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The present research mainly aims to use a mathematical formula to determine the optimal intervals for conducting preventive
maintenance operations for machines to reduce the expected failure time when the malfunction data follow the Weibull distribution.
The reliability function, failure rate, and the average time between machine failures were derived after performing preventive
maintenance operations and before conducting preventive maintenance operations to state the amelioration that happens to
machines. These rely on real data of performing preventive maintenance operations and the downtime required to repair machine or
device faults that occur between preventive maintenance periods and the downtime necessary to perform preventive maintenance
operations on the machine or device. Thus, the study concluded that preventive maintenance operations are working to increase the
reliability of the machine and improve it, as well as to increase the average period of time for the machine to operate between faults.

1. Introduction

Because of global development, particularly in science and
technology, and the use of complex and sophisticated sys-
tems, the science of reliability has many potential applica-
tions in medicine and communication areas. Further, there
is an interest in the failure times and the reasons behind the
sudden malfunctions that devices are exposed to lead to
increased costs and decreased production which in turn lead
to significant human and material losses [1-7]. The im-
portance of the reliability deals with the probability of a
particular system performing a particular job for a specific
period under the working conditions for which the system is
designed. By studying the reliability of the systems, the
performance and efficiency of these systems can be evaluated
to delineate the type and size of production and improve it
through the development of engineering designs for these
systems [8-11].

A decrease in reliability rates indicates a decline in the
performance of the systems and the level of their efficiency. It
is then necessary to find ways to improve the level of per-
formance of these systems. Perhaps one of the most essential
means in improving the status of systems and vehicles and
bringing them to the desired reliability is the maintenance
operation that the machines must undergo. Maintenance is
vital in ensuring that the machines operate continuously with
a considerable benefit behind their productive power and
reducing the cost of production. So, the breakdown of
equipment and machinery or being in poor condition is
considered as one of the main causes of low productivity.
Additionally, negligence in maintenance work is considered
one of the main reasons for the high cost of production, low
profit, and a major cause of waste. Many scientists dealt with
determining the optimal periods for performing the pre-
ventive operations in different ways, for example, [12-19],
without focusing on the effect of performing preventive
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maintenance operations on the reliability function, failure
rate, and average time between the failures. This research aims
at determining the optimal periods for carrying out pre-
ventive maintenance operations to reduce the expected time
for failures. And then to explain the improvement that occurs
to machines after carrying out preventive maintenance op-
erations by calculating the reliability function, failure rate, and
average time between failures of the machines before and after
carrying out preventive maintenance operations. For the
purpose of clarifying the sensitivity of the model with respect
to the subjective values, a sensitivity analysis of the model was
performed with respect to these values. The extent of the
impact of those values on the optimal solution and the extent
of their importance on the model were noticed by substituting
different values for subjective values (the downtime required
to repair faults and the downtime required to carry out
preventive maintenance activities) in the model to recognize
the extent of their impact on the standard periods for the
purpose of carrying out the preventive maintenance opera-
tions for those machines. Then, the values were inserted in the
model to recognize the extent of their impact on the standard
periods for the purpose of carrying out the preventive
maintenance operations for those machines.

2. Measuring Reliability

The indicators by which reliability can be measured are
discussed below.

2.1. Mean Time between Failures (MTBF). MTBF is the
average time between malfunctions that occur in the vehicle
or one of its repairable and irreparable parts. Thus, the
higher the value of this average, the greater the availability of
the vehicles, which indicates the high efficiency of the
maintenance staff. MTBF can be found as follows [10]:

MTBF = E(T) = JOO LF (8)dt
- ’ (1)
- I R()dr,
0

where t represents failure times, f (¢) is the probability density
function for failure times, and R (¢) is the reliability function.

2.2. Mean Timeto Repair (MTTR). MTTR is the average time
required to repair the vehicle after a breakdown. The higher
value of this average indicates low availability of the vehicles
and the low efficiency of maintenance staff.

