
C H A P T E R  3

T H E O R E T I C A L  C O N S I D E R A T I O N S

T h is  c h a p t e r  r e v i e w s  s o m e  th e o r e t ic a l  w o r k  c a r r ie d  o u t  in  th e  a rea  
o f  m a in t e n a n c e .  T h e  r e v i e w  o f  lite r a tu r e  o f  th is  t h e s i s  c a n  b e  s e p a r a te d  
in to  f i v e  s e c t i o n s .

1 . P r o b a b i l i t y  d is t r ib u t io n
2 . F a i lu r e  d a ta  a n a ly s i s  t e c h n iq u e s
3 . B a t h  tu b  c u r v e  c o n c e p t
4 . M a in t e n a n c e  c o s t s
5 . M a in t e n a n c e  s y s t e m

3 . 1  P r o b a b i l i t y  d i s t r i b u t i o n

In  m a in t e n a n c e  s t u d ie s ,  w e  are  in te r e s te d  in  t h e  p r o b a b i l i t y  o f  a 
f a i lu r e  b e f o r e  s o m e  s p e c i f i c  t im e , s a y  t .  T h is  p r o b a b i l i t y  c a n  b e  o b ta in e d  
fr o m  t h e  r e le v a n t  p r o b a b i l i t y  d e n s ity  fu n c t io n  a s  f o l l o w i n g s :

R e l ia b i l i t y '  f u n c t io n  is  d e f in e d  a s th e  p r o b a b i l i t y  th a t  e q u ip m e n t  
w i l l  s u r v i v e  at l e a s t  s o m e  s p e c i f ic  t im e . T h e  r e l ia b i l i t y  f u n c t io n  is  
d e n o t e d  b y  R ( t )  a n d  is  d e f in e d  as:

F a i lu r e  d is t r ib u t io n  f u n c t io n s  o f te n  u s e d  in  th e  m a in te n a n c e  
c o n t e x t  a n d  in  t h e  r e l i a b i l i t y  a n a ly s i s  w o r k  a re  th e  e x p o n e n t ia l ,  R a y le ig h ,  
a n d  W e ib u l l  d i s t r ib u t io n s .  T h is  s e c t io n  d is c u s s e s  t h e s e  th r e e  d is t r ib u t io n .  
B r i e f  is  fo r  t h e  f ir s t  t w o  d is t r ib u t io n s  ; e x p o n e n t ia l  a n d  R a y le ig h .

P r o b a b i l i t y  o f  f a i lu r e  b e fo r e  t im e  t  =  \ f ( t )  d t  =  F ( t ) 3 . 1

R ( t )  =  1 -  F ( t ) 3 . 2
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E x p o n e n t i a l  d i s t r i b u t i o n

E x p o n e n t ia l  d i s t r ib u t io n  is  o n e  th a t is  m o s t  w i d e ly  u s e d  in  
r e l ia b i l i t y  e n g i n e e r in g .  T h e  d is t r ib u t io n  fa i lu r e  d en s ity ' f u n c t io n ,  th e  
c u m u la t iv e  d is t r ib u t io n  f u n c t io n ,  t h e  r e l ia b i l i t y  f u n c t io n , th e  m e a n  v a lu e ,  
a n d  t h e  v a r ia n c e  a re  g i v e n  b y

f ( t )  =  X ๙  Xt 3 . 3

fo r  A > 0 , t> 0

w h e r e  X  i s  t h e  s c a l e  p a r a m e te r . In  r e l ia b i l i t y  w o r k  it  i s  k n o w n  a s  
t h e  c o n s t a n t  f a i lu r e  ra te  o f  a n  ite m .

t is tim e

F(t) =  1 - ๙ Xt 3 . 4

II CD 1 3 . 5

เท =  1/À. 3 . 6

a 2 =  1 A 2 3 . 7

R a y l e i g h  d i s t r i b u t i o n

R a y l i e ig h  d is t r ib u t io n  is  a l s o  u s e d  in  r e l ia b il i ty  e n g in e e r in g .  T h e  
d is t r ib u t io n  f a i lu r e  d e n s i t y  f u n c t io n ,  th e  c u m u la t iv e  d is t r ib u t io n  f u n c t io n ,  
t h e  r e lia b il ity '  f u n c t io n ,  t h e  m e a n  v a lu e ,  a n d  th e  v a r ia n c e  are  g i v e n  b y

f ( t )  =  0 t e x p  [ - 0 t2/ 2 ] 3 . 8

fo r  t> 0

w h e r e  0  i s  t h e  p a r a m e te r  
t is  t im e .
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F(t) =  1-exp [-0r/2 ] 3 . 9

