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Abstract In the recent past, risk and reliability centered
maintenance (RRCM) framework is introduced with a shift
in the methodological focus from reliability and probabil-
ities (expected values) to reliability, uncertainty and risk. In
this paper authors explain a novel methodology for risk
quantification and ranking the critical items for prioritizing
the maintenance actions on the basis of condition-based
risk and reliability centered maintenance (CBRRCM). The
critical items are identified through criticality analysis of
RPN values of items of a system and the maintenance
significant precipitating factors (MSPF) of items are eval-
uated. The criticality of risk is assessed using three risk
coefficients. The likelihood risk coefficient treats the
probability as a fuzzy number. The abstract risk coefficient
deduces risk influenced by uncertainty, sensitivity besides
other factors. The third risk coefficient is called hazardous
risk coefficient, which is due to anticipated hazards which
may occur in the future and the risk is deduced from cri-
teria of consequences on safety, environment, maintenance
and economic risks with corresponding cost for conse-
quences. The characteristic values of all the three risk
coefficients are obtained with a particular test. With few
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more tests on the system, the values may change signifi-
cantly within controlling range of each coefficient, hence
‘random number simulation’ is resorted to obtain one dis-
tinctive value for each coefficient. The risk coefficients are
statistically added to obtain final risk coefficient of each
critical item and then the final rankings of critical items are
estimated. The prioritization in ranking of critical items
using the developed mathematical model for risk assess-
ment shall be useful in optimization of financial losses and
timing of maintenance actions.

Keywords Condition-based risk and reliability
centered maintenance - Risk coefficient -
Maintenance significant precipitating factor -
Analytic hierarchical process

Introduction

It is estimated that 85 % of the total life cycle cost is
determined by decisions made during operation, support and
service stage. Hence, focus is made on critical deteriorative
items to optimize repairs/replacements based on condition-
based maintenance. A model was proposed by Lad and
Kulkarni [1] for obtaining optimal preventive repair and
replacement intervals for a machine tool sub-assembly
considering the cost profile. The problem of integrated
system and maintenance schedule design for life cycle from
the perspectives of Indian machine tool industries was
explored in [2]. The main objective of reliability centered
maintenance (RCM) is to reduce the maintenance cost, by
focusing on the critical functions of the system and avoiding
maintenance actions that are not strictly necessary, but more
than 60 % of RCM schemes have failed in successful
implementation [3]. The risk quantification associated with
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RCM is determined by failure frequency and failure con-
sequence. In many cases, failures occur while the system is
far from the wear, fatigue and aged, and it has been
understood recently that only a small number of failures are
age-related out of many different system failure character-
istics [4]. Hence, there is a need to look into various aspects
of maintenance schemes in order to enhance efficacy.
Eisinger et al. [5]. proposed a strategy of using a “per-
centage—YES” answer leading to probabilistic RCM.
Hauge et al. [6]. used a risk assessment matrix (comprising
of three zones e.g. acceptable, medium and unaccept-
able levels of risks) integrated with traditional RCM activ-
ities and brought out shortcomings in defining safety risk
involved in space shuttle programmes in USA. Pexa et al.
[7] proposed a methodology of concurrent use of RCM, risk
based inspection (RBI) and safety instrumented functional
process (method) for process equipment. Selvik et al. [8]
made a shift in the methodological focus from reliability and
probabilities (expected values) to reliability, uncertainty and
risk, and named the methodology as risk and reliability
centered maintenance (RRCM) scheme. The authors used
broader risk perspective as advocated by Aven [9], where
the probability is replaced with uncertainty in the definition
of risk. The risk is stated as combination of events and its
consequences of these events, and also uncertainties about
occurrence of the said event and its consequences. The
uncertainty factors are identified in failure mode, effect and
criticality analysis (FMECA) worksheets. Then they are
assessed with respect to degrees of uncertainty and sensi-
tivity and their relative importance are estimated. The con-
cept of likelihood coefficients for system failure modes is
introduced by Fonseca [10] in RCM analysis for prioritiza-
tion of critical failure modes. The failure modes are screened
by using the fuzzification of the effects of the precipitating
factors per failure mode. Three different types of precipi-
tating factors (i.e. critical, important and related) are delib-
erated in [10]. When the likelihood coefficient of a failure
mode is greater than the predetermined threshold value for
that failure mode, then same failure mode is included in the
RCM analysis and action taken for maintenance. The ana-
lytic hierarch process (AHP) has been utilised to estimate
relative worths of items and then to rank them accordingly
[11]. The relative worth, being a measure of probability
specifies the probability of occurrence. The critical items of
a Turbo Blower were ranked on the basis of the risk priority
number (RPN) technique utilizing their weight ages to
obtain the likelihood coefficients for failure modes and
compared them with threshold RPN to decide on further
actions on maintenance activities [12]. It is very clear from
above discussion that RRCM framework provides additional
decision support in the traditional RCM process. In this
paper, authors have proposed a quantified risk ranking
methodology for prioritization of critical items for
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condition-based risk and reliability centered maintenance
(CBRRCM) scheme.

