SSARS 2011
Summer Safety and Reliability Seminars, July 03-09, 2011, Gdarisk-Sopot, Poland

Soszynska-Budny Joanna
Maritime University, Gdynia, Poland

Reliability and risk evaluation of a container gantry crane at variable
oper ation conditions

Keywords
reliability function, risk function, system opeiati processes

Abstract

The joint model of the system operation process #ed system multi-state reliability is applied toet
reliability and risk evaluation of the containemgyg crane. The container gantry crane is descridoedi its
operation process unknown parameters are identfietthe basis of real statistical data. The medunegeof the
container gantry crane operation process uncomditisojourn times in particular operation states faund
and applied to determining this process transggababilities in these states. The container gaotane
different reliability structures in various its agpéon states are fixed and their conditional telity functions
on the basis of data coming from experts are apmately determined. Finally, after applying earlier
estimated transient probabilities and system canit reliability functions in particular operatiagtates the
unconditional reliability function, the mean valuasd standard deviations of the container gantaner
lifetimes in particular reliability states, riskrfation and the moment when the risk exceeds aarialue are
found.

1. Introduction does not assure the necessary level of its operatio
process effectiveness. Then, an important system
reliability characteristic is the time to the morhen
of exceeding the system reliability critical stared

its distribution, which is called the system risk
function. This distribution is strictly related tbe
system multistate reliability function that is basi
characteristics of the multi-state system.

The complexity of the systems’ operation processes
and these processes influence on changing in time
the systems’ structures and their components’
reliability characteristics [4]-[7] is often very

Most real technical systems are very complex and it
is difficult to analyze their reliability, availaliy

and safety. Large numbers of components and
subsystems and their operating complexity cause
that the identification, evaluation, prediction and
optimization of their reliability, availability and
safety are complicated. The complexity of the
systems’ operation processes and their influence on
changing in time the systems’ structures and their
components’ reliability characteristics are very

of'EI(_enkmet.lnt real practtl?[ﬁ. : ¢ fth fot difficult to fix and to analyse. A convenient tdor
axing into account the importance ot the safety solving this problem is semi-Markov [2] modelling

and operating process effectiveness of such systemsOf the systems operation processes which is
it seems reasonable to expand the two-state

approach to multistate approach [1], [3], [6] ireith proposed in the paper. Using the joint model of the

L . ) system multi-state reliability and the system semi-
reliability analysis. The assumption that the SYSte  parkov operation process [4], [6], [7] it is pdsisi
are composed of multistate components with

lability  stat d di g ; h to point out the variability of system components
refiabrity -states degrading in time gives the reliability characteristics by introducing the
possibility for more precise analysis of their

o . ) ) components’ conditional multi-state reliability
reliability and operation processes’ effectiveness.

This assumption allows us to distinguish a system functions determined by the system - operation
reliability critical state [3], [4], [6], [7] to eseed states. Consequently it is possible to find theesys

S . conditional reliability function dependent on the
which is either dangerous for the environment or y P
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operation states and next its unconditional
reliability function.

This way the obtained results concerned with
multi-state systems in its varying in time openatio
states can be applied to the reliability and risk

evaluation of the container gantry crane.

2. Container gantry crane system analysis
We analyse the reliability of the container gantry

- control panels (an engine room, an operator’s
cabin, a crane arm cabig®,
- control and steering cables’ connectidg$ .

The gantry crane arm getting up and getting down
subsystentS, consists of:

- a propulsion unit (an engine, a rope drum, a
transmission gear, a clutch, breaks, a rdp§),

- a set of rollers and multi-whees!?,

crane that is operating at the container terminal - a crane arm (joints, hooks fastening the afi).

placed at the seashore [5], [6]. The considered

container terminal is engaged in trans-shipment of
containers. The loading of containers is carrietd ou
by using the gantry cranes called Ship-To-Shore
(STS).

The gantry crane transferring subsyst&ptonsists

of:
- a driving unit (an engine, a clutch, breaks, a
transmission gear, gantry crane wheds) .

