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A STATISTICAL APPROACH TO THE PREDICTION OF
COMPONENT FAILURE IN OPEN PIT HAULAGE EQUIPMENT

by

Michael W. Keevan

ABSTRACT

A method of predicting the occurrencé of component failures
is demonstrated by the application of basic statistical techniques to
histories of past component failures. The digital computer is used
to simplify the numerous calculations involved for large masses of
data.

Results and interpretations are shown for assemblies and _
components of hauling units used in modern open pit rrﬁning .

Recommendations fbr continuing research in similar areas

are offered.
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CHAPTER I
INTRODUCTION

General Statement

Dwindling deposits of high-grade ore-bodies' and the rising
costs of mining have necessitated the design and development of spe-
cialized equipmentA by manufacturers to facilitate the rrioving of very
» large volumes of material ciuickly and efficiently in order to yvield a
profit to the mining compaﬁiés . Open pit mining equipment particu-
larly has become larger and more complex as i_mproved materials a.nd
manufacturing techniques are developed to meet the production demands
of minerél producers.

As size and cqmpiexity of mining equipment increase the ini-
tial capital investment of this equipment also increases at an exponen-
tial rate. The mine operator is anxious to reduce this capital cost to
a rﬁinimum and is, btherefore » understandably reluctant to purchase
any more equipment than is absolutely necessary. He must consider,
however, that periodic equipment breakdowns and component failures
will cause a drop in the tonnage output unless spar'e‘ ﬁnits are available.
For example, it is the accepted practice in the mining industry to pro-
vide one spare truck for every eight required to mai_ntain a predeter-
mined production level (‘Estimating Produqtion and Costs of Méterial |

Movement, 1955, p. 15).
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An important consideration in the efficient ope'ration'of a mine
is a maiﬁtgnanbe program for equipment. There exists at the présent
time two aisfinct schools ofl thought concerning maintenance of open
pit haulage equipment. The first, ‘and perhaps the most accepted prac-
tice, is that of establishing a mainltenanuce program whereby trucks are
brought intor the shop at periodic intervals. Certain maintenance oper-
ations are performed on the vehicles, such as welding and replacement
of cerfain components, if it is evident that these parts would fail in the
near future.. Other maintenance functions v:vogld normally‘ include var-
ious tests with resulfing adjustments when necessary on inajor assem-
blies, such as engines or transmissions, to bring their.perfo'rmances
up to the rﬁanufacturers‘ standards. Some mining companies have
adopted the policy of replacing various major assemblies after a cér-
tain numfser of hoursrhave elapsed. This replacement time is generally
based on experience. N

The second approach to maintaining haulage equipment is that
‘of no scheduled inspections by the mechanical depaftmen’cs . The driver
of the vehicle inspects the truck daily, and if he finds something obvi-
ously wrong, it is released for maintenance. While the truck is in the
shop it is inspected to determine if‘other maintenance is required.
Those in favor of this maintenance program argue that a truck is going

to be in the shop at least once a week for some particular failure and

any welding or inspections can be done at that time.



Objective of Study

The objective of this study is to determine the failure frequén-
cies for various major assemblies and their components. By using the
va’ri_ciﬁs fréquenéy diétribgtion_s together with some basic concepts of.
applied statistics the author will show how the 'down time!'' of oéen
pit mining equipment can be predicted. Determination of the desira-
bility of either replacing these comp;)nerits before they fail or- waiting
until failure occurs will not be pursued in this paper. Such én investi-
gation would be the next 1ogica1 step in an overall replacement study.

Lloyd and Lipow (1962, p. 41) define failure as !the inability
of the equipment to satisfy performance or design specifications once
thé equipmeht has experienced successful operation or acceptance or
has the expectation of successful performance without adjustment or
rework.! Failure of equipment also may be defined as the situation in
which a component i_s replaced because of imminent failure of that par-~
ticuiér‘ component.

‘From the concepts of re&liability theory these failures or mal-
functions (exclusive of failure caused by damage or improp»er opera-
tion) inherent in the equiprhenf can be categorized into three brog,d
classifications (Ba;ovsky, 1961, p. 3).

The{ first type of failure is that which occurs early in the life
of a piece of equipment or component. These malfunctions or break-

downs are called "early'" or '"infant! failures by reliability engineers
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and are due to poor manufacturing processes, quality control, or work-
manship. Early failure is often experienced when components have
‘been rebuilt or repaired. These failures can be attributed to poor
workmanship during installation or to poor quality replacement parts.
The majority of these failures are discovere(i and corrected during the
run-in period used by most manufacturers. However, these testing
phases often are not rigid enough to produce a marginal component
failure since it is not economically feasible for the manufacturer to
put each piece of equipment through tests apﬁrOXimating actual oper-
ating conditions for which the equipment is designed. Consequently,
during the first few hundred hours of operation of a truck some early
failures of components must be expected, and these failures are usually
rectified by the manufacturers' warranties. In this study, little em-
phasis will be placed on this type of failure and no atj:empt will be made
to predict its occurrence; it will be included, however, on the fre-
quency curves to demonstrate_its effect on the overall failureA rate.

The second type of failﬁre occurs at random intervals irrégu-
larly and unexpectedly. Thesé ha&e been classified as '-’chaﬁce”
failures and are caused by sudden stress accumulations béy‘o'nd the de--
sign strength of the component. The prediction of chance failures is
next to impossible; however, they do obey certain rules of collective
behavior so that their frequency of occurrence over a long period of

time can be approximated»(Baéovsky, 1961, p. 4).
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The third type of failure res>u1‘ts from wéarout of parts. From
a reliability point of view these failures occur only if equipment is im-
properly maintained or not maintained at all. Wearout failures are a
éymptom of coméonent aging, and this ca.n'va'ry from minutes to years
depending on the equipment invol\}ed (Bazovsky, 1961, p. 4). In the
case Qf mine haulage equipmenﬁ the age at which wearout will occur can
be expressed in tho'usands Qf hours. When wearout failure is due to
strength deterioration, the failure rate begins to rise and usually
follows a normal distribution.

A major portion of this study is devoted to the examination of

chance failures and wearout failures.



CHAPTER II
STATISTICAL CONSIDERATIONS

Probability

In dealing with a problem where predictions are‘to be made
on the basis of some past experience, it is necessary to consider
some :Eundaméntal concepts of probability.

Volk {1958, p. 2) defines probability in a numerical sense as
being a quantitative measure of chance or likelihood. -It is expressed
in terms of the probability scale -asl a fraction between 0 (absolute im-
possibility) to 1 (absolute certainty) and is ﬁsually designated | P. An
impossible event such as.having a truck in service for 100,000 hours
without a failure of any type would have a probability of 0 (P = 0) while
an event which is certain to occur such as that of engine failur-e’due to
lack of lubrication would have a probability of 1 (P = 1).

Mathematically the probability qf an eveﬁt occu‘rring is ex-
pressed as

P(A) = n
N

where n total number of occurrences of the event
N = the total number of trials
the attribute of n

>
|

and
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Since the prediction of equipment failures is based on an accumulation
of data from past failures the empirical probability concept is used in

this study.

Frequency Distribution

Handling large masses of data become rather diﬁficult unless
some means of clas,sifyir_lg it into groups or categories can be devised.
A method commonly used involves érouping the ciata into class intervals
on the basis of maximum and minimum boundaries for each interval
and recording the number of variables in each. Such a methbd of cate-
gorizing data is generally referre.d to'as; the determination of a fre-
quency distribution.

In determining such a distribution the lowest value of the data
is subtracted from the highest value to Vgive the range. The range is
then divided by the number (k) of class iptervals desired which may be
determined from Sturges' rule (Pieruschka, 1963,'p. 7) as

K = 1+3.3log o(N)
where N is the nurﬁber of replacements or failures. To keep values
from falling on the boundary of two adjacent class intervals, it is neé-
essary to extend the class boundaries by 1/2 a unit beyond their nu-
merical values. In order to use effecbtively the grouped data in further
computations, a represe;ntétive valﬁe for each class interval must be

found. Such a value, called the class mark, is determined by taking



the average of the difference between_the high and low boundaries and
adding it to the lower boundary of eaéh é_la;ss intervél‘ In order té use
this method of classifying data an assumption niust be .made that the
times of failure for all the items in any particular interval will be
equal to the class mark.

Graphical representations of frequency distributions are often
convenient to illustrate the distribution of random variables. Such a
representation, a histbgram, is of little value és far as giving quanti- -
tative information about the distribution. It is useful, however, in
showing the rélationship between the sample distribution and a theo-
retical distribution when the théoretical distribution curve is super-

imposed on the sample curve.