Proposed Risk Coefficient (f;) for Risk Ranking

In order to identify and carry out maintenance actions in time,
identify the failure modes of the maintenance significant items
(MSI) that are likely to precipitate according to the working
conditions of the system under scrutiny and then prioritise
them according to the risk that they pose to the health of the
system. The maintenance significant items (MSI) are combi-
nation of potentially critical items with respect to the func-
tional failures and also having high failure rates and repair
costs [3]. The maintenance significant precipitating factors
(MSPF) are the critical failure modes that are likely to pre-
cipitate (i.e. develop into certainty of occurrences) which are
assessed based on functional failures. The commonly used
traditional RPN methodology for prioritizing risk for correc-
tive action is not very objective as these values are obtained by
simple multiplication of different combinations of severity,
occurrence and detection rankings. Thus, there exists fuzzi-
ness in the process from collection of data to calculation of
results. To solve this problem, a quantified risk ranking

methodology with the introduction of risk coefficient (f;)

(critical item is denoted by i) for prioritization of critical items

for condition-based risk and reliability centered maintenance

(CBRRCM) scheme has been suggested. The methodology is

explained as under.

(a) The critical items are identified and MSPF are found
out using traditional RPN values estimated through
FMEA.

(b) The fuzzy methodology has been adopted treating the
probability as a fuzzy number, defining reliability in
terms of a possibility measure and considering failure
as a fuzzy event. The precipitating factors are
fuzzified and considered as weightages which are
multiplied with RPN values. When it is divided by
threshold RPN value, it gives a co-efficient, called
likelihood risk coefficient (f3;;). It is an extension of
the concept introduced by Fonseca [10].

(c) The probability component of abstract risk is influ-
enced by uncertainty, sensitivity besides other factors
[9, 13] and risk can be quantified using these
influencing factors and corresponding cost compo-
nents. It is called as abstract risk coefficient (f5,;).

(d) The authors introduce hazardous risk coefficient (f33;),
which is due to potential hazards if occur in future.
The risk is deduced from criteria of consequences on
safety, environment, maintenance and economic risks
with corresponding cost for consequences.

(e) We would get characteristic values of f31;, f,; and f3;
after a particular test. With few more tests on the
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system, the values may change significantly within
controlling range of each coefficient. The ‘random
number simulation’ is resorted to simulate the random
behavior of the characteristic values of f§; and one
distinctive value for each coefficient is obtained.

(f) The risk coefficients, f;, f»; and pf3; are then
statistically added then to obtain risk coefficient f3;
for each critical item.

Bi = B + Bai + B (1)

(g) The final ranking of critical items is estimated
based on relative worth weightages for critical
items.

Likelihood Risk Coefficient (f1;)

The failure modes whose RPN values are equal to or more
than threshold RPN value are considered for further analysis
based upon the fuzzification of the effects of the precipitating
factors per failure mode. All identified precipitating factors
are expressed as trapezoidal fuzzy numbers so that their
contributions to the development of a particular failure mode
are quantified as fuzzy numbers between 0 and 1, which are
taken as magnitude limits. The slopes of resulting trape-
zoidal numbers depend on fuzzification of precipitating
factors. All the precipitating factors for a failure mode under
scrutiny are evaluated based on the assigned weightages.
Analytic hierarchical process (AHP) has been used to esti-
mate relative worths of items and then to rank them
accordingly. The relative worth specifies the probability of
occurrence as it is a measure of probability. The comparative
weightages are used to obtain the likelihood coefficients for
failure modes with respect to threshold RPN to decide on
further actions on maintenance activities. Let f(x;); be the
trapezoidal fuzzy number representing precipitating factor
for jth MSPF of ith critical item. The likelihood risk coeffi-
cient for ith critical item is developed as given below [13].