R(t) =  exp[-9t2/2] 3 . 1 0

น. = (tc/2 0 )1/2 3 . 1 1

?G = (2/0)( 1 -7T2/4) 3 . 1 2

W e i b u l l  d i s t r i b u t i o n

W e ib u l l  d i s t r ib u t io n s  w a s  d e v e lo p e d  b y  W e ib u l l  a n d  p la y s  a n  
im p o r ta n t  r o le  in  t h e  s ta t i s t ic a l  a n a ly s i s  e s p e c ia l l y  to  d e s c r ib e  c o m p o n e n t  
f a i lu r e s .  T h e  W e ib u l l  d is t r ib u t io n  c o m b in e s  th e  m a t h e m a t ic a l  t r a c ta b il i ty  
o f  t h e  e x p o n e n t ia l  d is t r ib u t io n  w i t h  th e  f l e x i b i l i t y  o f  th e  R a y le ig h  
d is t r ib u t io n .  E x p o n e n t ia l  a n d  R a y le ig h  d is t r ib u t io n s  a re  s p e c ia l  c a s e s  o f  
t h e  W e ib u l l  d is t r ib u t io n .  T h e r e f o r e ,  it is  o n e  o f  th e  m o s t  f l e x i b l e  
d is t r ib u t io n s ,  a n d  it c a n  b e  u s e d  to  r e p r e s e n t  v a r io u s  t y p e s  o f  p h y s ic a l  
p h e n o m e n a .  T h e r e  a re  th r e e  p a r a m e te r s  o f  th is  d is t r ib u t io n  a n d  th e  
p r o b a b i l i t y  d e n s i t y  f u n c t io n ,  f ( t ) , o f  th e  d is t r ib u t io n  is  d e f in e d  b y

f ( t )  =  ( p / p p) ( t -y ) P_1 e x p  [ - ( ( t - y ) /r |) p 3 . 1 3

fo r  t > y  a n d  p ,ๆ , y > 0

w h e r e  p  is  t h e  s h a p e  p a r a m e te r
ๆ  is  t h e  s c a le  p a r a m e te r , o r  c h a r a c te r is t ic  l i f e  - it is  th e  

l i f e  at w h ic h  6 3 . 2  %  o f  th e  p o p u la t io n  w i l l  h a v e  f a i le d ,  
y is  th e  lo c a t io n  p a r a m e te r , o r  f a i lu r e  fr e e  t im e  o r  

m in im u m  li fe .

T h e  W e ib u l l  c u m u la t iv e  d is t r ib u t io n  f u n c t io n ,  F ( t )  is  o b t a in e d  b y  
s u b s t i t u t in g  E q . ( 3 .3 ) in  E q . ( 3 . 1 ) a n d  e v a lu a t e  its  in te g r a l .

F(t) = 1 - exp -[(t-y)/q)]p 3.14
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F ig u r e  3 . 1  s h o w s  h o w  th e  s h a p e s  o f  W e ib u l l  p r o b a b i l i t y  d e n s i t y  
f u n c t io n  ( p d f )  c h a n g e  a s  (3 c h a n g e s  fro m  (3 = 1 / 5  to  (3 = 1 / 2 , (3 = 1 , (3 = 3 / 2 , 
p = 2 , (3 = 3 , a n d  (3 = 5 . S o m e  o f  th e  s p e c i f i c  c h a r a c te r is t ic s  o f  th e  W e ib u l l  
p d f .  a re  t h e  f o l l o w i n g :

1 .  F o r  0 < (3 < 1  : f ( t )  d e c r e a s e s  sh a r p ly  a n d  is  c o n v e x  a s  t in c r e a s e s  
b e y o n d  t h e  v a lu e  o f  y

2 . F o r  (3 = 1  : it b e c o m e s  th e  t w o - p a r a m e te r s  e x p o n e n t ia l
d is t r ib u t io n  a s  a  s p e c i f i c  c a s e .

F ( t )  =  ( l /ฦ )  e x p - [ ( t - y ) / r | ]

3 . F o r  (3 > 1  : f ( t )  a s s u m e s  w e a r -o u t  t y p e  s h a p e s ,  w i t h  in c r e a s in g  
f a i lu r e  r a te  a n d  fo r  2 .6 < p < 5 . 3  it m a y  b e  a p p r o x im a te d  a s  a 
n o r m a l p r o b a b i l i t y  d e n s i t y  fu n c t io n .

2.0

F ig u r e  3 . 1  W e ib u l l  d is t r ib u t io n  fo r  v a r io u s  v a lu e s  o f  p , ๆ = 1 , a n d
y = 0
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I f  ใๅ in c r e a s e s  w h i l e  p a n d  y  are  c o n s ta n t , th e  d is t r ib u t io n  g e t s  

s t r e t c h e d  o u t  to  th e  r ig h t  a n d  its  h e ig h t  d e c r e a s e s ,  b u t m a in ta in s  its  s h a p e  
a n d  lo c a t io n .  O n  th e  o t h e r  h a n d , i f  ๆ  is  d e c r e a s e s  w h i l e  p  a n d  y  are  
c o n s t a n t ,  t h e  d is t r ib u t io n  g e t s  s t r e tc h e d  o u t  to  th e  le f t  a n d  its  h e ig h t  
in c r e a s e s .  T h e  e f f e c t s  o f  ๆ  o n  th e  f ( t )  a re  s h o w n  in  f ig u r e  3 .2 .

F ig u r e  3 . 2  T h e  e f f e c t s  o f  ๆ  o n  th e  W e ib u l l  d is t r ib u t io n .