Measure of Central Tendency

In i‘ecording data or making measurements, it is not unusual
to find clustered about some particular point a group of values whosAe
frequency of occurrence is larger at this point than any other point of
the distribution'. Any number w‘hich shows an indication toward this
re?resentation is called an average. There are several specific meas-
ures of central tendency; however the numeric value which is used iﬁ
this investigation is the familiar arithmetic avera‘ge (mean) and is
‘designafed %. Hoel (1954, p. 49) matherﬁatically defines the mean-as

being the first moment about the origin which is shown as



h .
RN N
3]

Z f the total frequenCy

Whelfe... n .=
- - f = the frequency of the variable x
x = class mark of the interval i
h
and Z - = the sum of all xi’s fromi=1toi=nh
i=1 ' '

B 1)

Volk (1958, p. 58) states that

", . ; the mean is used for two important reasons. When
considering the variation of the data it will be done in terms
of the square of the deviations from some central value,
The mean is the value from which the sum of the squares of
the deviations is a minimum. Secondly, and perhaps most
imp_drtaﬁt, means of sarhples of uniform size tend to be’
normally distributed regardless of the type of distribution
of the population from which the samples were drawn; the
larger the sample size the more nearly normal the distri-
bution of the means. This characteristic of sample means
permits the use of the normal distribution in making p:rdb—
ability statements about the population mean even when the

~ population is not normally distributed."

"Meas ures of Variability

The degree to which data {}ary from the mean is called disper-

sion or variation. Two groups may have the same mean, yet a consid-

erable difference may exist between the extremes in each group. A

convenient test for measuring variability is the standard deviation

which is defined as the square root of the mean-squared deviation of

the individual measurements from their mean and can be .designated as

sigma., Or (Volk, 1958, p. 61). Mathematically, the standard deviation

for a population can be expressed as
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G = Y S0t L _

In this study the data are considered as samples of the popula-

tion since the information évailable does not represent the failures over
the entire life of the subject. Therefore, the equation for finding the
standard deviation is modified by dividing the sum of squares of cieviaJ
tion by n - 1, instead of by n, to overcome the bias introduced in es-
 timating the population paramefers from the sample. Hencie, the esti-
mated standard deviation of the population calculated from the sample

is denoted as s(x), and is mathematically expreséed as

2

s(x) =\ L(x-%)
' . n -1
2 N

the sum of squares of deviation

one less than the total variables in the distri-
bution

where Z(x - X)

and n - 1

1

I

-

It is often convenient to find the standard deviation by ﬂrst calculating
the variance of the sample, then taking the square root of the variance
to give the standard deviation. This method was utilized in the com-
pu‘ter pr»olgram v\/;ritten for this study.

| The »vari.:.a,nce is defined as the square of the standard devia-~
tion and is equal to the 'mean-squaré'd deviation of the variable from
‘its mean. Since the variance is defined as the standard deviation

-squared, it follows that an estimate of the variance of the population
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from the sample is indicated as sz(x). Mafhematically the estimated

variance is calculated

2
s(x) = L (x-%)

n -1

In this iﬁvestigation the variance is used primar_iiy as a' rapid test to
determine whether the sample distribution follows the theoretical
Poisson diétribution since the variance is approximai:eiy equal to the
mean of the variables for .-a Poigson distribution (Moronegr',' '1963 s

p. 102).

Poisson Distribution

The Poisson distribution is applicable for situations in which
the number Qf occurbrences of an isolated event can be observed in a
continuum of time, where the mean expected frequency is small, and
the t01;a1 number of events is large (Moroney, 1963, p. 9(;).

An example of the »o'bservation> of the occurrence of an iso-
lated event in a period of time would be the number of failures of a
particular component for a given length of time. Corisequently, it is
logical to compare the sample distribution with a theoretical 'Poisson
distribution determined from the mean of the sample to seé if a sig-
nificant difference is pres enf.

The eipected number of failures in a particular interval is

determined as
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(expected failures) = P(r) x { z observed failures)

where
P(r) = e ™ mT
r!
m = the mean of the sample
r = the expected number of occurrences in n trials
and = 2.718282. . . the base of natural logarithms

From the general shape of the theoretical Poisson curve we would éx-
pect a rapid rise in the number of failures occurring early on the time
scale with a gradual decrease in number after the peak of the curve
has been passed.

The mean used for calculating the probability value is divided
by the difference between the high and low boundaries of the first in-
terval of the frequency distribution. This is necessary to reduce the
numerical value of the mean éo that the computer can determine the
value of e~I1 ‘wii:hout an occasional exponent overflow condition which
t112.8

would occur when the limits of the exponential function (e ) are

exceeded.

Normal Distribution

In determir;ing the theérétical number of expected occurrences
of equipment failure the probability of observing a failure in the interval
bounded by the lower and upper class boundaries is multiplied by thg
total number of failures in the sample. Mathematically this cah be

expressed as
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(expected failures) = P(r) x (Z observed failures)
where

2 ,
; (x - %)
P(r) = [ ] dx

S I e 25°(x)
sV 20 %1

From the shape of the normal éurve we would expect 50% of the fail-

ures to occur before the mean life of the component is attained. Fur-

ther, we would expect to find 99.73% of all failures occurring within

plus and minus three standard deviations from the mean (Spiegel,

1961, p. 123). o
Bazovsky (1961, pp. 37-42) found tl;at wearout £ari'1‘u-res tend

to be normally distributed; consequently, the tendency toward a normal

distribution during the later intervals of the sample distribution is in-

dicative of wearout failures. When this condition is present', the

failure rate curve will be bimodal (Figure 2).

Chi-Squared Goodness of Fit Test

The chi-squared test is a convenient measure of the deviation
between observed and expected phenomena. In testing‘ the goodness of
fit between vthe samplevand a theoretical distribution, the individual
chi-squared contributions for each interval are summed to give a value
which is comparéd to a value from a chi-squared table at a particular
confidence level. If the c.alculated chi-squared value exceeds the table

value at the selected 'confidence level, the sample distribution does
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not foliow the theoretical distribution at this level. Mathematically |
the chi-squared value betwéen the observed and the‘expected can be

" determined -

x?% = Y0 -£?

I

" observed frequency
expected frequency

where O
and E

11

A limitation of the chi~squared test curtgils its use"'to situa-
tions where the expected frequency is équal to or greater than five.
When the value of the frequency of an interval is less thah fivle, the
computer program is written to aufomatically add the frequency value
to one or more intervals until the expected value satisfies the above

~condition.

Failure Rate

Since equipment failures fall into three different categories,
it would be anticipatéd that the failure of equipment and related com-
ponents would show three different fa,ilur.e_rates over a period of time
where a large group of the same component is tested or operated
under similar conditions. During the early life of a componenf a rela-
tively high failure rate is expeclted, declining rapidly to a rate which
remains fairly constant over the useful life of the component. Toward

the end of the useful life span, the rate of failure again rises indicating

the presence of wearout failure (Bazovsky, 1961, pp. 32-33).
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In an investigation of this .type where the failure history comies
from _a.h operating fleet of trucks, it isl advantageous to determine, if
possible, where the different types of failures occur.
The fajlure rate for each interval of the distributiqn is deter-
min'ec.lAmathematically 7

FR, = Pk
(NYCM)

i

where 0y number of failures in the interval k
N

CMk

number of components in service
value of class mark at the ky, interval

t

Confidence Limits

The mean of the sample distribution is only an estimate of
the true mean of the population; consequently, the true mean would lie
withiﬁ a certain range from the sample mean. Through the use of
Stude‘n’c‘s "t test and the following equation the r‘ange of the popula-

tion mean can be determined at various confidence levels (lek,_ 1958,

pp. 109-110).
[L=% Tts
where /i = true mean' . ,
t = value obtained from the t table with the appropriate
confidence level and degrees of freedom
and s(x) = estimated standard deviation of the mean which is

determined from
s(x)

N
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Reliability

Reliability can be defined as the probability of success over a
Acertain period of time. Bazovsky (1961, p. _11‘) states ”-reliability is
ihe probability of a device performing its purpose adequately -for the
period of time intended under the operating conditions encountered."

The reliability of any device which is not subject to infant
failures and has not suffered wearout damage of any appreciable
amount due to age can be determined with the exponential formula

(Bazovsky, 1961, p. 17):

R(t) = e'At

where e = Dbase of the natural logarithm (2.71828. . . )
A = the constant failure rate
and t = operating time in hours

The period for which this equation is ;falid is referred to as the useful
life of the component. The reliability of the component for any time
(t) during the useful life can be determined; however it is important
that the value of the time (t) never exceeds the useful life of the device
since the equation will give an erroneous result (Bazovsky, 1961, .

p. 17). |

Extensive applications of the concepts of reliability are be-

~yond the scope of this thesis. Howéver, this very brief consideration
is introduced to show how the down time of open pit haulage equipment

could be evaluated in another manner. Where the components analyzed .
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in this étudy show tendencies toward a constant failure rate over a
reasonable 'period'of time, the reliability of the component will be
shown for all intervals. This figure will not take into consideration
the replacements due to eafly failure and wearout failure. The as-
sumption here will be that the constant rate of failure prevails through-.
out the distribution, and the reliability is that expected for a component

not subject to either infant or wearout failures.



CHAPTER III
PROCEDURE

Data Backgr'ound

The information for this thesis was made available by a com-
pany operating a medium-size open-pit copper mine located in southern
Arizona.