We consider the STS container gantry crane that The gantry crane loading and unloading subsystem

is composed of 5 basic subsystel®s S,, S,,

S, and S, having an essential influence on its
reliability. Those subsystems are as follows:

S - the power supply subsystem,

S, - the control and monitoring subsystem,

S, - the arm getting up and getting down
subsystem,

S, - the transferring subsystem,

S - the loading and unloading subsystem.

The gantry crane power supply subsyste®n

consists of:
- a high voltage cable delivering the energy from

the substation to the gantry crag¢’ ,
- a drum allowing the cable unreeling during the
crane transferringe.” ,

- an inner crane power supply caglg ,

- a device transmitting the energy from the high
voltage cable to the inner crane caEI}P ,

- main and supporting voltage transform&g ,

- a low voltage power supply cabi! ,

- relaying and protective electrical components
E®.

The gantry crane control and monitoring subsystem
S, consists of:

- a crane software controller precisely analyzimg t
situation and takes suitable actions in order to

assure correct work of the craig? ,

- a measuring and diagnostic device sending signals

about the crane state to the software contrglfér,

- a transmitter of signals from the controller to
elements executing the set of commaid3,

- devices carrying out the controller’s orders (a
permission to work, a blockade of work, et
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S, consists of the winch uriz® composed of:

- a propulsion unit (an engine, a clutch, breaks, a
transmission gear, ropes),

- a winch head (which a container grab is connected
to),

- a container’s grab,

- a container’s grab stabilizing unit

and the cart uni€” composed of:

- a propulsion unit (an engine, a clutch, breaks, a
transmission gear, cart wheels, ropes),

- rails which cart is moving on during the operatio

- a crane cart.

The subsystem§,, S,, S;, S,, S, are forming a
general series gantry crane reliability structure
presented ifrigure 1.

S S S

Figure 1. General scheme of gantry crane reliability
structure

3. Container gantry crane operation process
and its statistical identification and
characteristics prediction

The container gantry crameliability structure and
the subsystems and components reliability depend
on its changing in time operation states.
Taking into account expert opinions on the varying
in time operation process of the considered
container gantry cranwe fix the number of the
system operation process states=6 and we
distinguish the following as its six operation etat

* an operation state, — the crane standby with

the power supply on and the control system
off,
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* an operation statez, — the crane prepared
either to starting or finishing the work with the 0, t<0
crane arm angle position of 90 0.0218 0<t<39

* an operation statez, — the crane prepared hy(t) = 000076 39<t<234
either to starting or finishing the work with the
crane arm angle position of,0

* an operation state, — the crane transferring - _ _ .
either to or from the loading and unloading th.e cgndﬂpnal Sojoum t'm“921, has a chimney
area with the crane arm angle position gt 90 ~ distribution with the density function

e an operation state, — the crane transferring

0, t=234

either to or from the loading and unloading 0, t<0

area with the crane arm angle position f 0 h(t) = 0.066923 0<t<13
* an operation state, — the containers’ loading . 0.003769 13<t<104

and unloading with the crane arm angle 0, t>104

position of C.
Moreover, we fix that there are possible the th ditional soi tm@.. h hi
transitions between all system operation states. _ -e cgn : |9na SOJOUI‘I?] 'm 2 as a chimney
To identify all parameters of the container gantry distribution with the density function
crane operation process the statistical data about

this process was needed. All statistical data are 0, t<0
collected in [5]. On the basis of statistical dixtan 0.09253 0<t< 933
[5] the following matrix h,,(t) = 0002436 933<t <6533
[py]= 0, t 26533
T 0 0648 0336 0008 O 0.008] - the conditional sojourn timed,, has an
0525 O 0373 0093 O 0009 exponential distribution with the density function
0105 0111 O 0 0.118 0.666
0417 0583 0 0 0 0 hmﬂ)={o’ t<0
0.182exp[-0.182], t=0,
0005 O 0220 O 0 0.775
0012 0 0628 O 0360 O | - the conditional sojourn timé,, has a chimney

distribution with the density function
of the probabilities p,, b,1 =12,...,6, of the

container gantry crangperation process transitions 0, t<0

from the operation state, to the operation statg, 0.20677 0<t<38
- h,,(t) = ' - '

has been fixed. =)= 10011278 38<t<228

Moreover, on the basis of statistical data from [5]
using the procedure given in [4], [6] we verify the
hypotheses on the distributions of the system
conditional sojourn timess, , b,l =12,...6, b#1, - the conditional sojourn timed,; has an