2.3. Failure Rate (h(t)). The failure rate is the probability of
sustaining the operation of a particular vehicle until the
failure occurs. The concept of the failure rate is used to
distinguish between the various distributions, and it is called
the “hazard rate” in reliability studies [20].

mﬂ:£%; @)

Computational Intelligence and Neuroscience

2.4. Availability. Availability is the ratio between the average
time between faults (MTBF) to total (average time between
faults plus average repair time) [21].

MTBF

3. Weibull Distribution

A study of the malfunctions and stops of specific factory
machinery needs to describe the lifetimes of those machines,
as expressed in a dataset representing the life span of each
machine. Hence, it is preferable to use statistical distribu-
tions as models that describe lifetimes and study the reli-
ability functions. Among the most important distributions
are the exponential distribution, the Weibull distribution,
the gamma distribution, the normal distribution, the loga-
rithmic distribution, and so on. The study of the probability
distribution of time to failure of any vehicle has great im-
portance because through the failure rate, the characteristics
of the machine are known.

The failure rate of any vehicle during its operational life
is in two forms. The first form is a constant failure rate with
time, and in this case, the machine is in its useful life stage.
Therefore, the exponential distribution is the failure model
that describes this stage. The second form is the time-de-
pendent failure rate, and the Whipple distribution is one of
the failure models that describe this stage.

The Weibull distribution is one of the continuous dis-
tributions commonly used in reliability studies for its ability
to describe all the failure phases that a machine undergoes,
such as the increasing failure phase (aging and consump-
tion), increasing failure rate, and decreasing failure rate. The
importance of distribution is highlighted through its uses in
scheduling preventive maintenance activities and scheduling
scrutiny [22].

The probability density function (PDF) and cumulative
distribution function (CDF) of WD distribution are given as
follows, respectively.

P
x5 np) = %x““exp[—%]; x>0n, p>0, (4)

x7]

F(X;W,P)=1—8Xp[ , ; x>0n, p>0. (5)

The reliability function is given as follows.

P
R(t; n,p) = exp —%]; t>0. (6)

Here # and p are scale and shape parameters,
respectively.
Also, the failure rate at time ¢ is given by

_f&np) _popt,
h(t,)—R(t;ﬂ’p)—”t . t>0. (7)

The mean time between failure (MTBF) for a Weibull
distribution is given by
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MTBEF = J R(t; n, p)dt = q”f’r<1 +1>. (8)
0 p

To estimate the reliability function, the hazard function,
and the mean time between failures of the Weibull distri-
bution, the maximum likelihood estimator is used as follows.

Let x = x;, x,, X3, ... X, be the set of n random lifetime
to the WD defined by (4); then, the likelihood function for
the given sample observations is

n

_ X
Lf(x; 1 p)= ]—[%xf leXp[—;]
i=1

~

9
]
i

The log-likelihood function of (9) is

n
P
xj |
i=1

lnL:nlnp—nln11+(p—1)Zlnxi—%inp. (10)
i=1

i=1

=< |~

We differentiate (10) with respect to the unknown pa-
rameters and equal the resulting equation to zero as follows:

In L llnx, &
0ln _n_zlzlx,nxl+z

== — In X; = 0,
op P n P
(11)
oln L vt
L z‘ilzx’ =0.
on oo
The maximum likelihood estimator of # is
Xi X (12)

ML ==

The shape parameter p,,; is obtained by the New-

ton-Raphson method since it cannot be solved analytically.

By utilizing from the property of invariance of MLE, we

can estimate R (t), h (¢), and MTBEF by replacing n and p with

fimr and Py in equations (6), (7), and (8) to obtain
Ry (8), hyy (1), and BTBE,,;, as follows:

N tPML
Ry (t) = exp|—|

ML
(13)
Ty () = EMLpw= 1o 5,
HmL
. o~ 1
MTBE,,; = ﬁ;gf’iwr(1 + A—) (14)
PmL

4. Preventive Maintenance

It is a set of steps that are taken to prevent interruptions that
result in a major loss to the company. Preventive mainte-
nance means understanding and knowing the needs to be
done through an early realization of the design status of
machinery and equipment. And then the periodic checks are

started, and the required measures are taken to carry out the
services that include replacing spare parts, cleaning, and
lubrication work. As a result, the probability of machine
downtime is reduced, and the reliability of the machine is
increased [23].