T h e  W e ib u l l  f a i lu r e  ra te , th e  m e a n  v a lu e ,  a n d  v a r ia n c e  a re  g i v e n  b y

M O  =  ( p / n V 3 . 1 5

แ  =  ๆ r [ ( i + p y p ] 3 . 1 6

a2 = 2ๆ [F(l+2/p)-r2(Rl/p)] 3.17
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3 . 2  F a i l u r e  d a t a  a n a l y s i s  t e c h n i q u e s

T h e  f a i lu r e  d a ta  a n a ly s i s  t e c h n iq u e s  a re  u s e d  to  e s t im a te  
d is t r ib u t io n  p a r a m e te r s .  T h e  g r a p h ic a l  t e c h n iq u e  is  a  v e r y  p o p u la r  o n e  
b e c a u s e  o f  s o m e  a d v a n t a g e s ,  s u c h  a s  it  is  e a s y  to  u n d e r s ta n d , e a s y  to  
v i s u a l i z e  t h e  t h e o r e t i c a l  d is t r ib u t io n , a n d  e a s y  to  a n a ly z e  b o th  c o m p le t e  
a n d  in c o m p l e t e  d a ta .

3 .2 . 1  W e i b u l l  p r o b a b i l i t y  p a p e r

T h e  W e ib u l l  g r a p h  p a p e r  is  a n  im p o r ta n t  m a te r ia l  o f  th e  W e ib u l l  
d is t r ib u t io n  b e c a u s e  it is  a q u ic k  a n d  e a s y  w a y  to  d e te r m in e  th e  W e ib u l l  
p a r a m e te r s  a n d  d e c id e  w h e t h e r  r e s u lt s  a re  a c c e p t a b le  o r  n o t . C u m u la t iv e  
p e r c e n t a g e  f a i lu r e  is  p lo t t e d  a g a in s t  t im e  to  fa ilu r e  th e n :
•  I f  a  s t r a ig h t  l in e  r e s u lt s  th e  p a r a m e te r s  c a n  b e  r e a d  d ir e c t ly  fr o m  th e  

p a p e r .
•  I f  t h e  l i n e  is  n o t  s tr a ig h t  b u t c u r v e d  o r  b r o k e n , t h e n  c e r ta in  p r o c e d u r e  

h a v e  t o  b e  f o l l o w e d  to  o b ta in  p a r a m e te r s  a n d  d r a w  c o n c lu s io n s .
•  I f  t h e r e  is  n o  r e la t io n s h ip ,  it s u g g e s t s  a  p a r t ic u la r  t y p e  o f  u n d e r ly in g  

d is t r ib u t io n ,  t h e  e x t r e m e  v a lu e  d is t r ib u t io n , o r  th a t th e  d a ta  is  
c r i t i c a l ly  e x a m in e d .

W e ib u l l  p r o b a b ility '  p a p e r  is  c o n s t r u c te d  a s  f o l l o w in g :
R ( t ) = l - F ( t )  =  e x p  [ - ( ( t - y ) /ๆ)*5]

A s s u m e  Y = 0 , th a t  is  m in im u m  l i f e  o r  fa i lu r e  fr e e  t im e  =  0  

I - F ( t )  =  e x p  [ - ( t / ๆ ) 15]
1 / [ 1 - F ( t )  — e x p  ( โ / ๆ ) 55

T a k in g  lo g a r i t h m s  o f  b o th  s id e s :
In [ 1 / ( 1 - F ( t ) ) ]  =  (t / ๆ ) 13 ( s in c e  In e  = 1 )
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T a k in g  lo g a r i t h m  a g a in :

In In [ 1 / ( 1  - F ( t ) ) ]  =  p in  t - p in  ๆ  3 . 1 8

T h is  i s  in  a  s t r a ig h t  l in e  fo r m  o f  y  =  a x  +  b w h ic h :  
y  =  In  In  [ 1 / ( 1 - F ( t ) ) ]  

a = p
X =  In  t 
b =  - p i n  ๆ

T h e r e f o r e ,  i f  t h e  W e ib u l l  g r a p h  p a p e r  is  u s e d  w h o s e  y  a x is  is  In In 
[ 1 / ( 1  - F ( t ) ) ]  a n d  w h o s e  X a x is  is  In t, a s tr a ig h t  l in e  w i l l  r e s u lt  w h e n  
c u m u la t iv e  p e r c e n t a g e  f a i lu r e  is  p lo t t e d  a g a in s t  t im e  to  fa ilu r e .

In  t h is  c a s e  w e  a s s u m e  Y = 0 , th e r e fo r e  i f  th e r e  is  s o m e  m in im u m  
l i f e  b e f o r e  t h e  f ir s t  f a i lu r e ,  th e  X a x is  w i l l  b e  ( t-y )  a n d  fo r  o b t a in in g  a  
s tr a ig h t  l in e  a n  e s t im a t e  o f  y m u s t  b e  su b tr a c te d  fr o m  e a c h  f a i lu r e  t im e  
( th e  m e t h o d  o f  e s t i m a t in g  y w i l l  b e  s h o w n  f o l l o w in g ) .