Production requirements for this operation are such that ap-
proximately 90,000 tons of ore and waste must be moved out of the pit
in a 24-hour period. The truck ﬂe_et chosen to fulfill this demand is
made 1:1p of 35 units each with a rated hauling capacity of 55 to 60 tons.
From 24 to 28 units of the fleet are needed to méintain the required
production level; the variation in the number of vehicles needed is due
to the variable haul distances from the benches in the pi.t to the ?ri—
mary c.rusher and the waste dumps.

The hauling units are powered by two 335-HP diesel engines
coupled by drive lines to two semi-automatic tr'ansrﬁissions‘, each of
which Aare connected by additional drive lines to separate rear-driving
axles. The trucks selected for this study prox}ide an excellent control
group in that they are all of the same model with a few minor differ-

ences and were purchased at approximately the same time. To date

18,
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these units have accumulated an aVei‘age of 17,500 hours per unit over
a three and one-half year period. |

The maintenance policy of the mining ‘dperation is above av-
erage with strict adherence to the peJ.:‘iodic inspections established by
management in accordance with the recommendations oﬁ the manu-
facturer. The management of the corporation has also established a
policy of accurate record keeping; therefore the informationlfrom these
records used for this thesis is assumed to be a true representation of

the replacements.

Maintenance Records

When a tfuck enters the shop for any type vof maintenance, a
.repair card is made out showing the equipment number, the date, and
the cumulative hours taken frbrﬁ the i:ruck's hour meter. lIn.;addlition,
the repairs and components to be reiplaced are recorded together with
the number of man hours needed to perform this maintenancé . The
total number of hours a truck is out of service is indicated én the form
after completion of the work.

All major repairs and all component replacements with cor-
responding dates and hour readings are transferred from the repair
cards to a master file for each truck to give a comprehensive history
of component failure. The master file for each.truck is divided into

three major sections: engines, transmissions, and major repairs.
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All component replaéements pertinent to the engine and t'ransmission
groups are recorded in their respective sections, whereas failﬁ?es of
any other type are recorded in the major repair section. The infor-
mation for this thesis was taken from this master file.

A coding system was established to facilitate hé.ndling fhe
data in tl;le IBM 7072 computer by means of punched cards. This code
was set up to show the equipment number, date, hours at whi%:h re-
placement took place, the location of the chomponent on the truck
. (left - right, front - rear), the major assembly, the éubassembly, the
component, and finally the corhponent position number. The coding
system is shown in Appendix A together with an example of how a
failure of a particular component was coded for IBM cards.

The coding instructions, written on photostats of the master
files, were given to key-punch operators who transferred the infor-
mation to standard 80-column punch cards. The cards representing
the failure of a particular component or assembly were arranged in
ascepding order by truck number and by time of occurrence, which
was the value of the hour-meter reading. This data~arranging pro-
cedure was necessary for prope.r execution of th_e computer program.

When component parts of a major assembly were under in-
vestigation, the cards representing the failures fdr the major as -
sembly were inserted in sequential order with the component failure

cards. This was required since all the component parts in service
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at the time of a major assembly replacement did not necessarily fail.
‘Therefore the hours in operation from the iast failure of the component
parts to the time of a major assembly overhaul had to be disregarded.
The time between component failures then had to be reset to zero in
the computer program since new or rebuilt components were installed

at the time of a major assembly replacement.

Computer Program

The program for the IBM 7072 computer was written in For-
ﬁran 1angu;.ge with the use of an autocoder'inserrt to simplify handling
the ''table 1ook-up" in the chi-Squaréd subroutine. This program,
together w»ith a glossary of the program names, is shown in Appendix
B. |

The MAIN program and POSCY subroutine were ba‘sically
_data. reduction steps in that they read the data and printed out the
proper headings for the various components based on contrél cards
'plAaced in front.of each block of data. In addition to ‘finding:the highest.
value of hour life of a particular cquponent, the MAIN prog.r'am ar-
ranged the hours-to-failure of the. éomponents in ascending order and
stored these values for later use. Also inclqde.d in th-e MAIN program
was an operatioﬁ to cut off the first interval of the hist;)'éram which
was assumed to represent the infant failures of a component. KElimi-

nation of the first outlier was controlled manually through the use of
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an alteration switch on the computer c.onsole, The POSCY Subroutiné _
‘took all the hour values frorﬁ the data cards and subtracted the lower
values from the higher values giving the life in hoﬁrs Qf the i)artigular
replacement in question. |

The STAT subroutine Was'perhaps the backboﬁe of the enti.rer
program since the sample frequency distribution, é.-s well as -the theo-
retical normal and Poisson distributions, was determined in this step.
The mean, standafd deviation, and the variance of the sample distri- -
bution also were found here for the particular component uﬁder investi-
gation. The failure rates for the different intervals of thé distribution
were 'determined in the later sta-ges of this program segmenf. ,

The CHS subroutine was a curve-fitting routine using the
chi-squared test to determine the goodness of fit between the sample
distribution and each of the theoretical distributions.

The INTEG subroutine was an integration operation in which
Simpson's rule for integrating the function, FY, was used to find the
area under the nolrma.l curve.

Print-—ogts of the sample distribution as wellv as the theoret-
ical frequency distributions occurred during the execution of the STAT
subroutine, while the results of the goodness of fit test were printed
at the end of the CHS subroutine.

A control card, mentioned earlier, pre'ceded eéch block of

data and contained the following items: number of failures, number



23
of intervals desired in the distribution, numberr of components in the
entire fleet, and headings which were to appear in the print-out. An
example of the outpuf obtaiﬁe'd from the computer is shown in Ap-
pendix C,

The major portion Qf timekdevoted to this study was involved
in data reduction and programming. Approximately 8,000 individual
failures were analyzed, cod_ed, and punched onto 80-column IBM cards.
Five separate computer programs were initially written to deal with
the various statistical apélications and were the;n combined into the
one program shown in Appendix B. Numerous modifications were re-
quired to overcome inadequacies and limitations of the initial programr
in order to accommodate large blocks of data.

In the following chapter the results obtained from blocks of
data of varying magnitude for selected assemblies and components are
analyzed and conclusions formulated. Since the primary purpose of
this thesis is to show a method of predicting failures for any type of
equipment, 'no attempt is mé.de to give the results of all component

failures associated with these trucks.



CHAPTER IV
RESULTS AND ANALYSES

Diesel Engines

The diesel engine is the first major assembly inves.tigated for
frequency of failure. The engines from 25 trucks are used in this
analysis since the power plants of these trucks are all of the same
make and model. Two engines for each truck, or a total of 50 engines,
are in operation at any one time., A total of 113 failures of this as-
sembly are recorded dui‘ing the time involved in this investigation.

Using Sa.‘.urgés' rule for determining the number of intervals
for grouping data, eight intervals are used in plotting the frequency-
distribution histogram. The resﬁlt's derived from the computer pro-
gram are summarized in Table 1 and Figures 1 and 2. The calculated
Values for the theoretical normal and Poisson ciistributions for ail the
tables shown have been rounded to.the nearest whole number. 7

The mean life of thes‘e engines vis equal to 6,557.4 hours with
a _standérd d_eviation of 1, 02_0 hours. The calculated chi-squared value
for ’the goodness of fit test between the sample and normal distributions
is equal to 59.76. This ¢xceeds the table value of 10.83 at the .001
probability level with one degree of freedom. We can therefore say
with 99.9% confidence tl;xat 'c]ge sample distribﬁtion is not from a nor-

mally distributed population.
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TABLE 1
DIESEL ENGINE FAILURES

Class ' Failure Rate

Interval Mark Distributions (failures per .
Number (Hours) Sample Normal Poisson 1000 hours)

1 838.0 9 - 11 .215

2 2512.5 7 » -- 17 .056

3 4186.5 8 _ . 7 23 ..038

4 | 5861.0° 30 55 : 22 .102

5 7535.5 38 46 27 .101

6 9209.5 10 4 0 .02z

7 10883.5 6- - 6 .011

8 12557.5 5. - 3 .008

The results of the Chi-sqﬁared test between the sample and
the Poisson distributions show a calculated \-ralue of 44.32 és opposed
to 22,46 at the .00l probability level with six degrees of freedom.

The sample distribution, therefore, is not representative of a Poisson
population.

The difference in the number of degre'es of freedom used in
the above tests is due to the amount of grouping which is required to
overcome thle limitation imposed on the chi-séuared test. >In addition,
one degree of freedom is lost in the test for the normal distribution
due to the integration routine involved in finding the area under the

normal curve.
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The failure rate for engines is quite highr for the f:ir_st interval
| indi;:ating the possible presence of early failures (Table 1 and Fig__ure
Z) . Iﬁ the nex_t‘ two intervals the failﬁre raté remains relati'.vely CO-ITL_-'
stant. During the latter part of the third interval, the rate of failure
begins to rise whiqh indicates possible ‘wearout failures.