5 (RPN ) 2
" RPN
The numbers of MSPFs are given by n. The f(x); is
quantified by the fuzzy number between O and 1 for jth
MSPF of ith critical item. The RPN, denotes the RPN
threshold value above which all RPN values correspond to
critical items.

Abstract Risk Coefficient (f,;)
Risk is defined in many ways under different perspective,

making it abstruse and uncertainty is most dominating
factor. Most scholars believe that uncertainty and risk are

two different concepts and that uncertainty gives rise to
risk and is vital for decision making [14]. The risk is
estimated through potential financial losses in terms of
expenditure for servicing, repair, maintenance including
cost of materials, spare parts, if any, for each MSPF of n
number of critical items and can be expressed for i, critical
item as

n
IRisk|,; =Y CiW (3)
i=1
When Cj; are financial losses and Wj; are relative worth of
Jjth precipitating factor of ith critical item respectively. We
also need to consider threshold value for estimating relative
worth of each critical item. The MSPF values shall have a
threshold value based on RPN values as discussed earlier.
Hence, the threshold value of abstract risk is given by

|Ri5k|2zh = C2th . W2th (4)

The abstract risk coefficient, ff,; for ith critical item is
given by [13].

|Risk|;
Pai = |Risk|
2th

(5)
Hazardous Risk Coefficient (f5;)

We may note that there may be some risks which have
potential to become hazardous if occur in future and their
outcomes are termed as ‘hazardous risks’. Hazardous risk
is evaluated from four categories such as safety risk,
environmental risk, maintenance cost risk and economic
risk, which is shown in Fig. 1. The safety risk is a situation
when system failure includes the possibility of injury to
personnel or of damage to property. Environmental risk
refers to a situation when there is a threat to environment
and or society. Maintenance cost risk refers to the loss due
to down time of system and repair and replacement of
items. Besides the risk to humans and the environment, we
should also focus our attention on the economic impact that
often results from any maintenance activity. The financial
risks related to a possible interruption to the product output
cannot be ignored, even if they are not associated with

Economic
Risk

HAZARDOUS
RISK

Environmental
Risk

Maintenance
Cost risk

Fig. 1 Block diagram for hazardous risk
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significant impacts on the other risk categories as discussed
earlier. The losses caused by interruption to the work
output, as a result of maintenance downtime, may range
from small reductions in profit to significant production
losses, contract delays and damage to the system. There-
fore, it is necessary to include their influence while car-
rying out risk assessment due to maintenance activities.
Hence, the economic risk has been considered separately to
take care of the system failures causing delay and resulting
in not meeting the target time.

A method of risk evaluation considering each failure
modes for different categories of risk proposed in [4]. It
uses the probabilities of occurrences on subjective criteria,
such as low, medium and high making the analysis quali-
tative. In the present study, a novel concept for quantitative
evaluation of different categories of risk related to haz-
ardous risks based on criteria of consequences is introduced
as explained in Table 1. For each one of the criteria can be
for “hazardous risks” stated above, e.g. a;, b; et cetera can
be analysed through AHP to arrive at their respective rel-
ative worth. The criteria of consequences may be named as

Table 1 Criteria of consequences for hazardous risks and their cal-
culated relative worths

Criteria of consequences Relative
worths (W)

Safety risk

a, No injury (fail-safe) 0.057

b, Minor injury 0.118

[ Major injuries 0.263

d, Total destruction 0.562

Environmental risk

a3 Small effect within allowable limits 0.067

bs Minor effects, which could be solved 0.111
within the system

c3 Contamination or toxic effects 0.331
affecting society.

d; Significant effects limit going beyond 0.491
the Indian as well as Global limits.

Maintenance risk

ay Cost wise very small effect 0.048

by Minor effect 0.105

[N Major effects 0.285

dy Significantly very large effect missing 0.560
total ‘time target’ & cost tremendously
high.

Economic risk

as No stoppage of working 0.057

bs Small down time affecting target time 0.118

Ccs Large down time involving small change 0.263
in target time.

ds Significantly very large down time 0.562

affecting target time severely.

