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C H A P T E R  I 
IN TR O D U CTIO N

G e n e r a l S ta te m e n t

D w in d lin g  d e p o s its  of h ig h -g r a d e  o r e  b o d ie s  and th e r is in g  

c o s t s  o f m in in g  h a v e  n e c e s s i t a t e d  the d e s ig n  and d e v e lo p m e n t o f s p e 

c ia l iz e d  eq u ip m en t by m a n u fa c tu r e r s  to fa c i l i ta te  th e m o v in g  o f v e r y  

la r g e  v o lu m e s  o f m a te r ia l  q u ick ly  and e f f ic ie n t ly  in  o r d e r  to y ie ld  a 

p r o f it  to the m in in g  c o m p a n ie s  . O pen p it  m in in g  eq u ip m en t p a r t ic u 

la r ly  h a s  b e c o m e  la r g e r  and m o r e  c o m p le x  a s  im p r o v e d  m a te r ia ls  and  

m a n u fa c tu r in g  te c h n iq u e s  a r e  d e v e lo p e d  to  m e e t  the p ro d u ctio n  d em an d s  

of m in e r a l p r o d u c e r s  .

A s s i z e  and c o m p le x ity  o f m in in g  eq u ip m en t in c r e a s e  th e i n i 

t ia l  c a p ita l in v e s tm e n t  o f th is  eq u ip m en t a ls o  in c r e a s e s  a t an e x p o n e n 

t ia l  r a t e . T he m in e  o p e r a to r  i s  a n x io u s  to r e d u ce  th is  c a p ita l c o s t  to  

a m in im u m  and i s ,  t h e r e f o r e ,  u n d e r s ta n d a b ly  r e lu c ta n t to p u r c h a se  

an y  m o r e  eq u ip m en t than is  a b s o lu te ly  n e c e s s a r y .  H e m u st  c o n s id e r , 

h o w e v e r , th at p e r io d ic  eq u ip m en t b rea k d o w n s and co m p o n en t fa ilu r e s  

w ill  c a u s e  a drop  in  th e ton n age output u n le s s  sp a r e  u n its  a r e  a v a i la b le . 

F o r  e x a m p le , i t  i s  the a c c e p te d  p r a c t ic e  in  the m in in g  in d u str y  to p r o 

v id e  one sp a r e  tru ck  fo r  e v e r y  e ig h t r e q u ir e d  to m a in ta in  a p r e d e t e r 

m in ed  p r o d u ctio n  le v e l  (E s t im a tin g  P r o d u c tio n  and C o s ts  o f M a te r ia l  

M o v e m e n t, 1 9 5 5 , p . 15).



A n im p o r ta n t c o n s id e r a t io n  in  the e f f ic ie n t  o p e r a tio n  o f a m in e  

is  a m a in te n a n c e  p r o g r a m  fo r  eq u ip m en t. T h ere  e x is t s  a t th e p r e s e n t  

t im e  two d is t in c t  s c h o o ls  o f  thought c o n c e r n in g  m a in te n a n c e  o f open  

p it h a u la g e  eq u ip m en t. . T he f i r s t ,  and p erh a p s the m o s t  a c c e p te d  p r a c 

t ic e  , is  that o f e s ta b lis h in g  a m a in te n a n c e  p r o g r a m  w h e r e b y  tru ck s  a r e  

brou gh t in to  the shop a t p e r io d ic  in t e r v a ls .  C er ta in  m a in te n a n c e  o p e r 

a tio n s  a r e  p e r fo r m e d  on the v e h ic le s  , su ch  as w eld in g  and r e p la c e m e n t  

o f c e r ta in  c o m p o n e n ts , if  i t  is  e v id e n t that th e se  p a r ts  w ould  fa il  in  the  

n e a r  fu tu r e . O th er m a in te n a n c e  fu n ctio n s  w ould  n o r m a lly  in c lu d e  v a r 

io u s  t e s t s  w ith  r e s u lt in g  a d ju stm en ts  w hen  n e c e s s a r y  on m a jo r  a s s e m 

b lie s  , su ch  as e n g in e s  or  t r a n s m is s io n s  , to b rin g  th e ir  p e r fo r m a n c e s  

up to the m a n u fa c tu r ers*  s ta n d a r d s . S o m e m in in g  c o m p a n ie s  h ave  

a d op ted  th e p o lic y  o f r e p la c in g  v a r io u s  m a jo r  a s s e m b l ie s  a fte r  a c e r 

ta in  n u m b er o f h o u rs  h a v e  e la p s e d . T h is  r e p la c e m e n t  t im e  i s  g e n e r a l ly  

b a se d  on e x p e r ie n c e .

T he se c o n d  a p p ro a ch  to m a in ta in in g  h a u la g e  eq u ip m en t is  that  

of no sc h e d u le d  in s p e c t io n s  by the m e c h a n ic a l d ep a r tm en ts  . T he d r iv e r  

of the v e h ic le  in s p e c t s  the tru ck  d a ily ,  and if  h e  fin d s so m e th in g  o b v i

o u s ly  w r o n g , it  i s  r e le a s e d  fo r  m a in te n a n c e . W hile the tru ck  is  in  the  

shop  it  i s  in s p e c te d  to d e te r m in e  i f  o th er  m a in te n a n c e  is  r e q u ir e d .

T h o se  in  fa v o r  o f th is  m a in te n a n c e  p r o g r a m  a rg u e  th at a tru ck  i s  go in g  

to be in  the shop  a t l e a s t  o n ce  a w eek  fo r  so m e  p a r t ic u la r  fa ilu r e  and  

any w e ld in g  o r  in s p e c t io n s  can  be done a t that t im e .
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O b je c tiv e  o f  Study

T he o b je c t iv e  o f th is  s tu d y  is  to d e te r m in e  the fa ilu r e  fr e q u e n 

c ie s  fo r  v a r io u s  m a jo r  a s s e m b l ie s  and th e ir  co m p o n en ts  . B y  u s in g  the  

v a r io u s  fr e q u e n c y  d is tr ib u t io n s  to g e th e r  w ith  s o m e  b a s ic  c o n c e p ts  of 

a p p lied  s t a t i s t ic s  the au th or w il l  show  how  the "down tim e"  o f open  

p it  m in in g  eq u ip m en t can  be p r e d ic te d . D e te r m in a tio n  o f the d e s i r a 

b i l i ty  of e ith e r  r e p la c in g  th e s e  co m p o n en ts  b e fo r e  th ey  fa i l  or  w a itin g  

u n til fa ilu r e  o c c u r s  w il l  n ot be p u rsu e d  in  th is  p a p e r . Such  an in v e s t i 

g a tio n  w ou ld  b e the n ex t lo g ic a l  s te p  in  an  o v e r a l l  r e p la c e m e n t  s tu d y .

L lo y d  and L ip ow  (1 9 6 2 , p . 41) d e fin e  fa ilu r e  a s  "the in a b il ity  

of th e  eq u ip m en t to s a t i s f y  p e r fo r m a n c e  or  d e s ig n  s p e c if ic a t io n s  o n ce  

the eq u ip m en t h a s  e x p e r ie n c e d  s u c c e s s f u l  o p e r a tio n  or  a c c e p ta n c e  or  

h a s  th e e x p e c ta t io n  o f s u c c e s s f u l  p e r fo r m a n c e  w ith ou t a d ju stm e n t or  

r e w o r k . " F a i lu r e  o f eq u ip m en t a ls o  m a y  be d e fin ed  a s  the s itu a tio n  in  

w h ich  a co m p o n en t is  r e p la c e d  b e c a u s e  o f im m in e n t  fa ilu r e  o f th at p a r 

t ic u la r  co m p o n en t.

F r o m  the c o n c e p ts  o f r e l ia b i l i t y  th e o r y  th e s e  fa i lu r e s  o r  m a l 

fu n ctio n s  ( e x c lu s iv e  o f fa ilu r e  c a u s e d  by d am age or  im p r o p e r  o p e r a 

tion) in h e r e n t  in  the eq u ip m en t can  be c a te g o r iz e d  in to  th r e e  b road  

c la s s i f ic a t io n s  (B a z o v s k y , 1 9 6 1 , p . 3 ).

The: f i r s t  typ e o f fa ilu r e  i s  th at w h ich  o c c u r s  e a r ly  in  the l i f e  

of a p ie c e  o f eq u ip m en t o r  c o m p o n e n t . T h e se  m a lfu n c tio n s  o r  b r e a k 

dow ns a r e  c a l le d  " ea r ly "  o r  "infant" fa i lu r e s  by r e l ia b i l i t y  e n g in e e r s



and a r e  due to p oor  m a n u fa c tu r in g  p r o c e s s e s  5 q u a lity  c o n t r o l , o r  w o r k 

m a n sh ip . E a r ly  fa ilu r e  is , o ften  e x p e r ie n c e d  w hen  co m p o n en ts  h a v e  

b een  r e b u ilt  o r  r e p a ir e d . T h e s e  fa i lu r e s  ca n  be a ttr ib u ted  to p oor  

w o rk m a n sh ip  d uring  in s ta lla t io n  or  to p o o r  q u a lity  r e p la c e m e n t  p a r ts  , 

T he m a jo r ity  of th e s e  fa i lu r e s  a r e  d is c o v e r e d  and c o r r e c te d  d uring  the  

r u n -in  p e r io d  u se d  by m o s t  m a n u fa c tu r e r s  . H o w e v e r , th e s e  te s t in g  

p h a se s  o ften  a r e  n o t r ig id  enough  to  p ro d u ce  a m a r g in a l co m p o n en t  

fa ilu r e  s in c e  it  i s  n ot e c o n o m ic a lly  f e a s ib le  fo r  the m a n u fa c tu r e r  to 

put ea ch  p ie c e  o f eq u ip m en t th rou gh  t e s t s  a p p ro x im a tin g  a c tu a l o p e r 

a tin g  c o n d itio n s  for  w h ich  the eq u ip m en t is  d e s ig n e d . C o n se q u e n tly ,  

du rin g  th e f i r s t  few  h u n d red  h o u rs of o p e r a tio n  of a tru ck  so m e  e a r ly  

fa ilu r e s  of co m p o n en ts  m u st  be e x p e c te d , and th e s e  fa i lu r e s  a r e  u s u a lly  

r e c t if ie d  by the m a n u fa c tu r e r s 1 w a r r a n t ie s  . In th is  s tu d y , l i t t le  e m 

p h a s is  w il l  be p la c e d  on  th is  typ e  o f  fa i lu r e  and no a ttem p t w i l l  b e  m a d e  

to p r e d ic t  i t s  o c c u r r e n c e ;  it  w i l l  be in c lu d e d , h o w e v e r , on the f r e 

q u en cy  c u r v e s  to d e m o n str a te  i t s  e f f e c t  on the o v e r a l l  fa i lu r e  r a te .

The se c o n d  type o f fa ilu r e  o c c u r s  at ran d om  in te r v a ls  i r r e g u 

la r ly  and u n e x p e c te d ly . T h e s e  h a v e  b e e n  c la s s i f i e d  a s  uc h a n c e ,r 

fa i lu r e s  and a r e  c a u s e d  by  su dd en  s t r e s s  a c c u m u la tio n s  b eyon d  the d e 

s ig n  s tr e n g th  of the co m p o n en t. T he p r e d ic t io n  o f ch a n ce  fa ilu r e s  is  

n e x t to im p o s s ib le ;  h o w e v e r , th e y  do o b ey  c e r ta in  r u le s  o f c o l le c t iv e  

b e h a v io r  so  th at th e ir  fr e q u e n c y  of o c c u r r e n c e  o v e r  a lo n g  p e r io d  of  

t im e  ca n  b e a p p r o x im a te d  (B a z o v s k y , 1 9 6 1 , p . 4 ) .
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T he th ird  typ e o f fa ilu r e  r e s u lt s  fr o m  w e a rou t o f p a r ts  . F r o m  

a r e l ia b i l i t y  p o in t o f v ie w  th e s e  fa i lu r e s  o c c u r  o n ly  i f  eq u ip m en t i s  i m 

p r o p e r ly  m a in ta in e d  or  not m a in ta in e d  a t a l l .  W earou t fa i lu r e s  a r e  a 

sy m p to m  o f co m p o n en t a g in g , and th is  ca n  v a r y  fr o m  m in u te s  to y e a r s  

d ep en d in g  oh the eq u ip m en t in v o lv e d  (B a z o v sk y  , 1 9 6 1 , p . 4 ) .  In the  

c a s e  o f m in e  h a u la g e  eq u ip m en t the a g e  a t w h ich  w e a r o u t w il l  o c c u r  ca n  

be e x p r e s s e d  in  th ou san d s o f  h o u r s .  W hen w ea ro u t fa ilu r e  i s  due to  

s tr e n g th  d e te r io r a t io n ,  th e  fa ilu r e  ra te  b e g in s  to r i s e  and u s u a lly  

fo llo w s  a n o r m a l d is tr ib u t io n .

A  m a jo r  p o r tio n  o f th is  stu d y  is  d ev o ted  to the e x a m in a tio n  o f  

ch a n ce  fa ilu r e s  and w e a r o u t f a i lu r e s .



C H A P T E R  H 
ST A T IST IC A L  CO N SID ER ATIO N S

P r o b a b il ity

In d e a lin g  w ith  a p r o b le m  w h e re  p r e d ic t io n s  a r e  to  be m a d e  

on th e  b a s is  o f s o m e  p a s t  e x p e r ie n c e , i t  is  n e c e s s a r y  to c o n s id e r  

so m e  fu n d a m en ta l c o n c e p ts  o f  p r o b a b ility .

V o lk  (1 9 5 8 , p . 2)  d e f in e s  p r o b a b ility  in  a  n u m e r ic a l  s e n s e  a s  

b e in g  a q u a n tita tiv e  m e a s u r e  o f ch a n c e  o r  lik e lih o o d . It i s  e x p r e s s e d  

in  te r m s  o f the p r o b a b ility  s c a le  a s  a fr a c t io n  b e tw e e n  0 (a b so lu te  i m 

p o s s ib i l i ty )  to 1 (a b so lu te  c e r ta in ty )  and is  u s u a lly  d e s ig n a te d  P .  A n

im p o s s ib le  e v e n t su ch  as h av in g  a  tr u c k  in  s e r v ic e  fo r  1 0 0 ,0 0 0  h o u rs

w ith ou t a fa ilu r e  of any typ e w ou ld  h a v e  a p r o b a b ility  o f 0 (P  = 0) w h ile  

an e v e n t  w h ich  i s  c e r ta in  to o c c u r  su c h  a s  th at of en g in e  fa ilu r e  due to 

la c k  o f lu b r ic a t io n  w ou ld  h a v e  a p r o b a b ility  o f  1 (P  = 1 ) .

M a th e m a tic a lly  the p r o b a b ility  o f an  e v e n t  o c c u r r in g  is  e x 

p r e s s e d  a s

P (A ) = n 
N

w h e r e  n =. to ta l n u m b er  of o c c u r r e n c e s  o f the ev e n t
N = th e  to ta l n u m b er of t r ia ls  

and A  = th e  a ttr ib u te  o f n

6



S in ce  the p r e d ic t io n  of eq u ip m en t fa i lu r e s  is  b a se d  on an a c c u m u la tio n  

of data  fr o m  p a s t  fa i lu r e s  th e e m p ir ic a l  p r o b a b ility  c o n c e p t is  u s e d  in  

th is  s tu d y .

F r e q u e n c y  D is tr ib u t io n

H an d ling  la r g e  m a s s e s  of data  b e c o m e  ra th e r  d if f ic u lt  u n le s s  

so m e  m e a n s  o f c la s s i f y in g  it  in to  g rou p s or  c a te g o r ie s  can  be d e v is e d .  

A m eth o d  c o m m o n ly  u s e d  in v o lv e s  grou p in g  the data in to  c la s s  in te r v a ls  

on th e  b a s is  o f m a x im u m  and m in im u m  b o u n d a r ie s  fo r  ea ch  in te r v a l  

and r e c o r d in g  the n u m b er of v a r ia b le s  in  e a c h . Su ch  a m eth o d  o f c a t e 

g o r iz in g  data  i s  g e n e r a lly  r e f e r r e d  to a s the d e te r m in a tio n  of a f r e 

q u en cy  d is tr ib u t io n .

In d e te r m in in g  su ch  a d is tr ib u t io n  the lo w e s t  v a lu e  o f the data  

is  su b tr a c te d  fr o m  the h ig h e s t  v a lu e  to g iv e  the r a n g e . T he ran g e  is  

th en  d iv id ed  by the n u m b er  (k) o f c la s s  in te r v a ls  d e s ir e d  w h ich  m a y  be  

d e te r m in e d  fr o m  S t u r g e s 1 r u le  ( P ie r u s c h k a , 1 9 6 3 , p . 7) a s  

k = 1 + 3 .3  1ogiQ (N)

w h e re  N is  the n u m b er  o f r e p la c e m e n ts  or  fa i lu r e s  . To k eep  v a lu e s  

fr o m  fa ll in g  on th e  b ou n d ary  of tw o a d ja cen t c la s s  in t e r v a l s ,  it  i s  n e c 

e s s a r y  to ex ten d  the c la s s  b o u n d a r ie s  by 1 /2  a u n it b eyon d  th e ir  n u 

m e r ic a l  v a lu e s  „ In o r d e r  to u s e  e f f e c t iv e ly  th e grou p ed  data  in  fu r th er  

c o m p u ta t io n s , a r e p r e s e n ta t iv e  v a lu e  fo r  ea ch  c la s s  in te r v a l m u st  be  

fo u n d . Such  a v a lu e ,  c a l le d  the c la s s  m a r k , is  d e te r m in e d  by tak in g



the a v e r a g e  o f th e  d if fe r e n c e  b e tw een  the h igh  and lo w  b o u n d a r ie s  and  

adding i t  to th e lo w e r  b ou n d ary  o f ea ch  c l a s s  in t e r v a l .  In o r d e r  to u s e  

th is  m eth o d  o f c la s s i f y in g  data an a s su m p tio n  m u st  b e  m a d e  th at th e  

t im e s  o f fa ilu r e  fo r  a l l  the i t e m s  in  any  p a r t ic u la r  in te r v a l  w i l l  be  

eq u a l to the c l a s s  m a r k .