The preventive maintenance procedure depends on
knowing the machine’s failure rate by studying the failure
times and analyzing them. If the failure times follow the
exponential distribution, the machine is in the useful life
stage. In this case, conducting a preventive maintenance
operation will not reduce the possibility of the machine’s
malfunction, but rather it needs corrective maintenance.
However, if the failure times are more and follow other
distributions like a normal distribution, Weibull distribu-
tion, or other probability distributions, the machine needs to
develop a scientific approach in preventive maintenance
because in this case it is very useful and it reduces the
possibility of sudden failure as well as reduces the downtime
of the machine to a minimum. Moreover, it also leads to an
increase in the efficiency of the performance of the
machines.

5. Determining the Optimal Intervals of
Preventive Maintenance

In this part of the research, the optimum periods (K) will be
determined to carry out preventive maintenance operations
to reduce the total downtime for a machine. So, this model
assumes that no more than one malfunction occurs in one
period of time, and in general, the expected number of faults
during that period of time (K, 0) can be expressed as follows
[24, 25]:

n i+1
F(K)=>[1 +F(K—i—1)]J

i=1 i

f(kydk, K=1, (15)

where F (K) indicates the expected number of malfunctions
of the machine or device during the time period (0, K); K
Indicates the length of time between one preventive
maintenance and the next; and f (k) denotes the probability
density function for failure times.

As for the probability of occurrence of the first mal-
function in the first period of time, it is expressed in the
following formula:

1
F(0) = Jof(t)dt, (16)

whereas the total downtime per unit time during the pre-
ventive maintenance cycle is expressed as follows:

F(K)K,

D) =17k
p

(17)

Hence, D (K) represents the total downtime of a unit of
time; K, represents the downtime required to repair ma-
chine or device faults that occur between preventive
maintenance periods; and K, represents the downtime
required to perform preventive maintenance operations on
the machine or device.



6. Reliability Preventive Maintenance

The following reliability model assumes that the system has
been brought back to its terms by preventive maintenance
[26, 27].

Suppose that Ry (t) is the reliability function of the
system before preventive maintenance; K indicates the time
period between one preventive maintenance and another;
and Rp,, (t): represents the reliability function of the system
after preventive maintenance.

The reliability function of the machine can be calculated
after conducting preventive maintenance operations as
follows:

Rpy () =R(t) 0<t<K,

(18)
Rpy (£) = R(K) (R(t - K))

K< t<2K,

where R(t) represents the reliability function until the first
preventive maintenance is performed and R(t — K) repre-
sents the reliability function of overtime (t —K), as the
system will return to normal operation in time K. Through

P _ P
RPM(t):exp[ Nnt ]exp[ (t WNK)

Thus, the maximum likelihood estimator of the reli-
ability function is
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equation (18), it is evident that the optimum periods of
achieving preventive maintenance operations (K) have no
effect on the reliability of the machine in the time period
(t < K) while it leads to raising and improving the reliability
function in the time period (¢>K) after completing the
preventive maintenance process in the period (K) where the
cumulative effect of consumption and obsolescence in the
period preceding (K) is absent.

Therefore, the general formula for the reliability function
after performing preventive maintenance operations is

Rpy (1) = RIK)N (R(t — NK)); NK<t<(N+1)KN=0,1,2,...,

(19)

where R(K)N represents the reliability function after con-
ducting N from preventive maintenance periods and R (¢ —
NK) represents the reliability function of the period (¢ -
NK) since the last preventive maintenance.

Therefore, we can write the reliability function of the
Weibull distribution after performing preventive mainte-
nance operations as follows:

]; NK<t<(N+1K, N=0,1,2, .... (20)

IA{PM(t) = exp[ —
fmL

As for the estimated value of the mean time between
failures (MTBEF), after performing preventive maintenance
operations for the Weibull distribution, it can be found after
replacing Rp,, (t) for R(t) in (8) as follows:

(o]
MTBE,,, = I Rpy, (1)t
0

(N+1)K
_ JK Ry, (Hdt (22)
N=0

(&) (N+1)K
=Y J R, (K)NR(t - NK)dt.
N=0

NK

With z =t — NK, we find

MTBE, = 3 R(K)" JTR(z)dz, (23)
N=0 0

ﬁML

exp

]; NK<t<(N+1)K, N=0,1,2. (21)
as
1
ZR(K) TR (24)