@ Springer

“precipitating criteria”’ and these involve expenditures on
manpower, material, spares (if needed), and a “lost time”
in the process of achieving targets. Such cost figures may
be generated by maintaining proper record of various costs
associated with each precipitating factor for all the four
categories of risks during any repair work being done on
the system. Such hazardous risks are in a way depicted
below by the symbols and abbreviations.

|Safety Risk|;, = |SR|;
|Environmental Risk|, = |ER];
|[Maintenance Risk|, = |MR];
|Economic Risk|, = |NR|;

The corresponding critical item is denoted by i in the
analysis of RPN values.

Next, the ‘Safety risk’ category of hazardous risk is to
be determined, which is given by

n=k
. 7SR
IRisk[3; =Y WiC; (6)
Jj=i

where, ‘k’ denotes the number of criteria of consequences
for ‘safety risk’ and W; and C; are relative worth and
respective expected financial losses for jth precipitating
factor of ith critical item.

Now, the hazardous risk coefficient for category ‘safety
risk’ is determined as

SR_ [Risk[;
|Risk|5F

th

|Bsil (7)
where \Risk|§;z is the threshold risk for category ‘safety
risk’ of hazardous risk.

In a similar manner, |f5;|™, |5,V and |5~ can be
deduced.

Finally, the f3; can be calculated as

Bai = 1Bl >+ | Bail ™+ B+ BN (8)

Estimation of f;

(a) Conduct at least 10 tests at various instant of times as
each f; takes different values due to condition of work
and variability in MSPF values.

(b) Calculate likelihood risk coefficient (f;;), abstract
risk coefficient (f5,;) and hazardous risk coefficient
(fB3;) for each critical item.

(c) Calculate probability density function (pdf) of fy;, fa;
and f3; for each critical item.. Plot pdf and cumulative
density function (pdf) curves for f;, f,; and f33; for
each critical item against occurrence distributions.

(d) Use Monte Carlo simulation for at least 20 random
numbers for f;, f»; and fs; for each critical item
using cdf curves.
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(e) Obtain simulated values for f3;;, f»; and f35; for each
critical item and add them up to get f3; for each critical
item. Check that f; values for each critical item
follow normal distribution.

(f) Draw probability distribution function (pdf) of f3; for
each critical item against occurrence distribution and
estimate mean value f. The mean value gives the value
of f3; for each critical item.

(g) Calculate relative worths of all the critical items and
obtain final ranking of critical items. The higher the
relative worth, the higher is the ranking of critical
item.

A Case Study

The proposed method may be explained through a case
study done on hyperbaric chamber system (HCS) which
provides a safe, reliable and carefully controlled inhabit-
able environment (pressure, temperature, breathable gas
etc.) in closed chamber at pressures above atmospheric.
The mission requirements are medical treatment to divers
suffering from decompression sickness and patients hav-
ing high altitude pulmonary oedema, carbon mono-oxide
poisoning. The schematic diagram for the system struc-
ture of HCS relevant to the purpose of subject study is
shown in Fig. 2. There are three critical sub-systems viz.
air and oxygen and fire protection systems. The air system
is functional continuously during operation and oxygen
system is working intermittently as per need. In case of
accidental fire taking place inside the chamber facility, the
fire protection system shall function on demand and there
shall be conditional supply of air through oxygen system
in place of oxygen. We shall apply the proposed
methodology to quantify the risks in order to rank the
critical items to finalise the activities for CBRRCM
scheme for HCS.

Fig. 2 Schematic diagram of
HCS

Calculations of Critical RPN

The risk prioritisation process is calculated via RPN
method. The failure mode and effect analysis (FMEA) is
carried out for HCS. The detailed analysis is not reported
here, only risk priority number (RPN) values of identified
critical items as obtained through FMEA study are given in
Table 2. The threshold of pursuing failures in order to
identify critical items may be ascertained by any statistical
scale [11]. The RPN value 125 (of air filter) is estimated as
a ‘threshold’ value above which all items are critical.

Maintenance Significant Precipitating Factor
(MSPF)

It is possible for us to evolve MSPF of items using the RPN
values of various items of the total system. One item may
have one or more MSPF. Table 1 gives the critical items
and their Maintenance Significant Precipitating Factors
(MSPF). The parameters those are monitored for judging
their health at an assumed instant are also listed in Table 2.
The cause and effect analysis for the hyperbaric chamber
system is carried out and the outcome in the form of
fishbone diagram is shown in Fig. 3.

