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Abstract 

This thesis focuses on maintenance practices and pedonnance in the context of 

underground rnining. Analytical techniques for evaluation of a mine's maintenance 

performance using equipment fdure and repair time data are presented. The efficacy of 

these techniques is illustrated through a case study of the mobile equipment in an 

underground mine operating at high altitude. Data 6om the case study is analyzed and 

recommendations for improvement in the maintenance process at the mine are made. 

Requirernents for an effective condition based maintenance prograrn are forrnulated based 

on observation of the shortcomings of the oil analysis prograrn in place at the mine. In a 

similar rnanner, evaiuation of the faüure and repair data is used to idemi@ where 

imprecision of records lirnits the usefblness of the data. 
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1.0 Introduction 

1.1 Maintenance in a Mining Context 

Maintenance accounts for 30% to 65% of the overall operating cost budget for a 

typical mining company and represents the largest portion of the mine's controllable 

operating costs (Cutifani et al, 1996); (Cambell, 1997). The relative magnitude of this 

percentage for different mine types and locations is shown in Table 1.1 .  

Mine Type and Locmtioa 

Open Pit Chile, Indonesia 

The above, coupled with the fact that industry today is faced with an increasingly 

cornplex and dentandhg marketplace, has led to an Uicreasing interest in methods to 

reduce maintenance cost S. 

Although significant effort has gone h t o  developing effective maintenance strategies 

for industry in general, application of these to the mlliing industry presents rnany 

challenges. These challenges are mainiy associated with the specialized equipment in the 

Maintenance Costs as ./. of Opemting Cost 

>6Oa/0 

Open Pit Canada, Australia 

Underground Canada 

Smelter Canada, U.S. 

4 5 %  

<3 5% 

-25% 
1 

Table 1.1 Maintenance Costs as Pemntage of Operating Costs (After Cambell, 



mining industry, and the susceptibiiity of this equipment to the mine environment. Some 

specinc contributors to the challenges fa& by the rnining Uidustry are: 

1 A major portion of the equipment used in the mining industry is mobile or semi- 

mobile. 

2 Factors influencing maintenance costs of mobile equipment include, 

Increased failures inducd by disassembly and re-assembly of semi-mobile 

equipment . 

Mobile equipment c m  fail in inopportune locations that make repair extremely 

dficult and costly. 

*The mobility of the equipment hinders the application of techniques such as 

wntinuous condition monitoring. 

3 The physical environment under which mining equipment operates is less than ideai. 

These physical conditions can include: wide temperature ranges, restricted access, 

poor lighting, vibration and shock, and changing ore characteristics. 

4 Lagistics can be difficult, dependhg on the geographical location of the mine: parts 

and labor cm be dficult to obtain in remote locations. Parts requiring very large lead 

times due to location of the mine can necessitate very high inventory levels. 

5 The operathg environment of the mine is dynamic, with many unknowns that can 

f l i t  the life of equipment. Operator practices, varying production demand and 

changes withîn the ore characteristics cm all have significant infiuence on the failure 

patterns of equipment. 



Additionaily, the increase in m e c ~ t i o n ,  automation and amaigamation of 

processes within the mine has further wrnplicated the issue of maintenance (Kumar, 

1 996). 

One wmpany actively pursuing operational efktiveness through continual 

Unprovernent of maintenance practices is Banick Gold Corporation. The El Indio mine, 

located in Chile, is one of their primary focuses. The cornpany is in the process of re- 

engineering theu maintenance philosophy with the initial focus on preventative 

maintenance and long term objectives to include the implementation of suitable condition 

based monitoring systems (CBM). To aid in this re-engineering process, an analysis of 

mobile equipment maintenance data was performed for the period covering J a n u q  1996 

to March 1997. 

1.2 Objectives 

The research presented in this thesis represents the culmination of four months of 

onsite investigation at Bamck Gold's El Indio mine in Chile. The primary focus of this 

work was the collection and analysis of maintenance data for the underground mobile 

equipment at El Indio mine. The analysis of such data provides valuable UiFomuition to 

assist in optirnization of the maintenance fiinction. The objectives of the analysis were: 

Develop a methodology for grouping fdure  data for each type of equipment 

such that repair time and failure distributions can be compiled. 