In placing-conﬁdence limits on the mean at the .99 level,
futire engine replacements due to failure of the engine as a whole
would be e;;'.pected to occur between §,278 and 6,836 houl;s . The re-
1i3bility for the engine could not be calculated from the frequen’cy dis -
tribution since the constant rate of failure doeé not extend over a long
enough periocd of time. Furthermore, slince the engine cain be classi-
fied as a system c‘omposed‘ va many individual components with difﬁer«
ént levels of reli.ab.ility, it would not be feasible to predict the relia-
bility on the basis of the failure rate for the system as a whole. A
fair estimate of the reliability of a systefn can be predicted thréugh
the use of the product rule based on individual reliabilitie.s of the vaf-—

ious components which make up the engine.

Cylinder Heads

The cylinder head of an internal-combustion engine is an in-
tegral part of the system in that it contains the fuel injectors, intake
and exhaust valves, as well as other functional component parts nec- .

essary for operation. The head is also the main constituent of the
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combustion chamber where the chemical energy containé& in the fuél is
converted to heat energy necessary for, the operation of a i‘eéiprocating
internal-combustion engine.

The engines from the 25 trucks investigated have a single one -
piece head bolted to the top of the engine; therefore 50 cylinder heads
are in service at any one time. The data show 327 head repla'c-éments
over an average of 17,500 truck hoﬁrs; however only 219 of these com -
ponent replacements were due to failure while the remaining were
changed due to engine replacement.

Ten intervals-ai'e necessary to portray the sample frequency
distribution according to Sturges' rule. The summary of the results
are shown in Table 2 and Figures 3 and 4,

The mean for this sample distribution is 2,312.3 hours with
a standard deviation of 811 hours.

The calculated value of the chi-squared goodness of fit test
. between the éample and the normal distributio‘ns is equal to 594.08.
This exceeds the table value of 16.27 at the .00l probability level with
three degrees of freedom. Therefore the probability that the sample
comes from a normal distribution is small.

The calculated value of the chi-squatred test bétween the
Poisson and sample distributions yields a value of 32.93 exceeding

the table value of 20.52 at the .00l probability level with five degrees
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TABLE 2
CYLINDER HEAD FAILURES

Class Failure Rate
Interval Mark Distributions ' (failures per
Number (Hours) Sample  Normal Poisson 1000 hpurs)
1' 488.5 67 11 69 2.743
2 ' 1463.5 44 61 59 : .601
3 A 2438.0 35 98 _ 45 . 287
4 ' 3{}12.5 30 44 27 .176
5 4387.0 26 5 | 12 .119
6 . . 5362.0 7 - 5 .026
7 6336.5 5 -- 2 . ..016
8 7311.0 4 - 1 : .011
9 8285.5 - — e -
10 9260.0 1 -- -- ' .002

of freedom. Consequently, theq:e is little likelihood that the sample
comes from either a normal or a Poisson population.

By placing confidence limits on the sample mean at the .99
confidence level thé true mean would be expected to equal a value be-
twéen 2, 171.9 and 2,454.7 hours if the sample; based on the available
data, is a true representation of a population.

The failure rate for this subassembly is véry high for the
first interval indicating the possibility of poor installation practices.

The gradual decline of the failure rate throughout the remaining



of Failures

Frequency

100 -

n
=]
1

FIGURE 3.

Sample Distr.
Normal Distr.
Poisson Distr

4387.0
Operation Time in Hours

CYLINDER HEAD FAILURES

9260.0

oJ



1000 Hours

Per

Failures

1

.00.

.60.

.40.

1463.5

3412.5

FIGURE 4.

1
5362.0 7311.0
Operation Time in Hours

CYLINDER HEAD FAILURE RATE

9260.0



33
intervals is abnormal and would warrant closer invesfigation of the
causes of failure before any specific conclusions can be drawn. The
effecté of improper operation of the vehicle must not be ruled out.
Since f:he failure rate does not remain constant over a substantial
- period. of time no attempt is made to predict the reliability of this

subassembly.

Fuel Injectors

The fuel injector plays a major role in the proper operation
of an engine in that it delivers the required amount of diesel fuel to
each cylinder aﬁd converts the liquid fuel into a finely atomized spray
to insure proper bgrning in the combustion chamber.

There are six injectors in each engine; therefore 300 injectors
are in service for the 25 trucks selectéd. The data show a total of
913 injector replacements in the 50 engines under consideration. The
times-to-failure for only 591 injectors could be used since these had
been individually replaced because of either real or assumed failure.
It is the policy of this mining company to replace all the injectors
when an engine or cylinder head failure is experienced. Therefore,
the times-to-failure of the remaining 322 injectors could not be used
gince these did not actually fail. The computer program is -designed
to disregard' the time in service of all components which were in op-

eration just prior to an engine or head replacement. This is
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accomplished by placing the data cards for engine and head replace-
ments in the proper sequence with the injector data cards.

Through the use of Sturges! rule ten intervals are used in
plotting the sample distribution. The summary of the results from
the computer are shown in Table 3 and Figures 5 and 6.

TABLE 3
FUEL INJECTOR FAILURES

Class ' Failure Rate
Interval Mark Distributions (failures per
Number {Hours) Sample Normal Poisson 1000 hours)
1. 397.0 146 - 137 1.226
2 1190.0 112 26 141 .314
3 1982.5 59 367 132 .099
4 2775.0 84 195 92 .101
5 3567.5 113 | 3 . 51~ .106
6 4359.5 50 -- - 24 .038
7 | 5152.0 17 -- 10 .011
3 5944 .5 . 8 - 3 .005
9 6737.0 1 - 1 -
10 7529.5 1 .- -- -

The mean life for the injectors equals 2,219.7 hours with an

estimated standard deviation of 373 hours.
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The calculated chi-squared test fqr goodness of fit between
the sample and the normal distributions is equal to 2,729.69, ex-
ceeding by a considerable amount the table value of 10.83 at the .001
probability level with one degree of freedom. Therefore the probé.—
bility that the sample distribution comes from a normal population is
small. |

Through the application of the chi-squared test bhetween the
sample and Poisson distributions the calculated chi-squared value is
equal to 160.64. This exceeds the table value of 22.45 at the .00l
p?’obability level with six degre.es of freedom. Again with less than
0.1% chance of being in error, it is concluded that this sample does
not come from a Poisson population.

By placing the confidence limits on the mean at the .99 level
the true mean-failure time would be expected to lie within the range of
2,180.12 to 2,259,28 hours if this is a representative sémple of the
population. .

The failure rate for this sample distribution indicates the
occurrence of early failures during. the first two intervals while the
next three intervals show a relatively constant rate of failure indica-
tive of chance failure. In the remaining intervals thé failﬁre rate
does not follow the upward trend expected for components of this type.
The first conclusion that can be drawn from the degeneration of the

failure rate curve is that these components are being replaced before
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aﬁy evidence of wearout failure occurs. Since no evidence of wearout
failure has been shown one can assume that these components are re-
placed before their useful life period has exﬁired, The author has ob-
served situations in which all of the injectors in an engine are replaced
because the performances of one or two are not Lip to specifications.

Since the failure rate remains relatively constanf over a
, thrée—interval period, the reliability of the cdmponent can be deter-
mine'd for the various periods of time involved in this a,naly.s';is as
shown in Table 4 and Figure 7. In plotting the reliability an assump-
tion is made that the component will not be subject fo early failure and
the useful life of the device will not be exceeded.

TABLE 4
FUEL INJECTOR RELIABILITY

Interval ' ' Interval , )
Number Reliability Number - Reliability
1 - .96 6 | .64
2 .89 7 | . .59
3 .82 8 .55
4 .75 9 .50

5 .69 10 , .46
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Differential Assemblies

The primary function of the differential assembly‘is to allow
the inside set of wheels to rotate at a different rate of speed than the
outside wheels whenever the vehicle is turning a corner. In addition,
this assembly transfers the energy from the drive shaft to the drivi‘n'g
axles through a set of 'redlllction gears. The mining company from
which these data were obtained has adopted a policy of replacing the
entire assembly whenever individual parts fail. At the time of re-
plécing tﬁe defectlive components, the unit is completely rebuilt with
additional new parts which are considered necessary fo prevent pre-
mature failure. In analyzing the data no information is available to
warrant investigation Qf the individual components which make up this’
major assembly.'A

Two differential assemblies are used in each truck; conse-~
Quently 58 of these units are in operation for the 29 trucké ﬁsed in this
particular analysis. A total of 162 failures are recorded requiring
eight intervals for the sarﬁple distribution-. The summary of the re-
sults determined through the use of the computer are shown in Table 5
and Figures 8 and 9

The mean life for this component is 5, 3?9.7 hours with the

estimated standard deviation of the sample equal to 1,230 hours.
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: TABLE 5 |
DIFFERENTIAL ASSEMBLIES, ALL FAILURES

Class ‘ Failure Rate
Interval Mark Distributions (failures per
Number {Hours) Sample Normal Poisson 1000 hours)
1 '1033.5 44 1 43 734
2 | ©3098.5 35 24 41 .195
3 - 5163.0 21 96 - 35 .970
4 7228.0 25 39 23 .060
5 . 9292.5 11 2 12 .020
6 11357.0 15 -- 5 .023
7 13421.5 7 - 2 .009
8 13486.0 4 e 1 .004

The calculated value of the chi—squared goodness of fit test
between the normal and the sample distributions equals 234.73. This
exceeds the table value of 10.83 at -the . 001 probability level with one
degree of freedom indicating this sample distribution does not come
from a normal populatién.