(where the realizations are more than 30) at the exponential distribution with the density function
particular operation states and we have the

0, t>228,

following results: 0, t<0

- the conditional sojourn tim@,, has a chimney hys (1) = {0.147exp[—0.147t], >0

distribution with the density function

h, () = - the conditional sojourn timé,, has a chimney
0, t<0 distribution with the density function
0.09700.448 **** exp[-0.097t****], t=0.

- the conditional sojourn timé, has a chimney
distribution with the density function
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0, t<0 In the remaining cases, when the numbers of
0.099 0<t<7 realization_s o_f th_e sojourn times are Igs; than_ 30
hye (t) = and the distributions can not be identified, using
00148081 7<t<112 formula (4.7) [6], it is possible to find the
0, t=>112 approximate empirical values of the mean values

M, =E[6,] of the conditional sojourn times at
- the conditional sojourn timé@,, has a chimney  the particular operation states that are as follow:

distribution with the density function
M, =50 M,=3 M,, =155 M, =16,

0, t<03
025510 0.3<t< 31 M mn - 2, M 2 = 214, M51 :10, M61 =2260. (2)
t) =
" 005102 31<t<87 After considering the results (1)-(2) and applying
0 t>87 the formula (2.21) from [6], the unconditional mean

sojourn times of the container gantry crane
" _ _ _ operation process at the particular operation state
- the conditional sojourn timé,, has a chimney aPe given tl?y: P P
distribution with the density function

M, = E[6,] = 0.648[45698+ 0.336[36 86

0, t<0
h. (t) = 0.0261Q 0<t<3727 + 0.008[50+ 0.008[3LC 30893
°° 0.00000659 3727<t<44727
0 t> 44727 M, = E[6,] = 0525 789+ 0.373( 912
- the conditional sojourn timé,, has Weibull's +0.093[155+ 0.009(16 [ 783,

distribution with the density function
M, = E[6,] =0.105[ 550+ 0.111[ 434

h63(t)
0 (<0 +0.118[ 682+ 0.666[ 786 C 709,
- {0.061[0.904 09041 axp[-0.061°°%], t=0,

M, = E[6,] = 0.417[2+ 0583 214 [ 2.08,

- the conditional sojourn timé,, has Weibull's

o : : . M, = E[6,] = 0.005[10+ 0.220[ 290
distribution with the density function

+0.775[2468 L1982,

h65 (t)
_|0 t<0 M, = E[6,] =0012(2260+ 0.628(23 12
0.0817D.854°%** exp[-0.081°], t>0.

+0.360[2051 2217.
For the above distributions the mean values

M, =E[6,], bl =12..6 b#l,of the container  Since, according to (2.23) [6], from the system of
gantry craneoperation process conditional sojourn equations
timesat the particular operation states according to

(2.13)(2.19)[6] are as follows: {[m.ﬂz.ﬂs.m.ﬂs.%] = 175,72, 70, 70, TG, TR)[ Py Lo

ST AT AT AT 4T =
M, =45698 M, =3686 M, =789, Tt T+ TG T TG+ 1 =,

M,, =912, M, =550, M,, = 434, we get

7, =0.0951 7, =0.1020 7, =03100

M., = 682, M, = 786, M, = 290,
s s =3 7, =0.0102, 1, =0.1547 7, =0.3280

M., =2468 M, =2312 M, =2051 (1)
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Then, the limit values of the transient probalslti n=7components E®,i=12.7 (subsystems)
p, (t) of the gantry crane operation process at the \jth the structure showed Figure 2.
operation stateg,, according to (2.22), are given S
by
_e» Je® He® He® [|e® [JE® HE® [

p, =0.6874 p, = 00187, p, =00515
p, = 0.0005 p, =0.0717 p, =0.1702 3)