G r a p h ic a l r e p r e se n ta t io n s  o f fr e q u e n c y  d is tr ib u t io n s  a r e  o ften  

c o n v e n ie n t  to i l lu s tr a te  th e  d is tr ib u t io n  o f  ran d om  v a r i a b l e s . Such  a 

r e p r e s e n ta t io n , a h is to g r a m , is  o f l i t t le  v a lu e  a s  fa r  a s  g iv in g  q u a n ti

ta t iv e  in fo r m a tio n  ab ou t the d is tr ib u t io n . It is  u s e fu l ,  h o w e v e r , in  

sh o w in g  th e  r e la t io n s h ip  b e tw e e n  the sa m p le  d is tr ib u t io n  and a th e o 

r e t ic a l  d is tr ib u t io n  w hen  the th e o r e t ic a l  d is tr ib u tio n  c u r v e  i s  s u p e r 

im p o se d  on the sa m p le  c u r v e .

M e a su r e  o f C e n tr a l T en d en cy

In r e c o r d in g  data  or  m ak in g  m e a s u r e m e n ts  , i t  i s  n o t u n u su a l 

to fin d  c lu s t e r e d  about so m e  p a r t ic u la r  p o in t a group o f v a lu e s  w h o se  

fr e q u e n c y  o f o c c u r r e n c e  i s  la r g e r  a t th is  p o in t than  any o th er  p o in t o f 

th e d is tr ib u t io n . A ny n u m b er w h ich  sh o w s an in d ic a tio n  tow ard  th is  

r e p r e se n ta t io n  i s  c a l le d  an a v e r a g e .  T h ere  a r e  s e v e r a l  s p e c if ic  m e a s  - 

u r e s  o f c e n tr a l  ten d en cy ; h o w e v e r  the n u m e r ic  v a lu e  w h ich  is  u s e d  in  

th is  in v e s t ig a t io n  is  the fa m il ia r  a r ith m e t ic  a v e r a g e  (m ea n ) and is  

d e s ig n a te d  x .  H o e l (1 9 5 4 , p . 49) m a th e m a t ic a l ly  d e f in e s  th e  m ea n  as  

b ein g  th e  f i r s t  m o m e n t about th e o r ig in  w h ich  is  sh ow n  a s
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h

x  = 1
x i fi  . 

n i = l

w h e r e  n' = IZ f the to ta l fr e q u e n c y
f = the fr e q u e n c y  o f the v a r ia b le  x
x  = c la s s  m a rk  o f th e  in te r v a l i
h

and ^  = the su m  o f a l l  x^'s fr o m  i  = 1 to i  = h
i= l

V o lk  (1 9 5 8 , p . 58) s t a t e s  th at

. . th e m ea n  i s  u s e d  fo r  tw o im p o r ta n t r e a s o n s .  W hen  
c o n s id e r in g  the v a r ia t io n  o f th e  data i t  w il l  be done in  te r m s  
of the sq u a r e  o f  th e  d e v ia t io n s  fr o m  so m e  c e n tr a l  va lu e..
T he m ea n  i s  th e  v a lu e  fr o m  w h ich  the su m  of the sq u a r e s  of 
the d e v ia t io n s  i s  a  m in im u m . S e c o n d ly , and p erh a p s  m o s t  
im p o r ta n t, m e a n s  o f s a m p le s  o f u n ifo r m  s iz e  ten d  to  b e ’ 
n o r m a lly  d is tr ib u te d  r e g a r d le s s  o f the typ e o f d is tr ib u t io n  
o f the p o p u la tio n  fr o m  w h ich  the s a m p le s  w e r e  draw n; th e  
la r g e r  th e sa m p le  s i z e  th e  m o r e  n e a r ly  n o r m a l the d i s t r i 
b u tion  o f the m e a n s .  T h is  c h a r a c t e r is t ic  o f sa m p le  m e a n s  
p e r m its  th e  u s e  o f the n o r m a l d is tr ib u t io n  in  m a k in g  p r o b 
a b ility  s ta te m e n ts  about th e  p o p u la tio n  m ea n  ev en  w h en  the  
p o p u la tio n  is  n ot n o r m a lly  d is t r ib u t e d .11

M e a s u r e s  o f V a r ia b il ity

T h e d e g r e e  to w h ich  d ata  v a r y  fr o m  th e  m ea n  i s  c a l le d  d is p e r 

s io n  o r  v a r ia t io n . Tw o grou p s m a y  h a v e  th e  sa m e  m e a n , y e t  a c o n s id 

e r a b le  d if fe r e n c e  m a y  e x is t  b e tw een  th e  e x tr e m e s  in  ea ch  g ro u p . A  

c o n v e n ie n t t e s t  fo r  m e a s u r in g  v a r ia b i l i ty  is  the s ta n d a rd  d e v ia tio n  

w h ich  is  d e fin ed  a s the sq u a r e  r o o t o f th e  m e a n -s q u a r e d  d e v ia t io n  o f  

the in d iv id u a l m e a s u r e m e n ts  fr o m  th e ir  m ea n  and ca n  b e  d e s ig n a te d  a s  

s ig m a , ([f (V o lk , 19 5 8 , p . 6 1 ). M a th e m a tic a lly , the s ta n d a rd  d e v ia t io n  

fo r  a p o p u la tio n  can  be e x p r e s s e d  as
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of (x) = ~\J H (x - x ) 2
n

In th is  s tu d y  th e data a r e  c o n s id e r e d  a s  s a m p le s  o f the p o p u la 

tio n  s in c e  the in fo r m a tio n  a v a ila b le  d o e s  not r e p r e s e n t  the fa i lu r e s  o v e r

the e n t ir e  l i f e  of the su b je c t . T h e r e fo r e ,  the eq u ation  fo r  fin d in g  the

sta n d a rd  d e v ia t io n  i s  m o d if ie d  by d iv id in g  the su m  o f sq u a r e s  of d e v ia 

tio n  by n - 1 , in s te a d  o f by n , to o v e r c o m e  the b ia s  in tro d u ced  in  e s 

tim a tin g  the p o p u la tio n  p a r a m e te r s  fr o m  the s a m p le .  H e n c e , the e s t i 

m a te d  sta n d a rd  d e v ia t io n  o f the p o p u la tio n  c a lc u la te d  fr o m  th e  sa m p le  

i s  d en o ted  a s  s ( x ) , and i s  m a th e m a t ic a l ly  e x p r e s s e d  as

(x ~ x ) 2 
n - 1

w h e r e  ]T[(x ~ x) = th e su m  of sq u a r e s  o f d ev ia tio n
and n ~ 1 = on e l e s s  than th e to ta l v a r ia b le s  in  the d i s t r i 

b u tion

It i s  o ften  c o n v e n ie n t  to  fin d  the sta n d a rd  d e v ia t io n  by  f i r s t  c a lc u la t in g  

the v a r ia n c e  o f the s a m p le ,  th en  tak in g  the sq u a r e  r o o t o f the v a r ia n c e  

to g iv e  the s ta n d a rd  d e v ia t io n . T h is  m eth o d  w a s u t i l iz e d  in  th e c o m 

p u ter  p r o g r a m  w r it te n  for  th is  s tu d y .

T he v a r ia n c e  i s  d e fin ed  a s  th e sq u a r e  of the s ta n d a rd  d e v ia 

tio n  and is  eq u a l to the m e a n -s q u a r e d  d e v ia t io n  o f th e  v a r ia b le  fr o m  

i t s  m e a n . S in c e  the v a r ia n c e  is  d e fin ed  a s  the s ta n d a rd  d e v ia t io n  

sq u a r e d , i t  fo llo w s  that an  e s t im a te  o f the v a r ia n c e  o f the p o p u la tio n

s(x ) =
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2fr o m  the sa m p le  is  in d ic a te d  a s  s ( x ) . M a th e m a tic a lly  the e s t im a te d  

v a r ia n c e  is  c a lc u la te d

S2 (x) = H  (x  ~ x)
n - 1

In th is  in v e s t ig a t io n  the v a r ia n c e  i s  u s e d  p r im a r i ly  a s  a  rap id  t e s t  to  

d e te r m in e  w h e th e r  the sa m p le  d is tr ib u t io n  fo llo w s  the th e o r e t ic a l  

P o is s o n  d is tr ib u t io n  s in c e  th e v a r ia n c e  i s  a p p r o x im a te ly  eq u a l to the  

m ea n  of th e  v a r ia b le s  fo r  a P o i s s o n  d is tr ib u t io n  (M o r o n e y » 1963 ?

p . 102)»

P o is s o n  D is tr ib u t io n

T he P o is s o n  d is tr ib u t io n  is  a p p lic a b le  fo r  s itu a t io n s  in  w h ich  

the n u m b er  of o c c u r r e n c e s  o f an is o la t e d  e v e n t  ca n  b e  o b s e r v e d  in  a  

con tin u u m  of t im e , w h e re  the m e a n  e x p e c te d  fr e q u e n c y  i s  s m a l l ,  and  

the to ta l n u m b er o f e v e n ts  is  la r g e  (M o ro n ey  9 1 9 6 3 , p . 9 6 ) .

A n e x a m p le  o f th e  o b s e r v a t io n  o f  th e  o c c u r r e n c e  of an i s o 

la te d  e v e n t  in  a p e r io d  of t im e  w ou ld  be th e n u m b er o f fa i lu r e s  o f a 

p a r t ic u la r  co m p o n en t fo r  a g iv e n  le n g th  o f t im e .  C o n se q u e n t ly , i t  i s  

lo g ic a l  to c o m p a r e  the sa m p le  d is tr ib u t io n  w ith  a th e o r e t ic a l  P o is s o n  

d is tr ib u t io n  d e te r m in e d  fr o m  th e m e a n  o f th e  sa m p le  to s e e  i f  a s i g 

n if ic a n t  d if fe r e n c e  i s  p r e s e n t .

T he e x p e c te d  n u m b er  o f fa i lu r e s  in  a p a r t ic u la r  in te r v a l i s  

d e te r m in e d  as
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(e x p e c te d  fa i lu r e s )  = P (r )  x  ( % o b s e r v e d  fa i lu r e s )

w h e r e

P (r )  ■ = e “m  m r 
r !

m  = th e m e a n  o f the sa m p le
r = th e e x p e c te d  n u m b er  o f o c c u r r e n c e s  in  n t r ia l s  

and e = 2 .7 1 8 2 8 2 .  . , the b a s e  of n a tu r a l lo g a r ith m s

F r o m  th e  g e n e r a l sh a p e  o f th e  th e o r e t ic a l  P o is s o n  c u r v e  w e  w ould  e x 

p e c t  a rap id  r i s e  in  the n u m b er  of fa i lu r e s  o c c u r r in g  e a r ly  on the t im e  

s c a le  w ith  a g ra d u a l d e c r e a s e  in  n u m b er  a f te r  the p ea k  o f the c u r v e  

h a s b e e n  p a s s e d .

T he m ea n  u s e d  fo r  c a lc u la t in g  the p r o b a b ility  v a lu e  is  d iv id ed  

by the d if fe r e n c e  b e tw e e n  the h ig h  and lo w  b o u n d a r ie s  o f the f i r s t  i n 

te r v a l  o f th e fr e q u e n c y  d is tr ib u t io n . T h is  is  n e c e s s a r y  to r e d u ce  the  

n u m e r ic a l v a lu e  of the m ea n  so  th at th e  co m p u ter  ca n  d e te r m in e  the

v a lu e  o f e ~ m  w ith ou t an o c c a s io n a l  ex p o n en t o v e r f lo w  c o n d itio n  w h ich

-f 1 1 2  Q
w ou ld  o c c u r  w h en  th e  l im it s  of the e x p o n e n tia l fu n ctio n  ( e “ ' ) a r e

e x c e e d e d .

N o r m a l D is tr ib u t io n

In d e te r m in in g  the th e o r e t ic a l  n u m b er of e x p e c te d  o c c u r r e n c e s  

of eq u ip m en t fa ilu r e  th e  p r o b a b ility  o f o b s e r v in g  a  fa i lu r e  in  the in te r v a l  

bounded  by the lo w e r  and u p per c la s s  b o u n d a r ie s  i s  m u lt ip lie d  b y  the  

to ta l n u m b er  o f fa i lu r e s  in  th e  s a m p le .  M a th e m a tic a lly  th is  ca n  be  

e x p r e s s e d  a s
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(e x p e c te d  fa i lu r e s )  = P (r )  x  o b s e r v e d  fa i lu r e s )

w h e r e

P (r )

s(x)V 27T
1 /

F r o m  th e  sh a p e  of th e  n o r m a l c u r v e  w e  w ou ld  e x p e c t  50% of the f a i l 

u r e s  to o c c u r  b e fo r e  the m e a n  l i f e  o f the co m p o n en t i s  a tta in e d . F u r 

th e r ,  w e w ou ld  e x p e c t  to find  99 .73%  o f a l l  fa i lu r e s  o c c u r r in g  w ith in  

p lu s and m in u s th r e e  s ta n d a rd  d e v ia t io n s  fr o m  the m e a n  (S p ie g e l ,

to be n o r m a lly  d is tr ib u te d ; c o n s e q u e n tly , th e  te n d e n c y  tow ard  a n o r m a l  

d is tr ib u t io n  d u rin g  th e la te r  in te r v a ls  of the sa m p le  d is tr ib u t io n  i s  in 

d ic a t iv e  o f w e a r o u t f a i lu r e s .  W hen th is  co n d itio n  is  p r e s e n t ,  th e

b e tw een  o b s e r v e d  and e x p e c te d  p h e n o m e n a . In te s t in g  the g o o d n e ss  o f  

f i t  b e tw een  the s a m p le  and a th e o r e t ic a l  d is tr ib u t io n , th e  in d iv id u a l  

c h i- s q u a r e d  c o n tr ib u tio n s  fo r  ea ch  in te r v a l a r e  su m m e d  to g iv e  a v a lu e  

w h ich  i s  c o m p a r e d  to a  v a lu e  fr o m  a c h i- s q u a r e d  ta b le  at a p a r t ic u la r  

co n fid e n c e  l e v e l .  If the c a lc u la te d  c h i- s q u a r e d  v a lu e  e x c e e d s  the ta b le  

v a lu e  at th e  s e le c t e d  c o n fid e n c e  l e v e l ,  th e  sa m p le  d is tr ib u t io n  d o es

1 9 6 1 , p . 1 2 3 ).

B a z o v sk y  (1 9 6 1 , p p . 3 7 -4 2 )  found th at w e a r o u t fa ilu r e s  ten d

fa ilu r e  r a te  c u r v e  w i l l  be b im o d a l (F ig u r e  2 ) .

C h i-S q u a r e d  G o o d n ess  o f F i t  T e s t

T he c h i- s q u a r e d  t e s t  i s  a c o n v e n ie n t  m e a s u r e  o f the d e v ia tio n
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n ot fo llo w  the th e o r e t ic a l  d is tr ib u tio n  a t th is  l e v e l .  M a th e m a tic a lly  

the c h i- s q u a r e d  v a lu e  b e tw e e n  th e  o b s e r v e d  and th e  e x p e c te d  can  be  

d e te r m in e d

X 2 • 1 ( 0  -  E )2
E

w h e r e  O = o b s e r v e d  fr e q u e n c y  
and E = e x p e c te d  fr e q u e n c y

A  lim ita t io n  o f  th e  c h i- s q u a r e d  t e s t  c u r ta ils  i t s  u s e  to s i t u a 

t io n s  w h e r e  th e  e x p e c te d  fr e q u e n c y  i s  eq u a l to or  g r e a te r  than  f iv e .  

W hen the v a lu e  o f  the fr e q u e n c y  o f  an in te r v a l i s  l e s s  than  f i v e , the  

c o m p u ter  p r o g r a m  is  w r it te n  to a u to m a t ic a lly  add the fr e q u e n c y  v a lu e  

to on e o r  m o r e  in te r v a ls  u n til th e  e x p e c te d  v a lu e  s a t i s f i e s  the a b ove  

c o n d it io n .

F a i lu r e  R ate

S in c e  eq u ip m en t fa ilu r e s , fa l l  in to  th r e e  d if fe r e n t  c a t e g o r ie s ,  

i t  w ould  be a n tic ip a te d  th at the fa ilu r e  of eq u ip m en t and r e la te d  c o m 

p o n en ts  w ou ld  sh ow  th r e e  d if fe r e n t  fa i lu r e  r a te s  o v e r  a  p e r io d  o f t im e  

w h e r e  a la r g e  group  of th e  s a m e  co m p o n en t is  t e s te d  or  o p e r a te d  

u n d er  s im ila r  c o n d it io n s . D u r in g  th e  e a r ly  l i f e  o f a co m p o n en t a  r e l a 

t iv e ly  h ig h  fa ilu r e  r a te  is  e x p e c te d , d e c lin in g  ra p id ly  to a ra te  w h ich  

r e m a in s  f a ir ly  c o n sta n t  o v e r  the u s e fu l  l i f e  of the co m p o n en t. T o w a rd  

the end  o f the u s e fu l  l i f e  sp a n , the ra te  o f fa ilu r e  a g a in  r i s e s  in d ic a tin g  

the p r e s e n c e  of w e a r o u t fa ilu r e  (B a z o v s k y , 19 6 1 , p p . 3 2 -3 3 ) .
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In an in v e s t ig a t io n  o f th is  typ e w h e r e  the fa ilu r e  h is to r y  c o n ie s  

fr o m  an o p e r a tin g  f le e t  of tr u c k s  » it  i s  a d v a n ta g eo u s  to d e te r m in e , if  

p o s s ib l e ,  w h e r e  the d if fe r e n t  ty p e s  o f fa i lu r e s  o c c u r .

T he fa ilu r e  ra te  fo r  ea ch  in te r v a l of the d is tr ib u t io n  is  d e t e r 

m in e d  m a th e m a t ic a l ly

F R k = n k
(N )(C M k )

w h e r e  nk = n u m b er  o f fa i lu r e s  in  the in te r v a l k 
N = n u m b er  o f c o m p o n en ts  in  s e r v ic e  
CM k = v a lu e  o f  c l a s s  m a r k  a t th e  k ^  in te r v a l

C o n fid en ce  L im its

T he m ea n  o f the sa m p le  d is tr ib u t io n  i s  o n ly  an e s t im a te  o f  

th e  tru e  m ea n  of th e  p op u la tion ; c o n s e q u e n tly , the tru e  m e a n  w ould  l ie  

w ith in  a c e r ta in  ra n g e  fr o m  the s a m p le  m e a n . T hrough  th e  u s e  df 

S tu d en t's  "t" t e s t  and th e  fo llo w in g  eq u a tio n  the ran ge o f the p o p u la 

tio n  m e a n  ca n  be d e te r m in e d  at v a r io u s  c o n fid e n c e  le v e l s  (V olk ,. 1 9 5 8 ,

p p . .1 0 9 -1 1 0 ) .