Using the grouped failure data, develop distributions of repair times and time 

between failures for unplanned maintenance. 

Determine major causes of downtime. 



Demonstrate the potential benefits of using applied statistics to mode1 reliability. 

Develop a methodology for ident-g potential areas of improvement. 

Results from the above can benchmark the mine with respect to its maintenance practices 

and provide the necessary baseline for measuring the effects of any changes implemented. 

Furthemore, this thesis illustrates the usefulness of Pareto Analysis combined with 

Statistical techniques to idente and prioritize areas where irnprovement in the 

maintenance process can be made. 



1.3 Scope of Work 

Within the constraint of a limited four rnonth period spent at the mine, the analysis was 

restricted to the following: 

failure data was only analyzed for selected equipment: scoops, trucks and drills. 

The analysis was based on data extracted from the cornputer based maintenance 

management software package in use at the mine. 

Detailed statistical analysis was performed on cntical equipment as identified by 

the first level Pareto Analysis. 

1.4 Thesis Overview 

The organization of this thesis is as follows: Chapter 2 provides a review of 

current maintenance strategies. Chapter 3 provides a description of El lndio mine. 

Chapter 4 presents the methodology used for the data analysis. Chapters 5, 6 and 7 

present the results obtained and a discussion of their implications. Chapter 8 presents the 

conciusions deriveû and recommendations for friture work. 



2.0 Literaturt Review 

Attainment of an optimal maintenance strategy requires detailed knowledge of the 

interaction of the factors &dng maintenance. Figure 2.1 presents the interrelation of the 

factors that need to be considered when contemplating changes to a maintenance process. 

From this figure we see that maintenance policy is strongly tied to production policy and 

site conditions. Consequentiy, to detedne the optimum maintenance policy a mode1 

would need to account for the effects of both the site and production dependence. In 

general this is not possible. N o d y ,  the site and production factors are considered as a 

h e d  environment and maintenance strategies are developed £tom this. This simplification 

reduces the nurnber of parameters necessary for an analysis, but at the cost of reduced 

flexibility. For example, the analysis presenteû later determines specific areas for 

improvement of the maintenance process however, the net effect of these changes may not 

be what is anticipated due to the simplifjmg assurnption of fked operating and site 

conditions. 



Site Factors 
Climaiic 
&Body 

Proâuctioa Factors r-l 
I Rodwtion Schedule 

Production Raie 1 

Figure 2.1 Factors Affecting Maintenance Strategies (After Watson, 1968) 

There are three basic maintenance strategies which can be applied in practice. These 

strategies are iiiustrated in Figure 2.2. In general, a combination of these is used. The 

exact combination can be determined by an econornic analysis of the benefits of the 

dEerent options. 



S vernatic Maintenance Condition-W Maintenance 
("CBM" or "PPrectivt Maintenance") 

Figure 2.2 Maiotenaoce Strategies 

2.1 Run To Failure 

The run until faiiure method, as its name implies, operates a piece of equipment until 

failure, following which repair or replacement is pe~ormed. At first glance, this may 

appear an ineffective strategy. However, if the consequences to the operation due to the 

unplanned failure are less than the value added to the operation by changing the 

component prior to fdure, run until failure is a viable option. Unfortunately, most run 

until fdure strategies are not the result of a carefùl evaluation of the cause and effects of 

the failure, but instead result from an improper maintenance program. These unplanned 

failures result in the maintenance department behg in a reactive mode. As indicated by 

Mobley, the cost of an unplanned repair can be in excess of three tirnes that of a planned 

repair (Mobley, pg 5 .  1990). Reasons for this include, 

Extended downtime due to unavailability of parts, or labor. 

Unplanned repairs can result in ovenime. 

Unplanned repairs are not executed as efficiently as planned repairs. 