Figure 2. The scheme of the container gantry crane

4. Container gantry cranein variable at operation state
operation condition reliability and risk

evaluation Thus, at the system operation statg the

container gantry crane is identical with subsystem
S,, that is a four-state series system with its

structure shape parametar=7 and according to
(1.22)-(1.23) [6], its four-state reliability futien
is given by the vector

After discussion with experts, taking into account
the effectiveness of the operation of the container
gantry crane, we fix that the system and its
components have four reliability states 0, 1, 2, 3,
i.e. z= 3. And consequently, at all operation states
z, b=12..6, we distinguish the following
reliability states of the system and its components
< a reliability state 3 — the gantry operation is
fully effective,
< a reliability state 2 — the gantry operation is
less effective because of ageing,
« areliability state 1 — the gantry operation is
less effective because of ageing and more

[RE® =L [RED]V, [RE2)]Y, [REI V],
t=0,

with the coordinates

[R(t1)]® = exp[0.02@]exp[-0.044]

dangerous expf0.04Qa]exp[—0.02G]exp[-0.02q]
< a reliability state 0 — the gantry is destroyed.
We assume that there are possible the transitions expf0.018]exp[-0.033]
between the components reliability states only from B
better to worse ones and we fix that the system and = exp[-0.19], (4)

components critical reliability state is=2.

Consequently, we assume that the gantry crane [R(t2)]®= expf-0.033]exp[-0.050]
subsystemsS, p=12,...5 are composed of four-

state components, i.e =3, with the multi-state expf0.05a]exp[-0.033]exp[-0.030]

reliability functions
expf0.028]exp[-0.04q]

© ¢
[R(t. 0 = exp[-0.26}% )
=[1L,[R” D] [R .21, [R” €3] ],
b=12,...6 [R(t,3)]® = exp[-0.05Q]exp[-0.064@]

with  exponential  co-ordinates [R“ (t1)]®, expf0.068] exp[-0.054]

[RV,2)]”, [RY(t3)]® different in various

operation states, , b=12,...5. expf0.04Q] exp[-0.04Q] exp[-0.05Q]

In [5], on the basis of expert opinions, the rdligb = exp[-0.36P (6)

functions of the gantry crane components in
different operation states are approximately
determined. We will use them in our further system
reliability analysis and evaluation.

At the system operation sta#, the container

gantry crane is composed of the subsyst&n
which is a series system composed of

The expected values of the container gantry crane
conditional lifetimes in the reliability state selts

{123}, {23}, {3} at the operation statez ,

calculated from the results given by (4)-(6),
according to (3.8) [6], respectively are:

M, @ C£5.24, 1, (2)C£3.79,
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Figure 3. The scheme of the container gantry crane at dperstates, and z,
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Figure 4. The scheme of the container gantry crane at operatateg, and z,
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Figure 5. The scheme of the container gantry crane at tperstatezs

M, (3) L2.76 years. (7

At the system operation states and z,, the
container gantry crane is composed of the
subsystemsS, S, and S, forming a series
structure shown ifrigure 3. The subsysteng, is a
series system composed ai=  €omponents
E®,i=12..7, the subsystemS, is a series

t=0,
with the coordinates
[R®(t1)]® =exp[-0.02Q] exp[-0.044]
expi0.04Q] exp[-0.02Q]

expf0.023] exp[-0.018]

system composed of n= 6 components
E®,i=12..6, and the subsyster8, is a series expf0.033] = exp[-0.193], 8
system composed of n= 3 components ) ,

Thu.s, at the system operation starg, the expp.050] exp[-0.033]
container gantry crane is composed of the
subsystemsS,, S, and S, forming a series exp[-0.027] exp[-0.028]
structure.
At this operation state, the subsyst&nis a four- expf0.04Q] = exp[-0.261], 9
state series system with its structure shape
parametem = 7 and according to (1.22)-(1.23) [6], [R® (t,3)]® = exp[-0.05Q] exp[-0.064]
its four-state reliability function is given byeh
vector exp.068] exp[-0.05Q]
[R®(t,01? exp.048] exp[-0.044]