= x  t  t  s(5E)

w h e r e  = tr u e  m ea n
t = v a lu e  o b ta in ed  fr o m  the t ta b le  w ith  th e  a p p r o p r ia te  

c o n fid e n c e  l e v e l  and d e g r e e s  o f fr e e d o m  
and s(x ) = e s t im a te d  sta n d a rd  d e v ia t io n  o f the m e a n  w h ich  is

d e te r m in e d  fr o m
s(x )



R elia b il ity

R e lia b il ity  ca n  be d e fin ed  as the p r o b a b ility  of s u c c e s s  o v e r  a  

c e r ta in  p e r io d  o f t im e . B a z o v sk y  (1 9 6 1 , p . 11) s ta te s  nr e l ia b il i t y  is  

the p r o b a b ility  o f a d e v ic e  p e r fo r m in g  i t s  p u r p o se  a d e q u a te ly  fo r  the  

p e r io d  o f t im e  in ten d ed  u n der the o p e r a tin g  c o n d itio n s  e n c o u n te r e d 0 n 

T he r e l ia b i l i t y  o f any d e v ic e  w h ich  is  n ot su b je c t  to in fan t  

fa i lu r e s  and h a s  not s u ffe r e d  w e a r  out d am a g e  o f an y  a p p r e c ia b le  

am ou n t due to a g e  ca n  be d e te r m in e d  w ith  th e  e x p o n en tia l fo r m u la  

(B a z o v s k y , 1 9 6 1 , p „ 17):

R (t) = e “^ t

w h e r e  e = b a s e  o f th e  n a tu r a l lo g a r ith m  (2 .7 1 8 2 8 .  . . )
^  = the c o n sta n t  fa ilu r e  r a te  

and t = o p era tin g  t im e  in  h o u rs

T he p e r io d  fo r  w h ich  th is  eq u a tio n  i s  v a lid  is  r e f e r r e d  to a s  th e  u s e fu l  

l i f e  o f the c o m p o n en t. T he r e l ia b i l i t y  o f th e  co m p o n en t fo r  any t im e  

(t) d u rin g  th e  u s e fu l l i f e  ca n  be d e te r m in e d ; h o w e v e r  it  i s  im p o r ta n t  

th a t the v a lu e  o f the t im e  (t) n e v e r  e x c e e d s  the u s e fu l l i f e  o f th e  d e v ic e  

s in c e  th e  eq u a tio n  w il l  g iv e  an  e r r o n e o u s  r e s u lt  (B a z o v s k y , 1 9 6 1 ,

P- 17 ).

E x te n s iv e  a p p lic a t io n s  o f the c o n c e p ts  of r e l ia b i l i t y  a r e  b e 

yond the s c o p e  o f th is  t h e s is  . H o w e v e r , th is  v e r y  b r ie f  c o n s id e r a t io n  

i s  in tr o d u c e d  to sh ow  how  th e  down t im e  of op en  p it  h a u la g e  eq u ip m en t  

co u ld  be e v a lu a te d  in  a n o th er  m a n n e r . W here the co m p o n en ts  a n a ly z e d



in  th is  sjrudy sh ow  te n d e n c ie s  to w a rd  a c o n sta n t fa ilu r e  ra te  o v e r  a 

r e a so n a b le  p e r io d  o f t im e ,  the r e l ia b i l i t y  o f th e c o m p o n en t w i l l  be  

show n  fo r  a ll  in te r v a ls  . T h is  f ig u r e  w i l l  n ot take in to  c o n s id e r a t io n  

the r e p la c e m e n ts  due to e a r ly  fa ilu r e  and w e a r o u t f a i l u r e . T he a s 

su m p tio n  h e r e  w i l l  be th at th e  c o n s ta n t r a te  o f fa ilu r e  p r e v a i ls  th r o u g h 

out th e d is tr ib u t io n , and the r e l ia b i l i t y  i s  that e x p e c te d  fo r  a co m p o n en t  

n ot su b je c t  to e ith e r  in fa n t o r  w e a r o u t fa i lu r e s  .



C H A P T E R  III 
P R O C E D U R E

D ata B a ck g ro u n d

T he in fo r m a tio n  fo r  th is  t h e s is  w a s  m ad e a v a ila b le  by a c o m 

pany o p e r a tin g  a m e d iu m - s iz e  o p e n -p it  co p p er  m in e  lo c a te d  in  so u th er n  

A r iz o n a .

P r o d u c tio n  r e q u ir e m e n ts  fo r  th is  o p e r a tio n  a r e  su ch  that a p 

p r o x im a te ly  9 0 ,0 0 0  ton s o f  o r e  and w a s te  m u s t  be m o v e d  out o f the p it  

in  a 2 4 -h o u r  p e r io d . T he tru ck  f le e t  c h o se n  to fu lf i l l  th is  dem an d  is  

m ad e up of 35 u n its  ea ch  w ith  a ra ted  h au lin g  c a p a c ity  o f  55 to 60 ton s . 

F r o m  24 to 28 u n its  o f the f le e t  a r e  n e e d e d  to m a in ta in  the r e q u ir e d  

p ro d u ctio n  le v e l;  the v a r ia t io n  in  the n u m b er  o f v e h ic le s  n e ed ed  is  due 

to the v a r ia b le  h au l d is ta n c e s  fr o m  the b en c h e s  in  the p it  to  the p r i 

m a r y  c r u s h e r  and the w a s te  dum ps .

T he h a u lin g  u n its  a r e  p o w e r e d  by tw o 3 3 5 -H P  d ie s e l  e n g in e s  

co u p led  by d r iv e  l in e s  to tw o s e m i-a u to m a t ic  t r a n s m is s io n s  , ea ch  o f  

w h ich  a r e  c o n n e c te d  by a d d itio n a l d r iv e  l in e s  to s e p a r a te  r e a r -d r iv in g  

a x le s .  T he tru ck s  s e le c t e d  for  th is  stu d y  p ro v id e  an e x c e l le n t  c o n tr o l  

group  in  th a t th ey  a r e  a l l  o f the sa m e  m o d e l w ith  a few  m in o r  d i f f e r 

e n c e s  and w e r e  p u r c h a se d  at a p p r o x im a te ly  the sa m e  t i m e . To date

18
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th e se  u n its  h ave  a c c u m u la te d  an a v e r a g e  o f 17*500 h o u rs  p e r  un it o v e r  

a th r e e  and o n e -h a lf  y e a r  p e r io d . . .

T he m a in te n a n c e  p o lic y  o f th e  m in in g  o p e r a tio n  is  ab ove  a v 

e r a g e  w ith  s t r ic t  a d h e r e n c e  to th e p e r io d ic  in s p e c t io n s  e s ta b lis h e d  by  

m a n a g e m e n t in  a c c o r d a n c e  w ith  the r e c o m m e n d a tio n s  o f  the m a n u 

fa c tu r e r .  T he m a n a g e m e n t of the c o r p o r a t io n  h as a ls o  e s ta b lis h e d  a 

p o lic y  o f a c c u r a te  r e c o r d  k eep in g; th e r e fo r e  the in fo r m a tio n  fr o m  th e s e  

r e c o r d s  u se d  fo r  th is  t h e s is  i s  a s su m e d  to be a tru e  r e p r e se n ta t io n  of 

the r e p la c e m e n ts  .

M a in ten a n ce  R e c o r d s

W hen a tru ck  e n te r s  the shop  fo r  any  type o f m a in te n a n c e , a 

r e p a ir  c a r d  is  m ad e out sh o w in g  the eq u ip m en t n u m b e r , the d a te , and  

th e  c u m u la tiv e  h o u rs  tak en  fr o m  the tr u c k 's  hour m e t e r .  In a d d itio n , 

the r e p a ir s  and co m p o n en ts  to be r e p la c e d  a r e  r e c o r d e d  to g e th e r  w ith  

the n u m b er  o f m an  h o u rs  n ee d e d  to p e r fo r m  th is  m a in te n a n c e . T he  

to ta l n u m b er o f h o u r s  a tr u c k  is  ou t o f  s e r v ic e  is  in d ic a te d  on the fo r m  

a fte r  c o m p le t io n  o f the w o r k .

A ll  m a jo r  r e p a ir s  and a l l  co m p o n en t r e p la c e m e n ts  w ith  c o r 

resp o n d in g  d a te s  and hour r e a d in g s  a r e  tr a n s fe r r e d  fr o m  the r e p a ir  

c a r d s  to a m a s te r  f i l e  fo r  e a c h  tru ck  to g iv e  a c o m p r e h e n s iv e  h is to r y  

of co m p o n en t f a i l u r e . T he m a s te r  f i l e  fo r  ea ch  tru ck  i s  d iv id ed  in to  

th r e e  m a jo r  s e c t io n s :  e n g in e s ,  t r a n s m is s io n s  , and m a jo r  r e p a ir s .
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A ll co m p o n en t r e p la c e m e n ts  p e r t in e n t  to the en g in e  and t r a n s m is s io n  

g ro u p s a r e  r e c o r d e d  in  th e ir  r e s p e c t iv e  s e c t io n s , w h e r e a s  fa ilu r e s  of 

an y o th e r  typ e a r e  r e c o r d e d  in  the m a jo r  r e p a ir  s e c t io n .  . T he in f o r 

m a tio n  fo r  th is  t h e s is  w as tak en  fr o m  th is  m a s te r  f i l e .

A  co d in g  s y s t e m  w a s e s ta b lis h e d  to fa c i l i t a t e  h an d lin g  the  

data  in  the IBM  7072  co m p u te r  by m e a n s  of punched  c a r d s .  T h is  co d e  

w a s s e t  up to sh ow  the eq u ip m en t num ber* d a te , h o u rs at w h ich  r e 

p la c e m e n t  took  p la c e ,  the lo c a tio n  o f the co m p o n en t on the tru ck  

( le f t  - r ig h t ,  fro n t - r e a r ) ,  th e m a jo r  a s s e m b ly ,  the s u b a s s e m b ly ,  the  

c o m p o n e n t, and f in a lly  th e co m p o n en t p o s it io n  n u m b e r . T he cod in g  

s y s t e m  is  sh ow n  in  A p p en d ix  A  to g e th e r  w ith  an e x a m p le  o f  how  a 

fa ilu r e  o f a p a r t ic u la r  co m p o n en t w a s  co d ed  fo r  IBM  c a r d s .

T he co d in g  in s tr u c t io n s  , w r it te n  on p h o to sta ts  of the m a s te r  

f i l e s  , w e r e  g iv e n  to k ey -p u n c h  o p e r a to r s  w ho t r a n s fe r r e d  the in f o r 

m a tio n  to s ta n d a rd  8 0 - co lu m n  punch c a r d s .  T he c a r d s  r e p r e se n t in g  

th e fa ilu r e  o f a p a r t ic u la r  co m p o n en t or  a s s e m b ly  w e r e  a r r a n g e d  in  

a sc e n d in g  o r d e r  by tru ck  n u m b er  and by t im e  o f o c c u r r e n c e , w h ich  

w a s the v a lu e  of the h o u r -m e te r  r e a d in g . T h is  d a ta -a r r a n g in g  p r o 

c e d u r e  w as n e c e s s a r y  fo r  p ro p e r  e x e c u t io n  of the c o m p u te r  p r o g r a m .

W hen co m p o n en t p a r ts  of a m a jo r  a s s e m b ly  w e r e  u n der in 

v e s t ig a t io n ,  th e  c a r d s  r e p r e s e n t in g  th e  fa i lu r e s  fo r  the m a jo r  a s 

s e m b ly  w e r e  in s e r t e d  in  s e q u e n tia l o r d e r  w ith  the co m p o n en t fa ilu r e  

c a r d s  . T h is  w a s  r e q u ir e d  s in c e  a l l  th e  co m p o n en t p a r ts  in  s e r v ic e
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at the t im e  o f a m a jo r  a s s e m b ly  r e p la c e m e n t  d id  not n e c e s s a r i l y  f a i l . 

T h e r e fo r e  the h o u rs  in  o p e r a tio n  fr o m  the la s t  fa ilu r e  o f  th e  co m p o n en t  

p a r ts  to th e t im e  of a m a jo r  a s s e m b ly  o v e r h a u l had  to be d is r e g a r d e d .  

T he t im e  b e tw e e n  co m p o n en t fa ilu r e s  th en  had to be r e s e t  to z e r o  in  

the co m p u te r  p r o g r a m  s in c e  n ew  o r  r e b u ilt  co m p o n en ts  w e r e  in s ta lle d  

at the t im e  o f a m a jo r  a s s e m b ly  r e p la c e m e n t .

C o m p u ter  P r o g r a m

T he p r o g r a m  fo r  th e IBM  7072  c o m p u ter  w as w r it te n  in  F o r 

tra n  la n g u a g e  w ith  th e  u s e  of an a u to c o d e r  in s e r t  to s im p lify  h an d lin g  

the nta b le  lo o k ~ u p n in  th e c h i- s q u a r e d  s u b r o u t in e . T h is  p r o g r a m ,  

to g e th e r  w ith  a g lo s s a r y  o f th e  p r o g r a m  n a m e s  , i s  sh ow n  in  A p p en d ix  

B .

T he MAIN p r o g r a m  and PO SCY  su b r o u tin e  w e r e  b a s ic a l ly  

data  re d u c tio n  s te p s  in  th at th e y  rea d  th e data  and p r in te d  out the  

p r o p e r  h ea d in g s  fo r  th e v a r io u s  co m p o n en ts  b a se d  on  c o n tr o l c a r d s  

p la c e d  in  fr o n t o f  ea ch  b lo ck  of d a ta . In ad d itio n  to fin d in g  the h ig h e s t  

v a lu e  o f h ou r l i f e  o f a p a r t ic u la r  c o m p o n e n t, the MAIN p r o g r a m  a r 

ra n g ed  the h o u r s - t o - f a i lu r e  of th e  c o m p o n en ts  in  a sc e n d in g  o r d e r  and  

s to r e d  th e s e  v a lu e s  fo r  la te r  u s e . A ls o  in c lu d ed  in  the MAIN p r o g r a m  

w a s an o p e r a tio n  to cu t o ff the f i r s t  in te r v a l  o f th e  h is to g r a m  w hich  

w as a s su m e d  to r e p r e s e n t  th e  in fan t fa i lu r e s  o f a co m p o n en t. E l i m i 

n a tio n  o f th e  f i r s t  o u t lie r  w a s c o n tr o lle d  m a n u a lly  th rou gh  the u s e  o f
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an a lte r a t io n  sw itc h  on the c o m p u te r  c o n s o le . T he PO SC Y  su b r o u tin e  

took  a l l  the hou r v a lu e s  fr o m  th e data c a r d s  and su b tr a c te d  th e lo w e r  

v a lu e s  fr o m  th e h ig h e r  v a lu e s  g iv in g  the l i f e  in  h o u rs  o f the p a r t ic u la r  

r e p la c e m e n t  in  q u e s t io n .

T he ST A T  su b r o u tin e  w a s  p erh a p s  the b ack b on e o f the e n t ir e  

p r o g r a m  s in c e  th e  s a m p le  fr e q u e n c y  d is tr ib u t io n , as w e l l  a s  the th e o 

r e t ic a l  n o r m a l and P o is s o n  d is tr ib u t io n s  9 w a s d e te r m in e d  in  th is  s t e p . 

T he m e a n , s ta n d a rd  d e v ia t io n , and th e v a r ia n c e  o f  the s a m p le  d i s t r i 

b u tion  a ls o  w e r e  found h e r e  fo r  the p a r t ic u la r  co m p o n en t u n d er  i n v e s t i 

g a tio n  o T he fa ilu r e  r a te s  fo r  the d if fe r e n t  in te r v a ls  of the d is tr ib u tio n  

w e r e  d e te r m in e d  in  the la te r  s ta g e s  o f th is  p r o g r a m  s e g m e n t .

T he CHS su b r o u tin e  w a s a c u r v e s  f itt in g  ro u tin e  u s in g  th e  

c h i- s q u a r e d  t e s t  to d e te r m in e  th e g o o d n e ss  o f f it  b e tw e e n  the sa m p le  

d is tr ib u t io n  and ea ch  o f  the th e o r e t ic a l  d is tr ib u t io n s  .

T he IN TEG su b r o u tin e  w a s an in te g r a t io n  o p e r a tio n  in  w h ich  

S im p s o n ’s r u le  fo r  in te g r a tin g  the fu n c tio n , F Y , w a s u s e d  to fin d  the  

a r e a  u n d er the n o r m a l c u r v e .

P r in t -o u ts  o f the sa m p le  d is tr ib u t io n  a s  w e l l  a s  the t h e o r e t 

ic a l  fr e q u e n c y . d is tr ib u t io n s  o c c u r r e d  d u rin g  the e x e c u t io n  o f the ST A T  

s u b r o u t in e , w h ile  th e  r e s u lt s  of th e g o o d n e ss  o f f it  t e s t  w e r e  p r in te d  

at the end  o f th e  CHS su b r o u tin e .

A  c o n tr o l c a r d , m e n tio n e d  e a r l i e r ,  p r e c e d e d  e a c h  b lo c k  o f  

data  and co n ta in e d  th e  fo llo w in g  ite m s :  n u m b er  o f fa ilu r e s  , n u m b er
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o f in te r v a ls  d e s ir e d  in  the d is tr ib u t io n , n u m b er o f co m p o n en ts  in  the  

e n t ir e  f l e e t ,  and h ea d in g s  w h ich  w e r e  to a p p ea r  in  th e  p r in t -o u t .  A n  

e x a m p le  o f th e output o b ta in ed  fr o m  the co m p u te r  is  sh ow n  in  A p 

p en d ix  C .

T he m a jo r  p o r tio n  o f t im e  d e v o te d  to th is  s tu d y  w a s in v o lv e d  

in  data red u c tio n  and p r o g r a m m in g . A p p r o x im a te ly  8 ,0 0 0  in d iv id u a l 

fa i lu r e s  w e r e  a n a ly z e d , c o d e d , and p u nched  onto 8 0 -c o lu m n  IBM  c a r d s . 

F iv e  s e p a r a te  c o m p u te r  p r o g r a m s  w e r e  in it ia l ly  w r it te n  to  d e a l w ith  

the v a r io u s  s t a t i s t ic a l  a p p lic a tio n s  and w e r e  th en  co m b in e d  in to  the  

on e p r o g r a m  show n  in  A p p en d ix  B . N u m e r o u s  m o d if ic a t io n s  w e r e  r e 

q u ired  to  o v e r c o m e  in a d e q u a c ie s  and lim ita t io n s  o f th e  in it ia l  p r o g r a m  

in  o r d e r  to a c c o m m o d a te  la r g e  b lo c k s  o f d a ta .

