[Rog(t.0N®@=[1, [Res ¢ )]?, [Res t.21?, m®@ (1) 00.004, M@ (2) £ 0.003,
Ros .3 1?], t0<0,00), (40) Mm@ (3) £0.013.
where

At system operational state,, system is composed
of seven non-homogenous series subsystams,,

[Rost)]1® = exp[-5.926t], 41) 5,55 S.
The reliability function of the bulk cargo
[Ry;(t,2)]® = exp[-8.063t], (42) transportation system, at the operational stafe
[6], is given by
[ Ros (t,3) 19 = exp[-10.152t]. (43)

[R(t,N® =11, [RED]?, [RE:2]1®,
The reliability function of the bulk cargo

transportation system, at the operational staje Rt:3)19), t=0, (50)
[6], is given by where
[R,O? =[1, [RED]?, [R(E:D]?, [R(t:)]9= exp[-74.426, (51)
Rt:3)]19), t=0, (44)  [R(t:2)]®=exp[-93.478, (52)
where
[R(t:3)]® = exp[-150.208. (53)

[R(t:1)]® = exp[-57.758-3exp[-55.007]
The expected values and standard deviations of the

+3exp[-52.286 (45) bulk cargo transportation system lifetimes at the
operational statez,, in the safety state subsets
[R(t;2)]? = exp[-70.974-3exp[-68.018§] calculated from the above result, according to+(51)
(53), are:
+3exp[-65.062 (46)

m¥(1) £0.013,m3(2) C0.011,
R(t;3)]” = exp[-89.416-3exp[-86.14
+3exp[-82.864 47
Pl 9 (47 c®@ £0.013,0%(2) £0.011,
The expected values and standard deviations of the
bulk cargo transportation system lifetimes at the ¢® (3) £0.007, (55)
operational statez,, in the safety state subsets

calculated from the above result, according to«(45) and further, using (54), it follows the conditional
(47), are: lifetimes in the particular reliability states dtet

operational state, are:
m?(1)C 0.020,m?(2)C 0.016,

o® (1) £0.020,0? (2) £0.016, m® (3) £0.007.
o®(3) £0.013, (49)
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If the critical safety state is = 2, then the system where [RtD]®, [RED)]?, [RtD]® are given by
risk function, at the operational stafg, according (15), (45), (51) and [R@2)]® [R(t.2)]?

to (8), is given by [Rt2)]®are given by (16), (46), (52) and

r(t) = 1 — exp[-93.472 for t > 0. [REIV, [REI?, [REI)]P are given by (17),
(47), (53).
In the case when the system operation time is large
enough, the unconditional reliability function dfet The mean values of the system unconditional
bulk cargo transportation system is given by thelifetimes in the reliability state subsets, after
vector considering (17), (47), (81), and (57)-(59),
respectively are

Ry(t, = [1,Re ¢.0), Ry (t.2), Ry (t,3)], (56)
t>0, m()= 0.022,m (2= 0.017,m (3)= 0.014.

The mean values of the system lifetimes in the

the vector co-ordinates are given respectively by ) vallt
particular reliability states are

Ry (tD) = p.[RED]Y + p[R(ED]? m() = 0.005 M(2) = 0.003 M(3) = 0.014

+ pg[R(t,1)]® If the critical safety state is=2, then the system risk
function, is given by
= 0.6679%xp[-39.563] + 0.0945
() = 1-R, (¢,2) t= 0,
(exp[-57.75B3exp[-55.007]

r(t) =1-[0.6679%xp[-49.663] + 0.0945
+3exp[-52.25H

-70.974)-3exp[-68.01
+0.2376exp[-74.426 fort=0,  (57) (expl 4-3exp[ 8

+3 -65.08D + 0.2376 -93.477]] .
Ro t.2) = p[R(t.2)]® + p,[R(t.2)]? el @ el A
Hence, the moment when the system risk function

+ pg[R(t,2)]® exceeds a permitted level, for instarte 0.05, is
r=r"(dLC0.00084 years. [fd = 0.1 thenr=r"(J)

= 0.667%xp[-49.663] + 0.0945 L 0.00173.

(eXp[-70.97t}1-3exp[-68.018] 1,20

1,00 1

+3exp[-65.06pP

0,80 A
0,60

+0. 237@xp[-93.477] for t = 0, (58)

0,40

Ry ¢,3) = PR3] + p,[R(t3)]?

0,00

0 0,05 0,1 0,15 0,2 0,25 0,3

+ py[R(t,3)]°
Figure 3. The graph of the port bulk cargo

= 0.6679%xp[—64.280] + 0.0945 transportation system risk functiort)
(exp[-89.41t6-3exp[-86.14(] Further, assuming that the bulk cargo transpornatio
system is repaired after its failure and that e tof
+3exp[-82.86H the system renovation is ignored, we obtain the
following results:
+0. 237@xp[-150.20€ for t = 0, (59) i) the distribution of the timeS (2) until the Nth

exceeding of reliability critical state 2 of thigssem,
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for sufficiently largeN, has approximately normal P(g @ <t) OF ( 0018N)
distribution N (0.017N ,0.017/N) , i.e., N N2 001703/_
FM(¢,2) = P(Sy (2) <t) t0(-,0), N=12,...,
0.017N - i) the expected value and the variance of the

) t 0 (-0, 0), .= : :
time S, (2) until the Nth system’s renovation take

respectively forms
ii) the expected value and the variance of the time

S, (2) until theNth exceeding the reliability critical
state 1 of this system take respectively forms

E[S, (2)] = 0.017N, D[S, (2)] = 0.00028N iii) the distribution function of the timé5, (2) until
" " the Nth exceeding the reliability critical state 1 of
iii) the distribution of the numberN(,2) of s system takes form

exceeding the reliability critical state 2 of tsigstem _(N) .
up to the moment,t =0, for sufficiently larget, is F (2= P(Sn(2)<t)
approximately of the form

OF g (o2
NOYY 0.017N

E[Sn (2)] T0.018N, D[S (2)] 00.0002N,

~ ~0.018N + 0.001
P(N(t,2) = N) =Fron (Jo 0002N - 0. ooooof
0.017N -t
td(-c0,0), N=12,...,
v 0.00223/t )

iv) the expected value and the variance of the time
), N=012,..., §V (2) until theNth exceeding the reliability critical
000222/t state 2 of this system take respectively forms

0.017(N +1) -t
~ PNy ——————

iv) the expected value and the variance of the -
number N (t,2) of exceeding the reliability critical ~ E[Sn(2)] D0.017N +0.00(N - 1),
state 2 of this system at the momédnt =0, for

sufficiently larget, approximately take respectively D[éN(Z)] [10.00028N + 0.00000{N -1),
forms

H (1) =58.824, D(t]l) =58824. v) the distribution of the numbdﬁ(t 2) of system’s
renovations up to the momentt = O, is of the form

Further, assuming that the bulk cargo transpornatio
system is repaired after its failure and that e tof

the system renovation is not ignored and it has the P(N({.2) =N)
mean value /,(2)=0.001, and the standard

deviation g,(2) = 0.001, we obtain the following DFN(M)(0018N t)
results: 0. 1269/_

i) the distribution function of the timé:SN (2) until

the Nth system’s renovation, for sufficiently larde — (0-018(N +1)-t)
has approximately normal distribution © 0.1269/N

N (0.018N 0.01703/N), i.e.,

),

vi) the expected value and the variance of the

=(N) number ﬁ(t,Z) of system’s renovations up to the
F 2= momentt, t = 0, take respectively forms
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