=[L[RY D], [RY©.2)]?, [RY (t.3)]“],

exp.05Q] = exp[-0.37@). (10)
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The subsystents, at the operation state,, is a

four-state series system with its structure shape
parametem = 6 and according to (1.22)-(1.23) [6],
its four-state reliability function is given by the
vector

[R(z)(t, [I.ll(Z)
=[L[R® )@, [R? (2], [R® (t3)]“],
t=0,

with the coordinates
[R®(t1)]® = exp[-0.053]exp[-0.048]
expi0.048] exp[-0.048]
expi0.02a]exp[-0.018]
= exp[-0.285

[R®(t,2)]? = exp[-0.059] exp[-0.053]

(11)

expP.053] exp[-0.053]
expP.025] exp[-0.029]
= exp[-0.272 (12)
[R® (t,3)] @ = exp[-0.068] exp[-0.054]
exp.059] exp[-0.059]
expP.033]exp[-0.04Q]
= exp[-0.31]6 (13)

The subsystent, at the operation state,, is a

four-state series system with its structure shape
parametem =3 and according to (1.22)-(1.23) [6],
its four-state reliability function is given byeh
vector

[R(B)(t, [I.ll(Z)
=[L[R® (D], [R®(t2)]?, [R® (t3)]“],
t=0,

with the coordinates
[RP(t1)]® = exp[-0.025] exp[-0.033]

expi0.033] = exp[-0.091], (14)
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[R¥(t,2)]® = exp[-0.04Q] exp[-0.04Q]

expP.04Q] = exp[-0.12@], (15)
[R®(t,3)]® = exp[-0.068] exp[-0.068]
expP.068] = exp[-0.19§]. (16)

Considering that the container gantry crane at the
operation statez, is a four-state series system

composed of subsystemS , S, and S,, after

applying (1.22)(1.23) [6], its conditional four-state
reliability function is given bythe vector

[R(t.01?
=[L[RED]™, [R(2)]7, [R(E3)]?], t20,

with the coordinates

[R(t,1)]® = exp[-0.198] exp[-0.235]

exp[-0.09]1= exp[-0.519], a7
[R(t,2)]® = exp[-0.261] exp[-0.273]

exp[-0.12P= exp[-0.653], (18)
[R(t,3)]? = exp[-0.370] exp[-0.316]

exp[-0.19B= exp[-0.884]. (29)

The expected values of the container gantry crane
conditional lifetimes in the reliability state sws

{123}, {23},{3} at the operation statez,,

calculated from the results given by (17)-(19),
according to (3.8) [6], respectively are:

U, (1) C1.93, u, (2)C1.53,
M, (3) C1.13 year. (20)

After proceeding in the analogous way in the
system reliability analysis and evaluation at the
remaining operation states, z,, z and z, ,we
may determine the system conditional reliability
function that are presented below.

At the operation state, , the container gantry crane

conditional reliability function of the system is
given bythe vector

[R(t, 1
=[L[REDI?, [RE2)]?, [R(E3)]7], t=0,



Soszyriska-Budny Joanna,
Reliability and risk evaluation of a container gantry crane at variable operation conditions

with the coordinates exp[-0.091lexp[-0.04]

[R(t,1)]® = exp[-0.196] exp[-0.23%] = exp[-0.698 (26)
exp[-0.09]L= exp[-0.522], (21) [R(t,3)] = exp[-0.428 exp[-0.328]

[R(t,2)]® = exp[-0.264] exp[-0.272] exp[-0.133] exp[-0.064]
exp[-0.12D= exp[-0.656), (22) = exp[-0.955 (27)

[R(t,3)] = exp[-0.375 exp[-0.316] The expected values and of the container gantry

’ crane conditional lifetimes in the reliability stat

exp[-0.19B= exp[-0.889]. (23) subsets{123}, {23}, {3} at the operation state, ,

calculated from the results given by (25)-(27),

The expected values of the container gantry crane according to (3.8) [6], respectively are:
conditional lifetimes in the reliability state sws