In th e  fo llo w in g  c h a p te r  the r e s u lt s  o b ta in ed  fr o m  b lo c k s  o f  

data  o f v a r y in g  m a g n itu d e  fo r  s e le c t e d  a s s e m b l ie s  and co m p o n en ts  a r e  

a n a ly z e d  and c o n c lu s io n s  fo r m u la te d . S in c e  th e  p r im a r y  p u r p o se  o f 

th is  t h e s is  is  to sh ow  a m eth o d  o f p r e d ic t in g  fa i lu r e s  fo r  an y  typ e  o f  

e q u ip m e n t, no a tte m p t i s  m ad e to  g iv e  th e  r e s u lt s  of a l l  co m p o n en t  

fa i lu r e s  a s s o c ia t e d  w ith  th e s e  t r u c k s .



C H A P T E R  IV 
R E SU L T S A N D  A N A L Y SE S

D ie s e l  E n g in es

T he d ie s e l  en g in e  is  th e f i r s t  m a jo r  a s s e m b ly  in v e s t ig a te d  fo r  

fr e q u e n c y  o f f a i lu r e .  The en g in e s  fr o m  25 tru ck s  a r e  u s e d  in  th is  

a n a ly s is  s in c e  the p o w e r  p la n ts  o f th e s e  tru ck s  a r e  a l l  o f th e  sa m e  

m a k e and m o d e l.  Two e n g in e s  fo r  e a c h  tr u c k , o r  a to ta l o f 50 e n g in e s ,  

a r e  in  o p e r a tio n  at any on e t im e .  A to ta l o f 113 fa i lu r e s  o f th is  a s 

s e m b ly  a r e  r e c o r d e d  d u rin g  the t im e  in v o lv e d  in  th is  in v e s t ig a t io n .

U sin g  S t u r g e s ' r u le  fo r  d e te r m in in g  the n u m b er o f in te r v a ls  

fo r  grou p in g  d a ta , e ig h t  in te r v a ls  a r e  u s e d  in  p lo ttin g  the fr e q u e n c y  

d is tr ib u t io n  h is to g r a m . T he r e s u lt s  d e r iv e d  fr o m  the co m p u ter  p r o 

g ra m  a r e  s u m m a r iz e d  in  T a b le  1 and F ig u r e s  1 and 2 . T he c a lc u la te d  

v a lu e s  fo r  the th e o r e t ic a l  n o r m a l and P o is s o n  d is tr ib u t io n s  fo r  a l l  the  

ta b le s  sh ow n  h a v e  b een  rounded  to the n e a r e s t  w h o le  n u m b e r .

T he m ea n  l i fe  o f th e s e  e n g in e s  i s  eq u a l to  6 ,5 5 7 .4  h o u rs  w ith  

a sta n d a rd  d e v ia t io n  o f 1 ,0 2 0  h o u r s . T he c a lc u la te d  c h i- s q u a r e d  v a lu e  

fo r  the g o o d n e ss  o f f it  t e s t  b e tw e e n  th e  s a m p le  and n o r m a l d is tr ib u t io n s  

i s  eq u a l to 5 9 .7 6 .  T h is e x c e e d s  the ta b le  v a lu e  o f 1 0 .8 3  a t  th e  .0 0 1  

p r o b a b ility  le v e l  w ith  on e d e g r e e  o f f r e e d o m . We ca n  th e r e fo r e  s a y  

w ith  99.9%  c o n fid e n c e  th at th e  sa m p le  d is tr ib u t io n  is  not fr o m  a n o r 

m a lly  d is tr ib u te d  p o p u la tio n .

:
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T A B L E  1 
D IE SE L  EN G IN E F A IL U R E S

In te r v a l
N u m b er

C la s  s 
M ark  
(H o u rs) S a m p le

D is tr ib u t io n s  
N o r m a l P o is s o n

F a i lu r e  R ate  
( fa i lu r e s  p e r  _ 
1000 h o u rs)

1 8 3 8 .0 9 - 11 .2 1 5

2 2 5 1 2 .5 7 --- 17 .0 5 6

3 4 1 8 6 .5 8 7 23 .0 3 8

4 5 8 6 1 .0 30 55 22 .1 0 2

5 7 5 3 5 .5 38 46 27 .101

6 9 2 0 9 .5 10 4 11 .0 2 2

7 1 0 8 8 3 .5 6 - - . 6 .0 1 1

8 1 2 5 5 7 .5 5 - — 3 .0 0 8

T he r e s u lt s  o f th e  c h i- s q u a r e d  t e s t  b e tw een  the sa m p le  and  

th e  P o ls  so n  d is tr ib u t io n s  sh ow  a c a lc u la te d  v a lu e  of 4 4 .3 2  a s o p p o se d  

to 2 2 .4 6  at th e  . 001 p r o b a b ility  le v e l  w ith  s ix  d e g r e e s  o f  f r e e d o m .

T he sa m p le  d is tr ib u t io n , t h e r e fo r e ,  i s  not r e p r e s e n ta t iv e  o f  a P o is s o n  

p o p u la tio n .

The d if fe r e n c e  in  th e  n u m b er o f d e g r e e s  o f fr e e d o m  u s e d  in  

th e  a b o v e  t e s t s  i s  due to the am ou n t o f gro u p in g  w h ich  i s  r e q u ir e d  to  

o v e r c o m e  the l im ita t io n  im p o s e d  on th e  c h i- s q u a r e d  t e s t . In a d d itio n , 

one d e g r e e  of fr e e d o m  is  lo s t  in  th e t e s t  fo r  th e  n o r m a l d is tr ib u tio n  

due to  th e  in te g r a t io n  ro u tin e  in v o lv e d  in  fin d in g  th e  a r e a  u n d er  the  

n o r m a l c u r v e .
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T h e fa ilu r e  ra te  fo r  e n g in e s  is  q u ite  h igh  fo r  th e  f i r s t  in te r v a l  

in d ic a tin g  th e p o s s ib le  p r e s e n c e  o f e a r ly  fa i lu r e s  (T a b le  1 and F ig u r e  

2 ) . In th e  n e x t tw o in te r v a ls  the fa ilu r e  r a te  r e m a in s  r e la t iv e ly  c o n 

s ta n t . D urin g  th e  la t te r  p a r t  o f th e  th ird  in t e r v a l ,  the ra te  o f fa ilu r e  

b e g in s  to  r i s e  w h ich  in d ic a te s  p o s s ib le  w e a r o u t f a i lu r e s .

In p la c in g  c o n fid e n c e  l im it s  on the m ea n  at the .9 9  l e v e l ,  

fu tu re  en g in e  r e p la c e m e n ts  due. to fa ilu r e  o f the en g in e  a s  a w h o le  

w ould  b e  e x p e c te d  to  o c c u r  b e tw e e n  6 ,2 7 8  and 6 ,8 3 6  h o u rs  . The r e 

l ia b i l i ty  fo r  th e  en g in e  co u ld  n o t be c a lc u la te d  fr o m  the fr e q u e n c y  d i s 

tr ib u tio n  s in c e  th e c o n s ta n t  ra te  o f fa ilu r e  d o e s  not ex ten d  o v e r  a  lo n g  

enough  p e r io d  o f t im e .  F u r th e r m o r e ,  s in c e  th e  en g in e  c a n  b e  c l a s s i 

f ie d  a s a  s y s t e m  c o m p o s e d  o f  m a n y  in d iv id u a l co m p o n en ts  w ith  d i f f e r 

en t le v e l s  of r e l ia b i l i t y ,  i t  w ou ld  n o t be f e a s ib le  to p r e d ic t  th e  r e l i a 

b il i ty  on the b a s is  o f  the fa ilu r e  ra te  fo r  the s y s t e m  a s  a w h o le .  A  

fa ir  e s t im a te  o f the r e l ia b i l i t y  o f  a s y s t e m  can  be p r e d ic te d  th rou gh  

the u s e  o f the p ro d u ct r u le  b a se d  on in d iv id u a l r e l ia b i l i t ie s  o f the v a r 

io u s  c o m p o n en ts  w h ich  m a k e  up th e e n g in e .

C y lin d e r  H eads

T h e c y lin d e r  h ea d  o f an  in te r n a l-c o m b u s t io n  en g in e  i s  an i n 

te g r a l  p a r t  o f the s y s t e m  in  th at i t  co n ta in s  the fu e l in j e c t o r s , in ta k e  

and e x h a u s t  v a l v e s , a s  w e l l  a s  o th e r  fu n c tio n a l co m p o n en t p a r ts  n e c 

e s s a r y  fo r  o p e r a t io n . T he h ead  is  a ls o  the m a in  c o n s t itu e n t  o f th e
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c o m b u stio n  c h a m b e r  w h e r e  the c h e m ic a l e n e r g y  c o n ta in ed  in  the fu e l i s  

c o n v e r te d  to h e a t  e n e r g y  n e c e s s a r y  fo r  the o p e r a tio n  of a r e c ip r o c a t in g  

in tern a l-^ co m b u stio n  e n g in e .

T he e n g in e s  fr o m  the 25 tr u c k s  in v e s t ig a te d  h a v e  a s in g le  o n e -  

p ie c e  h ead  b o lted  to the top o f the en g in e; th e r e fo r e  50 c y lin d e r  h ead s  

a r e  in  s e r v ic e  at any  one t i m e . T he data  show  327 h ea d  r e p la c e m e n ts  

o v e r  an a v e r a g e  o f 1 7 ,5 0 0  tru ck  h o u rs; h o w e v e r  o n ly  219 o f th e s e  c o m 

p on en t r e p la c e m e n ts  w e r e  due to fa ilu r e  w h ile  the r e m a in in g  w e r e  

ch a n g ed  due to  en g in e  r e p la c e m e n t .

T en  in te r v a ls  a r e  n e c e s s a r y  to p o r tr a y  th e sa m p le  fr e q u e n c y  

d is tr ib u t io n  a c c o r d in g  to S t u r g e s 1 r u le .  T he su m m a r y  o f the resu lt's  

a r e  sh ow n  in  T a b le  2 and F ig u r e s  3 and 4 .

T he m ea n  fo r  th is  sa m p le  d is tr ib u t io n  is  2 ,3 1 2 .3  h o u rs  w ith  

a sta n d a rd  d e v ia t io n  o f 811 h o u rs  .

T he c a lc u la te d  v a lu e  o f  the c h i- s q u a r e d  g o o d n e ss  o f f it  t e s t  

b etw een  the sa m p le  and the n o r m a l d is tr ib u t io n s  is  eq u a l to 5 9 4 .0 8 .  

T h is  e x c e e d s  the ta b le  v a lu e  of 1 6 .2 7  at the . 001 p r o b a b ility  le v e l  w ith  

th r e e  d e g r e e s  o f fr e e d o m . T h e r e fo r e  the p r o b a b ility  th at the sa m p le  

c o m e s  fr o m  a n o r m a l d is tr ib u t io n  is  s m a l l .

T he c a lc u la te d  v a lu e  o f the c h i- s q u a r e d  t e s t  b e tw e e n  the  

P o is s o n  and sa m p le , d is tr ib u t io n s  y ie ld s  a v a lu e  of 3 2 .9 3  e x c e e d in g  

the ta b le  v a lu e  o f 2 0 .5 2  a t th e  . 001 p r o b a b ility  le v e l  w ith  f iv e  d e g r e e s
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T A B L E  2 
C Y L IN D E R  H EA D  F A IL U R E S

In te r v a l
N u m b er

C la s s
M ark
(H o u rs) S a m p le

D is tr ib u t io n s  
N o r m a l P o is s o n

F a i lu r e  R ate  
( fa i lu r e s  p er  
1000 h o u rs)

1 4 8 8 .5 67 11 69 2 .7 4 3

2 1 4 6 3 .5 44 61 59 .6 0 1

3 2 4 3 8 .0 35 98 45 .2 8 7

4 3 4 1 2 .5 30 44 27 . 176

5 4 3 8 7 .0 26 5 12 .1 1 9

6 5 3 6 2 .0 7 *'• — 5 .0 2 6

7 6 3 3 6 .5 5 --- 2 .0 1 6

8 7 3 1 1 .0 4 - - 1 .0 1 1

9 8 2 8 5 .5 "" — - ~*

10 9 2 6 0 .0 1 --- - “ .0 0 2

o f f r e e d o m . C o n se q u e n tly , th e r e  i s  l i t t l e  l ik e lih o o d  th at th e  sa m p le  

c o m e s  fr o m  e ith e r  a n o r m a l or  a P o i s s o n  p o p u la tio n .

B y  p la c in g  c o n f id e n c e  l im it s  on the s a m p le  m e a n  at the .9 9  

c o n fid e n c e  le v e l  the tru e  m e a n  w ou ld  b e  e x p e c te d  to  eq u a l a  v a lu e  b e 

tw een  2 ,1 7 1 .9  and 2 ,4 5 4 .7  h o u r s  i f  th e  s a m p le ,  b a se d  on the a v a ila b le  

d a ta , i s  a  tr u e  r e p r e s e n ta t io n  o f a  p o p u la tio n .

T he fa ilu r e  r a te  fo r  th is  s u b a s s e m b ly  is  v e r y  h igh  fo r  the  

f i r s t  in te r v a l in d ic a tin g  th e  p o s s ib i l i t y  o f p oor  in s ta lla t io n  p r a c t ic e s .  

T he g ra d u a l d e c lin e  o f th e fa ilu r e  ra te  th rou gh ou t th e  re m a in in g
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in te r v a ls  i s  a b n o r m a l and w ou ld  w a r r a n t c lo s e r  in v e s t ig a t io n  o f the  

c a u s e s  o f fa ilu r e  b e fo r e  an y  s p e c if ic  c o n c lu s io n s  can  be d ra w n . T he  

e f fe c t s  o f im p r o p e r  o p e r a tio n  o f th e  v e h ic le  m u st  n o t b e  r u le d  ou t.

S in c e  th e  fa ilu r e  ra te  d o e s  n o t r e m a in  c o n s ta n t o v e r  a  su b s ta n t ia l  

p e r io d  o f  t im e  no a tte m p t i s  m a d e  to  p r e d ic t  the r e l ia b i l i t y  of th is  

s u b a s s e m b ly .

F u e l I n je c to r s

T he fu e l in je c to r  p la y s  a m a jo r  r o le  in  the p r o p e r  o p e r a tio n  

of an en g in e  in  th at it  d e l iv e r s  the r e q u ir e d  am ou n t o f d ie s e l  fu e l to  

e a c h  c y lin d e r  and c o n v e r ts  th e  liq u id  fu e l in to  a f in e ly  a to m iz e d  sp r a y  

to in s u r e  p r o p e r  b u rn in g  in  th e  c o m b u stio n  c h a m b e r .

T h e r e  a r e  s ix  in je c to r s  in  ea ch  en g in e; th e r e fo r e  300 in je c to r s  

a r e  iil s e r v ic e  fo r  th e  25 tr u c k s  s e le c t e d .  The d ata  sh ow  a  to ta l o f  

913 in je c to r  r e p la c e m e n ts  in  the 50 e n g in e s  u n d er c o n s id e r a t io n . T he  

t im e s - t o - f a i lu r e  fo r  o n ly  591 in je c to r s  co u ld  b e  u se d  s in c e  th e s e  had  

b e e n  in d iv id u a lly  r e p la c e d  b e c a u s e  o f e ith e r  r e a l  o r  a s s u m e d  fa i lu r e .

It i s  the p o lic y  o f  th is  m in in g  co m p a n y  to r e p la c e  a l l  th e  in je c to r s  

w hen  an en g in e  o r  c y l in d e r  h ea d  fa ilu r e  i s  e x p e r ie n c e d . T h e r e f o r e , 

the t im e s  - t o - f a i lu r e  o f  the r e m a in in g  322 in je c to r s  co u ld  n o t b e  u se d  

s in c e  th e s e  d id  n o t a c tu a lly  f a i l .  T he co m p u te r  p r o g r a m  is  d e s ig n e d  

to  d is r e g a r d  th e  t im e  in  s e r v ic e  o f a l l  co m p o n en ts  w h ich  w e r e  in  o p 

e r a t io n  ju s t  p r io r  to an en g in e  o r  h ea d  r e p la c e m e n t . T h is  is
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a c c o m p lis h e d  by  p la c in g  th e  data  c a r d s  fo r  en g in e  and h ea d  r e p la c e 

m e n ts  in  the p r o p e r  s e q u e n c e  w ith  th e in je c to r  data c a r d s .

T h rou gh  th e u s e  o f S tu r g e s 1 r u le  ten  in te r v a ls  a r e  u s e d  in  

p lo ttin g  the s a m p le  d is tr ib u t io n . T he su m m a r y  o f the r e s u lt s  fr o m  

th e  c o m p u te r  a r e  sh ow n  in  T a b le  3 and F ig u r e s  5 and 6 .

T A B L E  3 
. F U E L  IN JE C T O R  F A IL U R E S

In te r v a l
N u m b er

C la s s
M ark
(H o u rs) S a m p le

D is tr ib u t io n s  
N o r m a l P o is s o n

F a i lu r e  R ate  
( fa i lu r e s  p e r  
1000 h o u rs)

1 . 3 9 7 .0 146 — 137 1 .2 2 6

2 1 1 9 0 .0 112 26 141 .3 1 4

3 1 9 8 2 .5 59 367 132 .0 9 9

4 2 7 7 5 .0 84 195 92 .1 0 1

5 3 5 6 7 .5 113 3 51 . 106

6 4 3 5 9 .5 50 - - 24 .0 3 8

7 5 1 5 2 .0  . 17 10 .0 1 1

8 5 9 4 4 .5 8 -  _ 3 . 005

9 6 7 3 7 .0 1 - - 1 w w

10 7 5 2 9 .5 1 --- ---

T he m e a n  l i f e  fo r  th e  in je c to r s  eq u a ls  2 ,2 1 9 .7  h o u rs  w ith  an

e s t im a te d  s ta n d a rd  d e v ia t io n  o f 373 h o u r s .
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T he c a lc u la te d  c h i- s q u a r e d  t e s t  fo r  g o o d n e ss  o f  f i t  b e tw e e n  

th e  sa m p le  and the n o r m a l d is tr ib u t io n s  i s  eq u a l to 2 , 7 2 9 .6 9 ,  e x 

c e e d in g  by a c o n s id e r a b le  am ou n t the ta b le  v a lu e  o f 1 0 .8 3  a t the .001  

p r o b a b ility  l e v e l  w ith  on e d e g r e e  o f f r e e d o m . T h e r e fo r e  the p r o b a 

b il i ty  that th e  sa m p le  d is tr ib u t io n  c o m e s  fr o m  a n o r m a l p o p u la tio n  is  

s m a l l .