3 . 2 . 2  C u m u l a t i v e  p e r c e n t a g e  - M e d ia n  ra n k s

F o r  a  la r g e  a m o u n t  o f  d a ta  th e  c u m u la t iv e  p e r c e n t a g e  fo r  e a c h  
c la s s  o f  t h e  f r e q u e n c y  d is t r ib u t io n  c o u ld  b e  u s e d . H o w e v e r ,  in  m a n y  
c a s e s ,  t h e  d a ta  c o l l e c t e d  m a y  b e  n o t  la r g e  e n o u g h  t o  c o n s t r u c t  a 
f r e q u e n c y  d is t r ib u t io n .  S o ,  i f  a  s tr a ig h t  p e r c e n ta g e  is  ta k e n  to  r e p r e s e n t  
c u m u la t iv e  p e r c e n t a g e  it w i l l  o v e r e s t im a t e  th e  p r o p o r t io n  f a i l in g .  F o r  
e x a m p le ,  i f  t h e r e  a r e  1 0  i t e m s  are  t e s t e d  a n d  th e  f ir s t  f a i lu r e  is  g i v e n  a 
v a lu e  o f  1 0 % , t h e r e  w i l l  b e  a b ia s  b e c a u s e

( a )  o f  s a m p l i n g  erro r
( b )  t h e  f ir s t  f a i lu r e  is  fu r th e r  fr o m  0 %  th a n  th e  la s t  is  f r o m  1 0 0 %  

a n d  l i k e w i s e  fo r  th e  r e m a in in g  r e s u lt s .
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Failure No. 1 2 3 4 5 6 7 8 9 10

Cumulative 0 ,0 20 30 40 50 60 70 80 90 100
Percentage

T o  c o r r e c t  t h i s ,  m e d ia n  r a n k s  s h o u ld  b e  u s e d . T h e  m e d ia n  ra n k  is  
t h e  5 0 %  p o in t  o f  t h e  a s s u m e d  B e t a  d is t r ib u t io n  o f  th e  i th  e v e n t  o u t  o f  ท. 
M e d i a n  r a n k s  c a n  b e  o b t a in e d  fr o m  t a b le s  ( s h o w n  in  A p p e n d ix  A )  o r  
f r o m  a n  a p p r o x im a t io n  d u e  to  B e n a r d  a s  f o l l o w in g .

M e d ia n  r a n k  =  ( i  - 0 .3 ) / ( n  +  0 .4 ) 3 . 1 9

w h e r e  ท =  s a m p le  s i z e
i =  f a i lu r e  o r d e r  n u m b e r

S o  fo r  th e  s a m p le  o f  1 0  i t e m s  th e  c u m u la t iv e  p e r c e n t a g e  are:

Failure No. 1 2 3  4 5  6 7 8 9  10

0 10 20 30 40 50 60 70 80 90 100

c — ve 6.7 16.2 25.9 35.5 45.1 54.8 64.5 74.1 83.8 - 93.3

3 . 2 . 3  P r o c e d u r e  f o r  p l o t t i n g  o n  W e i b u l l  p r o b a b i l i t y  p a p e r

T h e r e  a re  1 0  s t e p s  o f  th is  p r o c e d u r e  d e s c r ib e d  in  C h a r tw e ll  6 5 7 2

as:

1 . D r a w  u p  t h r e e  c o lu m n :
F a i lu r e  N u m b e r  T im e  to  F a i lu r e  M e d ia n  R a n k

2 . P u t  f a i lu r e  t im e s  in  o r d e r , lo w e s t  to  h ig h e s t ,  in  c o lu m n  2 .

3 . F in d  t h e  c o lu m n  fo r  th e  s a m p le  s i z e  in  th e  M e d ia n  r a n k  t a b le s  o r  
c a l c u la t e  f r o m  t h e  B e n a r d  e q u a t io n  a n d  th e n  c o m p le t e  t h e  c o lu m n  3 .
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4 . P lo t  M e d i a n  R a n k  a g a in s t  T im e  to  F a i lu r e  o n  th e  a p p r o p r ia te  
W e ib u l l  p r o b a b i l i t y  p a p e r .

5 . I f  t h e  d a ta  a p p e a r s  t o  b e  a  s tr a ig h t  l in e  d r a w  th e  l in e ,  p a y in g  m o r e  
a t t e n t io n  t o  t h e  h ig h e r  c u m u la t iv e  p e r c e n ta g e  p o in t s  th a n  lo w e r  
c u m u la t iv e  p e r c e n t a g e  p o in t s .

6 . F o r  a  s t r a ig h t  l in e ,  w r i t e  in  a v a lu e  o f  M in im u m  l i f e ,  y  e q u a ls  to  0  at 
t h e  to p  o f  t h e  p a p e r .

7 . D r a w  a  p e r p e n d ic u la r  fr o m  th e  l in e  th r o u g h  th e  E s t im a t io n  p o in t  at 
th e  t o p  le f t  h a n d  s id e  o f  th e  p a p e r .

8 . W h e r e  t h e  p e r p e n d ic u la r  l in e  c r o s s e s  th e  (3 s c a l e ,  r e a d  o f f  th e  v a lu e  
o f  (3 a n d  w r i t e  it  a t th e  to p  o f  t h e  p a p e r .