The calculated value of the chi-squared test between the
Poisson and the sample distributions is equal to 49.90 ‘exceeding the
table value of 20.52 af the .00l probability 1evé1 with five degrees of
-freedom. It can v_also be concluded with less than 0.1% chance of being
in error that this sample is not representative of the Poisson popula-

tion.
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In placing fhe confidence limits on the mean of the sample at
the .99 level, the true mean time-to-failure would be expected to fall
between 5,130 and 5,628 hours providing, of course; thét this sample
is a true representation of the population.

Based on failure rates at the various intervals of the histo-
gram, this assembly exhibits a tendency toward a high rate of failure
during the first interval, decreasing to a fairly constant level during
the fourth, fifth and sixth intervals.’

An analysis was run on the first failures to determine the
presence of any significant differences between the first and succeed-
ing failures. The results of this separate énalysis are shown in
Tal'ale 6 and Figures 10 and 11.

Thé mean equals 9,419.1 hours with an estimated standard
deviation of 1,700 hours. In applying the chi-squared test it is found
that the sample is representative of a Poisson population at the .01
probability lev:el.

The primary conclusion that can be drawn from these two
 distributions is that thé samples come from two distinctly different
populations. It appears that when these assemblies are rebuilt théy
are not as feliable as were the original assemblies. Certain other
components have shown this tendency toward multi-populations. Fur-

ther conclusions concerning this situation are developed in Chapter V.
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DIFFERENTIAL ASSEMBLIES, INITIAL FAILURES

Class
Interval Mark

Distributions

Failure Rate
(failures per

Number {(Hours) Sample Normal -Poisson 1000 hours)
1 ©1181.0 -- -- 5 -
2 3541.0 7 -- 8 .034
A3 5900.5 8 5 11 .023
4 8260.0 13 24 11 .027
5 10619.5 13 24 9 021
6 12979.0 11 4 6 .015
7  15338.5 5 - 4 .006

Transmissions

The transmissions used in the 29 trucks under investigation

are eight-speed semi-automatic units located midway between the

engine and the rear axles. Power from the engines 'is brought into the

transmissions through the use of torque-tube drive lines where the

proper power-to-speed ratio for the immediate operating conditions

is determined by the operator with a speed selector lever.

Since each truck uses two transmissions, a total of 58 are in

operation during the time represented by this study. A total of 380

replacements are recorded for this period and require ten intervals
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to construct the sample frequency distribution. The summarized re-
sults from the computer are shown in Table 7 and with graphical repre-
sentations in Figures 12 and 13.

TABLE 7
TRANSMISSION FAILURES

. Class Faijlure Rate:
Interval Mark Distributions (failures per
Numbeyr (Hours) Sample Normal Poisson 1000 hours)

1 401.0 86 -- 78 - 3.698 |
2 1201.0 80 17 86 1.149
3 2000.5 54 182 . 85 .465
4 2800.0 45 167\" 63 277
5 3599.5 33 13 37 .158
6 . 4399.0 26 - 18 102
7 5198.5 44 -- 8 .146
8 5998.0 9 | -- 3 .026
- 6797.5 2 — 1 . .005

10 7597.0 1 - —- .002

The mean is equal to 2,372.8 hours with an estimated
standard deviation of 457 hours. In placing confi.dence- limits on the
mean at the .99 level, the expected mean of the population would lie
between 2,312.3 and 2,433.3 hours if this sample is a true represen-

tation of the population.
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In applying the chi—s.quared test befweén the sample and tﬁe
" normal distributions, the calculated value of 2,239.37 exceeds the
table value of 13.28 é,t the .00l probability level With two degrees of
freedom. This is a étrong indication that the sample distribution dées
not come from a normal population. i

When the chi-squared test is applied to the sample and
Poisson distributions, the calculated value of 185.05 exceeds the table
value of 22.46 at the .001 prqbabili‘cy level with six degrees of freedom.
Therefore, there is little likelihood that the sample distribuﬁon comes
from a Poisson vdistribution.

The large number of failures occurring in the first two inter-
vals is indicative of infant failures while the increase in the number of
failures during the seventh interval would be an iﬁdication of wearout
failures. This also might be evidence of a separate population.

During the first two years of truck operation, a condition was
recognized where ceftain components of the transmissions were in-
adequately designed. The manufacturer redesigned these components,
and modifications wgfe made to the existing transmissions at that
time. The time between failures was then increased to approximately
5,000 hours. Before any ﬁurther p.redicti.ons can be made concerning
failures of this assembly, the times at which modifications were made
~must be deteimined so that parameters of the two popula,tilons can be

established.
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Steering Booster Pumps

The manual steering operations required to maneuver these
ore trucks are assisted by a hydraulic system COmposea of a pump
that supplies the hydraulic oil to two double-acting cylinders which,
when activated through a valve connected to the steering wheel, pro-
vide the necessary energy needed to turn the front wheels of the ve-
hiclé. The power required to run this steering pump is furnished by
the left-hand engine of the truck.

One hundred ten steering pump replacements are recorded
for 29 trucks; .since only one pump is used on each vehicle, the total
numbe‘r of these cievices in operation at any one time is 29. Eight
intervals are used to détermine the sample vdistributidn. Table 8
together- with Figures 14 and 15 show the tabulatéd r.esults with
graphical répresentations of the distributions and failure rates.

The sample mean is equal to 3,665.0 hours with an estimated
standard deviation of 2,020 hours.

The results of the calculated chi-squared test between the
normal and the sample distributiohs give a value of 35.53 exceeding
the table value of 13.82 at the .001 probability level with two degreesr
of freedom. Consequently, this sample probaioly does not come from

a normal population.
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TABLE 8 -
STEERING BOOSTER PUMP FAILURES

~ Class ' : Failure Rate
Interval  Mark Distributions (failures per
Number (Hours) Sample - Normal Poisson 1000 hours)

1 1133.0 46 27 57 1.400
2 - 3397.5 35 46 29 .355
3 5661.5 14 30 15 . . 085
4 7926.0 | 7 6 6 .031
5 10190.5 5 .. 2 017
6 12454 .5 1 T 1 .003
7 14718.5 — - -- -
8 16982.5 2 . - . .004

The application of the chi-squared test to the é'a,mple and
theoreticadl Poisson distributions yields évalue of 8.21 which is less
than the table valué of 11.35 at the .01 probability level with three
degrees of freedom. This indicates that the sample come'srfror.n a
Poisson population, and the percentage of failures that would be ex-
pected to occur at the various time inter%}als are shown in Table 9.

| The initial failﬁre rate of this component is quite high with
1.3 failures per thousand hours which indicates the occurrence of
early failures. Beginning with the fourth interval, the failure rate

begins to level off indicating a constant rate of failure. The shape of
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TABLE 9
STEERING BOOSTER PUMPS
OCCURRENCE OF EXPECTED FAILURES

Expected Failures

Range in Hours ' in Per Cent

0 - 2300 | 26.9 - 59.3
2301 - 4500 - . 19.7 - 48.5
4501 ~ 6800 5.7 - 24.4_
6801 - 9100 » 1.9 -15.6
9101 - 11300 _ 0 - 4.8
11301 - up 6 - 4.8

the curve during the later intervals gives no evidence of wearout '

failures.

When confidence limits at the .99 level are placed on the
mean, we could expect the averag;: time -to-failure to lie between the
limits of 3,145 hours and 4,285 hours.

Since the-failure raﬁe does n'ot remain constant over three or
more intervals, no attempt.is made to predic’; the reliability of this
component. Furthermore, since the sample distribution fits the
Poisson Aistribution at the .99 level, it is felt that this is a more

accurate estimate of the occurrence of down time.



CHAPTER V _
CONCLUSIONS AND RECOMMENDATIONS

Table 10 shows the various components and assemblies con-
sidered in this investigation, the number of recorded failures, and
whether the sa;mple distribution fits either theoretical distribution at
the .01 probability level. Whenever the sample distribution follows
one of the theoretical distributions, the expected frequency of failure
can be predicted for the various intervals. In cases where the sample
distribution does not follow either the Poisson or normal distribution,
only the mean time-to-failure can be predicted based on the assump-
tion that the sample is a true representation of the population.

Three reasons are offered for the nonconformity of the sample
distribution to one of the theoreticél distributions experienced in this
invéstigation. First, some components initially had certain design
inadequacies which were responsible ‘for relatively high early failures.
These inadequacies were rectified over a period of time to give ac-
ceptable mean times-to-failure. It is obvious, therefore, that two
distinét populations must be considered, and the times at which modi-
fications took place must be known in order to separate these popula-
tions. If data were available over a long period of time, the effect of

these high early failures would become negligible.

57
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Secondly, after certain assemblies have been rebuilt', their
mean times-to-failure decrease indicating inadequate overhauling tech-
niques., Included in this area would be poor workmanship;.poor judg-
ment as to which component parts of the assembly must be replaced in
addition to the defective ones to maintain the original mean time-to-
failure; and finally, poor quality replacement parts.