The average time between failures after performing
preventive maintenance operations will be

jo R(t)dt
1-R(t)’

MTBF,, = (25)

As for the greatest potential estimator of the failure rate
(h mr (1)), we can get it in terms of the reliability function as
follows:

RPM —— (26)

Hpy (£) = Rppy (8)
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7. Practical Field of the Study

In this section, the optimal periods for conducting pre-
ventive maintenance (K) operations for the machines will be
determined so that the total stopping time of the machine is
the least possible based on real data representing the op-
erating times of the machines between malfunctions. The
data of two machines were taken from the machines of the
National Company for the Manufacturing of Sponge and
Plastic in the Republic of Yemen, considering that these
times represent the hours of operation of the machines
between faults for the daily meal that represents 24 working
hours. Also, the faults of these machines represent me-
chanical faults. Moreover, the researchers took into account
the maintenance times in regard to the stopping of the
machines. The data were collected from the lists on which
the machine’s downtime was recorded, called a “shift pro-
duction report.” It should be evident that the downtime
required to repair faults (K,) and the downtime required to
carry out preventive maintenance activities (K p) included in
the model calculation are subjective values obtained from
the practical experience of the maintenance engineers in the
company because of the absence of documented data about
these times in the company. Thus, to clarify the sensitivity of
the model concerning the subjective value (K,,K,), the
sensitivity analysis of the model of these values was used by
substituting different values for (K,, K ) and observing the
extent to which these values affect the optimal solution and
their effect on the optimal periods for performing operations
of the preventive maintenance (K) for these machines and to
indicate their importance in relation to the model. Hence,
the following values include the operating times of the
machine during the faults in days for the studied machines
(Tables1 and 2).

7.1. Test of Goodness of Fit. To find the suitability of the data
for the proposed distribution under study, the Ander-
son-Darling statistical scale (AD) was used along with the
value (AD) for the machine Crupp 21 (0.510). So, it was not
statistically significant at the level of significance (0.05)
where it reached p value=0.199 < 0.05, while the value AD
for the machine Alba 26 reached 0.617, so it was not sta-
tistically significant at the level of significance 0.05 where it
reached p value = 0.199 < 0.05. Therefore, the data follow the
Weibull distribution, as shown in Figures 1 and 2.

7.2. Results of Determining the Optimal Intervals for Per-
forming Preventive Maintenance. The downtime required to
repair faults (K,) and to accomplish preventive maintenance
activities (K ,) for these machines represented by hours was
(K, = 3.75,Kp =2.25); the corresponding values in days
were (K, =0.15625, K, = 0.09375), whereas for the optimal
periods for conducting preventive maintenance operations
(K), the expected number of faults F(K) and the total
downtime D(K) were calculated as shown in Table 3.
Through Table 3, it is clear that the optimal period for
carrying out preventive maintenance operations in which
the total downtime of the machine is the least possible is 5

days for the machine Alba 26, while for the machine Crupp
21 is 7 days, and the expected number from failures F(K) of
Alba 26 machine increases with high rate due to the increase
of the periodic time between preventive maintenance and
another till it reaches approximately 13 failures within 17
days. As for the Crupp 21 machine, the expected number
from failures F(K) increases due to the increase of the pe-
riodic time between preventive maintenance and another till
it approximately reaches 4 failures within 17 days. As for the
total stopping time D(K) for the two machines, it is noted
that it gradually decreases until the optimal solution is
reached and then returns to the increase, as shown in
Figure 3.

Hence, to clarify the sensitivity of the model with respect
to the subjective value (K, , K,) for this machine, a sensi-
tivity analysis was conducted, and the results are shown in
Table 4.

Table 4 indicates that the model is insensitive concerning
the values (K,, K). Thus, the change in these values did not
affect the optimum solution (K) for these machines. According
to the effect of preventive maintenance on the reliability
function and failure rate of these machines, the reliability
function and failure rate values were calculated for machines
before and after they were subjected to preventive maintenance
operations, and the results are shown in Table 5 for the ma-
chine Alba 26 and Table 6 for the machine Crupp 21.