9 . P r o j e c t  a c r o s s  f r o m  “ใๅ E s t im a to r ” o n  th e  v e r t ic a l  a x is  to  th e  l in e  a n d  
t h e n  d o w n  a n d  r e a d  th e  v a lu e  o f f  th e  h o r iz o n ta l  a x is .  F i l l  in  th is  
v a lu e  o f  ฦ , t h e  c h a r a c te r i s t ic  L i f e ,  at th e  to p  o f  t h e  p a p e r . 10

1 0 . R e a d  t h e  v a lu e s  o f f  t h e  p s c a l e  w h e r e  th e  p e r p e n d ic u la r  l in e  c r o s s e s  
it . L o c a t e  t h is  v a lu e  o n  th e  v e r t ic a l  s c a le  a n d  p r o j e c t  a c r o s s  to  th e  
l in e  a n d  d o w n .  R e a d  o f f  th e  v a lu e  o n  th e  h o r iz o n ta l  s c a l e  w h ic h  is  
t h e  M e a n  L i f e ,  เแ. A s  a  c h e c k  th a t th e  l in e  h a s  b e e n  d r a w n  c o r r e c t ly ,  
c a lc u la t e  t h e  m e a n  t im e  to  fa ilu r e  fr o m  th e  o r ig in a l  d a ta  a n d  
c o m p a r e  it w i t h  t h e  M e a n  L i f e  r ea d  o f f  th e  g r a p h .

3 . 2 . 4  P r o c e d u r e  f o r  d e a l i n g  w i t h  a c u r v e d  p lo t

T h e  p r o c e d u r e  c o n s i s t s  o f  9  s te p s  a s  s h o w n  f o l l o w i n g .

1 . P lo t  t h e  r e s u l t s  o n  W e ib u l l  p r o b a b i l ity  p a p e r  a s  d e s c r ib e d  a b o v e . I f  a
c u r v e  r e s u l t s ,  f ir s t  c h e c k  th a t  th e r e  is  o n ly  o n e  f a i lu r e  m o d e .



2 . I f  t h e  p lo t  is  c o n v e x  w h e n  v i e w e d  fr o m  th e  to p  o f  t h e  p a p e r  c o n c lu d e  
th a t  t h e r e  is  s o m e  m in im u m  l i f e  b e fo r e  fa i lu r e s  s ta r t to  o c c u r .

3 . I f  t h e  p lo t  is  c o n c a v e  w h e n  v i e w s  fr o m  th e  to p  o f  t h e  p a p e r  c o n c lu d e  
th a t  t h e  i t e m s  h a d  a lr e a d y  s ta r te d  d e te r io r a t in g  b e f o r e  t h e y  w e r e  p u t  o n  
t e s t .

4 . E s t im a t e  a  v a lu e  o f  y . T h is  is  b e s t  d o n e  b y  u s in g  th e  f o r m u la  b e lo w .

Lowest Point Highest Point

T h e  d i s t a n c e  d  is  t h e  l in e a r  v e r t ic a l  d is t a n c e ,  it  i s  n o t  r e a d  o f f  th e  
v e r t ic a l  a x i s .  t 2 i s  r e a d  o f f  t h e  p lo t  th e n  y  is  fo u n d  fro m :

( t 3 - t 2 ) ( t 2 - ท )

'  { t 3 - t 2 ) - { t 2 - ท )
3 . 2 0

5 . A d d  a n o th e r  c o l u m n  to  th e  ta b le  r e su lts :
F a i lu r e  N o .  T im e  to  F a ilu r e  M e d ia n  R a n k  t-y

6 . S u b tr a c t  y  f r o m  e a c h  v a lu e  o f  t.

7 . P lo t  M e d ia n  R a n k  a g a in s t  t-y . I f  th e  p lo t  s t i l l  lo o k s  c u r v e d , a d ju s t  th e  
v a lu e  o f  y  u n t i l  it  b e c o m e s  s tr a ig h t . 8

8 . W h e n  r e a d in g  o f f  v a lu e s  o f  C h a r a c te r is t ic s  L i f e ,  M in im u m  L i f e ,  M e a n  
L i f e ,  e t c .  a d d  t h e  v a l u e  o f  y  b a c k  o n .
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9 . F o r  c o n c a v e  p lo t s  y  w i l l  h a v e  to  b e  a d d e d  o n  to  t to  g i v e  a s tr a ig h t  l in e .
T h e  p r o c e d u r e  fo r  e s t im a t in g  y w i l l  b e  e x a c t ly  th e  s a m e .

3 . 3  B a t h  t u b  c u r v e  c o n c e p t

T h e  e f f e c t i v e n e s s  a n d  e c o n o m y  o f  p r e v e n t iv e  m a in t e n a n c e  c a n  b e  
m a x im iz e d  b y  t a k in g  a c c o u n t  o f  t h e  t im e - t o - f a i lu r e  d is t r ib u t io n  o f  th e  
m a in t a in e d  p a r ts  a n d  t h e  fa i lu r e  f r e q u e n c y  ( fa i lu r e  r a te )  tr e n d  o f  th e  
s y s t e m .  I n  g e n e r a l ,  a  d e v i c e  o r  a  p a rt g o e s  th r o u g h  th r e e  s e p a r a te  a n d  
d is t in c t  s t a g e s .  T h e  f ir s t  is  c a l le d  a  r u n n in g - in  s ta g e  (b u r n - in  o f  in fa n t  
m o r t a l i t y  p h a s e ) ,  d u r in g  w h ic h  th e  d e v ic e  is  c h a r a c te r iz e d  b y  a  
d e c r e a s in g  f a i lu r e  r a te . T h e  s e c o n d  is  c a l le d  th e  o p e r a t in g  s t a g e  ( a l s o  
c a l l e d  th e  u s e f u l  l i f e  p h a s e ) ,  d u r in g  w h ic h  w e  e x p e r i e n c e  a  c o n s t a n t  
f a i lu r e  r a te . T h e  th ir d  is  c a l le d  th e  w e a r -o u t  s ta g e  ( d e t e r io r a t io n )  d u r in g  
w h i c h  th e  f a i lu r e  r a te  is  in c r e a s e d  r a p id ly . W h e n  th e  f a i lu r e  ra te  is  
in c r e a s in g ,  it is  a n  in d ic a t io n  th a t  t h e  d e v ic e  h a s  a g e d  o r  b e c o m e  w o r n . A  
W e ib u l l  d i s t r ib u t io n  c a n  r e p r e s e n t  th e  “B a th  tu b  c u r v e ” a s  s h o w n  in  
F ig u r e  3 .3 .