2.2 Plannd Prevcntive Maintenance (Scheduled Maintenance) 

The excessive costs of unplanned run to filures spawned the second maintenance 

strategy, planned preventive maintenance. This strategy involves sewicing of components 

at pre-determined intervals. This approach to rnaintenance is a substantial improvement 

over the unplanned nin until failure approach for most cases. Replacing, or repairing, the 

components at planned intervals dows effective scheduling of resources to rninimize cost 

and domtirne. This strategy is feasible when: 

Equipment is subject to Wear out type failures. 

The cost o f  a preventative replacement is advantageous in cornparison to an 

unplanned replacement. 

A condition based strategy is not an appropriate alternative. 

A major obstacle in the effkctive application of this strategy is determining the 

optimal replacementhepair time. If the repair is made too early, the components may not 

have been utiiized to full capacity. If the interval is too long the result is an unplanned 

repair. To complicate matters, most manufadurers recommend preventive maintenance 

intervais that must be followed to preserve warranty rights. The determination of these 

intervals by the manufacturer rnay not be optimum for a particular mining operation, 

resulting in excessive maintenance costs to the company. 

2.3 Condition Based Maintenance 

Condition based maintenance (CBM), sometirnes called predictive maintenance, 

hvolves knowing the condition of quipment in order to scheduie maintenance 'The 

axiom of Condition-Based Maintenance is that seMchg is permitted only when 

9 



measurements shows it to be necessary" (Brüel &Kjær, 1989, pg. 6). Using measured 

parameters and statistical history, maintenance managers can evaluate the probabfity of 

failure based on the machine condition. in doing so, they are able to utilize the benefits of 

planneâ maintenance and minimize premature replacement of parts. An additional and 

sometimes overlooked benefit of CBM is its abiity to aid in fault diagnosis. ûther benefits 

of CBM are that it: 

Reduces the likelihood of maintenance induced failures by increasing maintenance 

intervals. 

Lowers inventory levels since parts can be ordered when needed. 

Aiiows scheduling of maintenance to wnsider production needs. Thus, reducing lost 

production due to maintenance downtime (Courrech, 1988). 

The growth of CBM in traditional plant environrnents has led to a wealth of tools 

being developed to monitor the condition of machines. The most widely accepted 

monitoring techniques for CBM can be grouped under the categones of: vibration 

analysis, chernical andysis and temperature monitoring. Within each of these a variety of 

techniques are utilized. Figure 2.3 shows the cornmon methods used and their 

applications. 



Mecnan.caL creo2cz.ve tecnncicg es 
CO*  o e  u s c d  t c  
o e t e c t  these CaJure  -ecnan.sms 

Figure 23 Condition Bued Maintenance Summay 



2.3.1 Vibration Monitoring 

Vibration monitoring has two prirnary objectives: fault detection and fault diagnosis. 

Fault detection is the process of deterrnining when the machine is running in a condition 

other than normal. Fault diagnosis is the process of determining what is causing this 

abnormal operating behavior of the equipment (Burrows, 1996). In using vibration 

monitoring for fault detection, an assessment of the machine condition is being 

performed. Based on this assessment, a fault cm be deteçted and repaired, or by suitable 

data trending a prediction can be made as to when a repair is necessary. 

The rnethods utilized for condition based monitoring using vibration data depend on 

the type of equipment being monitored and the particular fault. Normaiiy, velocity or 

acceleration is monitored and the data is displayed in either the tirne or frequency domain. 

Many techniques are available for the analysis of vibration data: overall m i s  level, 

spectrum adysis using Fast Fourier Transforms (FFT), waterfall plots, crest factor, peak 

level detection, shock pulse, spike energy, and enveloping @urrows, 1996). 

Most of the m e n t  literature on implemented vibration progarns for CBM de& with 

factory environments, where rotary equipment operating in a static environment is 

monitored. Unfortunately, mobile equipment in the mining industry does not fa11 into this 

category. Implementing a vibration monitoring program on a fleet of underground mobile 

mlliing equipment faces the challenges discussed in section 1.1 . Nonetheless, this 

technology has been employed on mobile surface mining equipment with excelient results 

when used as a predictive and diagnostic tool (Brown et ai, 1987);(Bunows, 1996). 