Hence, the estimates of the indications of this machine
were equal in days (p = 1.8424, 5 = 34.92219). The following
table shows the values of the reliability function and the
failure rate of the machine before and after it undergoes
preventive maintenance.

Table 5 shows that the reliability function decreases
before and after performing the preventive maintenance
operations R,,; (t) because of the rapid increase of time. So,
the probability of operating this machine for 8 days without
a breakdown is equal to 0.26695, and for 18 days without
failure, the probability is equal to 0.00278. It continues
similarly until it reaches 0.00005 when the machine operates
for 24 days without a breakdown. Also, when comparing
R, (t) with the reliability of the machine after imple-
menting the operations of preventive maintenance Rpy; (t),
it decreases slowly with increasing time because of the
improvement in the machine. Thus, the probability that this
machine will operate for 8 days without a breakdown be-
comes 0.46195, that for 18 days without fault equals 0.15207,
and so on until the reliability reaches 0.07499 when the
machine operates for 24 days without malfunction. This is
reflected by the failure rates before and after conducting the
preventive maintenance operations, which return to zero
value after every preventive maintenance performed. This is
shown in Figures 4 and 5.

As for the average time between failures (MTBF) for this
machine after completing preventive maintenance opera-
tions, it was 9.77866 days while it reached 6.87898 days
before performing preventive maintenance operations.

Secondly, regarding the machine Crupp 21, the estimates
of  indications  were equal  in days to
(p = 1.59007, 1 = 37.7744), and the following table illus-
trates the values of the reliability function and failure rate of
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TaBLE 1: The machine Alba 26/polyethylene manufacturer.
2.3438 9.9792 8.25 3.8854 1.9583 9.6042 6.3958 5.5625 7.7708
0.8333 11.9375 5.9167 10.9375 3.0625 4.2083 6.8333 6.8854 6.2083
12.0104 8.9167 8.3125 0.4167 2.875 6.1875 6.5313 9.7708 1.2917
10.0625 3.375 6.7917 1.6042
TaBLE 2: The machine Crupp 21/injection and blowing manufacturer.
5.3958 2.0729 5.125 9.8333 19.1667 2.0104 13.1563 11.9792 18.6354
13.4271 4.6979 9.4583 2.2917 4.0625 11.3333 12.2292 18.7917 4.6667
11.5625 2.8333 10.8542 0.4375 16.2604 12.2083 5.2188 6.5938 4.2083
Weibull - 95% Cl
99 ———— —
o0 4| N 31 |
40 1 | AD 0.617]
70 - | P-Value 0.099{ : :
60 4 L—— Lo
50 ~
40
= 30 1
=}
id 20 1
)
Ay
10 4
5
3 4
2 4
1 T
0.1 10
FIGURE 1: Probability plot of machine Alba26.
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70 4 | P-Value 0.199
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FIGURE 2: Probability plot of machine Crupp 21.

the machine before and after being subjected to the pre-
ventive maintenance operations.

Table 6 shows that the reliability function R, (t)
before carrying out the preventive maintenance opera-
tions for the machine decreases with increasing time
because the probability of operating this machine for 9
days without a breakdown is equal to 0.4185, that for 19

days without a breakdown is equal to 0.0574, and so on
until the reliability reaches 0.0120 when the machine
operates for 25 days without malfunction. When com-
paring reliability R, (£) with Rp,, (t), which represents
the reliability of the machine after accomplishing the
preventive maintenance operations, it is clear that it
decreased very slowly with increasing time as a result of
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TaBLE 3: Determining the optimal period for conducting preventive maintenance operations and total downtime D (K).
Machine Alba 26 Machine Crupp 21
T (days) F(K) Dy (K) F(K) D¢ (K)
1 0.0286 0.0898 0.0265 0.0895
2 0.1035 0.0525 0.0804 0.0508
3 0.2218 0.0415 0.1554 0.0382
4 0.3856 0.0376 0.2503 0.0325
5 0.5992 0.0368 0.3652 0.0296
6 0.8694 0.0377 0.5012 0.0282
7 1.2052 0.0398 0.6599 0.0278
8 1.6182 0.0428 0.8434 0.0279
9 21224 0.0468 1.0543 0.0284
10 2.7355 0.0516 1.2956 0.0293
11 3.4787 0.0574 1.5707 0.0306
12 4.3780 0.0643 1.8838 0.0321
13 5.4649 0.0724 2.2396 0.0339
14 6.7774 0.0818 2.6433 0.0360
15 8.3612 0.0928 3.1009 0.0383
16 10.3093 0.1059 3.6303 0.0411
17 12.5770 0.1204 4.2066 0.0439
0.12 -
0.1 -
0.08 -
0.06 -
0.04 -
0.02
O 1 1 1 1 1 1 1 1