R e g i o n  A  ะ a r u n n in g - in  s ta g e  
R e g io n  B  : o p e r a t in g  s t a g e  
R e g i o n  c : d e te r io r a t io n  ( i .e .  w e a r -o u t )  

F ig u r e  3 . 3  B a th  tu b  c u r v e .
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T y p i c a l ly ,  i f  a  p a r t  h a s  a d e c r e a s in g  f a i lu r e  r a te  ( R e g io n  A ) ,  a n y  
r e p la c e m e n t  w i l l  in c r e a s e  th e  p r o b a b i l i t y  o f  f a i lu r e . I f  th e  fa ilu r e  ra te  is  
c o n s t a n t  ( R e g i o n  B ) ,  r e p la c e m e n t  w i l l  m a k e  n o  d i f f e r e n c e  to  th e  fa ilu r e  
p r o b a b i l i t y .  I f  t h e  p a r t  h a s  a n  i n c r e a s i n g  f a i l u r e  r a t e  ( R e g i o n  C ) ,  t h e n  
p r e v e n t i v e  r e p l a c e m e n t  w i l l  r e d u c e  t h e  p r o b a b i l i t y  o f  e q u i p m e n t  
f a i l u r e  in  t h e  fu tu r e  a n d  j u s t  w h e r e  t h e s e  p r e v e n t iv e  r e p la c e m e n t s  s h o u ld  
o c c u r  w i l l  b e  in f lu e n c e d  b y  th e  r e la t iv e  c o s t s .  M o r e o v e r ,  i f  th e  p a rt h a s  a 
f a i lu r e  f r e e  l i f e  ( W e i b u l l  y > 0 ) , th e n  r e p la c e m e n t  b e fo r e  th is  t im e  w i l l  
e n s u r e  th a t  f a i lu r e s  d o  n o t  o c c u r .

M a n y  o f  t h e  r e a s o n s  fo r  th e  d e c r e a s in g  f a i lu r e  ra te  r e g io n  fa i lu r e s  
a r e  l i s t e d  in  T a b le  3 . 1 . M o s t  p r o d u c e r s  o f  m a n u fa c tu r e d  e n g in e e r in g  
e q u ip m e n t  p r o v id e  a  “ r u n n in g - in  p e r io d ” fo r  th e ir  p r o d u c ts .

N o .  R e a s o n
1 I n a d e q u a t e  q u a li ty  c o n tr o l
2  I n a d e q u a t e  m a n u fa c tu r in g  m e t h o d s
3  S u b s ta n d a r d  m a te r ia ls  a n d  w o r k m a n s h ip
4  W r o n g  s ta r t-u p  a n d  in s t a l la t io n
5  D i f f i c u l t i e s  b e c a u s e  o f  a s s e m b ly
6  I n a d e q u a t e  d e b u g g in g
7  I n a d e q u a t e  p r o c e s s e s  a n d  h u m a n  erro r
8  I n a d e q u a t e  h a n d lin g  m e t h o d s  a n d  w r o n g  p a c k a g in g  

T a b le  3 . 1  R e a s o n s  fo r  “ r u n n in g - in  r e g io n ” f a i lu r e s .

In  t h e  o p e r a t in g  r e g io n  o f  F ig u r e  3 .3 , th e  f a i lu r e  ra te  is  c o n s ta n t . In  
a d d i t io n a l ,  t h e  f a i lu r e s  o c c u r  u n p r e d ic ta b ly  a n d  t h e r e f o r e ,  are  k n o w n  as  
r a n d o m  f a i lu r e s .  S o m e  o f  th e  r e a s o n s  fo r  t h e s e  f a i lu r e s  a re  g iv e n  in  th e  
T a b le  3 .2 .
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N o .  R e a s o n
1 C a u s e s  w h i c h  c a n n o t  b e  e x p la in e d

2  H u m a n  e r r o r s , a b u s e ,  a n d  n a tu ra l fa i lu r e s
3  U n a v o id a b le  f a i lu r e s :  t h e s e  c a n n o t  b e  a v o id e d  b y  e v e n  

t h e  m o s t  e f f e c t i v e  p r e v e n t iv e  m a in te n a n c e  p r a c t ic e s
4  U n d e t e c t a b l e  d e f e c t s
5  L o w  s a f e t y  fa c to r s
6  H ig h e r  r a n d o m  s tr e s s  th a n  e x p e c t e d