A promising new instrument for vibration monitoring of mobile rnining equipment is the 

Mechanids ~ te thoscope~  . It is used to monitor and diagnose engine health problems. It 

12 



is a penodic monitoring system which d o w s  equipment to be tested in the shop under 

controlled conditions (Fauteux et al, 1995). The monitoring system uses a high speed 

velocity sensor to measure instantaneous rotational velocity of the crankshaft. Software 

linked to the sensor is capable of detecting defective engine cylinders and of identdjing 

whether the Sinder has an injection or a compression problem (Johnson et al, 1994) 

Additionally, the software has the capabiiity to provide online maintenance manuals to 

assist the mechanic in the diagnoses of faults. 

2.3.2 Tribology 

The word Tribology is denved from the Greek word "rpipo~" which 
means mbbing. It is an interdisciplinary science and technology that deais 
with chernical and physical phenornena that occur at interacting surfaces in 
reiative motion. It encompasses al1 aspects of the Friction, lubrication, and 
Wear of relatively moving mechanical components; and the design and 
selection of materials for the fabrication of machine parts (Ko, 1997). 

The most common method of detemiinhg the condition of a machine using tribology 

is through sampthg and analysis of its lubncating oil. Extraction of the oil fiom a machine 

for anaiysis must be done in a m e r  that ensures the sarnple is representative of the oil in 

the machine. For example, sampling downstream fiom a filter would not provide accurate 

information about the true condition of the machine. If possible, the sample should be 

taken immediately downstream fiom the lubricated surface while the machine is 

operating under normal conditions and temperatures (Lackwood and Ddey, 1 995). 

Analysis of the oil sample can be done using: spectrometric metal analysis, 

fermgraphy, infiared (IFt) spectroscopy, gas chromatography and viscome~.  These 

techniques provide information about the condition of the oil which, with proper 
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interpretation, reveals the machine condition. Proper interpretation of the results from the 

oil analysis requires knowledge of: the limitations of each test, the composition of the oïl 

and how Wear and contamination modify the oil composition. In general, one or more of 

these tests need to be perfomed to accurately determine the condition of a machine 

2.3.2.1 S pectrometric Aoalysis 

"Spectrometric metd analysis determines the concentration of soluble metals and 

metd particles up to 10 Pm in size. Therefore, it follows mild (ùenign sliding) rubbing 

Wear and the early stages of fatigue quite weU, because in these Wear modes the 

predominant distribution of Wear particles is within the detectable (10 pm) range" 

(Lockwood and Dalley, 1995). The results from a spectrometnc anaiysis are in parts per 

million (ppm) and provide an overall nurnber for contamination levels in the oil. 

However, the results are of limiteci use in diagnosing the type and cause of failure 

occumhg and in the case of rapidly deteriorathg components which generate particles 

> 1 0 pm in size, failure may occur ôefore the anaîysis reveds it . 

2.3.2.2 Ferrography and Particle Couiiting 

Terrography provides significantly more information than spectrometnc analysis and 

covers a wider particle size ,cl to 250 pm range" (Lockwood and Dalley, 1995). 

Ferrography enables the concentration, shape and size of the metalhc particles to be 

determinec!. It not ody provides information of an irnpending failure it also ailows 

determination of the particular Wear type occurring. The type of Wear occumhg can be 

determineci with the use of a bichromatic microscope equipped with cameras ~ c k w o o d  



and Dalley, 1995). The images viewed under the microscope are wmpared with images 

that represent known Wear types. 

A limitation of ferrography and spectrometrk analysis is that they primarily identiQ 

metallic elements. Non metallic contaminants cm arise in mechanid systems through 

infiltration of dust, sand and cernent. A method for identifymg al1 particles is particle 

counting. Particle counting measures the number of particles per volume of Buid within a 

given size range. Particle counting can be done using light interruption or laser scanning 

equipment. A more labor intensive method is the use of filters to collect the particles and 

then count them using a microscope. Like ferrography, particle counting detects the 

onset of severe Wear. Troblems with particle counting include difficulty in obtaining 

consistent samples and incorrect counting" (L,ockwood and Dalley, 1995). 