Calculationfor Likelihood Risk Coefficient (f;;)

Table 2 shows the observed values of the characteristics
criteria of each MSPF after a particular test. The weightages
of MSPF for critical items in terms of relative worths are
obtained and shown in Table 1. But with subsequent tests of
the system, MSPF values may change giving different val-
ues of likelihood coefficients. Under such circumstances,
which usually occur due to successive trials or tests done on
the system, the f; (due to likelihood coefficient) for each of
the items A, B, C, D etc. will have number of different
values for each of 14, Pz, Pic fip and Bz In order to

Hyperbaric

Chamber
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Table 2 RPN values and MSPF for critical items

Sr.  Name of item MSI  Main function RPN  MSPF Condition monitoring Observed
no. value value
1 Differential pressure Maintains constant differential 210 Non-availability of supply Pressure transducer 120 bar
regulator (A) pressures between chamber and pressure (50-150 bar)
fire tank pressure Non-availability of reference ~ Pressure transducer 8 bar
pressure (5.5-11.5 bar)
2 Solenoid value (B)  Switch over air supply cutting off 180 Unavailability of desired Visual examination 24V
oxygen supply supply (20-28 V)
3 Safety relief valve  Pipe line over-pressure protection 160 Failure on demand Visual examination 5.5 bar
© (5.3-5.7 bar)
4 Ball Valve Pilot operated opening/closing 128 Non-availability of pilot Pressure transducer 7.2 bar
pneumatic (D) pressure (6—10 bar)
5  Pressure regulator  Pressure reduction 140 Failure of regulating element  Visual examination 17 bar
E) (10-20 bar)
6 Filter (F) Separates out dirt 125 Flow restriction due to Up-stream and 1 bar
clogging (0.5-2 bar) downstream pressure
gauges
: Safet Low .
Pressure Fire Reli ;' Ball Valve Solenoid
Regulator Controller Velie Pneumatic p;'es.iul'r\e Valve
(XPR) (FCL) SR (ABP) ALS (XSV)
RPN :140 | | RPN :100 (XSR) RPN :128 (ALS) RPN : 180
RPN : 160 RPN : 80
Failure -of !\lon. . Failure on Non availability Failur.e of Unavailability
regulating availability demand of pressure sensing of desired power
Elements of supply (5.3 -5.7 bar)— (6 - 10 bar) element (20v-28V)
(10-20 bar) (20-28V) (10-20 bar)
Non availability of HCS
Leakage reference pressure L
through (50-115 bar) Flow restriction due
Power supply Seals Non Availability to clogging Pressure loss
(20-28V, (0-1.5 bar) Of supply Pressure (0.5-2 bar)
(50-150 bar)
Fire Ball valve Differential — Ener
Air Filter ad
Detector Manual Pressure regulator (XET) storage
(FSN) (ABM) (FDR) RPN : 125 (APV)
RPN : 64 RPN : 60 RPN : 210 ’ RPN :48
Fig. 3 Cause and effect analysis for ‘HCS fails’
obtain one distinctive value of B,; (where i = A, B, C, D 5 (RPN)g[f(xg),]  180x0.5(0.7 4 0.4) Lo
1B = = =1L

etc.) for each of the item, it is necessary to use random
number simulation known popularly as ‘Monte-Carlo’
Simulation. The method has been shown by taking number
of tests on all the items. The weightage of MSPF for items
(say for example f(x4),=0.7) are shown in Fig. 4. One
such set of estimation has been shown below:

g — (RPN),[f (xa); +f(xa),]  210(0.7 +0.4) 49
A RPN [f(xr),]  125x0375

@ Springer

RPNy [f(xp),] 125x0.375

In the similar way, the values can be obtained as,
ﬂ]c = 2.12, ﬁ]D = 0.98 and ﬁlE = 1.91

Calculation for Abstract Risk Coefficient (f,;)

For each precipitating factor, the relative worth w;; is depen-
dent on degree of uncertainty, degree of sensitivity, degree of
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1.0 1.0