T h rou gh  th e a p p lic a t io n  o f th e  c h i- s q u a r e d  t e s t  b e tw e e n  the  

sa m p le  and P o is s o n  d is tr ib u t io n s  th e  c a lc u la te d  c h i- s q u a r e d  v a lu e  is  

eq u a l to 1 6 0 .6 4 .  T h is  e x c e e d s  the ta b le  v a lu e  of 2 2 .4 5  at the .001  

p r o b a b ility  le v e l  w ith  s ix  d e g r e e s  of fr e e d o m . A g a in  w ith  l e s s  than  

0.1%  c h a n ce  o f  b e in g  in  e r r o r , i t  i s  c o n c lu d ed  th at th is  s a m p le  d o es  

n ot c o m e  fr o m  a P o is s o n  p o p u la tio n .

B y  p la c in g  th e c o n f id e n c e  l im it s  on th e  m e a n  a t  th e  . 99 le v e l  

th e tr u e  m e a n - fa i lu r e  t im e  w ou ld  be e x p e c te d  to l i e  w ith in  the ra n g e  o f  

2 ,1 8 0 .1 2  to  2 , 259 . 28  h o u rs  i f  th is  is  a r e p r e s e n ta t iv e  sa m p le  of the  

p o p u la tio n . .

T h e fa ilu r e  ra te  fo r  th is  s a m p le  d is tr ib u t io n  in d ic a te s  th e  

o c c u r r e n c e  o f e a r ly  fa i lu r e s  d u rin g  th e  f i r s t  tw o in te r v a ls  w h ile  the  

n e x t th r e e  in te r v a ls  sh ow  a r e la t iv e ly  c o n sta n t  ra te  o f fa ilu r e  in d ic a 

t iv e  o f ch a n ce  fa i lu r e .  In the r e m a in in g  in te r v a ls  the fa ilu r e  ra te  

d o es  n o t fo llo w  th e  u p w ard  tren d  e x p e c te d  fo r  co m p o n en ts  o f th is  ty p e .  

T h e f i r s t  c o n c lu s io n  th at can  b e  draw n  fr o m  the d e g e n e r a t io n  of the  

fa i lu r e  r a te  c u r v e  i s  th at th e s e  co m p o n en ts  a r e  b e in g  r e p la c e d  b e fo r e
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any e v id e n c e  o f w e a r o u t  fa ilu r e  o c c u r s . S in c e  no e v id e n c e  o f  w e a r o u t  

fa ilu r e  h as b een  sh ow n  on e  ca n  a s s u m e  that th e s e  co m p o n en ts  a r e  r e 

p la c e d  b e fo r e  th e ir  u s e fu l  l i f e  p e r io d  h a s e x p ir e d . T he au th or h a s o b 

s e r v e d  s itu a tio n s  in  w h ich  a l l  o f  the in je c to r s  in  an en g in e  a r e  r e p la c e d  

b e c a u s e  th e  p e r fo r m a n c e s  o f on e o r  tw o a r e  not up to  s p e c i f ic a t io n s .

S in c e  the fa ilu r e  ra te  r e m a in s  r e la t iv e ly  c o n sta n t  o v e r  a 

t h r e e - in t e r v a l  p e r io d , the r e l ia b i l i t y  o f the co m p o n en t ca n  be d e t e r 

m in e d  fo r  the v a r io u s  p e r io d s  o f  t im e  in v o lv e d  in  th is  a n a ly s is  a s  

sh ow n  in  T a b le  4 and F ig u r e  7 . In p lo tt in g  the r e l ia b i l i t y  an a s s u m p 

tio n  i s  m a d e  th at th e  co m p o n en t w i l l  n o t be s u b je c t  to  e a r ly  fa i lu r e  and  

the u s e fu l l i f e  o f the d e v ic e  w i l l  not be e x c e e d e d .

T A B L E  4 
F U E L  IN JE C T O R  R E L IA B IL IT Y

In te r v a l
N u m b er R e lia b i l ity

Inte r v a l  
N u m b er R e lia b il ity

1 .9 6 6 .6 4

. 2 .8 9 7 . .5 9

3 .8 2 8 .5 5

4 .7 5 9 .5 0

5 .6 9 10 .4 6
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D if fe r e n t ia l  A s s e m b lie s

T h e p r im a r y  fu n ctio n  o f the d if fe r e n t ia l  a s s e m b ly  i s  to a llo w  

th e  in s id e  s e t  o f w h e e ls  to r o ta te  a t a d if fe r e n t  ra te  o f sp e e d  than th e  

o u ts id e  w h e e ls  w h e n e v e r  the v e h ic le  i s  tu rn in g  a c o r n e r . In a d d itio n , 

th is  a s s e m b ly  t r a n s f e r s  the e n e r g y  fr o m  the d r iv e  sh a ft  to the d r iv in g  

a x le s  th rou gh  a s e t  o f red u ctio n  g e a r s  . T h e m in in g  co m p a n y  fr o m  

w h ich  th e s e  data  w e r e  o b ta in ed  h as ad op ted  a p o lic y  o f  r e p la c in g  the  

e n t ir e  a s s e m b ly  w h e n e v e r  in d iv id u a l p a r ts  f a i l .  A t the t im e  o f r e 

p la c in g  the d e fe c t iv e  c o m p o n e n ts , the u n it i s  c o m p le te ly  r e b u ilt  w ith  

a d d itio n a l new  p a r ts  w h ich  a r e  c o n s id e r e d  n e c e s s a r y  to p r e v e n t  p r e 

m a tu r e  f a i lu r e .  In a n a ly z in g  th e  data no in fo r m a tio n  i s  a v a ila b le  to  

w a r r a n t in v e s t ig a t io n  o f the in d iv id u a l co m p o n en ts  w h ich  m a k e  up th is  

m a jo r  a s s e m b ly .

T w o d if fe r e n t ia l  a s s e m b l ie s  a r e  u se d  in  ea ch  tru ck ; c o n s e 

q u en tly  58 o f th e s e  u n its  a r e  in  o p e r a tio n  fo r  th e  29 tr u c k s  u s e d  in  th is  

p a r t ic u la r  a n a ly s is .  A  to ta l o f 162 fa i lu r e s  a r e  r e c o r d e d  re q u ir in g  

e ig h t in te r v a ls  fo r  the sa m p le  d is tr ib u t io n . T he su m m a r y  o f the r e 

s u lts  d e te r m in e d  th rou gh  the u s e  of the c o m p u te r  a r e  sh ow n  in  T a b le  5 

and F ig u r e s  8 and 9 *

T he m ea n  l i f e  fo r  th is  co m p o n en t i s  5 ,3 7 9 .7  h o u rs  w ith  th e  

e s t im a te d  sta n d a rd  d e v ia t io n  o f the sa m p le  eq u a l to 1 ,2 3 0  h o u r s .
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T A B L E  5
D IF F E R E N T IA L  A SSE M B L IE S , A L L  F A IL U R E S

In te r v a l
N u m b er

C la s s
M ark
(H o u rs) S a m p le

D is tr ib u t io n s  
N o r m a l P o is s o n

F a i lu r e  R ate  
( fa i lu r e s  p e r  
1000 h o u rs)

1 1 0 3 3 .5 44 1 43 .7 3 4

2 3 0 9 8 .5 35 24 41 .1 9 5

3 5 1 6 3 .0 21 96 35 .0 7 0

4 7 2 2 8 .0 25 39 23 .0 6 0

5 9 2 9 2 .5 11 2 12 .0 2 0

6 1 1 3 5 7 .0 15 --- 5 . 023

7 1 3 4 2 1 .5 7 --- 2 .0 0 9

8 1 3 4 8 6 .0 4 e~ " 1 .0 0 4

T he c a lc u la te d  v a lu e  o f th e  c h i- s q u a r e d  g o o d n e ss  of f i t  t e s t

b e tw een  the n o r m a l and the sa m p le  d is tr ib u t io n s  eq u a ls  2 3 4 .7 3 .  T h is  

e x c e e d s  th e  ta b le  v a lu e  o f 1 0 .8 3  at th e .001  p r o b a b ility  l e v e l  w ith  on e  

d e g r e e  o f fr e e d o m  in d ic a tin g  th is  sa m p le  d is tr ib u t io n  d o e s  n o t c o m e  

f r o m  a n o r m a l p o p u la tio n .

T he c a lc u la te d  v a lu e  o f the c h i- s q u a r e d  t e s t  b e tw e e n  th e  

P o is s o n  and the sa m p le  d is tr ib u t io n s  is  eq u a l to 4 9 .9 0  e x c e e d in g  th e  

ta b le  v a lu e  of 2 0 .5 2  at the .0 0 1  p r o b a b ility  le v e l  w ith  f iv e  d e g r e e s  o f 

f r e e d o m . It ca n  a ls o  b e  c o n c lu d e d  w ith  l e s s  than 0.1%  c h a n c e  o f b e in g  

in  e r r o r  th at th is  sa m p le  i s  not r e p r e s e n ta t iv e  o f the P o i s s o n  p o p u la 

t io n .
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In p la c in g  the c o n f id e n c e  l im it s  on the m ea n  of th e  s a m p le  at 

th e .9 9  l e v e l ,  th e  tr u e  m e a n  t im e - t o - f a i lu r e  w ou ld  be e x p e c te d  to  fa l l  

b etw een  5 ,1 3 0  and 5^628 h o u rs  p r o v id in g , o f c o u r s e , th at th is  sa m p le  

i s  a  tru e  r e p r e s e n ta t io n  of th e p o p u la tio n .

B a s e d  on  fa ilu r e  r a te s  at the v a r io u s  in te r v a ls  o f the h i s t o 

g r a m , th is  a s s e m b ly  e x h ib its  a te n d e n c y  to w a rd  a h ig h  r a te  o f fa ilu r e  

d u rin g  th e  f i r s t  in t e r v a l ,  d e c r e a s in g  to a fa ir ly  c o n s ta n t  l e v e l  d u rin g  

the fo u r th , fifth  and s ix th  in te r v a ls  .'

A n a n a ly s is  w a s  run on th e f i r s t  fa i lu r e s  to d e te r m in e  the  

p r e s e n c e  o f an y  s ig n if ic a n t  d if f e r e n c e s  b e tw e e n  the f i r s t  and s u c c e e d 

in g  f a i l u r e s . T he r e s u lt s  o f th is  s e p a r a te  a n a ly s is  a r e  sh ow n  in  

T a b le  6 and F ig u r e s  10 and 1 1 .

T h e m e a n  eq u a ls  9 ,4 1 9 .1  h o u rs  w ith  an e s t im a te d  sta n d a rd  

d e v ia tio n  o f 1 ,7 0 0  h o u rs  . In a p p ly in g  the c h i- s q u a r e d  t e s t  i t  i s  found  

that the sa m p le  i s  r e p r e s e n ta t iv e  o f a P o is s o n  p o p u la tio n  a t  th e  .01  

p r o b a b ility  l e v e l .

T h e p r im a r y  c o n c lu s io n  th at ca n  b e  draw n  fr o m  th e s e  tw o  

d is tr ib u t io n s  i s  th at the s a m p le s  c o m e  fr o m  tw o d is t in c t ly  d if fe r e n t  

p o p u la tio n s . It a p p e a r s  th at w hen  th e s e  a s s e m b l ie s  a r e  r e b u ilt  th e y  

a r e  n o t a s  r e l ia b le  a s  w e r e  the o r ig in a l a s s e m b l i e s . C e r ta in  o th er  

co m p o n en ts  h a v e  sh ow n  th is  ten d en cy  to w a rd  m u lt i-p o p u la t io n s . F u r 

th e r  c o n c lu s io n s  c o n c e r n in g  th is  s itu a t io n  a r e  d e v e lo p e d  in  C h ap ter  V .
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T A B L E  6
D IF F E R E N T IA L  A SS E M B L IE S , IN IT IA L  F A IL U R E S

In te r v a l
N u m b er

C la s s
M ark
(H o u rs) S a m p le

D is tr ib u t io n s  
N o r m a l P o is  s on

F  a ilu r e  R ate  
( fa i lu r e s  p e r  
1000 h o u rs)

1 1 1 8 1 .0 « _ « _ 5 ---

2 3 5 4 1 .0 7 8 .0 3 4

3 5 9 0 0 .5 8 5 11 .0 2 3

4 8 2 6 0 .0 13 24 11 .0 2 7

5 1 0 6 1 9 .5 13 24 9 .0 2 1

6 1 2 9 7 9 .0 11 4 6 .0 1 5

7 1 5 3 3 8 .5 5 ~ - 4 .0 0 6

T r a n s m is  s io n s

T he t r a n s m is s io n s  u s e d  in  the 29 tr u c k s  u n d er  in v e s t ig a t io n  

a r e  e ig h t - s p e e d  s e m i-a u to m a t ic  u n its  lo c a te d  m id w a y  b e tw e e n  th e  

en g in e  and the r e a r  a x le s  . P o w e r  fr o m  the e n g in e s  is  b ro u g h t in to  the  

t r a n s m is s io n s  th rou gh  the u s e  o f  to r q u e -tu b e  d r iv e  l in e s  w h e r e  the  

p r o p e r  p o w e r - t o - s p e e d  r a tio  fo r  th e  im m e d ia te  o p e r a tin g  c o n d itio n s  

i s  d e te r m in e d  by th e  o p e r a to r  w ith  a s p e e d  s e le c t o r  l e v e r .

S in c e  ea ch  tru ck  u s e s  tw o t r a n s m is s io n s ,  a to ta l o f 58 a r e  in  

o p e r a t io n  d u rin g  the t im e  r e p r e s e n te d  by th is  s tu d y . A  to ta l o f 380  

r e p la c e m e n ts  a r e  r e c o r d e d  fo r  th is  p e r io d  and r e q u ir e  ten  in te r v a ls
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to c o n s tr u c t  th e  sa m p le  fr e q u e n c y  d is tr ib u t io n . T he s u m m a r iz e d  r e 

s u lts  fr o m  the c o m p u te r  a r e  sh ow n  in  T a b le  7 and w ith  g r a p h ic a l r e p r e 

s e n ta t io n s  in  F ig u r e s  12 and 13 .

T A B L E  7 
TRANSM ISSION FA IL U R E S

In te r v a l
N u m b er

C la s s
M ark
(H o u rs) S a m p le

D is tr ib u t io n s  
N o r m a l P o is s o n

F  a ilu r e  R ate  
( fa i lu r e s  p er  
1000 h o u rs)

1 4 0 1 .0 86 " - 78 3 .6 9 8

2 1 2 0 1 .0 80 17 86 1 .1 4 9

3 2 0 0 0 .5 54 182 85 .4 6 5

4 2 8 0 0 .0 45 167 63 .2 7 7

5 3 5 9 9 .5 33 13 37 . 158

6 4 3 9 9 .0 26 w - 18 .1 0 2

7 5 1 9 8 .5 44 8 . 146

8 5 9 9 8 .0 9 --- 3 .0 2 6

9 6 7 9 7 .5 2 ~ — 1 .0 0 5

10 7 5 9 7 .0 1 - ” --- . 002

T he m ea n  i s  eq u a l to  2 , 3 7 2 . 8  h o u rs  w ith  an e s t im a te d

sta n d a rd  d e v ia t io n  o f  457  h o u rs  . In p la c in g  c o n fid e n c e  l im it s  on the  

m ea n  at th e  .9 9  l e v e l ,  the e x p e c te d  m ea n  o f the p o p u la tio n  w ou ld  l i e  

b e tw e e n  2 , 3 1 2 . 3  and 2 , 4 3 3 . 3  h o u rs  i f  th is  s a m p le  i s  a tr u e  r e p r e s e n 

ta tio n  o f th e  p o p u la tio n .
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In ap p ly in g  th e  c h i- s q u a r e d  t e s t  b e tw een  the s a m p le  and the  

n o r m a l d is t r ib u t io n s , the c a lc u la te d  v a lu e  o f 2 , 2 3 9 . 3 7  e x c e e d s  th e  

ta b le  v a lu e  o f 1 3 . 2 8  a t the. . 001 p r o b a b ility  le v e l  w ith  tw o d e g r e e s  o f  

f r e e d o m . T h is  is  a s tr o n g  in d ic a tio n  that the sa m p le  d is tr ib u t io n  d o es  

n ot c o m e  fr o m  a  n o r m a l p o p u la t io n .

W hen th e  c h i- s q u a r e d  t e s t  i s  a p p lied  to th e s a m p le  and  

P o is s o n  d is t r ib u t io n s , the c a lc u la te d  v a lu e  o f 185 .0 5  e x c e e d s  th e  ta b le  

v a lu e  o f 2 2 . 4 6  at  the .001 p r o b a b ility  l e v e l  w ith  s ix  d e g r e e s  o f f r e e d o m . 

T h e r e f o r e , th e r e  i s  l i t t le  l ik e lih o o d  that the sa m p le  d is tr ib u t io n  c o m e s  

fr o m  a  P o is s o n  d is tr ib u t io n .

T he la r g e  n u m b er  o f  fa i lu r e s  o c c u r r in g  in  th e  f i r s t  tw o in t e r 

v a ls  i s  in d ic a t iv e  o f in fa n t fa i lu r e s  w h ile  th e  in c r e a s e  in  th e  n u m b er  o f  

fa ilu r e s  d u rin g  th e  se v e n th  in te r v a l w ou ld  be an in d ic a t io n  o f w e a r o u t  

fa i lu r e s  . T h is  a ls o  m ig h t be e v id e n c e  o f a se p a r a te  p o p u la tio n .