2.3.2.3 Viscometry and Gis Chromatography 

Viscometry is used to rneasure the viscosity of the lubricant and is of primary 

importance in evaluating its effectiveness. Gas chromatography is used to determine fuel 

dilution or water contamination of t he oil. 

2.3.2.4 Interpretatioo of Anilysis Results 

The successful use of oil analysis results requires that they be received before Wear has 

caused a fdure and that the results can be used to rneasure the condi1;ion of the machine 

cornparecl with what it was when the last sarnple was analyreû. To ensure tirneiy receipt 

of the analysis results sarnple tum around tirne should be kept short. 

Interpretation of the results fiom an oil d y s i s  is best iilustrated using the results 

obtained kom an actual sample. Table 2.1 presents the results received for several 

sarnples. Table 2.2 provides an insight into what each one of the results may be 
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representative of and possible sources of contamlliants. By trending the results obtained 

tkom the oil analysis a base line can be established for the appropriate levels of each Wear 

element in the oil. Break down of additives and oxidation of the oil can found by 

comparing the andysis results to those from an anaiysis done on new oil. It is important to 

analyze a sample of new oil with the used sarnple to ensure that the new oil meets its 

required specifications. Cases have been found where changes in the oil chernistry by the 

manufacturer have led to maintenance problems (Kincaid, 1993). 
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Elements 
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1 Tin (Sn) 
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et  aI, 1992) and (Lockwood and Daiiey, 1995). 
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23.3 Temperatum Monitoring 

Monitoring of a machine's temperature can provide valuable insight into its 

operating condition. Methods for monitoring the ternperature of a machine include: 

themometers thennocouples, resistance temperature detectors (RTD's) and 

themography. Of these, thermography is the most recent to be used for CBM and the 

only one that allows nonsontact measurement of a machine temperature. 

Thennography is a predictive maintenance technique that cm be 
used to monitor the condition of plant machinery, stnictures, and 
systems. It uses instrumentation designed to rnonitor the emission 
of infiared energy (i.e. heat) to determine the operating condition. 
By detecting t h e d  anomalies - areas that are hotter or colder 
than they should be - an experienced surveyor can locate and define 
incipient problems within the plant (Mobley, 1990, pg. 22). 

Comrnon instrument types used for measuring themal energy are: pyrometers, line 

scanners and thermal imaging devices. Pyrometers use various methods to masure 

infîared energy, such as total radiation, optical and two color. Regardless of the 

method used by the pyrometer, it is lirnited to measuring the temperature at a single 

spot. Additionally, dependhg on the distance Rom the measurement point the 

background area can have significant effixts on the reading. Line scanning provides a 

one dimensional ternperature profile of the part being scanned compared to fU 

imaging devices which provide a two dimensional view of the temperature of a part. 

Thennography has been widely used by the elecvical industry since high voltage 

equipment and transmission lines requùe non-intmsive monitoring because of safeîy 

and physical location. However, the use of thermal imaging to fuid potential problems 

in mechanid processes is growing. For example, thermal imaging can be used to 

detect abnormal temperature levels in bearings and gear boxes caused by lubrication 
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or alignment problems (Dumpert, 1997). Additiondy, thermal imaging has been found 

to be useful for monitoring: manufacturing processes, refractory and insulation 

materials, heat leakage fiom structures, and fire flue ups in waste dumps (Rao et 

ai, 1 996);(L,aird, 1994). 



2.4 Statistical Techniques 

The application of statistics to analyze maintenance data in the mining industry 

can lead to oppominities for cost reduction (Mueller, 1995). Figure 2.4 shows 

the relationship between maintenance costs, lost production cost due to downtime, 

and the total cost to the operation. 

4 /Total cost of 
Optimal 

A - 
maintenance 
and lost time 

Cost of 
maintenance 
polic y 

 COS^ of lost 
tirne due to 
breakdowns 

. Maintenance policy (frequency of overhouls, say) 

Figure 2.4 Maintenance Cost Relationships (from Jardine, 1973) 

Figure 2.5 shows the standard life cycle, or '%bathtub", curve for mechanical 

equipment. By applying statistical techniques to maintenance data it is possible to 

determine where on the life cycle curve a piece of equipment is operating. This 

enables determination of equipment reliability and probability of failure. When 

coupled with cost data for planned replacements and unplanned replacements, 

reliability data can be used to determine optimal replacement time. 