Third, replacement of items may be made without justifica-
tion, from a statistical point of view, before actual failure occurs.

The mining company may prefer to replace these items during sched-
uled maintenance ;;eriods rather than run the risk of failure during
N]?roduction periods. However, this investigation indicates that some
components are being replaced too early in their useful life si;én cre-
ating an increase in the number of infant failures.

A continuation of this‘investigation might fake into considera-
tion whether the replacement of components before they fail is econom-
ically feasible té maintain a desired level of equipment availability.
Such a étudy might involve the linear programming technique, a method
of operationé research approach to the solution of problvems of this

- nature.

Further statistical investigations could be éarried out to de-
termine Whether*significantvdiff.erences of equipment failures exist be-~
tween var'}oqs mining operations. Also, tests of correlation may re-
veal whether a higher rate of failure occurs during any particular time

of year,
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This study is an example of one of the many ways in which the

electronic digital computer can be used as a tool for the solution of

routine problems facing mining companies.

TABLE 10

DISTRIBUTION COMPARISONS

FOR ALL COMPONENTS

Component

Number of

Goodness of Fit

Failures Poisson Normal
Engine Assembly
Replacements 113 No No
Cylinder heads 219 No No
Injectors 591 No No
Fans 116 No No
Valves 106 No No
Turbo-~blowers 61 No No
Rods - 50 Yes No
Pistons 64 No No
Bearings 71 No No
Injector springs 846 No No
- Water pumps 335. No No
Cam shafts 74 Yes No
Liners 153 No "No
Transmission Assembly
Replacements 380 No No
Heat exchangers 61 Yes No
Shift cables .98 No No
Retarder cables 139 Yes No
PTO units 78 Yes No
Differential Assembly
Replacements . 162 No No
Seals 27 No No
Axles 87 No No
Wheel bearings 68 No No
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Number of

Goodness of Fit

Component Failures Poisson Normal
Planetary Assembly

Wheel seals 206 No No

Bull gears 80 No No
Drive Train Group

Cross bearings 186 No " No

Cross shafts 32 Yes No

Drive lines 152 No No

Cross assemblies 869 No No
‘Brake System

Compressors 18 Yes No

Drums 153 - No No

Lining . 1155 No No
Hoist System

Pumps 89 Yes - No

Rams 549 No - No
Suspension System

Spring pads 692 Yes No

Rear springs 32 Yes No

Front springs 145 No No
Steering System

Rams 69 No " No

Pumps 110 Yes No
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CODING FORMAT

Column No.

i- 3 Equipment number
4 - 9 Date of failure
10'— 14 Hours from imur meter
17 - 18 Primary assembly
19 Subassembly or component
20 Detail component

21 Position number



COMPONENT FAILURE CODE-

“Col. 20

Major Assembly Col., 17-18 Subassembly Detail
or Group Code or Component Component "~ Gode
Engine 10 General Replacement
Cooling System Fan 1
o Pump 2
Radiator | 3
Lines 4
Thermostats 5
.. : Cylinder Head o Replacemelr}t. _ Bt
Injectors | 2
Iﬁj-ector springs 3
Valves 4
Cam shaft 5
Rocker arrﬁs 6
- Valve springs 7

€9



Component Failure Code (continued)

Major Assembly Col. 17-18 Subassembly Col. 19  Detail Col. 20
or Group Code or Component Code Component . Code
Lubrication System 3 Pump 1
Lines 2 .
Filters 3
..Fuel System 4 Pump 1
o B Lines 2
Filter 3
: iMiscelllaneous 5 Blower 1
Cylinder 1iﬁers‘ 2
Connectir;g rods 3
Pistbns 4
Bearings 5
Govenor 6
Electrical 20 | l‘

Generator

¥9



Component Failure Code (continued)

Col. 20

Major Assembly Col. . Subassembly Col. 19 Detail )
or Group Code or Component Code Component "~ ‘Code
Voltage Regulator 2 -,
Wiring 3
Transmission 30 Genefal Replacement 0 |
‘Cha;rging Pump 2
Linés 3
Valves 4
Heat Exchanger 5
Silifting CaBle 6
Air Shift 7
Retarder Cable 8
Power Take Off | 9
(PTO Unit)
Drive Train 40 Drive Lines ©1 Cross éhéft 6
Yokes 2

G99



Component Failure Code (continued)

Major Assembly Col. 17-18 Subassembly Col. 19  Detail Col. 20
or Group Code or Component Code Component - Code
Cross Assemblies 3. -
Bearings 4
Differential 50 Geﬁel;al Replacement 0
- A;{les 1
~ Seals 2
Planetary 60 General Replacement 0 |
Bull Gear 1
Pins 2
. Bearings 3
Brakes 70 Lining 1
Drums 2
Linkage 3
4 .

Air Cylinders

99



Component Failure Code (contimied)

Col. 19

. Col. 20

Major Assembly Col. 17-18 Subassembly Detail
or Group Code or Component Code Component " Code
Lines 5
Compressor 6. -
Pilot '{/'alve 7
Steering - 80 Pump 1
Rams 2
Linkage 3
Hoist - 90 Rams 1.
Pumps 2
Seals 3
Lines 4
Pins 5
Control Valve 6

L9



Component Failure Code (continued)

Col. 20

Major Assembly Col. 17-18 Subassembly Col. 19 Detail
or Greup Code or Component Code Component Code
Suspension ' | 11 - Springs ' l‘

Spring Pads 2

]'E’;oge‘?‘Plates 3

89
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EXAMPLE OF CODED FAILURE

802 122063 18113-108010

802 : Truck number
122063 Decembér 20, 1‘563
18113 ‘ Hour meter reading

10 Left-hand side

8010 Steering pump

replacement
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GLOSSARY OF PROGRAM NAMES

CHS Subroutine for performing the chi-
squared goodness of {fit test.

FY Function used in integration subroutine.
2
(x - %)
-\ o2
1 e 25%(x)
s{x) V Zﬁ'

INTEG Integration subroutine using Simpson's
rule of approximation.

MAIN Program for reading data cards, printing
headings, and arranging hours-to-failure
in sequential order.

POSCY ‘Subroutine for finding time between
failures from raw data information.

STAT Subroutine for performing statistical
calculations other than the chi-squared
test.



3¢ 3

COVPORENT FA iLukt CALCULATIONS
COMPILE FOR TRAI CEXECUTE FORTRAN

TFUNCTION FY(AsBsC)

20

10

[}

i5

BLX = ({A=B)/sC)ex2
IF{BLX=2006)1051020

BILX = 200, -

FY = EXPEF(=~e5%BLX) /{CHSQRTF (60283161 )
RETURN '

END

2QUTINE INTEG{AMNSsAsE s AMEANSTD)
O i

C“\
C" e

llﬂllO(

1
Ce0
CeQ
FY(AQAM'AR9STD)
FY{RAMEAN:STD)

=pH 2

E=D*2«O+E

D=u

H={B=~A) /P

MA=2%¥N=1

DOLEK=1 o MAy <

R=K

X=A+R*H

YeFY{X s AMEAN 5TD)

o=D+Y :
AN={H/30) R IC+ {4 0¥D )+ (EV+G)
IFTABSF{AN~AQ)Y=c0001) 79768
AD=AN

M=N*2

GO TO 1

ANS=AN

RETURN

END

i ﬂ

Uy N MmO Z > n

SUBROUTINE CHS{T50)

DIMENSION T(25)s01251sTT{25)s0D(25)sSCHI{25)
COMMON NN

DO 219 K = 1425

TT(K] = 0.0

DB(KY = 0.0

I=1

DO & K = laNH

T =TTLII+T{KY .

DIy = DD (1)+ ABSFID(KY)

IFCTT(I)=5-115155 -
I=1+1 -

GO TO 7

72,.
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By = - i~ S - S I = S s < s S S

h=2 i i

> 3>

GO TC 66
IF{K=NN) 65828
I = IM]
CONT I NUE
CHI=0.
LO 12 L=1:1 .
IN = 1 :
SCHILLY = DO(LIRDBILY/TT L)
CHI = SCHItL)Y+CHI
CONTINUE
I¥ (SENSE LIGHTL) 1B« 1%
i = -1
SENSE LIGHTL
GO TC 20
1= 1-2
HI=Oo
/}’\V:Ga
BO=0s
FO=0.
CC’ = O '
' XL 984¢+5
ZA3 |
LE CTel{0s1)
& STMNT 96
ZAl  0+X98
sLi 2
Z5T1 HI
ZAL 1+X98
Sl 2
Z5T1 AV .
ZAL 2+X98
sLl 2
Z5T1 B8O
ZAL  3+x98°
501 2
75Tl FO
ZA1l  4+XS5
sl 2
zS8TL CO
B STMNT3GO
CTEL DC ROw
+0151663500
+G051541200
+u051384100

GONS

IF(K=[N}163s393

IMi=I~1 : ,
TTCIMY y=TT(IMI}+TT(L)
DDEIMIY=DD{IMIYHDDL )
1 = IM1

+0051270600
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= = = - T — s >SS S - T SV NS e~ S Sy

R T T S, S SO S S T S S

> > > P>

+0051164200
+0251921000
+0051 782400
+0051599100
+0051460500
+0051321900

+0352113450

+U051983700
+0061781500
+0051625100
+0051464200
+0052116680

+U0519248800
L +00B5LTYI900

+00515948500
+0552150860
+C052133880
+J052110700

- +U0051923600

+0351728900
+U652168120
+005215033C
+0052125920
+G052106450

40051835800

+07521847%0
+0052166220

+U052140670
+u052120170

+0051980300
+C852200900
+0052181680
+G0B2155070

+C0052133620.