0.5 0.5

0.5

[ o T

S0 1EI]0 130 ; % 1 1l3 8'0 8I2 8I4 26 2l8
Supply Reference Supply in Volt
pressure in bar pressure in bar f(X8)1=0.50
f(Xa)1=0.7 f(Xa)2=0.40
1.0
0.5

5 55 : s & 7 8 %
Pressure in bar Pressure in bar
f(Xc)1=0.63 f(Xo0)1=0.33

1.0

f(Xe)1 05

-

L il s
Pressure in bar
f(Xe)n=0.70

o
—
=
o

0 (I)‘S
Pressure in bar
f(Xe)1=0.375

Fig. 4 Weightages of MSPF for critical items

importance and overall importance and they are randomly
variable. The relative worths of these four criteria has been
estimated as 0.491, 0.111, 0 067 and 0.331 by using Satty’s
method in [13]. The losses due to abstract risk and hazardous
risk consequences for each factors (a;, by, ¢y, dy,... as, bs, Cs,
ds) are estimated in terms of Rupees based on past experiences
and risk coefficients are calculated. Now, from Eq. (5)

|Risk|
ﬁzA =—— 523 =

|Risk|,
 |Risk|,, -

3.6
|Ri3k|zh

=2.07,
Similarly, ﬁZC = 26, ﬁZD = 0.64 and ﬁZE = 0.25.
Calculation for Hazardous Risk Coefficient (f3;)

There are four aspects of hazardous risks which are cal-
culated item-wise with relative worths and corresponding
expected financial losses. The f35; for each critical item is
obtained by adding wup all the corresponding
Bsil™, 1Bl ™, 1B, B3 Thereafter, B3; which are
summation of all the four categories of hazardous risks for
critical items are obtained. Table 1 gives relative worths of
criteria of consequences for four categories using analytical
hierarchical process (AHP) method [14]. However, the
calculation procedure for relative worths is not included in

T T
1.0 1.5

this paper. The ‘safety risk’ for critical items are calculated
using Eqgs. (6) and (7) as given below.

|RiSk|§§ SR |Ri5k|§§
Bon| B = EEBA _ 999 g 1SR = BBy 6y
Bl |Risk[SF Bl |Risk|SF

Bscl™ =339 |Bsp[*F = 038 and |Bs[** = 0.56

The risk coefficients f3;, for critical item A is calculated
using Eq. (8) and are given in Table 3. Thereafter, f;p,
f3c, Psp and Py are calculated in the similar manner.

Table 3 Risk coefficients Bja, Poa and P3a

Sr.No. B PBu SR ER MR NR  Bsa

1 490 207 229 237 2.13 8.89 15.68
2 2.33 1.96 1.15 1.71 1.87  4.84 9.57
3 4.65 2.15 1.55 1.93 1.57 5.10 10.15
4 272 1.85 1.90 1.68 1.45 6.40 10.43
5 3.25 221 2.15 221 207 578 12.21
6 545 210 2.05 1.65 1.07  7.12 11.89
7 510 245 1.95 1.17 .12 472 8.96
8 4.50 1.52 1.25 2.05 1.66  7.52 12.48
9 3.45 1.66 1.86  2.18 1.43 8.28 13.75
10 3.90 1.88 221 1.88 1.38 6.32 11.79
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1.0 4 . Table 4 Simulated values for item A using random numbers and Pdf
> ,,; curve for Ba
% 0.8 :,iBZA n e Sr. No. Random number Bia Baa Bsa Ba
£ o061 i 1 21 25 17 9.1 133
g 2 90 50 23 130 203
B 044 : 3 19 23 17 85 125
= I|
§ 02l 4 77 44 20 121 185
] / 5 29 2.8 1.8 9.5 14.3
00| 6 43 33 19 102 154
o 2 4 & 8 10 12 14 15 7 57 37 19 108 164
Occurance 8 0.5 0.6 0.7 2.2 3.5%
Fig. 5 Cdf versus number of occurrence for item A 9 74 4.3 20 11.9 182
10 31 2.8 1.7 9.5 14.0
Estimation of B4, f, Bc, Pp and B 11 50 3.5 L9 10.5 159
12 58 3.7 2.0 10.9 16.6
The methodology of estimation of B; is explained earlier. 13 75 4.3 20 120 183
The same procedure is applied step by step for the case 14 20 2.5 17 9.0 13.2
study taken up in this report. 15 53 3.6 1.9 10.6 16.1
S , 16 31 2.8 1.7 95 14.0
(a) Let us conduct 10 tests a.t various instant of time 17 45 13 18 102 153
w.herf? MPSE are found. varied. . 18 1 14 L5 52 g 1%
(b) L.1ke11hood risk coefficient (/?“), abstrac.t risk coeffi- 19 0.6 07 09 26 40
cient (f»;) and hazardous risk coefficient (f3) for 0 78 a4 51 1o 187
critical items A, B, C, D and E are obtained for ten i i i i
tests and results for critical item A are given in Table: Interval Occurrence Probability
3. Ba
(c) The occurrence intervals are selected for all critical 11.1-13 | 0.06
items for f1;, f2; and f33;. The density and cumulative 13.1-15 5 0.29
probabilities are calculated. The cumulative probabil- 15.1-17 6 035
ity (cdf) for all critical items are plotted against 17.1-19 4 024
occurrences. Figure 5 shows the same for item A. 19.1-21 ! 0.06
(d) Monte Carlo simulation method is applied for items
A, B, C, D and E separately with 20 random numbers
selected from random number table [15] for obtaining Paf curve for Beta(A)
occurrences of f3;;, f,; and f35;. The simulated values oss! )
of occurrences are noted in Table 4 for critical item ' ;:v “(13
A. For example, as shown in Fig. 5, the occurrence 0304 |N s i
values of P4, o4, Pss for item A for a random N to
number 50 are found as 3.5, 1.9 and 10.9. The - =B .
simulated values, thereafter are checked for distribu- 8 0201
tion using Anderson—Darling normality test [16]. It . .

