Journal of Polish Safety and Reliability Associatio
Summer Safety and Reliability Seminafslume 6, Number 2, 2015

Kwiatuszewska-Sar necka Bozena
Maritime University, Gdynia, Poland

Reliability and risk function improvement of bulk cargo transportation
system

Keywords

reliability, reliability improvement, multistate siem, large system

Abstract

In the paper the basic notions of the ageing mattissystems reliability analysis are introduceae multistate
system reliability functions are defined and theamegalues of the multistate system lifetimes inrgl@ability
state subsets and in the particular reliabilitytestaare determined. The notion of the multistatstesy risk
function and the moment of the system exceedinccthieal reliability state are introduced. Furthér the
developed reliability models, it is assumed thatskistem's components have the multistate Weibligihility
functions with various parameters in their diffdrerliability state subsets. Under this assumptithre
proposed multistate system reliability models grpliad in maritime transport to the reliability dysis of a
bulk cargo transportation system and its reliabilitinction, moreover other main characteristics are
determined.

1. Introduction terminal  transportation  system, which is
L , _ demonstrated in the paper.

Taking into account the complexity of the failure

processes of real technical systems, it seem . o

reasonable to expand the two-state approach tg.l\/llul'tlstateapproach to system réliability

multi-state approach [2] in the system reliability analysis

analysis. The assumption that the system idn the multistate reliability analysis to define a

composed of multistate components with reliability system composed of n O N ageing components we

states degrading in time [1] gives possibility flaore  gssume that:

precise analysis of its reliability. This assumptio _ g j=1,2,.n, are components of a system,

allows us to distinguish a system reliability @@  _ 3| components and a system under consideration
state, which exceeded is either dangerous for the paye the set of reliability states {0,1},.,z> 1,

environment or does not assure the necessarydével _ the reliability states are ordered, the state thés
the effectiveness of its operations process. Than,  \yorst and the stateis the best,

important system reliability characteristic is thee  _ i component and the system reliability states
to the moment of exceeding the system reliability degrade with time,

critical state and its distribution, which is calléhe
system risk function. This distribution is strictly
related to the system multistate reliability funat
which is a basic characterl_stlc of the mult|stat63 while they were in the reliability state at the
system. Next, the assumption that the system's momentt = 0

components have single hot reserve gives the . ’ . . .
possibility to improve the system's reliability and ‘;ﬁ“)e'ls 2 r;g?ﬁmir\]/ar;ﬁglerﬁgsilsifnt'g?aige Is'ffé'gf
extend the time to the moment of exceeding the y o ; y St

system reliability critical state. This approachynbe {uu+1,..7, while it was in the reliability state
successfully applied to a wide class of real ageing at the moment=0,

technical systems, for instance to reliability gsé,

identification and prediction of the bulk cargo

—Ti(u), i=1,2,..n, nON, are independent random
variables representing the lifetimes of components
E in the reliability state subsetuju+ 1,...7,
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—s(t) is a componentE; reliability state at the

Moreover, the mean values of the system lifetimes i

moment t, t(}(0»), given that it was in the particular reliability states are given by

reliability statez at the moment= 0,

—g(t) is the system reliability state at the momgnt

t[1{0,0), given that it was in the reliability stazeat
the moment = 0.

A) = p(u) — p(u+D, 4(2) = u(2), (6)
u=0,1,..z -1,

The above assumptions mean that the reliabilitywherez(u) u=0,1,...zare given by (5).
states of the ageing system and components may be

changed over time only from better to worse.
Definition 1 A vector

R(t)=[R ¢0.R ¢D.....R(t 2], (1)
where

R(tu)=P(s ) 2uls(0) =2) =P (u)>t) (2)
for tl{0), i=12,..n, u=01L...,z, is the
probability that the compone# is in the reliability

state subsefu,u+1...,Z} at the moment, t{1(0,»),

while it was in the reliability stateat the moment
= 0, is called the multistate reliability functiai a
component;.

Definition 2 A vector
R(t,)=[R(t,0,R(tD,...,R(t 2], tD(O,oo), 3
where

R(t,u) =P(s(t) 2u|s(0) =2) = P(T(u) >1), (4)

Further, ifr is the system critical reliability state,
then the system risk function is given by [1], [3]

r(t) =1- R(t,r), tC(0,0), (7)

and ifr is the moment when the system risk function
exceeds a permitted levél then if r ™ (t) exists we
have

T=17(9), (8)

where r ! (t) is the inverse function of the risk
functionr (t) .