D urin g  the f i r s t  tw o y e a r s  o f tr u c k  o p e r a t io n , a  co n d itio n  w as  

r e c o g n iz e d  w h e r e  c e r ta in  co m p o n en ts  of the t r a n s m is s io n s  w e r e  i n 

a d e q u a te ly  d e s ig n e d . T he m a n u fa c tu r e r  r e d e s ig n e d  th e s e  c o m p o n e n ts ,  

and m o d if ic a t io n s  w e r e  m a d e  to  th e e x is t in g  t r a n s m is s io n s  at th at  

t im e .  T he t im e  b e tw een  fa ilu r e s  w a s  th en  in c r e a s e d  to a p p r o x im a te ly  

5 , 0 0 0  h o u r s . B e fo r e  an y  fu r th e r  p r e d ic t io n s  ca n  be m a d e  c o n c e r n in g  

fa i lu r e s  o f th is  a s s e m b ly ,  the t im e s  a t w h ich  m o d if ic a t io n s  w e r e  m ad e  

m u st  be d e te r m in e d  so  th at p a r a m e te r s  o f th e  two p o p u la tio n s  ca n  b e  

e s ta b lis h e d .
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S te e r in g  B o o s te r  P u m p s

T he m a n u a l s t e e r in g  o p e r a t io n s  r e q u ir e d  to m a n e u v e r  th e s e  

o r e  tr u c k s  a r e  a s s i s t e d  by  a h y d r a u lic  s y s t e m  c o m p o s e d  o f  a pum p  

th at s u p p lie s  the h y d r a u lic  o i l  to  tw o d ou b le  -  a c t in g  c y l in d e r s  w h ic h , 

w h en  a c t iv a te d  th rou gh  a  v a lv e  c o n n e c te d  to th e  s t e e r in g  w h e e l,  p r o 

v id e  the n e c e s s a r y  e n e r g y  n e e d e d  to tu rn  th e  fr o n t w h e e ls  o f the v e 

h ic l e .  T he p o w e r  r e q u ir e d  to run th is  s t e e r in g  pum p i s  fu r n is h e d  b y  

th e  le ft -h a n d  en g in e  o f th e t r u c k .

O ne h u n d red  te n  s t e e r in g  pum p r e p la c e m e n ts  a r e  r e c o r d e d  

fo r  29 tru ck s; s in c e  o n ly  one pum p is  u s e d  on ea c h  v e h ic le ,  th e to ta l  

n u m b er  of th e s e  d e v ic e s  in  o p e r a tio n  a t any  on e t im e  i s  2 9 . E ig h t  

in te r v a ls  a r e  u s e d  to  d e te r m in e  the s a m p le  d is tr ib u t io n . T a b le  8 

to g e th e r  w ith  F ig u r e s  14 and 15 sh ow  the ta b u la ted  r e s u lt s  w ith  

g r a p h ic a l r e p r e s e n ta t io n s  o f  the d is tr ib u t io n s  and fa ilu r e  r a t e s .

T he s a m p le  m e a n  is  eq u a l to 3 , 6 6 5 . 0  h o u rs  w ith  an e s t im a te d  

s ta n d a rd  d e v ia t io n  o f  2 , 0 2 0  h o u r s .

T h e r e s u lt s  o f  th e  c a lc u la te d  c h i- s q u a r e d  t e s t  b e tw e e n  th e  

n o r m a l and th e  s a m p le  d is tr ib u t io n s  g iv e  a v a lu e  o f 3 5 . 5 3  e x c e e d in g  

the ta b le  v a lu e  o f 1 3 . 8 2  a t the . 001 p r o b a b ility  l e v e l  w ith  tw o d e g r e e s  

of f r e e d o m . C o n se q u e n tly , th is  s a m p le  p ro b a b ly  d o e s  n ot c o m e  fr o m  

a n o r m a l p o p u la t io n .
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T A B L E  8
ST E E R IN G  B O O ST E R  P U M P  F A IL U R E S

In te r v a l
N u m b er

C la s s
M ark
(H o u rs) S a m p le

D is tr ib u t io n s  
N o r m a l P o is s o n

F a i lu r e  R ate  
( fa i lu r e s  p er  
1000 h o u rs)

1 1 1 3 3 . 0 46 27 57 1 . 4 0 0

2 3 3 9 7 . 5 35 46 29 . 3 5 5

3 5 6 6 1 . 5 14 30 15 . 085

4 7 9 2 6 . 0 7 6 6 . 031

5 1 0 1 9 0 . 5 5 2 . 0 1 7

6 1 2 4 5 4 . 5 1 1 . 0 0 3

7 1 4 7 1 8 . 5 *“ - - -*

8 1 6 9 8 2 . 5 2 «. - ~ - . 0 0 4

T he a p p lic a t io n  o f  the c h i- s q u a r e d  t e s t  to the sa m p le  and  

th e o r e t ic a l  P o is s o n  d is tr ib u t io n s  y ie ld s  a v a lu e  o f 8 . 2 1  w h ich  is  l e s s

than th e  ta b le  v a lu e  o f 1 1 . 3 5  a t th e . 01 p r o b a b ility  l e v e l  w ith  th r e e  

d e g r e e s  of f r e e d o m . T h is  in d ic a te s  th at the sa m p le  c o m e s  fr o m  a  

P o is s o n  p o p u la tio n , and the p e r c e n ta g e  o f f a i lu r e s  th at w ou ld  be ex*  

p e c te d  to o c c u r  a t th e v a r io u s  t im e  in te r v a ls  a r e  sh ow n  in  T a b le  9 .

T he in it ia l  fa i lu r e  ra te  o f th is  co m p o n en t i s  q u ite  h ig h  w ith  

1 . 3 fa i lu r e s  p e r  th ou san d  h o u rs  w h ich  in d ic a te s  the o c c u r r e n c e  of 

e a r ly  f a i lu r e s .  B e g in n in g  w ith  the fo u rth  in t e r v a l ,  the fa ilu r e  r a te  

b e g in s  to  l e v e l  o ff  in d ic a tin g  a c o n s ta n t  r a te  of f a i lu r e .  T he sh a p e  o f



F
re

qu
en

cy
 

of 
F

a
il

u
re

s

60-

4 0-

S am p le  D i s t r . 
N o r m a l D i s t r . 
P o is s o n  D i s t r .

20 -

1 6 9 8 2 . 57 9 2 6 . 00 x

O p era tio n  T im e  in  H ou rs

FIG U R E  14. STEER IN G  P U M P  FA IL U R E S in



I I I

0 3 3 9 7 . 5  7 9 2 6 . 0  1 2 4 5 4 . 5

O p era tio n  T im e  in  H ou rs  

FIG U R E 15. ST E E R IN G  P U M P  FA IL U R E  R A T E

i
16 982 .5

inm



56

T A B L E  9 
ST E E R IN G  B O O ST E R  P U M P S  

O C C U R R E N C E  O F E X P E C T E D  F A IL U R E S

E x p e c te d  F a i lu r e s  
R an ge in  H ou rs____________________ in  P e r  C en t_______

0 - 2300 2 6 , 9 - 5 9 . 3

2301 - 4 5 0 0 1 9 . 7 - 4 8 . 5

4501 - 6800 5 .7 - 2 4 . 4

6801 - 9100 1 . 9 - 1 5 . 6

9101 - 11300 0 i 00

11301 - up 0 - 4 . 8

th e  c u r v e  d u rin g  the la t e r  in te r v a ls  g iv e s  no e v id e n c e  o f w e a r  ou t 

f a i l u r e s .

W hen c o n fid e n c e  l im it s  at th e  .9 9  le v e l  a r e  p la c e d  on the  

m e a n , w e  co u ld  e x p e c t  th e  a v e r a g e  t im e  - t o - f a i lu r e  to  l i e  b e tw e e n  th e  

l im i t s  o f 3 , 1 4 5  h o u rs  and 4 ,  285 h o u rs  .

S in c e  th e  fa ilu r e  ra te  d o e s  n o t r e m a in  c o n s ta n t  o v e r  th r e e  o r  

m o r e  in t e r v a l s , no a tte m p t i s  m a d e  to  p r e d ic t  the r e l ia b i l i t y  o f th is  

c o m p o n e n t. F u r t h e r m o r e , s in c e  th e  s a m p le  d is tr ib u t io n  f i t s  the  

P o is s o n  d is tr ib u t io n  a t th e  .9 9  l e v e l ,  i t  i s  f e l t  th at th is  i s  a m o r e  

a c c u r a te  e s t im a te  o f th e  o c c u r r e n c e  o f  dow n t im e .



C H A P T E R  V 
C O NCLUSIO NS A N D  R EC O M M EN DATIO NS

T a b le  10 sh o w s th e v a r io u s  co m p o n en ts  and a s s e m b l ie s  c o n 

s id e r e d  in  th is  in v e s t ig a t io n ,  the n u m b er  o f r e c o r d e d  f a i lu r e s ,  and  

w h e th e r  th e  sa m p le  d is tr ib u t io n  f it s  e i th e r  th e o r e t ic a l  d is tr ib u t io n  a t  

the .0 1  p r o b a b ility  l e v e l .  W h en ev er  th e  s a m p le  d is tr ib u t io n  fo llo w s  

on e o f  the th e o r e t ic a l  d is tr ib u t io n s  , the e x p e c te d  fr e q u e n c y  o f fa ilu r e  

can  b e  p r e d ic te d  fo r  the v a r io u s  in t e r v a l s .  In c a s e s  w h e r e  th e  sa m p le  

d is tr ib u t io n  d o e s  not fo llo w  e i th e r  the P o i s s o n  or  n o r m a l d is tr ib u t io n ,  

o n ly  the m ea n  t im e - t o - f a i lu r e  ca n  be p r e d ic te d  b a se d  on  th e a s s u m p 

tio n  th a t th e  sa m p le  i s  a tr u e  r e p r e se n ta t io n  o f th e p o p u la t io n .

T h r e e  r e a s o n s  a r e  o ffe r e d  fo r  th e  n o n c o n fo r m ity  o f the sa m p le  

d is tr ib u t io n  to on e o f  the th e o r e t ic a l  d is tr ib u t io n s  e x p e r ie n c e d  in  th is  

in v e s t ig a t io n .  F i r s t ,  s o m e  co m p o n en ts  in it ia l ly  had c e r ta in  d e s ig n  

in a d e q u a c ie s  w h ich  w e r e  r e s p o n s ib le  fo r  r e la t iv e ly  h igh  e a r ly  fa i lu r e s  . 

T h e s e  in a d e q u a c ie s  w e r e  r e c t if ie d  o v e r  a p e r io d  o f t im e  to  g iv e  a c 

c e p ta b le  m ea n  t im e s - t o - f a i lu r e  . It is  o b v io u s , t h e r e fo r e ,  th at tw o  

d is t in c t  p o p u la tio n s  m u st  be c o n s id e r e d , and the t im e s  at w h ich  m o d i

f ic a t io n s  took  p la c e  m u s t  be know n in  o r d e r  to s e p a r a te  th e s e  p o p u la 

t io n s  . If data  w e r e  a v a ila b le  o v e r  a lo n g  p e r io d  o f t im e ,  th e  e f f e c t  of 

th e s e  h igh  e a r ly  fa i lu r e s  w ou ld  b e c o m e  n e g l ig ib le .
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S e c o n d ly , a f te r  c e r ta in  a s s e m b l ie s  h a v e  b e e n  r e b u ilt ,  th e ir  

m ea n  t im e s  - t o - f a i lu r e  d e c r e a s e  in d ic a tin g  in a d eq u a te  o v e r h a u lin g  t e c h 

n iq u e s . In clu d ed  in  th is  a r e a  w ou ld  be p oor  w ork m a n sh ip ; p o o r  ju d g 

m en t as to w h ich  co m p o n en t p a r ts  o f the a s s e m b ly  m u s t  be r e p la c e d  in  

a d d ition  to the d e fe c t iv e  o n es  to m a in ta in  the o r ig in a l m e a n  t i m e - t o - 

fa ilu r e ;  and f in a l ly ,  p o o r  q u a lity  r e p la c e m e n t  p a r t s .

T h ir d , r e p la c e m e n t  o f i t e m s  m a y  be m ad e w ith o u t j u s t i f i c a 

t io n , fr o m  a s t a t i s t ic a l  p o in t o f v ie w , b e fo r e  a c tu a l fa ilu r e  o c c u r s .

T he m in in g  co m p a n y  m a y  p r e f e r  to r e p la c e  th e s e  i t e m s  d u rin g  s c h e d 

u le d  m a in te n a n c e  p e r io d s  r a th e r  than  run the r is k  o f fa i lu r e  d u rin g  

p ro d u ctio n  p e r io d s .  H o w e v e r , th is  in v e s t ig a t io n  in d ic a te s  th at so m e  

co m p o n en ts  a r e  b e in g  r e p la c e d  too  e a r ly  in  th e ir  u s e fu l l i f e  sp an  c r e 

a tin g  an in c r e a s e  in  th e n u m b er o f in fan t fa ilu r e s  .

A  co n tin u a tio n  o f th is  in v e s t ig a t io n  m ig h t tak e  in to  c o n s id e r a 

tio n  w h e th e r  the r e p la c e m e n t  o f co m p o n en ts  b e fo r e  th e y  fa i l  i s  e c o n o m 

ic a l ly  f e a s ib le  to m a in ta in  a d e s ir e d  le v e l  o f eq u ip m en t a v a ila b i l i ty .  

Such a s tu d y  m ig h t in v o lv e  th e  l in e a r  p r o g r a m m in g  te c h n iq u e , a m eth o d  

of o p e r a tio n s  r e s e a r c h  a p p ro a ch  to th e so lu t io n  o f p r o b le m s  o f th is  

n a tu r e .

F u r th e r  s t a t i s t ic a l  in v e s t ig a t io n s  co u ld  be c a r r ie d  ou t to  d e 

te r m in e  w h e th e r 's ig n if ic a n t  d if f e r e n c e s  o f eq u ip m en t fa i lu r e s  e x i s t  b e 

tw een  v a r io u s  m in in g  o p e r a t io n s . A l s o ,  t e s t s  o f c o r r e la t io n  m a y  r e 

v e a l  w h e th e r  a h ig h e r  ra te  o f fa i lu r e  o c c u r s  d u rin g  an y  p a r t ic u la r  t im e  

of y e a r .



T h is  s tu d y  i s  an e x a m p le  o f one o f the m an y  w a y s  in  w h ich  the  

e le c tr o n ic  d ig ita l co m p u te r  ca n  be u s e d  as a  to o l fo r  th e  so lu t io n  of 

ro u tin e  p r o b le m s  fa c in g  m in in g  c o m p a n ie s .

T A B L E  10 
D IST R IB U T IO N  COM PARISO NS  

F O R  A L L  C O M PO N E N TS

C om p on en t
N um be r o f  
F a i lu r e s

G o o d n ess  o f F i t
P o is s o n N o r m a l

E n g in e  A s s e m b ly

R ep la c  e m e n ts
C y lin d e r  h ea d s
In je c to r s
F a n s
V a lv e s
T urbo r-bio w e r s 
R ods  
P is to n s  
B e a r in g s  
In je c to r  s p r in g s  
W ater p um ps  
C am  sh a fts  
L in e r s

113
219
591
116
106

61
50
64
71

846
335

74
153

N o
N o
N o
N o
No
N o
Y es
N o
N o
N o
N o
Y es
N o

No
N o
N o
No
N o
No
N o
N o
N o
N o
N o
N o
No

T r a n s m is s io n  A s s e m b ly

R ep la c  e m e n ts  
H eat e x c h a n g e r s  
S h ift c a b le s  
R e ta r d e r  c a b le s  
P T O  u n its

380
61
98

139
78

N o
Y es
N o
Y es
Y es

N o
N o
No
N o
N o

D if fe r e n t ia l  A s s e m b ly

R e p la c e m e n ts  ■
S e a ls
A x le s
W h eel b e a r in g s

162
27
87
68

N o
N o
N o
No

No
No
N o
No
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TA BLE 10- - C ontinued

N u m b er  o f G o o d n ess  o f F i t
C om p on en t ____________   F a i lu r e s  F o is s o n  N o r m a l

P la n e ta r y  A s s e m b ly

W h eel s e a ls  206 N o . No
B u ll g e a r s  80 N o No

D r iv e  T r a in  G roup

C r o s s  b e a r in g s  186 N o No
C r o s s  sh a fts  32 Y es  N o
D r iv e  l in e s  152 N o No
C r o s s  a s s e m b l ie s  869 No No

B ra k e  S y s te m

C o m p r e s s o r s  18 Y es  N o
D ru m s 153 N o No
L in in g  . 1155 N o N o

H o is t  S y s te m

P u m p s 89 Y es No
R am s 549 No No

S u sp e n s io n  S y s te m

S p rin g  pads 692 Y es No
R e a r  sp r in g s  32 Y es N o
F r o n t  s p r in g s  145 No No

S te e r in g  S y s te m

R am s 69 N o N o
P u m p s 110 Y es  N o



A P P E N D IX  A
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CODING FO R M A T

C olu m n  N o o 

1 - 3 E q u ip m en t n u m b er

4 - 9 D ate  o f fa i lu r e

1 0 - 1 4  H ou rs fr o m  h ou r m e te r

17 - 18 P r im a r y  a s s e m b ly

19 S u b a ss e m b ly  o r  co m p o n en t

20 D e ta il co m p o n en t

21 P o s it io n  n u m b er



COMPONENT FAILURE CODE

M ajor A s s e m b ly  
or G roup ______

C o l. 17-18
C ode

Subas s em bly
or Com ponent

C o l. 19
Code

D e ta il " 
C om pon en t

C o l. 20
Code

E n gin e 10 G e n e r a l R e p la c e m e n t  

C o o lin g  S y s te m

C y lin d er  H ead

0

1

2

F an 1

P u m p ¥■ 2

R a d ia to r 3

L in e s 4

T h e r m o sta ts 5

R e p la c e m e n t . . , 1

In je c to r s 2

In je c to r  sp r in g s 3

V a lv e s 4

C am  sh a ft 5

R o ck er  a r m s 6

V a lv e  sp r in g s 7



Com ponent F a ilu re  Code (continued)

M ajor A s s e m b ly  C o l. 1 7 -1 8  S u b a sse m b ly
or G roup  C ode___________or C om pon en t

L u b r ica tio n  S y s te m

. .F u e l S y s te m

M isc e lla n e o u s

E le c t r ic a l 20 G e n e ra to r

C o l. 19 D e ta il C o l. 20
C ode C om pon en t 'C od e

3 P u m p  1

L in e s  2

F i l t e r s  3

4 P u m p  1 .

L in e s  ■ •; 2

• F i l t e r  3

5 •. B lo w e r  1

C y lin d er  lin e r s  2

C on n ectin g  rod s 3

P is to n s  4

B e a r in g s  5

i G oven or 6

1 o



C om ponent F a ilu r e  Code (continued)

M ajor A s s e m b ly  
o r  G roup

C o l. 17-18
Code

Subas s em b ly
or C om ponent

T r a n s m is s io n

D r iv e  T r a in

30

40

V o lta g e  R eg u la to r  

W irin g

G e n e r a l R e p la c e m e n t  

C h a rg in g  P u m p  

L in e s 

V a lv e s

H eat E x ch a n g er

S h iftin g  C ab le

A ir  S h ift

R e ta r d e r  C ab le

P o w e r  T ak e O ff 
(P T O  U nit)

D r iv e  L in e s

Y ok es

C o l. 19 D eta il
Code Com ponent

C o l. 20
Code

2

3

0

2

3

4

5

6

7

8 

9

1

2

C r o ss  Shaft 6

Ch
in



C om ponent F a ilu re  C ode (continued)

M ajor A s s e m b ly  
or G roup ______ _

C o l. 17-18
Code

S u b assem b ly
or C om ponent

D iffe r e n t ia l

P la n e ta r y

B r a k e s

50

60

70

C r o s s  A s s e m b l ie s  

B e a r in g s

G e n e r a l R e p la c e m e n t

A x le s

S e a ls

G e n e r a l R e p la c e m e n t

B u ll G ea r

P in s

B e a r in g s

L in ing

D ru m s

L in k age

A ir  C y lin d e r s

C ol. 19 D eta il
Code Com ponent

C o l. 20
Code

3

4  

0 . 