may be noted that the distribution becomes normal
(i.e. P value is more than 0.05), when three values out 0.10+
of twenty are neglected for item A. The pdf values for
f4 are shown along with mean and standard deviation R T
values in Table 4. Beta(A)

(e) The pdfs of occurrence of f, fic, fp and S are also .
obtained in the similar manner and the mean values of
p; for each critical item are also estimated. * Neglected for normal distribution
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Table 5 Final ranking of critical items

Critical Risk Relative Final ranking of
items coefficient, f; worth critical items

A 16.0 0.25 I

B 17.5 0.28 I

C 15.0 0.20 v

D 6.75 0.24 I

E 8.0 0.12 v

2 63.25

(f) The relative worths of critical items calculated and
results are given in Table 5. The item B is found to
have highest ranking followed by items A, D, C and E.
The results obtained through proposed method is
different than those obtained using RPN values where
ranking orders of critical items are obtained as A, B,
C, D and E (refer Table 2) from height to lowest.
Since RPN methodology of prioritizing critical items
is based on to a great extent on human judgment, it is
likely to have some personal error. This study shows
that results obtained using risk coefficient (f3;)
methodology removes fuzziness giving more clarity
in risk ranking methodology.

Conclusion

In this paper authors discussed the risk quantification
methods and the evaluation of risks using the suggested
decision parameters to rank critical items based on condi-
tion-based risk and reliability centered maintenance
(CBRRCM). The developed mathematical model for risk
assessment and prioritizing in ranking of critical items shall
be useful in optimization of financial losses and timing of
maintenance actions. It is possible to summarize that the
paper aims at deriving the following vital points.

(a) A new risk coefficient (f8;) for quantified risk ranking
model for critical items for prioritization for initiating
actions for CBRRM scheme is proposed which is
denoted by the statistical summation of likelihood risk
coefficient (f3;;), abstract risk coefficient (f,;) and
hazardous risk coefficient (f3;). In order to arrive at
the correct decision, numbers of tests are simulated
and ran through Monte Carlo simulation processes for
each of f;;, f,; and f55; separately. The expected
values of decision criteria are obtained through mean
values.

(b) The hazardous risk is evaluated from four categories
such as safety risk, environmental risks, maintenance

cost risk and economic risk. Each category has
various criterions of consequences. The hazardous
risk of each category is calculated from expected
financial losses and relative worth. This proposition is
entirely authors’ contribution towards quantification
of risk ranking of items.

(c) The next logical step is to estimate the degradation
values and the time intervals for ranked critical items
in order to carry out predictive maintenance tasks.
These aspects can be studied further as future work.
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