Now, after introducing the notion of the multistate
reliability analysis, we may define basic multistat
reliability structures.

Definition 3 A multistate system is called a series if

its lifetime T(u) in the reliability state subsetuf

u+1,..7 is given by T(u) = anin{'I'i(u)}, u =
<Isn

1,2,...2

The reliability function of the multistate series

for t0(0,»), u = 0,1,...7, is the probability that the systemis given by the vector

system is in the reliability state subset(+ 1,...2}

at the momentt, t[K0,0), while it was in the
reliability statez at the moment = 0, is called the
multistate reliability function of a system.
reliability functions R (t,u) and R(t,u), t{0,0), u =

0,1,...z, defined by (2) and (4) are called the
coordinates of the components and the system

multistate reliability functionsr, (t,) andR(t, ) are
given by respectively (1) and (3). It is clear tfram
Definition 1 and Definition 2, foru =0, we have
R(t,0) =1 and R(t,0) =1

Rt) =[1,R(tD),....R(t 2)] 9)

The with the coordinates

R,U) = 1R (LU), t0< 0,@), U= 1,2,..2 (10)
i=1

Definition 4 A multistate system is called series-
parallel if its lifetime T(u) in the reliability state
subset g,u+1,...7} is given by

Under the above definitions, the mean value of the

system lifetimeT(u) in the reliability state subset

{u,u+1,...7 is given by

() = [RE UL u=1,2,...7 )
0

82

T(u) = max{min{T, (W)}} , u=12,.2

I<isk, 1<j<;

The reliability function of the regular multistate

series-parallel system is given by the vector

R(t.) = [1,R(,1),...R(t,2)], (11)
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with the coordinates

Ky l;
R(tu) = 1-TTL-TR; (t W], t0 (—0,00), (12)
=1 =1

u=1.2,..72,

wherek,, is the number of series subsystems linked
in parallel and; is the number of components in the
series subsystem.

3. Multistate approach to system reliability
improvement analysis

Definition 5. A multi-state series system is calked
series system with a hot reserve of its componiénts
its lifetime T(u) in the state subsetufut+l,...z} is

given by [5] T(u) = ]Tiiﬂ[ma){Tii (W, u=1,2,.2

1<j<2

where T;1(u) are the lifetimes of the system's basic
components andlp(u) are the lifetimes of their
reserve components.

The scheme of this kind of series system is shaown i
Figure 1

L{En -rE LJ -
Ei» JLEzz

Figure 1 The scheme of a series system with a hot
reserve of its components

The reliability function of the non-homogeneous
multi-state series system with a hot reserveitef
components is given by a vector

IR(t,) = [L, IRtL),.... IR(t2)], (13)
where
IR(tU) = [IL-[F (L W]2], t 0< 0,00), (14)
i=1

u=1.2,..z

Definition 5 A multistate system is called series-
parallel system with a hot reserve of its composent
if its lifetime T(u) in the reliability state subset
{uu+1,.72 is given by T(u)
max min{maxT;, (U)}}} , u=1,2,..z, whereT;(u)

I<isk, 1<j<l, I<k<2

The reliability function of the regular multistate

series-parallel system with a hot reserve of its
components is given by the vector
IR(t,) =[1,IR(t,1),...,IR(t,2)], (15)
with the coordinates
Ky I )
IR(tu) =1- _|'|1[1— ﬂl[l—[Fij (twll, (16)
= ]:

tO (—o0,00),u=1,2,..7,

wherek,, is the number of series subsystems linked
in parallel and; is the number of components in the
series subsystem.

4. Bulk cargo transportation system -
technical description

The considered bulk cargo terminal placed at the
Baltic seaside is designated for storage and relgad
of bulk cargo such as different kinds of fertilizer
e.g.. ammonium sulphate, but its main area of
activity is to load bulk cargo on board the ships f
export. There are two independent transportation
systems: 1. The system of reloading rail wagons. 2.
The system of loading vessels.

Cargo is brought to the terminal by trains consggti

of self discharging wagons, which are discharged to
a hopper and then by means of conveyors are
transported into the one of four storage tankegkil
Loading of fertilizers from storage tanks on botel
ship is done by means of a special reloading system
which consists of several belt conveyors and one
bucket conveyor, which allows for the transfer of
bulk cargo in a vertical direction. Researchedesyst

is a system of belt conveyors, reffered to as the
transport system. In the conveyor reloading system,
we distinguish three bulk cargo transportation
subsystems, the belt convey@s S, and . The
conveyor loading system is composed of six bulk
cargo transportation subsystems, the dosage
conveyor S, the horizontal conveyorS;, the
horizontal conveyo§;, the sloping conveyds,, the
dosage conveyor with buffe®, and the loading
systemS,.