+0052110300
+U952216660
+U052196790
+00%2169190

+0052146840
+O0521226420
+1052232090

+0052211610
+G052183070
+0052159870

+0052134420 .

+1152247250

40052226180

+0052196750

+30052172750
+0052146310
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L S S SIS N o

> > > P

=

=g b = i - b -

A

+1252262170
+0052240540
+0052210260
+0052185490

- +0052158120

+1352276880
+0052254720
+0052223620
+0052196120

+005216%850

+145229141Q

40052268730

+U052226850
+0052210640

+0052181510

+1552505780
+U052282590
+C0U52249960
+0052223070
+0052193110
+1652320000
+005229635

+U0B2262960
+U052235420
+0052204650
+1752334090

. +0052309950

+C052275KB70
+00522476950
+0052216150
+1852348C50
+0052323460
+0052288690
+5052259890
+0052227600
+1952251910
+0052336870
+U052301440
+U052272040

+005223%000
+2052375660

+0052350200
+0052314100
+0052284120
+0052250380
+2152389230
+0052363430
+3052326710
+0052296150

RGBS 2132770
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A

A

A

300
29

. 601

603

602

129

47

26
610
612

611
126
a7

248
614

B O
R
—

249
252

254

+0052261710
+2252402890
+0052376590
+0052339240
+0052308130
+0052273010
IF(CHL=HI) 29929549
TE(SENSE LIGHTL) 601,602

PRINT 603

FORMAT (/5Xs32HFITS POTSSON
GO TO 770

PRINT 129

FORMAT {/5X»31HFITS NORMAL
GO TO 770

IF{CHI~AV 263528948
TF{SENSE LIGHT1) 6U4s 605

PRINT 606
FORMAT(/B8X32HFLITS POISSON
GO 70 770
PRINT 128

FORMAT {/5Xs310FITS NOMMAL
GO TG 770

IFICHL=B0O) 2727347
IF{SENSELIGHTLI)IG6UT7 608
PRINT 609 A
FORMAT(/5Xs32HFITS
GG 7O 770

PRINT 127

POISSON

FORMAT {/5Xe31rF 1TSS NORMAL
6o TC 770
IFICHI~FCIR263265247
IF{SENSE LIGHT 1) 610:611

PRINT 612

FORMAT{/SX»32HF1TS POISSON

GO T0 770

PRINT 124

FORMAT (/5Xs31HFLITS
GO TO 7790
JF{CHI=CO}) 24842484249
IF(SENSE LIGHT 1) 61324614
PRINT 250

NORMAL

WITH

WITH

WiTH

WITH

WITH

WITH

WITH

WITH

S0

< 3%

* 98

o9

CONFIBENCED

CONF IDENCE)

CONFIDENCE)

CONFIDENCE)

CONF IDENCE)

CONFIDENC

7

CONFIDENCE)

CONFIDENCE)

i1

FORMAT ( /5Xe3LHFITS NORMAL WITH 80 CCONFIDENCEZ]

GO 1O 770
PRINT 251
FORMAT(/5Xe32HFITS POISSOM
GO TO 7790

WITH

IF(SENSE LIGHT 1) 2525 253

PRINT 254
FORMAT{ /5X s 38IHDATA
GO 70 770

DOES NOT FIT

280

POISSON CURVE AT .

CONFIDENCE)

)

76
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253 PRINT 255 ' ,
255 FORMAT(/5Xs37HDATA DOES NOT FIT MORMAL CURVE AT .80)
GO TO 770 ‘ '
96 PRINT 196 ’ L
196 FORMAT{/5Xs18HVALUE NOT IN TABLE)
770 PRINT TT71s 1 o R
771 FORMAT {(/5Xs19HDEGREES OF FREEDOM= 12)
. PRINT 401 '
401 FORMATI(/5X+38HINDIVIDUAL CHI QUAR_U COMTRIBUTIONS)
PRINT 4025 {TT(L)sSCHI(LYs L = 1sIN) ‘
407 FORMAT( B8X1PE12.5+3H = 1PE1245)
PRINT 400. CHI _
400 FORMAT(/5X s 25HCUMULATIVE CHI SQUARrD = 1PE1265)
: RETURN
END

SUBRQUTINE STATI(CIMs N» ML CHB}
CODIMENSION CLb(25)s ChB(25)sCMI2519FX (221 CFXI25])
1SFX125) 9TFP(ZJ)?JIS(25)9HPJ(ZQCO)9FR(45}9PR(25)§E(25)¥
2PDIsSt25y : :
COMMON NNs HRGSs MP
IFISENSE LIGHT 11600600
600 FMNN = MN

Lt =3 .
FN = NeML

CB = CIM/FNN
Bx = 0.

DX = 0.
SX_:'Oe

DO 611 K = 1825
611 FXIKY = 0.0
SFX{1}1=Co
T=0a
P,
TE‘.Mp = ¢ 5 :
DO 217 K = L1sNN
FK=K '
CLB(K) = TEMP
 CI=CBH#FK+1.5
I T=CT
CT=17
CHBIR)I=ZCT+e5 » S
CM(K)*(CH&(K)@CLS(K))/2»+CL8(K)
DO Ad=1eN
IFCCHB(K)uHH:(J)):»@»Q
4 HRSE(J)Y=99995,
O FXAK Y =XKL
3 CONTINUE
CRXIKI=FX{KI®CM K}
=SXFCFX K
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T=T+FX (K)

SFX(K)=T

TEMP=CHB (K)

IF(CLBIK)=~»5)21792185217

CLB(K) =0,

CONT INUE

AMEAN=SX 7/ SEX (NN)

CE = CHR(1}~CLB(1)

DO 21 K=LJsNN '

21 P=P+{CMIK)~AMEAN) #%2

WMEAN = AMEAN/CE

VAR=P/FN=1a

STL=SQRTF(VAR)

PRINT 666 :

6EEOFORMAT (/76X s 1 4HCLASS . BOUNDARY 55X s 5HCLASS s TX s 6HSAMPLE »

17X s 10HCUMULATIVE s TX s GHNORMAL 59K s GHNORMAL 59X 5 THPOT SSON s
27X > THPOT SSON) .
PRINT 667 . :

667 FORMAT (56X 12HLOW HIGH» 7X s 4HMARK 57X s OHFREQUENCY 56X s
19HFREQUENCY s 6X s SHFREQUENCY » 5X s IOMDIFFERENCEs6Xs
29HFREQUENCY s5X» 1OHD IFFERENCE )

SDIS=0,

575=0,

[N
pot et
~ (e

SPS5=0o,

SPRIS = Co

PROD = 1.0

DELT = =3,9%37D

BETA = CHE(1)

DC 5 K = LJsNN

CALL INTEGLASDELTSBETASAMEANSSTD)
TFR{K) = A¥*FN

BETA = CHBI{K+1)

DELT = CHB{K!

DISIK)=FX{K)=TFRI{K}
STS=5TS+TFRIK)
SPIS=S0IS+DIS(K)

FK = K

PROD = PRCD*FK
EXXP = EXPEF(~WMEAN]

PRIKY = [ (WHEAN¥%K)/PROD)*EXXP
5 CONTINUE
DO 6 k.= LJs NN
KPL = K +1
E(1) = FN*EXXP+FN*PR{1)
E(KPL) = PR(KPL)¥FN
POISIK) = FX{K)=E(K)
SPS = SPS+E(K)
SPRIS = SPDIL+PLISIK)
BOPRINT 334, CLBIK) sCHE LK) s CHIK) s FXIKD s SFX (KD s TFRIK)
IDIS (K SE (KT »PULISIK) , .
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FORMATI(3F1Ca1l1s1P6ELSe4)

PRINT 335s SEX{NN)s STS oDIosyﬁoaﬂppls
POP“AT(3(X91PF]Joh»le91P4E15o43
PRINTZ221 s AMEAN

FORMATIL /24X s6HIMEAN =1PE15.4)
PRINT2225VAR

CFORMAT(SX « 1UHVARITIANCES 1PEID.2/)

- PRINT 223570

WO
5o
~ g

24
22

Y T oL
O~ 0N

FORMATIB5X s 2UHSTARNLDARD DEVIATION= 1PE10.2)°
CALL CHS{TFRsD1S)

SENSE  LIGHT 1

CALL CHS{EsPDIS)

FMp = Mp . o ) M
PRINT @03

FORMAT{ /775X o S5HCLASS s TX s THFATLURE Y

PRINT 904

FORMAT{ EX s 4HMARK o 1OX s 4HRATE

PO 906 K = LJsNN

XF(FX(K])VOl@9ULa 102

FR{KY = Q.