1 

2 

0 

1 

2 

3 

1 

2

3

4



C om ponent F a ilu re  Code (continued)

M ajor A s s e m b ly  
o r G roup_________

C o l. 1 7 -1 8  
C ode

S u b a sse m b ly  
o r  C om pon en t

S te e r in g 80

H o is t 90

L in e s

C o m p r e s so r

P i lo t  V a lv e

P u m p

R am s

L in k age

R am s

P u m p s

S e a ls

L in e s

P in s

C o n tr o l V a lv e

C o l. 19 D e ta il  
C ode______ C om ponent

C o l. 20
Code

5

6 ■ 

7 

1 

2 

.3 

1 

2

3

4

5

6

O'
-j



C om ponent F a ilu re  Code (continued)

M ajor A s s e m b ly  
o r  G roup

C o l. 1 7 -1 8  
C ode

S u b a sse m b ly  
o r C om pon en t

C o l. 19 
C ode

D e ta il
C om pon en t

. C o l. 20  
C ode

S u sp e n s io n 11 S p r in g s 1

S p rin g  P a d s ' 2 .

B o g e y  P la te s 3 w ;.

o
00



EX AM PLE OF CODED FAILURE

802 122063 18113  108010

802 T ru ck  n u m b er

122063  D e c e m b e r  2 0 , 1963

18113 H our m e te r  r ea d in g

10 L e ft-h a n d  s id e

8010  S te e r in g  pum p
r e p la c e m e n t



A P P E N D IX  B
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CHS

FY

IN TEG  

M AIN

PO SCY

STA T

G LO SSARY OF PR O G R A M  NAM ES

S u b rou tin e  fo r  p e r fo r m in g  th e  c h i-  
sq u a r ed  g o o d n e ss  o f f i t  t e s t .

F u n c tio n  u s e d  in  in te g r a t io n  s u b r o u t in e .

. 2 s Z(x)

In te g r a tio n  su b ro u tin e  u s in g  S im p s o n 's  
r u le  of a p p r o x im a tio n .

P r o g r a m  fo r  rea d in g  data c a r d s , p r in tin g  
h ea d in g s  , and a rr a n g in g  h o u r s - t o - f a i lu r e  
in  s e q u e n tia l o r d e r .

S u b rou tin e  fo r  fin d in g  t im e  b e tw e e n  
fa i lu r e s  fr o m  raw  data in fo r m a tio n .

S u b rou tin e  fo r  p e r fo r m in g  s t a t i s t ic a l  
c a lc u la t io n s  o th e r  than  the c h i- s q u a r e d  
t e s t .

s<*) V  zrr
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- i t *
*

COMPONENT FAI LURE CALCULATIONS 
COMPILE FORTRAN9 ■EXECUTE FORTRAN

' FUNCTION F Y ( A 9 B $ C )
BLX = ( { A - B > / 0 * * 2  '
I F ( B L X -  2 0 0 » ) 10 »10  »2 0 

20 BLX = 2 0 0 ,
10  FY = E X P E F ( - . 5 * 6 L x } / ( C * S ‘Q f t T F ( 6 . ' 2 8 3 1 6 )  )

' ' RETURN 
END

SUBROUTINE I NTEG( ANS , A» B » AMEAN»STD)
AO ™ 0 ® 0 
N=1 
D6. 0 . 0  
E = 0 . 0  .
C = FY( A.AMEAN»ST.D)
G = F Y ( B *AMEAN # S T D)

1 P=N*2
E s D * 2 « 0 + E
D = 0 . 0  - -
H = ( B - A ) / P  
MA = 2.*N—1 

- D01£»K = 1 »MA> 2
R=K
X=A+R*H
Y=FY( X, AMEAN, STD)

15 D=D+Y
A N = ( H / 3 e O ) * ( C + { 4 e O * D )  + ( E ) +G 5 ,

■ I F ( ABSF ( AN^-AO ) - 60 0 0 1  ) 7 » 7 , 8
8 AO=AN 

N = N*2  
GO TO 1 

7 ANS=AN 
RETURN 
END

SUBROUTINE C H S ( T > D )
■ DI MENSION T (2 5)  , D (2 5 i » T T ( 2 5 ) , DD( 2 5 )  , S C H 1 ( 2 5 !  

COMMON NN 
DO 3 1 9  K = 1 , 2 5  
TTVK) = 0 . 0  

3 1 9  DD (!< ) = 0 , 0  
1 = 1
D 0 6 i< = 1 , N N 
T T ( I ) = T T ( I ) + T ( K )
DD( I ) = DD( I H  A B S F ( D ( K > )

■ I F ( T T ( I ) - 5 . ) 1 , 1  , 5  
' 5 1 = 1 + 1

GO TO 7



> 
> 

> 
> 

> 
> 

> 
> 

> 
> 

•> 
> 

>
>

>
>

>
>

 
> 

> 
> 

> 
> 

>

1 I F ( K ~ N N ) 6 s 3 » 3  
3

. T T U M 1 ) = T T ' (  I M I - J + T K I )
D D ( I M 1 ) =DtM I M l ) +DD( I )
I  ~  I Ml 

• • GO TO 66 
7 I F ( K - N N )  6 , 8 , 8

■ 8 I = I Ml
6 CONTINUE .

66  C H I = 0 .
DO 12 L = 1 , I  
IN = 1
S C H I ( L )  = D O ( L ) * D D ( L ) / T T ( L )

■ CHI = SCHI  ( D + C H I  
12 CONTINUE

I F ( SENSE L I G H T ! )  18» 19 
18 I = I - l

SENSE L1GHT1 
' GO TO 2 0 

19.  I = 1 - 2  
20  H I " 0 »

A V 0 a
8 0  = 0 o
FO = 0 .
CO = 0»

A XL 9 8 , + 5

Z ST 1 HI 
Z. A1 1 + X98 
S L 1  2 
ZST1 AV .

2 AI  2 + X 9 8 
SL1 2 
ZST1 BO 
ZA1 3 + X 9 8 ’ 
S L l  2 
ZST1 FO 
ZA1 .4+X98  
S L l  2 
ZST1 CO 
S STMNT300

ZA3
LE'
B

CTd L ( 0 , 1 )
STMNT96
0+X98ZA1

S L l

CTBL DC RDw
+ 0 1 5 1 6 6 3 5 0 0
+ 0 0 5 1 5 4 1 2 0 0
+ 0 0 5 1 3 8 4 1 0 0
+ 0 0 5 1 2 7 0 6 0 0



A + 0 0 5 1 1 6 4 2 0 0
A • • + 0 2  5 1 9 2 1 0 0 0
•A . + 0 0 5 1 7 8  2 4 0 0
A . + 0 0 5 1 5 9 9 1 0 0
A + 0 0 5 1 4 6 0 5 0 0
A ' + 0 0 5 1 3 2 1 9 0 0
A + 0 3 5 2 1 1 3 4 5 0
A + 0 0 5 1 9 8 3 7 0 0
A + 0 0 5 1 7 8 1 5 0 0
A + 0 0 5 1 6 2 5 1 0 0
A . + 0 0 5 1 4 6 4 2 0 0
A + 0 0  5 2 1 1 6 6 8 0
A + 0 0 5 1 9 4 8 8 0 0
A . ' , + 0 0 5 1 7 7 7 9 0 0
A + U 0 5 1 5 9 8 9 0 0
A + 0 5 5 2 1 5 0 8 6 0
A + 0 0 5 2 1 3 3 6 8 0
A + 0 0 5 2 1 1 0 7 0 0
A + 0 0  5 1 9 2  3 6 0 0
A- + 0 0 5 1 7 2 8 9 0 0
A ' * + 0 6 5 2 1 6 8 1 2 0
A + 0 0 5 2 1 5 0 3 3 0
A- + 0 0  5 2 1 2 5 9 2 0
A , + 0 0 5 2 1 0 6 4 5 0
A + 0 0 5 1 8 5 5 8 0 0
A + 0 7 5 2 1 8 4 7 5 0
A + 0 0 5 2 1 6 6 2 2 0
A + 0 0 5 2 1 4 0 6 7 0
A ' ■ • + U 0 5 2 1 2 0 1 7 0
A + 0 0 5 1 9 8 0 3 0 0
A + 0 8 5 2 2 0 0 9 0 0
A + 0 0 5 2 1 8 1 6 8 0
A + 0 0 5 2 1 5 5 0 7 0
A + 0 0 5 2 1 3 3 6 2 0
A + 0 0 5 2 1 1 0 3 0 0
A + 0 9 5 2 2 1 6 6 6 0
A + 0 0 5 2 1 9 6 7 9 0
A + 0 0 5 2 1 6 9 1 9 0
A + 0 0 5 2 1 4 6 8 4 0
A + 0 0  5 2 1 2 2 4 2 0
A + 1 0 5 2 2 3 2 0 9 0
A + 0 0 5 2 2 1 1 6 1 0
A . + 0 0 5 2 1 8 3 0 7 0
A + 0 0 5 2 1 5 9 8 7 0
A + 0 0 5 2 1 3 4 4 2 0
A + 1 1 5 2 . 2 4 7 2 5 0
A . + 0 0 5 2 2 2 , 6 1 8 0
A . + 0 0 5 2 1 9 6 7 5 0
A- • ■ + 605.-2 1"7 2 7 5 0
A . v  ■ + 0 0 5 2 1 4 6 3 , 1 0



+ 1 2 5 2 2 6 2 1 7 0  
+ 0 0 5 2 2 4 0 5 4 0  
+ 0 0 5 2 2 1 0 2 6 0  
+ 0 0 5 2 1 8 5 4 9 0  
+ 0 0 5 2 1 5 8 1 2 0  
+ 1 3 . 5 2 2 7 6 8 8 0  
+ 0 0 5 2 2 5 4 7 2 0  
+ 0 0 5 2 2 2 3 6 2 0  
+ 0 0 5 2 1 9 8 1 2 0  
+ 0 0 5 2 1 6 9 8 5 0 '  
+ 1 4 5 2 2 9 1 4 1 Q  

' + 0 0 5 2 2 6 8 7 3 0  
+ 0 0 5 2 2 3 6 8 5 0  
+ 00  5 2 2 1 0 6 4 0  
+ 0 0 5 2 1 8  15 10 
+ 1 5 5 2 3 0 5 7 8 0  
+ 0 0 5 2 2 8 2 5 9 0  
+ 0 0 5 2  2 4 9 9 6 0  
+ 0 0 5 2 2 2 3 0 7 0  
+ 0 0 5 2 1 9 3 1 1 0  
+ 1 6 5 2 3 2 0 0 0 0  
+ 0 0 5 2 2 9 6 3 3 0  
+ 0 0 5 2 2 6 2 9 6 0  
+ 0 0 5 2 2 3 5 4 2 0  
+ 0 0 5 2 2 0 4 6 5 0  
+ 1 7 5 2 3 3 4 0 9 0  

. + 0 0 5 2 3 0 9 9 5 0  
+ 0 0 5 2 2 7 5 8 7 0  
+ 0 0 5 2 2 4 7 6 9 0  
+ 0 0 5 2 2 1 6 1 5 0  
+ 1 8 5 2 3 4 8 0 5 0  
+ 00  52 3 2 346.0 
+ 0 0 5 2 2 8 8 6 9 0  
+ 0 0 5 2  2 5 98 90  
+ 0 0 5 2 2 2 7 6 0 0  
+ 1 9 5 2 3 6 1 9 1 0  
+ 0 0 5 2 3 3 6 8 7 0  
+ 0 0 5 2 3 0 1 4 4 0  
+ 0 0 5 2 2 7 2 0 4 0  
+ 0 0 5 2 2 3 9 0 0 0 -  
+ 2 0 5 2 3 7 5 6 6 0  
+ 0 0 5 2 3 5 0 2 0 0  
+ 0 0 5 2 3 1 4 1 0 0  
+ 0 0 5 2 2 8 4 1 2 0  
+ 0 0 5 2 2 5 0 3 6 0  
+ 2 1 . 5 2 3 8 9 2 3 0  
+ 0 0 5 2 3 6 3 4 3 0  
+ 0 0 5 2 3 2 6 7 1 0  
+ 0 0 5 2 2 9 6 1 5 0  

•+,04 5 2 1 3  2 7 7 0
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A ' + 0 0 5 2 2 6 1 7 1 0
A + 2 2 5 2 4 0 2 8 9 0
A . + 0 0 5 2 3 7 6 5 9 0
A + 0 0 5 2 3 3 9 2 4 0
A + 0 0 5 2 3 0 8 1 3 0
A + 0 0 5 2 2 7 3 0 1 0

3 0 0  I F ( C H I —H 1 ) 2 9 ? 2 9 » 4 9  
2 9  I F ( S E N S E  L I G H T l )  6 0 1 , 6 0 2

6 0 1  PRI NT 6 0 3
6 03 FORMA! ( / 5 X  » 3-2HF I TS PCI SSON WITH *99  CONFIDENCE}

GO TO 7 7 0
6 02 PRI NT 1 2 9
1 2 9  FORMAT ( 2 5 X . 3 1 H F I T S  NORMAL WITH . 9 9  CONFI DENCE)

GO TO 7 7 0  
4 9  I F ( CH I •” A V ) 2 8 , 28 ,  48  
28  I F ( S E N S E  L I G H T l ) 6 0 4 ,  6 0 5

6 04  PRI NT 6 0 6
6 0 6  FORMAT( / 5 X » 3 2 H F I T S  POI SSON WITH *98 CONFI DENCE)

GO TO 77  0
6 0 5  PRI NT 1 2 8
1 2 8  FORMAT ( / 5 X , 3 1 H f I T S  NORMAL WITH . 9 8  CONFI DENCE}

GO TO 7 7 0  
48  I F ( C H I - 8 0 )  2 7 , 2 7 , 4 7  
27  I F ( S E N S E L I G H T 1 > 6 0 7 , 6 0 8

6 0 7  PRI NT 6 0 9
6 0 9  FORMAT( / 5 X , 3 2 H F I T S  POI SSON WITH . 9 5  CONFI DENCE)

GO TO 7 7 0
6 0 8  PRI NT 1 2 7
1 2 7  FORMAT ( / 5 X » 3 1 H F I T S  NORMAL WITH . 9 5  CONFI DENCE) '

GO TO 7 7 0  
47  I F ( CH I - F O  5 2 6  » 26.» 2 4 7  
2 6  I F ( S E N S E  LIGHT 1)  6 1 0 , 6 1 1

6 1 0  PRI NT 6 1 2
6 1 2  FORMAT( / 5 X , 3 2 H F I T S  POISSON-  WITH . 9 0  CONFI DENCE)

GO TO 7 7 0
6 1 1  PRI NT 1 2 6
1 2 6  FORMAT ( / 5 X , 3 1 H F I T S  NORMAL WITH . 9 0  CONFIDENCES 

GO TO 7 7  0
2 4 7  I F ( C H I - C O )  2 4 8 , 2 4 8 , 2 4 9
2 4 8  I F ( S E N S E  LIGHT 1)  6 1 3 , 6 1 4
6 1 4  PRI NT 25 0
2 5 0  FORMAT( / 5 X , 3 1 H F I T S  NORMAL WITH . 8 0  CONFI DENCE)

GO TO 7 7 0
6 1 3  PRI NT 2 5 1
2 5 1  FORMAT( / 5 X , 3 2 H F i T S  POI SSON WITH , 8 0  CONFI DENCE)

GO TO 77  0 ,
2 4 9  I F ( S E N S E  LIGHT 1)  2 5 2 ,  2 5 3
2 5 2  PRI NT 2 54
2 54  FORMAT( / 5 X, 3 8 HDAT A DOES NOT FI T POI SSON CURVE AT . 8 0 5  

GO J O  7 7 0
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2 5.3 PRI NT 25 5
2 5 5  FORMAT( / 5 X »37HDATA DOES'  NOT F I T  NORMAL CURVE AT * 8 0 )

GO TO 7 7 0  
9 6  PRI NT 1 9 6  .