The bulk cargo transportation subsystems are built,
respectively:

- the subsystemS, composed of 1 rubber belt, 2

drums, a set of 121 bow rollers, and a set of 28 be
supporting rollers,

are the lifetimes of the system's basic components

and Tj,(u) are the lifetimes of the

components.

reserve
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- the subsystenrS, composed of 1 rubber belt, 2 Further, assuming that the system is in the reifgbi
drums, a set of 44 bow rollers, and a set of 14 pe|State subsetyfu+1,...,z}, if all of its subsystems are
supporting rollers in this subset of reliability states, we conclutiatt

- the subsysterrs'S composed of 1 rubber belt, 2 the bulk cargo transportation system is a series
drums, a set of 185 bow rollers, and a set of 80 be SyStém [4] of series subsysten, S, S;, S;, S,
supporting rollers, S,.S;. S, and series-parallel subsyste®, with a

- the subsysten®, composed of three identical belt scheme presented figure 3

conveyors, each composed of 1 rubber belt, 2 drums,
a set of 12 bow rollers, and a set of 3 belt supppr S S Ss
rollers, v

- the subsystenS; composed of 1 rubber belt, 2 -

drums, a set of 125 bow rollers, and a set of 46 be
supporting rollers, Figure 3.The scheme of port bulk cargo
- the subsystenS; composed of 1 rubber belt, 2 transportation system reliability structure

drums, a set of 65 bow rollers, and a set of 20 bel o
supporting rollers, 5. Reliability parametersof bulk cargo

- the subsystens, composed of 1 rubber belt, 2 transportation system

drums, a set of 12 bow rollers, and a set of 3 belfafier discussion with experts, in the reliability
supporting rollers, analysis of the bulk cargo transportation system we
- the subsystenS; composed of 1 rubber belt, 2 distinguish the following four reliability statez ¥ 3)
drums, a set of 162 bow rollers, and a set of 98 be of the considered system and its components:
supporting rollers, * reliability state 3 — ensuring the highest effiagn

- the subsystens, composed of 3 rubber belts, 6 of the conveyor,

drums, a set of 64 bow rollers, and a set of 20 bel* reliability state 2 — ensuring lower efficiencytbg

supporting rollers. working conveyor, which is spilling cargo out of
The scheme of the bulk cargo transportation system the belt caused by partial damage to some of the
is presented ifigure 2 rollers or misalignment of the belt,

« reliability state 1 — ensuring lower efficiencytbe
working conveyor controlled directly by an
operator,

« reliability state 0 — the conveyor is unable to kyor
which my be caused by e.g.: breakage of the belt or
failure of the rollers.

We assume that the transitions between the

components reliability states are possible onlynfieo

=l better to a worse state and we fix the system &nd i

— components critical reliability state to be 2.

[ ]

‘8[¢——-{ZHI|

Moreover, we assume that the system elements and
their reserve elemen&®, E{* having the
lifetimesT“ (W) =T ) =T, @), T/’ ()=

TV W =TY W), i=12,..i])=12,..,%,

u=123uv=1,.2,..,9, in the reliability states
subsets {1,2,3}, {2,3}, {3} respectively, have the
reliability functions respectively given by the e

(o b 1

) )
B Daa ] e

&)
|
¥
1%
v
H

K5
7]

R 0=[1,R” ¢9,R" ¢.2.R” ¢.3)]
or

Figure 2 The scheme of port bulk cargo R .0=[1.R” ¢.0.R” ¢.2 R” ¢.3]
transportation system
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with the Weibull probability functions: Table 3 Bulk cargo transportation subsyst&msSs,
andS,, component parametess(), u =123