T a b le  3 . 2  R e a s o n s  fo r  “ o p e r a t in g  r e g io n ” f a i lu r e s

In  th e  w e a r - o u t  r e g io n  o f  F ig u r e  3 .3 , th e  f a i lu r e  ra te  sta r ts  
in c r e a s in g .  T h is  in c r e a s e  in d ic a t e s  th e  e n d  o f  th e  u s e f u l  l i f e  p e r io d  o f  th e  
p r o d u c t  in  q u e s t io n .  S o m e  c a u s e s  fo r  th e  fa ilu r e s  d u r in g  t h e  “ w e a r -o u t  
p e r io d ” a re  l i s t e d  in  T a b le  3 .3 . F a i lu r e s  o c c u r r in g  in  t h is  p e r io d  c a n  b e  
r e d u c e d  w i t h  p r o p e r ly  d e s ig n e d  r e p la c e m e n t  a n d  p r e v e n t iv e  m a in te n a n c e  
p o l i c i e s  a n d  p r o c e d u r e s .

N o . R e a s o n
1 I n a d e q u a t e  m a in t e n a n c e

2 W e a r  d u e  to  f r ic t io n
3 W e a r  d u e  to  a g in g
4 W r o n g  o v e r h u a l  p r a c t ic e s
5 C o r r o s io n  a n d  c r e e p
6 D e s i g h e d - i n  l i f e  o f  t h e  p r o d u c t  is  sh o r t

T a b le  3 . 3  R e a s o n s  fo r  “ w e a r -o u t  r e g io n ” f a i lu r e s

3 . 4  M a i n t e n a n c e  c o s t s

T h e  m a in t e n a n c e  c o s t  c a n  b e  d iv id e d  in to  2  m a jo r  c la s s e s :

1 . D ir e c t  m a in t e n a n c e  c o s t  c o m p r is in g  th e  m a in  c o s t s  o f
a . M a n p o w e r  o r  la b o r  c o s t s
b . M a t e r ia l  c o s t
c . C o s t  o f  t o o l s  fo r  r e p a ir in g
d . O v e r h e a d  c o s t



2. Indirect m aintenance cost com prising o f
a. Equipment costs, such as

- Accelerated wear because o f  poor maintenance
- E xcessive spare parts inventory
- Unnecessary equipment redundancy
- Disproportionate energy consum ption

b. Production related cost, such as
- Rework because o f  badly aligned equipment
- E xcessive scrap and material losses
- Idle work due to breakdown
- Late shipment because o f  unplanned down time

c. Product cost due to
- Quality and reliability issues
- Lost sales because o f  long down time periods
- Warranty claim s from dissatisfied customers

3 . 5  M a i n t e n a n c e  s y s t e m

T y p i c a l l y ,  m a in t e n a n c e  s y s t e m  is  s u b je c t e d  to  p r e v e n t i v e  a n d  
c o r r e c t i v e  m a in t e n a n c e .

3 . 5 . 1  P r e v e n t i v e  m a i n t e n a n c e

P r e v e n t iv e  m a in te n a n c e  s e e k s  to  r e ta in  th e  s y s t e m  in  an  
o p e r a t io n a l  o r  a v a i la b le  s ta g e  b y  p r e v e n t in g  fa i lu r e s  fr o m  o c c u r r in g . T h is  
c a n  b e  b y  s e r v i c in g ,  s u c h  a s  t u n in g  o r  a d ju s t in g , lu b r ic a t io n , in s p e c t io n  
a n d  c o r r e c t iv e  a c t io n  a n d  c le a n in g .  P r e v e n t iv e  m a in te n a n c e  a l s o  i n v o lv e s  
t h e  r e p la c e m e n t  o f  t h e  m a r g in a l  p a r ts  o r  c o m p o n e n t s ,  e v e n  t h o u g h  t h e y  
a re  s t i l l  f u n c t io n i n g ,  b e c a u s e  th e y  c a n  b e  a c a u s e  o f  m a c h in e  f a i lu r e s  o r  
d o w n t im e s .  P r e v e n t iv e  m a in te n a n c e  is  m e a s u r e d  b y  th e  t im e  ta k e n  to  
p e r fo r m  t h e  s p e c i f i e d  m a in te n a n c e  t a s k s  a n d  th e ir  s p e c i f i e d  f r e q u e n c y .
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P r e v e n t iv e  m a in t e n a n c e  c a n  b e  c la s s i f i e d  in to  3  t y p e s  as:

1 . O p p o r tu n it y  m a in t e n a n c e

O p p o r tu n it y  m a in t e n a n c e  in v o l v e s  a c t io n  ta k e n  to  p r e v e n t  fu tu r e  
m a c h in e  f a i lu r e  w h e n  t h e  m a c h in e  is  n o t  o p e r a t in g  fo r  a n y  r e a s o n . T h e  
o p p o r t u n it y  is  t a k e n  t o  c o n d u c t  p r e v e n t iv e  a c t iv i t y  d u r in g  r e p a ir  fo r  
p r e v i o u s  f a i lu r e ,  s h i f t  c h a n g e  o v e r ,  m e a l b r e a k s , s la c k  t im e ,  w o r k s  
h o l id a y  s h u t  d o w n  e t c .  c h a r a c te r i s t ic s  o f  th is  ty p e  o f  m a in t e n a n c e  are:

•  It  p r o v id e s  a n  o v e r a l l  d o w n t im e  r e d u c t io n  c o m p a r e d  to  th e  
o p e r a te  to  f a i lu r e  p o l i c y .