{123}, {23}, {3} at the operation state z,, K, (@) £1.83, 4, (2)L1.43,

calculated from the results given by (21)-(23), H.(3) C1.05 year. (28)
according to (3.8) [6], respectively are:

At the operation state, , the container gantry crane

H, (D C1.91, 4, (QC1.52, conditional reliability function of the system is
M, (3) C1.12 year. (24) given bythe vector
At the system operation stategs and z, the [R(t, 01

container gantry crane is composed of the =[L[R(tD]?,[R(t2)]®, [R(3)]®], t=0,
subsystemsS,, S,, S, and S, forming a series

structure shown iffigure 4. The subsystens, is a with the coordinates

series system composed ai=  €omponents ]

E®,i=12..7, the subsystemS, is a series [R(t,1)]* =exp[-0.218]exp[-0.241]

system composed of n= 6 components exp[-0.06[Exp[-0.025]
E®,i=12,..6, the subsystemsS, is a series ' '

system composed of n= 3 components = exp[-0.54B (29)
E®,i=123, and the subsyster8, consists of a

componente.®. [R(t,2)]® =exp[-0.28%)exp[-0.278]

Thus, at the operation statg, the container gantry
crane conditional reliability function of the syste
is given bythe vector = exp[-0.687 (30)

exp[-0.091kexp[-0.029]

[R(t, 07 [R(t,3)]© =exp][-0.428]exp][-0.328]
=[L [REDI?, [RE.2)]9, [R(3)] ], t=0,
exp[-0.13xp[-0.05Q]
with the coordinates
= exp[-0.989 (31)
[R(t,1)]“ = exp[-0.216 exp[-0.241]
The expected values of the container gantry crane

exp[-0.06]Lexp[-0.029] conditional lifetimes in the reliability state sels
{123}, {23}, {3} at the operation state z ,
= exp[-0.54]7 (25) calculated from the results given by (29)-(31),

according to (3.8) [6], respectively are:
[R(t,2)]“ = exp[-0.28% exp[-0.278]
My (D) C1.84, i, (2)C1.46,
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MU (3) C1.06 year. (32) function of the container gantry crane is given by
the vector

At the system operation staig, the container
gantry crane is composed of the subsystegns

S,, S; and S, forming a series structure shown in -\ here according to (3.5)-(3.6) [6] and considering
Figure 5. The subsystemS, is a series system (3), the vector coordinates are given respectively

R(t, D=[1,R(,D, Rt,2), Rt,3)],t20, (37)

composed ofn= 7componentsg®,i=12,..7, by

the subsystens, is a series system composed of R(t.1) = 0.68740R(1]® +0.0187PRE1]®
n=6 componentsE®,i=12,..6, the subsystem

S, is a series system composed of= 3 +0.0515R(t1)]® +0.0005JR(t1)]
componentsE®, i = 1,23 and the subsyster§, is

a series system composed of= @mponents +0.0717JR(tD]® +0.1702]R(t1)]®
E®,i=12 fort > 0, (38)

Thus, at the operation state, the container gantry

crane conditional reliability function of the syste
is given bythe vector

R(t,2) = 0.6874R(t,2)]® +0.0187R(t,2)] ?

+0.0515]R(t,2)]® +0.0005]R(t,2)]“
[R(t, 01
=[14 [RED]®, [R(t,2)], [R(t,3)]®], t=0, +0.0717]R(t,2)]® + 0.1702]R(t,2)] ©
fot = 0, 39§
with the coordinates
R(t,3) = 0.6874]R(t,3)]“ +0.0187R(t,3)]?
[R(t,1)]® =exp[-0.201]exp[-0.250]
0.0515]R(t,3)]® + 0.0005]R(t,3)]
exp[-0.08exp[-0.08Q] * RE3T + R3]