RY (t,0) = AT () >1) =expFAY (U], t0(0),

S, A () S A%(u) S A2 )
or i=1 i=1 i=123
u=1 0,01208 | u=1 0,01208 | u=1 0,01208
9) _ o) _ o) 2 u=2 0,02190 | U=2 |0,02190 | U=2 0,02190
R} (t,u) = P(T;™ (u) >t) =expfA” (U], t0(0,), u=3 |004909 | U=3 [004009 | U=3 | 0,04909
i=23 i=123 i=4.9
) (U) ) ) ) u=l |o00189 | U=l |o00189 | U=1 | 0,00189
with the parameters&i u (, )/1IJ (U) , 1=1,2,..07, u=2 0,00238 | u=2 0,00238 | u=2 0,00238
. . . u=3 u=3 u=3
j=12,..jY, u=123,0=12..9, presented in - 0.00202 = OO0 2
Tables 1-3 15 165 73
u=1 0,02806 | u=1 0,00739 | u=1 0,00466
Table 1 Bulk cargo transportation subsyst&ms,, U=2 002986 | U=2 [0,01208 | U=2 | 0,00754
S, component parameters(), u =123 Lo e S om
S ) 20 ) = 21€ =
L J ' u=1 0,00594 | u=1 0,00204 | u=1 0,00119
i=1 i=1 i=1 u=2 |001003 | U=2 |0,00246 | U=2 | 000181
u=1 0,01208 | u=1 0,01208 | u=1 0,01208 u=3 |o002011 | U=3 |000302 | U=3 |0,00238
u=2 0,02190 | u=2 0,02190 | u=2 0,02190
u=3 0,04909 | u=3 0,04909 | u=3 0,04909 ;
s 3 3 3. Bulk cargo transportation system
u=1 0,00189 | u=1 0,00189 | u=1 0,00189 reliabil Ity pr ediction
u=2 |o00238 |U=2 |000238 |U=2 |0,00238 Considering that the described system is a series
u=3 [000292 |u=3 [0,00292 |U=3 0,00292 _
. = 4. . system composed of subsysteg v=1,2,...,9,
124 47 188 after applying the formulae (9)-(12), (14)-(15)s it
u=1 0,00739 | u=1 0,00739 | u=1 0,00739 rellablllty function is given by
u=2 0,01208 | u=2 0,01208 | u=2 0,01208
_u =3 0,02112 _u =3 0,02112 [u=3 0,02112 R(t,[) = [1, R, R(t,2),R(3) ], tD(0,00), (17)
i=125..., i=48.., i =189,...,
147 61 248
u=1l |[o000204 |u=1 [o000204 |u=1 |0,00204 where the coordinates have the following forms
u=2 0,00246 | U=2 0,00246 | uU=2 0,00246
u=3 u=3 u=3 9
0,00302 0,00302 0,00302 R(t,u) = M R (t,u), t[({0,), u=1,2,3,
. u=l
Table 2 Bulk cargo transportation subsyst&ms, v=12 .9
S component parametersu), AW, u=123
147
AW . R® (t,u) =1 R® (t,u), (18)
S j=123 S /]i(S) (u) S AW i=1
i=1 i=1 i=1 61
@) — (2)
u=1 0,01208 | u=1 0,01208 | u=1 0,01208 R (t’ U) ||:|1 R‘ (t, U)’ (19)
u=2 002190 | U=2 |0,02190 | U=2 | 0,02190 248
u=3 004009 | U=3 |004909 | U=3 | 0,04909 RO (t,u) = M R(‘?’) (t,u), (20)
i=23 i=23 i=23 i=1
u=1 |oo00189 | u=1 |opo00189 | u=1 0,00189 18
d d d 4 —1-M-— 4 3
u=2 |0,00238 | U=2 |000238 | u=2 0,00238 R (Lu)=1-[1 ||:|1 Ri (tu)] (21)
u=3 0002902 | u=3 |0,00292 | U=3 0,00292 173
i=4.., i=4.., i=4.., (5) — '(5)
15 128 67 R™(t,u) I|:|l R™(tu), (22)
u=1 0,02806 | u=1 0,00739 | u=1 0,00739 8 _ .
u=2 |o002986 | U=2 |001208 | U=2 | 0,01208 RO (t,u)= M R( ) (t,u), (23)
u=3 003205 | u=3 |002112 |u=3 0,02112 =1
i=16..., i=129..., i=68..., 7 18 _ -
18 173 88 R¢ )(t, u)= |-| R( )(L u, (24)
u=1 0,00594 | u=1 0,00204 | u=1 0,00204 '2:118
u=2 |0,01003 | U=2 |0,00246 | U=2 | 0,00246 R® (t,u) = M R(B) (t,u) (25)
u=3 |00211 | U=3 |000302 |[U=3 |0,00302 ' i1 Y
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Considering (27)-(29), the expected values of the
bulk cargo transportation system lifetimes in the
reliability states subsets {1,2,3}, {2,3}, {3},
Applying the formulas (18)-(26) and considering the according to (5), are respectively

parameters given in Tables 1-3, the coordinates of

the system reliability function given by (17) are a x#(@) £ 0.3486 w(2) L 02777, 4(3) £ 0.2131 (30)
follows:

RO (t,u) =[TR? (t,U). (26)
i=1

And further, the standard deviations of this system
R(t,) = exp[-0.9569%%] Cexp[-0.369582] lifetimes in the reliability state subsets {1,2,3},

2,3}, {3}, ding to (6
exp[-150541%] [ [3exp[-0.37040] 12,3}, {3}, according to (6) are
_ 3exp[-0.7408012] + exp[-1.111207]] o() C 00176 0(2) T 00112 o(3) T 0006¢.(31)

exp[-1.031412] Cexp[-0.53701?] _
5 5 Consequently, according to (6), the mean values of
exp[-0.3704Q°] [exp[-1.321167] the maritime ferry technical system lifetimes ie th

exp[-0.369622] =3exp[-6.83196 7] particular reliability states 1, 2, 3, are respesy:

- 2 2
3expf720238°] +expt7.572767,  (27) (1) C0.0709, 7(2) C 0.0646, &(3) C 0.2121. (32)

R(t,2) = exp[-1.54492°] Cexp[-0.59262°] Since the critical reliability state is= 2, the system
exp[-2.409062] ([3exp[-0.4150%?] risk function of th_e bylk cargo transportation gyst
) 5 according to (7), is given by
- 3exp[-0.8301412] + exp[-1.245212]]
exp[-1.64736?%] Cexp[-0.861082] r(t) = 1-R(t2),
_ 2 _ 2
exp[-0.41507"] Lexp[-2.114007] whereR(t,2) is given by (28) and(t) is illustrated in
exp[-0.59874°] = 3expF10597967] Figure G

Hence, by (8), the moment when the system risk
function exceeds a permitted level, for instance

0= 0.05, is given as follows

-3exp[1101297°] +expF1142804°], (28)

R(t,3) = exp[2.679917] Cexp[-1.026497]
expF4.14333t] [3exp[-0.499862] r=r7(d C 0.0710. (33)

~3exp-0.999721°] +expf-1.49958°]] 7. Bulk cargo transportation system

exp[-2.83083%] [exp[-1.488137] reliability improvement prediction

2
exp[-0.49986°] Cexp[-3.63643°] To obtain better expected values of the bulk cargo
exp0.985512] = 3expf17.790357] transportation system lifetimes in the reliabiktates

subsets {1,2,3}, {2,3}, {3}, we assume that the
described bulk cargo transportation system is i@ser
system with hot single redundancy of bow rollers
and supporting rollers in all subsystemS,
v=1,2,...,9. After applying the formulae (9)-(10),
(13)-(14) and (15)-(16), its reliability functiors i
given by

— 3exp[-18.290217] +exp[-1879007%]. (29)

Their graphs are presentedrigure 4

IRt =[1,IREtY, IR(,2),IR(,3)], t1(00),
(34)

where

IR(LU) = []IRY (t,u), U= 1,2,....9,
v=1

Figure 4.The graph of bulk cargo transportation
system reliability function 14

IR (t,u) =R (RO W[] L-[FO (L W),

i=4
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N (35) [3exp[-0.4150%2] (2 — exp[-0.02986 2])*2
IR (t,u) =R (t )[R (¢, u)]2,|j|4 [L-[F2(t w1, (2 - exp[-0.010032])® - 3exp[-0.830142]
" (36) (2 - exp[-0.029862])** (2 - exp[-0.010032])°
IR® (t,u) =R (L WIRP (L W] L-[FO(t w2, +exp[-1.24521] (2 - exp[-0.02986°]) *
=4 (2 - exp[-0.010032])°] (45)
(37)
IR (t,u)=1- . IR(,3) = expF-17.290497]
1-ROCWIRS G wI* ] B[R Cwl), (2-exp[-0.021122]) "2 (2 - exp[-0.003022])**
(38) (2—-exp[0.020117])® (2 - exp[-0.012082]) *
IR® (t,u) =RO (¢, )RS (¢ W] L-[FO (L W2, (2—exp[-0.03205%))"* (2 - exp[-0.00238°])*
=4 (39) [3exp[-0.499867] (2 — exp[-0.03205 2])*?
83 (2-exp[-0.020112])° —3exp[-0.9972 2]
(6) —R©® (6) 2 _TE® 2
IR™ (t,u) =R™(t u)[R” (t u)] M [L-[F (L w7, (2 - exp[-0.032052]) % (2 exp[-0.020112])°
. (40) +expF149958?] (2 - exp[-0.032052])%
IR? (t,u) =R™(t u)[Ré”(t,u)]?g L-[FOC WL (2-exp[-0.020112])°]. (46)
(41) : .
218 Their graphs are presentedrigure 5
IR® (t,u) =R® (L WIRP (LW’ L-[F2 (L W),
_ (42) .
I R(g) (t, U) 08