— D)
- De(K)

16

FIGURE 3: The optimal periods for performing the preventive maintenance operations and the total downtime D (K).

TasLE 4: The results of the sensitivity analysis for the time taken for preventive maintenance K, and the used time for fault repair K.

K, (in hours) K, (in days) K, (in hours)

K, (in days)

T (days) for Alba 26 T (days) for Crupp 21

2.5 0.10417 1.25
3.75 0.15625 2.25
450 0.18750 2.50
5.25 0.21875 3.00
6.00 0.25000 3.50

0.052083 5 7
0.093750 5 7
0.104167 5 7
0.125000 5 7
0.145833 5 7

the improvement in the machine. The probability of this
machine operating for 9 days without failure is equal to
0.5148, for 19 days without an equal failure is 0.2208, and
so on till the reliability reaches 0.1364 when the machine
operates for 25 days without a failure. This is reflected by
the failure rates before and after conducting the

preventive maintenance operations which return to zero
value after every preventive maintenance performed. This
is shown in Figures 6 and 7.

As for the average time between failures (MTBF) for
this machine after completing preventive maintenance
operations, it reached 12.8167 days, whereas as for the
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TaBLE 5: Reliability function and failure rates before and after performing preventive maintenance of the machine Alba 26.

t (time) Ry (D) Rpps (1) R(t - nk) ) Fipng ()
0 1.00000 1.00000 1.00000 0.00000 0.00000
1 0.97177 0.97177 0.97177 0.05276 0.05276
2 0.90241 0.90241 0.90241 0.09460 0.09460
3 0.80513 0.80513 0.80513 0.13312 0.13312
4 0.69193 0.69193 0.69193 0.16963 0.16963
5 0.57376 0.57376 1.00000 0.20471 0.00000
6 0.45963 0.55756 0.97177 0.23870 0.05276
7 0.35606 0.51776 0.90241 0.27180 0.09460
8 0.26695 0.46195 0.80513 0.30416 0.13312
9 0.19383 0.39700 0.69193 0.33589 0.16963
10 0.13638 0.32920 1.00000 0.36707 0.00000
11 0.09304 0.31991 0.97177 0.39776 0.05276
12 0.06156 0.29707 0.90241 0.42801 0.09460
13 0.03953 0.26505 0.80513 0.45787 0.13312
14 0.02464 0.22778 0.69193 0.48737 0.16963
15 0.01492 0.18888 1.00000 0.51653 0.00000
16 0.00877 0.18355 0.97177 0.54540 0.05276
17 0.00501 0.17045 0.90241 0.57398 0.09460
18 0.00278 0.15207 0.80513 0.60229 0.13312
19 0.00150 0.13069 0.69193 0.63036 0.16963
20 0.00079 0.10837 1.00000 0.65820 0.00000
21 0.00040 0.10531 0.97177 0.68581 0.05276
22 0.00020 0.09780 0.90241 0.71322 0.09460
23 0.00010 0.08725 0.80513 0.74044 0.13312
24 0.00005 0.07499 0.69193 0.76747 0.16963

TaBLE 6: Reliability function and failure rates before and after preventive maintenance of the machine Crupp 21.