+0.0717R(,3)]© +0.1702]R(t,3)]©

=exp[-0.61 33
Pl P (33) fot > 0, (40)
R(t,2)]® = exp[-0.278 exp[-0.29
[R(t.2) Pl 8 expl ] and the coordinates
exp[-0.1Pexp[-0.1] [RE,W]®, b=12,...6,u= 123 are given by (4)-
(6), (17)-(19), (21)-(23), (25)-(27), (29)-(31),38
= exp[-0.783 (34) (35). The graphs of the coordinates of the containe
gantry crane reliability function are presented in
[R(t,3)]© = exp[-0.396] exp[-0.337] Figure6.
expl-0.16] exp[-0.132] N R()
oz |\
= exp[-1.095 (35) | W
The expected values of the container gantry crane Q:M_ ._\R(t’l)
conditional lifetimes in the reliability state selts N 2
{123}, {23}, {3} at the operation state z, 021 R(.3) R(t)
calculated from the results (33)-(35), according to 0 . . I —
(3.8)[6], respectively are: 0 2 4 6 8 w12
Hs (@) C1.62, p1 (2)C1.28, Figure 6. The graph of the container gantry crane
U (3) £LO.98 year. (36) reliability function R(t,[) coordinates

In the case when the operation time is large  The expected values and standard deviations of
enough the unconditional four-state reliability the container gantry crane unconditional lifetirmes
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the reliability state subsets {123}, {23}, {3)

calculated from the results given by (38)-(40),
according to (3.7)-(3.9) [6] and considering (3), (
(20), (24), (28), (32), (36), respectively are:

4 (1) = 0.6874 524+ 0.01870 193
+0.05150191+ 0.0005[183+ 0.0717(184
+0.17020 162[ 4.14 years, (41)

o@) C 471years,

4 (2) = 0.6874379+ 0.0187[ 153
+0.0515[152+ 0.00051143+ 0.07171146
+0.17020 128 3.04 years, (42)

0(2) C 343 years,

4 (3) = 0.68740 276+ 0.0187( 113

+0.0515(112+ 0.0005/105+ 0.0717(106

+0.17020 098 2.22 years, (43)

o(3) C 250 years,

Further, considering (3.10) from [6] and (41)-(43),
the mean values of the unconditional lifetimes in
the particular reliability states 1, 2, 3 respeslijv
are:

H@) = p@)-p(2) =110,
H(2) = p(2)— u(3) = 082
H@) = u(3) = 222 years. (44)

Since the critical reliability state is= 2, then
the system risk function, according to (3.11) ],
given by

r(t) = 1-R(,2), (45)
where R(t,2) is given by (39).
Hence, the moment when the system risk function

exceeds a permitted level, for instangde= 0.05,
from (3.12)[6], is

r=r(9 C0.126year. (46)
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The graph of the risk function(t of the container

gantry crane operating at the variable conditians i
given inFigure7.

1 -

//’f

0z -

0& A

)

04

0z A

0

0 2 4 L] 3 12

10 i

Figure 7. The graph of the container gantry crane
risk functionr(t)

5. Conclusion

In the paper the multi-state approach to the analysis
and evaluation of systems’ reliability and risk has
been practically applied. The container gantry eran
has been considered at varying in time operation
conditions. The system reliability structure ansl it
components reliability functions were changing at
variable operation conditions. The paper proposed
an approach to the solution of practically very
important problem of linking the systems’
reliability and their operation processes. To ineol
the interactions between the systems’ operation
processes and their varying in time reliability
structures a semi-markov model of the systems’
operation processes and the multi-state system
reliability functions were applied. This approach
gives practically important in everyday usage tool
for reliability evaluation of the systems with
changing reliability structures and components
reliability characteristics during their operation
processes what exemplary was illustrated in its
application to the gantry crane.

The characteristics of the gantry crane operation
process are of high quality because of the verylgoo
statistical data necessary for their estimation.
Unfortunately, the reliability characteristics dfet
gantry crane components are evaluated on non
sufficiently exact data coming from experts and
concerned with the mean values of the components
lifetimes only that because of the complete lack of
statistical data about their failures are strongly
lowered. Also, the system and its components
reliability states are defined on a high level of
generality and should be described more precisely.
All these inaccuracies causes that the evaluation o
the gantry crane reliability and risk charactecssti
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should be consider as an illustration of the pregos
approach application.
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