IR(tU)

= [RO(L UI*[RO(, u)]ﬁigﬁ 1-[F9 (t u)]2], (43)

=10

for t0(0), u=1,2,3. o

1,0 2,0 3,0 4,0

t

Applying the formulas (35)-(43) and considering the

F;{:&ﬁterfung't\i/;? O'fn ﬂ;re at;lesté;r?, Wt:r? h%?[ors?r']n?ée%igure 5.The graph of reliability function of the bulk
y y 9 cargo transportation system with hot single reserve

;gﬁgxs of its components given by (34) are S ¢ its components

Considering (44)-(46), the expected values of the
bulk cargo transportation system lifetimes in the
reliability states subsets {1,2,3}, {2,3}, {3},
according to (5), respectively are

IR(t]) = exp[-6.461562] (2 - exp[-0.007392]) *
(2 - exp[F0.00204%]) #* (2 — exp[-0.02806 2])*
(2 - exp[-0.00466%])** (2 - exp[-0.00594%])3
(2-exp[-0.00119?%]) % [3exp[-0.37047?]

(2 - exp[-0.02806 %])*? (2 — exp[-0.00594?])®

- 3exp[-0.74082] (2 - exp[-0.028062])**

(2-exp[-0.005942])° + exp[-1.1112?]

(2 -exp[-0.02806%])* (2 - exp[-0.005942])°],
(44)

u(1) C15604 u(2) C1.2375 u(3) C 0.9101 (47)

And further, the standard deviations of this system
lifetimes in the reliability state subsets {1,2,3},
{2,3}, {3}, are

o() C 05973 o(2) C 04839 o(3) C0.369¢.(48)

IR(t,2) = exp[-10.182837]

(2 -exp[-0.012082]) "*? (2 — exp[-0.002462]) **°
(2-exp[-0.010032])® (2 - exp[-0.007542]) %

(2 - exp[-0.02986 %])*? (2 — exp[-0.00181?%]) *°

Consequently, according to (7), the mean values of
the maritime ferry technical system lifetimes ire th
particular reliability states 1, 2, 3, are respesii:

Z(1) C0.3229,7(2) £ 0.3274,7(3) £0.9101. (49)
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Since the critical reliability state is= 2, then the [2]
system risk function of the bulk cargo transpootati
system with hot single redundancy, according to (7)

is given by
[3]
rm(t) = 1 —-1R(t,2),

wherel R(t,2) is given by (44) and,(t) is illustrated
in Figure 6 [4]
Hence, by (9), the moment when the system risk
function exceeds a permitted level, for instance
0= 0.05, is given as follows

[5]

r=ry () C 0.4224. 50)

1,04

08 r(t)
061 M (t)

044

r(t)

0,24

0,0 T T T T T
0,0 0,5 10 15 20 25 30

Figure & The graph of risk functions of a bulk cargo
transportation system

8. Conclusion

The multistate approach to system reliability ag@ly
and improvement, and the reliability models of
typical multistate system structures, like that
considered in the paper, can be applied in the
reliability analysis of a wide class of complex
technical systems. This possibility is illustrated
through an example of a bulk cargo transportation
system, for which reliability analysis and reliatyil
improvement and  reliability = characteristics
predictions were achieved. From the graph of the
system risk functions of a system without resena a

a system with hot reserve, we can see how the
quantitative redundancy prolongs the time to the
moment when the system exceeds the critical level
and the mean values of system lifetimes in pasarcul
states. Finally, we can search for a factor in the
Weibull reliability functions, which will allow ugo
improve system's basic components and obtain the
same risk function and mean values like for a syste
with hot reserve.
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