1 9 6  FORMAT! / 5 X » 18HVAL1JE NOT IN TABLE )
7 7 0  PRI NT ' 7 7 1 »  I
7 7 1  FORMAT (. /  5 X » 19HDEGREES OF FREEDOM^ 12)  '

PRI NT 4 0 1
4 0 1  FORlvlA T ( /  5 X 3 6HI  ND IV I DUAL CHI SQUARED CONTRI BUTI ONS)  

PRI NT 4 0 2 . ( TT( L) * S C H I ( L ) » L = 1 , I N )
4 0 2  FORMAT( 5 X » 1 P E 1 2 . 5 » 3H 1 » 1PE12  *5)

PRI NT 4 0 0  s CHI
4 0 0  FORMAT( / 5 X »25HCUMULATIVE CHI SQUARED = 1 P E 1 2 . 5 )

RETURN
END

SUBROUTINE S T A K C I M .  N ® ML,  CHB)
■00.!MENS I ON CLb ( 25  5 » CH8 ( 25 ) ♦ CM ( 25  ) » FX ( 25  ) . CFXI  25 ) * '
: l .SFX ( 2 5 S ? TFR ( 25 ) * D I S { 2 5 )  , H P . 5 { 2 0 0 0 )  * F R ( 2 5 )  » P R ( 2 5 )  * E ( 2 5 )  * 

. 2 P D I S S 2 5 )
COMMON NN» HRS,  MP .
I F  I SENSE LIGHT 1 ) 6 0 0 , 6 0 0  

6 0 0  FNN = NN 
L J  = 1 
FN » N-ML
CB = CI M/ FNN - ■
8 x  = 0 e
DX = 0 6
sx=o»

■ bo 61 1  K = 1 , 2 5  '
6 1 1  FX. (K) = 0 * 0 .  -

S F X ( 1 ) = 0  «
T~G® '
P = 0 ,  ' '
TEMP = *5 
DO 2 1 7  K -  1 » N N 
F K -■ K
CLB( K)  ~ TEMP 
C T = C B # F K + 1 . 5

. IT = CT . :
. CT--1T

CHB( K ) - C T* « 5 '
CM{K ) = ( CHB( K ) - C L B ( K ) ) / 2  a + C L B ( K )
DO 3 J  = 1 , N
I F ( CHB( K ) - H R S ( J ) ) 3  » 4 » 4 

4 H R S ( J ) = 9 9 9 9 9 ,  . . .
“ • F X ( K ) -  F.X ( K ) +1 «
3 CONTINUE

0 F X ( K ) = F X ( K ) * C M ( K 7  
SX = SX+CFX(IC)
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T=T+FX( K)
S F X ( K ) =T 
TEMP=CH8( K)
I F K L B  i K ) - » b  ) 2 1 7 * 2 1 t i » 2 1 7

2 1 8  C L 8 ( K ) = C .
2 1 7  CONTINUE

AMEAN = SX/ SFX(N!M)
CE = CHB ( 1 i - C L 8  VI )
DO 21 K= L J , N N 

21 P = P + ( CM( K ! -AMEAN) * # 2  
WMEAN = AMEAN/CE 
V A R = P / F N - 1 .
STD=SORTF{VAR)
PRI NT 6 6 6  •

6660FORMAT ( /  /  6X » 1 -+HCLASS BOUNDARY ♦ 5X ♦ 5HCLASS »7X »6HSAMPLE-* 
17X»1OHCUMULATI Vt »7X»6KNORMAL»9X»ABNORMAL»9 X »7 H P O I S S O N » 
2 7 X* 7 HP OI S S ON)

PRI NT 6 6 7
6 6 7  FORMAT(6X » 12HLOW HIGH » 7X »4HMARK ?7X » 9HFREQUENCY? 6 X *

19HFREQUENCY »6X # 9HFREQUENCY » 5X »1QHDI FFERENCE »6 X * 
29HFREQUENCY> 5X ? 1 0 HD IFFERENC E )

S D I S = 0 .
S TS = 0 <,
S P S = 0 «
S P D I S  » Go 
PROD = 1 * 0  
DELT = - 3 » 9 * 5 1 D 
BETA = C H 3 ( 1 )
DO 5 X “ L J  »NN
CALL I NTEG( A, DELT*BETA*AMEAN*STD)
T F R ( K ) = A*FN 
BETA = C H 3 ( K + 1 )
DELT * CHB( K)
D I S ( K ) * F X ( K ) - T F R ( K )
S T S = 5 T S + T F R ( K )
5 D I S = S D I S + D I S ( K )
FK = K
PROD -  PROD*FK 
EXXP * EXPEF( - WMEAN)
P R ( K 5 ~ { ( WMEAN**K) / P R O D ) *EXXP 

5 CONTINUE
DO 6 K, = L J »  N.N 
KP1 a K +1
E ( l )  = F N* E XXP + F N* P R( 1 )
E ( K P 1 )  = P R ( K P 1 ) * F N  
P D i S ( K )  = FX i K ) - E (  K )
SP S  = S P S + E ( K)
S P D I S  = S P D l 5  + PC. i S( K!

■ 6 0 P R I N T 3 3 4  * CLfc> ( X ) » C H B ( K ) » CM( K )> F X ( K ) » S F X ( K ) * T F R ( K ) »
1 D I S ( X ) s E ( K ) »P D1S ( K )



3 3 4  FORMAT{ 3 F I 0 « 1 * 1 P 6 E 1 3 » 4 )
PRI NT 3 3 5 *  S F X ( NN)* STS* S D I S *S P S *S P D I S  

3 35 F O R M A T ( 3 0 X * 1 P E 1 5 . 4 * 1 5 X * 1 P 4 E 1 5 . 4 )
P R I N T 2 2 1  ,AMEAN

2 2 1  FORMAT t / 2 4 X  »6!TMEAN = 1 P E 1 5 « 4 )
P R I N T 2 2 2  »VAR

2 2 2  FORMAT( 5X » 1 UHVAR IAMG£= 1 P c 1 0 » 2 / ?
' PRI NT 2 2 3  » STD

2 2 3  FORMAT( 5X * 2uHSTANDARD DEVI ATI ON* 1 P E 1 0 . 2  ) "• 
CALL C H S ( TFR » D I S ) .

■' SENSE LI GHT 1 
CALL C H S ! E * P D I S )
FMP = M P ■
PRI NT 9 0 3

9 0 3  FORMAT f / / 5X * 5HCLASS »?X *7 HF A1 LURE)
PRI NT 9 0 4

9 0 4  FORMAT( 6 X *4HMARK* 1OX *4 H R A T c )
DO 9 0 6  K = LJ »NN
IF(FX<tC ) 5 9 0 1  * 9 0 1 * 9 0 2

9 0 1  F R ( K)  = 0*
GO TO 8 9 9

9 0 2  ‘ FR < K ) = FX ( K ) /  ( FMP*CM ( K.) }
. 8 9 9  PRI NT 9 0 7 *  CM ( K.) > FR ( K )
9 07  FORMA I  ( F 10 <> 1 * 1 P E 1 3 » 4 )

' 9 0 6  CONTINUE 
7 0 1  RETURN 

END

SUBROUTI NE POSCY( L »L C »T I M* DTI M)
I F ( SENSE LIGHT 2 ) 1 8 * 1 0  

18 SENSE LIGHT 2
I F ( S E N S E  LIGHT 3 ) 2 2 * 2 4  

. 24  ' I F ( S E N S E  LIGHT 4 ) 2 6 * 2 1
22 T I Ml = T I M

11 M2 - T IM
TIM 3 = TIM
I  IM4 — TIM
TIMS a T I M
T IM6 T I M
T IM7 TIM
DTIM = 0 e
GO T<D 1 9

25 T EMI s TIM
TEM2- T IM
I  EM 3 = TIM
J  EM4 = T IM

• TLM5 TIM
TEM6 = T I M
I EM7 S t TIM

■ DT IM 0 .
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GO TO 19
10 TIM1=0.

T I M2 =0.0 
T IM 3 = 0 6 
T I M 4 = 0 «
T 1 M5 * 0 .
TIM6=0o 
11M 7 = 0 •
T E M1 = 0 «
T EM2 = 0 •
T EH3 = 0 o 
TEM4 * 0 .
I E M 5 = 0 «
T £ M 6 -  0 •
IEM7 = 0 o

21 SENSE LIGHT 2 
LC=LC+1 
I F ( L ) 1 1 » 1 » 1 1

11 GO TO ( 1 ? 2  ) » L .
1 GO T O ( 3 » 4 , 3 * 6 * 7 , 8 * 3 1 ) »LC
3 OTIM = T 1M- T I  Ml 

TI M1=TI M
GO TO 19

4 OTIM® T I M - T I  M2 
TI M2=TI M
GO TO 19

5  0 T I M» T 1 M- T I M3  
TIM3--T IM
GO TO 19

6 DTI  M = T I M~T IM4.
T1M.4-TIM
GO TO 19

7  0 T IM -  T I M -  T IM 5 
T IM 5 -  T IM
GO TO 19

8 DTI M=TI M~TI M6 
TI M6=TI M
GO TO 19 

31 DTI M= TI M- TI M7  
. TI M7=TI M 

GO TO 19
2 GO T 0 ( 1 2 » 1 3 » 1 4 , 1 5 * 1 6 , 1 7 * 4 1 ) *LC

12 DT IM = TI M- TEM1 
T EMI = TIM
GO TO 19

13 DTI M=TI M- TEM2 
TEM2=TIM
GO TO 19

14 DTI M=TI M- TEM3 
TEM3*TIM
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GO TO 19 
. 15 DTI M=TI M- TEM4

TEM4=TIM 
GO TO 19 

3.6 DT IM = T I M-TEM5 
TEM5=TIM 
GO TO 19  

17 DTI M=TI M- TEM6 
TE,M6 = TIM 
GO TO 19 

41  DTi M=TI M- TEM7 
T EM7 = T IM 

19 RETURN 
END

ODI MENS ION H R S ( 2 0 0 0 ) , I S Y S ( 4 )  , 1  S UB( 4 ) * I S U B N < 4 ) ♦ 
1 AHRS { 2 0 0 0 ) »  CCE{ 2 5 )

COMMON NN » HRS♦HP 
3 3.3 READ 1 0 0 , N , N N »  M D ♦ MP ? I SYS ♦ I S  I,' B ♦ ISU 8 N
1 0 0  FORMAT( 1 4 , 1 2 , 1 1 , I 3 ♦ 4 A 5 , 4 A 5 , 4 A 5 )

PRI NT 2 1 ,  3 SYS
21 FORMAT (1 HI  ♦ 5UX,  4.A5)

P R I N T . I l l ♦ I S U B  
11 1  F ORM AI  ( 5 X ♦ 4 A 5 .)'

30  PRI NT 36  9 ISUBN 
36 FORMAT( 5X,  4A5)

3 0 1  I TEs O 
HV-Oo
MD = MD +1 
DO 8 8  J  = 1 ♦ N
READ 1 0 1 , I K , H P , L 0 C , M , L C , I D , I D D , I C

101  FORMAT( I 3 , 6 X , F 5 ® C , 2  I 1 s I  2 » 3 I 1)
' I F ( S E N S E  L I G H T S ) 1 0 0 2  , 1 0 0 2

1 0 0 2  1 F ( S ENS E L I G H T 4 ) 1 0 0 3 ♦ 1 0 0 3
1 0 0 3  GO TO ( 3 , 1 0 0 0 , 1 0 0 1 ) , MU
1 0 0 0  SENSE LIGHT 3 

GO TO 3
1 0 0 1  SENSE LI GHT 4

3 1 F ( SENSE LIGHT 3 ) 4 , 3 2
32 LD = LC+I D+ I DD 

I F ( L D - 1 0 > 4 , 2 0 , 3 1
31 I F ( S E N S E  LIGHT 4 ) 4 , 3 3
33 I F ( L D - 1 3 5 4 , 2 0 , 4  .
2 0 GO TO ( 1 , 2 ) ♦LOC

1 SENSE LI GHT 3 
GO TO 4

2 SENSE LIGHT 4
4 I F t L C - l l S 1 0 , 1 1 , 1 2  

11 IC = M
GO TO 10



12 LC = L C / 1 0
GO TO ( l O , l u ,  10. ,  1 3 , 1 1 , 1 1 * 1 1  , 1 1

13 M = M+l
GO TO ( 15  , 1 5  , 1 4 * 1 6 ) - , ' M

14 M = 1
GO TO 1 5

1 6 M = 2
15 LOG * M

IC = IDD
1 0 I F ! I T E - I K ) 3 0 0 , 3 0 2  * 3 0 0

3 0 0 I TE= I K
IF ( SENSE LIGHT 2 5 3 0 2 ' , 3 0 2

3 0 2 CALL P OS CY( LOC* I C , H R * H R S ( J 5 3
I F < HV~ HRS ( J ) ) 4 2 1 $ 4 2 1  *88

4 2 1 B V= HRS ( J )
8 8 CONTINUE

NM1 = N - l  
DO 6 0 1  I = l »NMi  
IPX <= 1 + 1.
DO 6 0 1  J  = I P 1 . N  
I F ( H R S ( I ) - H R S ( J ) ) 6 0 1 »  6 0 1 j 6 0 2  

6 02 TEMP = H R S d J
H R S ( I )  = H R S ( J )
H R S ( J )  = TEMP 

6 0 1  CONTINUE 
M = 0
DO 6 0 3  J  = 1 » N 
AHP. S( J )  = H R S ( J )
CCB( K)  = C.
I f  ( H R S ( J  ) } 6 0 3 » 6 0 8 ? 6 0 3 

6 0 8  H R S ( J ) = 9 9 5 9 9 ®
M = M+l  

6 03 CONTINUE
I F ( S E N S E  SWITCH 3 ) 92*  94

90  HV -  0®
M -- 0
DO 6 0 4  J  = 1*N 
H R S ( J ) = AHRS( J  }
I F ( H R S ( J ) “ H V ) 6 0  4 , 6 0 5 , 6 0 5  

6 0 5  HV = H R S ( J )
6 04  CONTINUE

92 DO 6 0 6  J  = 1*N
I F ( HR S ( J  5- C C b  (1 ) ) 6 0 7 , 6 0 7 , 6 0 6  

6 0 7  H R S ( J ) = 9 9 9  9 9 ,
M = M+l  

6 06  CONTINUE 
PRI NT 93

93  FORMAT(3 H I )
94  CALL STAT { H V f i W U C C a  )

I F ( S E N S E  SWITCH 3 3 89  , 6 1 2



8 3

89  TYPE 91
91 FORMAT ( 43HALT «„ SWITCH 3 OFF PLEASE.  PRESS START 'TO.  GO) ,  

PAUSE . •
2 0 9  GO TO 3 3 3
6 1 2  TYPE 6 1 3  -
6 1 3  FORMAT( 4 3 HALT » SWITCH 3 ON P L E AS E-  PRESS START TO GO ) 

PAUSE
I F ( S E N S E  SWITCH 3 ) 9 0 , 2 0 9  
END



A P P E N D IX  C



BOOSTER PUMP

CLASS BOUNDARY . L \ S S SAMPLE CUMULATIVE NORMAL P 3 I S S 0 N POI SSON
LOW HIGH MARK FREQUENCY FREQUENCY FREQUENCY DIFFERENCE FREQUENCY DI FFERENCE

0 . 0 2 2 6 5 . 5 1 1 3 3 . 0 4 . 6 0 0 0 E 01 4 . 6 0 0 0 E  01 2 . 6 8 4 1 E  01 1 . 9 1 5 9 E  01 5 . 7 1 1 5 E  01 - 1 .  1115E 01
2 2 6 5 . 5 4 5 2 9 . 5 3 3 9 7 . 5 3 . 5 0 0 0 E 01 8 . 1 0 0 0 E  01 4 . 6 3 9 9 E  01 - 1 . 1 3 9 9 E  31 2 . 8 5 5 0 E  01 6 . 4 5 0 2 E  00
4 5 2 9 . 5 6 7 9 3 . 5 5 6 6 1 . 5 1 . 4 0 0 0 E 01 1 . 5 0 0 0 E  01 3 . 0 1 0 0 E  01 - 1 . 6 1 0 0 E  01 1 . 5 3 9 5 E  01 - 1 .  3 9 5 3 E 00
6 7 9 3 . 5 9 0 5 8 . 5 7 9 2 6 . 0 7 . 0 0 0 0 E 00 1 . 0 2 0 0 E  02 6 . 2 4 5 6 E  00 7 . 5 4 4 0 E - 3 1 6 . 2 2 S 3 E  03 7 . 7 3 6 7 E - 0 1
9 0 5 8 . 5 1 1 3 2 2 . 5 1 0 1 9 0 . 5 5 . 0 0 0 0 E 00 1 . 0 7 0 0 E  02 4 . 0 6 2 8 E - 0 1 4 . 5 9 3 7 E  00 2 . 0 1 4 5 E  03 2 . 9 8 5 5 E  00

1 1 3 2 2 . 5 1 3 5 8 6 . 5 1 2 4 5 4 . 5 i . noooE 00 1 . 0 8 0 0 E  02 8 . 6 7 4 3 E - 0 3 = 9 ^ 9 1 3 3 6 - 3 1 D . 4 3 1 5 E - 0 1 4 . 5 6 8 5 E - 0 1
1 3 5 8 6 . 5 1 5 8 5 0 . 5 1 4 7 1 8 . 5 O.OOOOE 00 1 . 0 8 0 0 E  02 5 . 6 4 5 3 E - 0 5 - 5 . 6 4 5 3 E - 0 5 1.  2 5 5 2 E - 0 1 - 1 . 2 5 5 2 E - 0 1
1 5 8 5 0 . 5 1 8 1 1 4 . 5 1 6 9 8 2 . 5 2 . 0 0 0 0 E 00 l . I O O O E  02 1 . 1 0 8 9 E - 0 7 2 . 0 0 0 0 E  03 2 . 5 3 R 3 E - 0 2 1 . 9 7 4 6 E  00

1 .  1000E 02 l . I O O O E  02 - 1 . 1 2 1 5 E - 0 3 1 . 0 9 9 9 E  02 5 . 4 3 6 3 E - 0 3

MEAN = 3 . 6 6 5 0 E  03
VARIANCE*

STANDARD DEVI ATI ON* 2 . 0 2 E  03

DATA DOES NOT FI T  NORMAL CURVE AT . 8 0

DEGREES OF FREEDOM* 2

INDI VIDUAL CHI SQUARED CONTRIBUTIONS
2 . 6 8 4 1 2 E  01  = 1 . 3 6 7 5 2 E  01 ____
4 . 6 3 9 8 9 E  01 = 2 . 3 0 0 3 7 E  00
3 . 0 1 0 0 4 E  01 = 8 . 6 1 1 9 6 E  00
6 . 6 6 0 6 1 6  00 = 1 . 0 4 4 1 6 6  01

CUMULATIVE CHI SQUARED = 3 . 5 5 2 9 1 E  01

F I T S  POI SSON WITH . 9 9

DEGREES OF FREEDOM= 3

I NDI VIDUAL CHI SQUARED CONTRIBUTI ONS 
5 . 7 1 1 4 6 E  01 = 2 .  1 6 2 9 3 E  0 0
2 . 8 5 4 9 8 E
1.53953E
8 . 9 3 4 8 8 6

01
01
00

1 . 4 5 7 2 8 E  00  
1 . 2 6 4 5 1 E - 0 1  
4 . 4 6 4 9 6 E  00

CUMULATIVE CHI SQUARED = 8 . 2 U 6 2 E  00

CLASS FAILURE
MARK RATE

1 1 3 3 . 0 1 . 4 0 0 0 E - 0 3
3 3 9 7 . 5 3 . 5 5 2 3 E - 0 4
5 6 6 1 . 5 8 . 5 2 7 0 E - 0 5
7 9 2 6 . 0 3 . 0 4 5 4 E - 0 5

1 0 1 9 0 . 5 1 . 6 9 1 9 E - 0 5
1 2 4 5 4 . 5 2 . 7 6 8 7 E - 0 6
1 4 7 1 8 . 5 O.OOOOE 00
1 6 9 8 2 . 5 4 . 0 6 1 0 E - 0 6
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