GO TC 899

TFRK) = FX(K)/(FMP*CM(K)j

PRINT 90C7o CMIKYsFRIK)
FORMATIFL1O.1elFPELILe4)
CONTINUE

RETURN

END

SUBROUT INE POSCYI(L«LCeTIMeDTIMY
IF{SENSE IC“T 2)18510
Srﬁuc LIGHT 2

IFISENSE LIGHT 3)22924

CIF{SENSE LIGHT 4125021

TIMl = TIM
TIMz = TIM
TiM3 = TIM
TIMg = TIM
TIMS = TIM
TIMG6 = TIM
TIM? = Ti
OTIM = Qo
GO 17O 19
TEML = TIM
TEMZ2 = TIM
TEM3 = TiM
JTEM4 = TIM
-TEMS = TIM
TEME = TIM
TEM7 = TIM
DTIM =

Cs



GO TO 19
TIMl=0,

T IMZ:OQ
TiM3=00
TIM4=0.
TIMS=0,
TIMe=0,
TIM7=0,
TEM1=0,
TEMZ=0e
TEM3=0,
TEM&=0.
TEME=0,
TEME=D 0
TEMT7=0,

SENSE LIGHT 2
LC=LC+1
IF(LY1ls191d
GO TO (1:2) L.
GO TO(3a4s036e738531) 81L.C
DT IM=TI#H-TIM]L
TIMI=TIM

GO 70 19
ODTIM=TIM~TIM2
TIiM2=TIM

G0 T0 19
DTIM=TIM~-TIM3
TIm2=T1IM

GO TO 19
DTIM=TIM=T1M4
TIM&=T M

GO TO 19
DTIM=TIM=TIM5
TIMS=TIM

GO TO 19
DTIiM=TIM=TIM6E
TIMe=TIM

GO TO 19

L DT IM=T IM=TIM7

CTIMT=TIM
GO TO 19 ,
GO TO(12515914s15516:17s41) 5LC
DTIM=T IM=TEMI

TEM1=TIM

GO TO 19

DT IM=T IM=TEM2 -

TEM2=TIM

GO TO 19

DT IM=TIM=TEM3

TEM3=TIM



19

111
20
326

201

101

10¢2
1003
1000

1001
' 2
32

31

™
20

81

GO TO 19

DY IM=TIM=TEMS

TEM&=TIM

GO TO 19

DT IM=TIM=~TEMS5 : .
TEMB=TIN '
GO TO 19

DT IM=T [#=TEMS

TEM&=TIM

GO TO 19

DTIM=T IM~TEMT

TEMT=T1IM

RETURN

EMND

ODIMENSICN HRS{2000),15Y5%14) , ISUB{4) s ISUBMN{4) s
TAHRS{Z2000) s CC125)

COMMON NNs HESs P

READ 100 NsNMNoMDeMP s ISYS2ISUBs ISUBN
FORMAT 1412511513 84A524A04A5)
PRINT Z1s 1SYS i

FORMAT{11ils SUXs 4AD)

PRINT 11151800

FORMAT{5X 4 A5 Y

PRINT 3€s [SUBN

FORMATIGX s 4A5)

ITE=0

HY =0,

MD = MDD +1

DO g8 Ud=1.N

READ 101 s IR sHPsLOCeMelCoIDs IDDSIC
FORMAT{ 136X sr5e0s211eI2:5311}
TIFH{SENSE LIGHT31100251002

IF(SENSE LIGHT4)Y10U3s 1003

GO TO {3:10001001)sMD

SENSE LIGHT 3

60 70 3

SEMSE LIGHT 4 .

TFESENSE LIGHT 314432

LD LC+I0+IDW

IFILD=-10)Y4s20531

JTF{SENSE LICGHT 414933
IF{LD=13146204s4 ) . N
GO TG (142} sL0C

i

SENSE LICRHT 3

GO TO 4

SENSE LIGHT &
T1110e1Lls12
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12 LC = LC/10
GO TO (1051Us105123531511511511610)5 LC
132 M o= M+
GO TO (15915514516} s M
14 M = 1
GO TO 15
16 M = 2
15 LOC = M ,
IC = IDD g
10 IF({ITE=IK}3005302,300
300 ITE=IK |
‘ [F(SENSE LIGHT 213025202
302 CALL POSCY({LOCs ICsHRHRS(J) )
IF(HV=HRS (J) 1421 421,88
421 HV=HRS (J)
88 CONTINUE
M1 o= Nl
DO 601 T = Lshiml
[Pl = I+1
DO 601 J = IP1sN
IF{HRS (1) =HRS(J)1601:601:602
602 TEMP = HRSI(I)

HRS(I) = HRS(J)

HRS(JY = TLMP
601 CONTINUE

Moo= 0

DO 623 J = LN
AHPRS (J) = HRS(J)
CCB K G
IFIHRSH
6508 HR5(J)Y)
M o= M+1
603 CONTINUE
IF(SENSE SWITCH 3 ) 92y 94
S0 HV = O,
M = 0
DO 604 ) = 1N
HRS{J)Y = AMRS (U}
TF{HRELJ 1 ~HVI604 605,605
635 Hy = HRS(J]
604 CONTINUE
22 DO 606 J = 1N
IFIHRS U3 =CClh
GUT7 HRS(J) = 99996
Moo= M+1
&£06 CONTINUE
. PRINT 973 '
23 FORMAT(IHL)
Q4 CALL STATIHVenN»MCCB)
IFISENSE SWITCH 3189.612

IILI]

}16U356U085,603
999599

G

131607:607:606
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89 TYPE 91 : I
91 FORMAT(43HALT. SWITCH 3 OFF PLEASE. PRESS START 'TO.GO).
PAUSE ‘ '

209 GO TO 333

612 TYPE 613

613 FORMAT(L3HALT.
PAUSE
IF{SENSE SWITCH 3)90s209

END

SWITOH 3 ON PLEASE- PRESS START 7O GO )
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BOOSTER PUMP

CLASS BOUNDARY .L\SS SAMPLE
LOW HIGH MARK FREQUENCY
0.0 2265.5 1133.0 4.6000E 01
2265.5 4529.5 3397.5 3.5000E 01
4529.5 6793.5 5661.5 1.4000E 01
6793.5 9058.5 7926.0 7.0000E 00
9058.5 11322.5 10190.5 5.0000E 00
11322.5 13586.5 12454.5 1.n1000E 00
13586.5 15850.5 14718.5 0.0000E 00
15850.5 18114.5 16982.5 2.0000E 00
1. 1000E 02
MEAN = 3.6650E 03

VARIANCE™*

STANDARD DEVIATION* 2.02E 03
DATA DOES NOT FIT NORMAL CURVE AT .80
DEGREES OF FREEDOM* 2

INDIVIDUAL CHI SQUARED CONTRIBUTIONS

2.68412E 01 = 1.36752E 01
4.63989E 01 = 2.30037E 00
3.01004E 01 = 8.61196E 00
6.660616 00 = 1.044166 01
CUMULATIVE CHI SQUARED = 3.55291E 01

FITS POISSON WITH .99
DEGREES OF FREEDOM= 3

INDIVIDUAL CHI SQUARED CONTRIBUTIONS
5.71146E 01 = 2. 16293E 00

2.85498E 01 1.45728E 00

1.53953E 01 1.26451E-01

8.934886 00 4.46496E 00

CUMULATIVE CHI SQUARED = §8.2U62E 00
CLASS FAILURE

MARK RATE
1133.0 1.4000E-03
3397.5 3.5523E-04
5661.5 8.5270E-05
7926.0 3.0454E-05
10190.5 1.6919E-05
12454.5 2.7687E-06
14718.5 0.0000E 00
16982.5 4.0610E-06

CUMULATIVE

FREQUENCY
4.6000E 01
8.1000E 01
1.5000E 01
1.0200E 02
1.0700E 02
1.0800E 02
1.0800E 02
1.IOOOE 02

NORMAL
FREQUENCY
.6841E 01
.6399E 01
.0100E 01
.2456E 00
.0628E-01
.6743E-03
.6453E-05
.1089E-07
.JOOOE 02

— = W00 RN RN

DIFFERENCE
1.9159E 01
-1.1399E 31
-1.6100E 01
7.5440E-31
4.5937E 00
=9791336-31
-5.6453E-05
2.0000E 03
-1.1215E-03

P3ISSON

FREQUENCY
5.7115E 01
2.8550E 01
1.5395E 01
6.22S3E 03
2.0145E 03
D.4315E-01
1.2552E-01
2 .53R3E-02
1.0999E 02

POISSON
DIFFERENCE
-1. 1115E 01
6.4502E 00
-1. 3953E 00
7.7367E-01
2.9855E 00
4 .5685E-01
-1.2552E-01
1.9746E 00
5.4363E-03
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