•  It p r o v id e s  b e t te r  u t i l i z a t io n  o f  m a in te n a n c e  p e r s o n n e l .
•  It is  p la n n e d  b u t  u n s c h e d u le d .
•  It  c a n  o n l y  o c c u r  i f  s p a r e s  a n d  p e r s o n n e l  a re  a v a i la b le  w h e n  

th e  o p p o r t u n it y  a r is e s .
•  It e n a b le s  s o m e  c o n t r o l  o f  th e  sp a r e s  in v e n t o r y .

2 . P la n n e d  p r e v e n t iv e  m a in t e n a n c e

P la n n e d  p r e v e n t iv e  m a in t e n a n c e  in v o lv e s  a c t io n  ta k e n  at 
a p p r o p r ia te , p la n n e d  t im e s  th a t  r e d u c e  th e  p r o b a b ility 7 o f  u n p r e d ic ta b le  
f a i lu r e s .  I ts  c h a r a c t e r i s t ic s  are:

•  It o n ly  a p p r o p r ia te  if:
- t h e  c o s t  o f  p r e v e n t io n  is  l e s s  th a n  or  e q u a l to  th e  to ta l c o s t  

o f  f a i lu r e .
- th e  f a i lu r e  is  a g e  r e la te d .

•  a  w e l l  f u n c t io n i n g  m a c h in e  m a y  b e  d is tu r b e d  a n d  m a in t e n a n c e  
r e la te d  f a i lu r e s  m a y  b e  in tr o d u c e d .

•  it e n a b le s  t h e  b e s t  u t i l i z a t io n  o f  s p a r e s  a n d  p e r s o n n e l .
•  d is r u p t io n  t o  p r o d u c t io n  is  m in im iz e d .
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•  it m a y  r e s u lt  in  th e  r e p la c e m e n t  o f  p a rt l i f e  c o m p o n e n t s ,  w h ic h  
m a y  b e  e x p e n s i v e  i f  th e  c o m p o n e n t s  c a n  n o t  b e  u s e d .

3 . P r e d ic t iv e  m a in t e n a n c e

P r e d ic t iv e  m a in t e n a n c e  in v o l v e s  a c t io n  ta k e n  to  p r e v e n t  fu tu r e  
m a c h in e  f a i lu r e ,  in i t ia t e d  a s  th e  r e s u lt  o f  r e g u la r  c h e c k s  o n  th e  c o n d it io n  
o f  t h e  m a c h i n e  o r  th e  q u a li ty  o f  t h e  p r o d u c t . T h e  c h a r a c te r is t ic s  o f  th is  
t y p e  o f  m a in t e n a n c e  are:

•  it  n e e d s  a  p a r a m e te r  th a t  in d ic a t e s  th e  h e a lth  o f  a  m a c h in e  o r  
p r o v id e s  w a r n in g  o f  im p e n d in g  fa ilu r e .

•  m o n i t o r in g  m a y  o r  m a y  n o t  r e q u ir e  m a c h in e  s h u t  d o w n .
•  p a r a m e te r  a n a ly s i s  m a y  b e  c o n d u c t e d  o n - l in e  o r  o f f - l in e .
•  it  i s  l e s s  w a s t e f u l  o f  s p a r e s  l i f e  th a n  p la n n e d  p r e v e n t iv e  

m a in t e n a n c e .
•  it  m a y  b e  p o s s i b l e  to  p la n  p r e v e n t iv e  a c t io n .
•  s t a t i s t i c a l  p r o c e s s  c o n tr o l  is  a  p o w e r f u l  p r e d ic t iv e  t o o l  in  m a n y  

c a s e s .

3 . 5 . 2  C o r r e c t i v e  m a i n t e n a n c e

C o r r e c t iv e  m a in te n a n c e  is  u n d e r ta k e n  o n ly  w h e n  it i s  n e c e s s a r y  
b e c a u s e  o f  a  m a l f u n c t io n  or  fa ilu r e . C o r r e c t iv e  m a in t e n a n c e  in c lu d e s  a l l  
a c t io n  t o  r e tu r n  a s y s t e m  fr o m  a f a i le d  to  a n  o p e r a t in g  o r  a v a i la b le  s ta te .  
G e n e r a l ly ,  t h e  c o r r e c t iv e  a c t io n  c o n s i s t s  o f  r e p la c in g  p a r ts  a n d  
c o m p o n e n t s  w h ic h  h a v e  f a i le d  or  m a k in g  g e n e r a l  r e p a ir s  s u c h  a s  s p l i c in g  
a  b r o k e n  le a d .  C o r r e c t iv e  m a in te n a n c e  c a n  b e  q u a n t i f ie d  a s  th e  m e a n  
t im e  to  r e p a ir  ( M T T R ) .
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The tim e to repair, however, includes several activities, usually 
divided into three groups:

1. Preparation time: finding the person for the job , travel, obtaining tools 
and test equipm ent, etc.

2. A ctive  m aintenance time: actually doing the job.

3. D elay time: w aiting for spares, etc.
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