t (time) Ry (1) Rpp (1) R(t - nk) Fiag () Fipas (1)
0 1.0000 1.0000 1.0000 0.0000 0.0000
1 0.9739 0.9739 0.9739 0.0421 0.0421
2 0.9234 0.9234 0.9234 0.0634 0.0634
3 0.8591 0.8591 0.8591 0.0805 0.0805
4 0.7867 0.7867 0.7867 0.0954 0.0954
5 0.7102 0.7102 0.7102 0.1088 0.1088
6 0.6331 0.6331 0.6331 01212 01212
7 0.5576 0.5576 1.0000 01327 0.0000
8 0.4856 0.5430 0.9739 0.1436 0.0421
9 0.4185 0.5148 0.9234 01539 0.0634
10 0.3570 0.4790 0.8591 01638 0.0805
11 0.3016 0.4386 0.7867 01733 0.0954
12 0.2525 0.3960 0.7102 0.1824 0.1088
13 0.2094 0.3530 0.6331 0.1912 01212
14 01723 0.3109 1.0000 0.1998 0.0000
15 0.1405 0.3027 0.9739 0.2081 0.0421
16 01136 0.2871 0.9234 0.2161 0.0634
17 0.0912 0.2671 0.8591 0.2240 0.0805
18 0.0726 0.2445 0.7867 02317 0.0954
19 0.0574 0.2208 0.7102 0.2392 0.1088
20 0.0450 0.1968 0.6331 0.2466 01212
21 0.0350 01733 1.0000 0.2538 0.0000
22 0.0271 0.1688 0.9739 0.2608 0.0421
23 0.0208 0.1600 0.9234 0.2678 0.0634
24 0.0159 0.1489 0.8591 0.2746 0.0805

25 0.0120 0.1364 0.7867 0.2813 0.0954
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FIGURE 4: Reliability function of machine Alba 26 before and after performing preventive maintenance operations.
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FIGURE 5: Failure rate of machine Alba 26 before and after performing preventive maintenance operations.
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FIGURE 6: Reliability function for the machine Crupp 21 before and after performing the preventive maintenance operations.
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Ficure 7: Failure rate of machine Crupp 21 before and after
performing preventive maintenance operations.

average time between failures for this machine before the
preventive maintenance was performed, it reached
8.8053 days.

8. Conclusion and Main Findings

(1) The machines with increased failure rates and low
reliability are clearly subject to preventive mainte-
nance operations with close periods. So, the optimal
periods for completing preventive maintenance
operations for the Alba 26 Machine in 5 days are less
than the ideal periods for completing preventive
maintenance operations for the Crupp 21 machine of
7 days.

(2) Applying the preventive maintenance model on the
studied machines makes it evident that the pre-
ventive maintenance processes work to reduce fail-
ure rates as the rate returns to zero after performing
each preventive maintenance process. Preventive
maintenance works to improve the reliability of the
machine as the reliability function of the Alba 26
machine before performing the first preventive
maintenance was R (6) = 0.45963, whereas it reached
R(6) =0.55756 after conducting the preventive
maintenance processes for an improvement of 21%.
Likewise for Crupp 21, the reliability of the machine
before carrying out the first preventive maintenance
operations is R(8) = 0.4856 while it reached R(8) =
0.5430 after carrying out preventive maintenance
operations, i.e., an improvement of 12%.

(3) The results showed that preventive maintenance
operations led to an increase in the average period of
time for machines to operate between faults because
the average time between failures of machine Alba 26
before the completion of preventive maintenance
operations was 6.87898, whereas, after the comple-
tion of preventive maintenance, it reached 9.77866

Computational Intelligence and Neuroscience

with an increase of 42%. The same was true with the
machine Crupp 21 where the percentage of increase
in the average period of time for the machine to
operate after the preventive maintenance process
reached 46%.

(4) The results concerned with estimations reliability of
machines before carrying out the maintenance op-
erations gradually decreased with the increasing time
at different speeds and gave a general indication that
these machines cannot be relied upon to work for
long periods without failure.

The values of (K,, K p) included in the calculation of the
optimal periods to accomplish preventive maintenance
operations are subjective values obtained from the practical
experience of maintenance engineers in the company, and
when implementing the maintenance model in the com-
pany, real values of (K,, K ,) will be used and entered as such
on the maintenance form.
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