Figure 2.5 Life Cycle Curve (from Jardine, 1973) 'A" represents increased 

failure rate, 73'' represents constant failure rate period in Life cycle and "(7' is near 

the end of the usefbl life with the fdure rate hcreasing. 

Fitting distributions to the failure and repair tunes of equipment provides insight 

into variations amongst components and labor practices. This can help highlight 

problerns such as poor quaiity parts and improper repairs. Additiondly, howing the 

probability of failure of components based on data coiiected Rom equipment provides 

a bais for planning of component replacement intervais. Thus, the decision as to 

when to repair or replace components cm be made by the owner using actual data 

instead of having to rely on manufacturer's recommendations which tend to be 

consewative. 



There are many distributiopr that have been found to represent the life cycle of 

equipment. These can generally be divided into two categories, stationary and non- 

stationary models. Stationary models will be used for the work presented in this thesis. 

%atioionary models are models where the probability distribution at any t h e  t i , t~ . .  .,tm 

must be the same as the probability distribution at times ti+k tz+k.. .,tm+i where k is an 

arbitrary SM? dong the tirne axis" (Bovas et al 1983, pg. 194). In the wntext of 

maintenance the assumption of a stationary process implies that the distribution of 

failures after a repair is the sarne &er every repair. This Unplies that the equipment is 

in exactly the same condition after a repair or part change as it was when new. In 

reality this is not tnie due to 

Variation in maintenance practices. 

Replacement components wiil not be identical. Each will have its own life cycle. 

Some failures may be introduced as a result of the maintenance procedure. 

Nevertheless, stationary models are cornmonly applied to fdure data when tests for 

time variant trends reveal localized trends. Examples of such applications are given by 

(Paraszcak et 41994) and (Vagenas et ai, 1997). The stationary models that are 

considered for modeiing the failure data in this thesis are the: Weibuli, exponential and 

lognormal distributions. in presenting the: functions that represent a distribution the 

foiiowing definitions apply 

fit) probability density distribution for failures. 

R(t) Retiability fùnction providing the probability of s u ~ v a i  to time t. 

Wt)  Instantaneous failure rate. 



2.4.1 Weibull Distribution 

The Weibull distribution is advantageous in that it c m  be fitted to many life 

distributions (O'Connor, 198 1, pg. 37). The Weibull distribution is given by 

8 ( t - y ) 1 - '  [ fort~0andOotherwise f ( t ) = -  - exp - - 
tl r )  

where f3 is the shape parameter, *q scaling parameter and y is a location parameter. 

These equations represent the 3 parameter Weibull. For the 2 pararneter Weibull, y is 

set to zero. The shape pararneter P indicates whether the failure rate is increasing, 

decreasing or constant. 

p > 1 represents an increasing failure rate. 

f3 4 represents a decreasing failure rate. 

fl = 1 represents a constant failure rate. 

The location parameter is the time that the equipment wiii nin without any failures and 

has the affect of shifting the distribution dong the tirne a i s .  "Changing the scaling 

parameter has the sarne efféct as changing the scale on the abscissa. If q is increased 

while P and y are kept the same, the distribution gets stretched out to the right and its 
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height decreases while maintaining its shape and locationy' (Kececioglu, pg 272, 

1991). 

2.4.2 Expoaential Distribution 

The exponential distribution is the simplest and moa widely used reliability 

distribution. Systems whose fdures follow the exponential distribution exhibit a 

constant failure rate. One implication of this is that, for systems operating in the 

constant failure rate region of their life cycle, planned preventative maintenance does 

not enhance the reliability of the system. The exponential distribution is given by 

~ ( r )  = exp(- Ar) [SI 

~ ( t )  = Â where li is constant 161 

2.4.3 Lognormai Distribution 

"A random variable is l o g n o d y  distributed if the logarithm of the random 

variable is noraally distributed" (Kececioglu, 1991, pg. 399). The two-parameter 

lognormal distribution is given by 



The parameters p and cr represent the mean and standard deviation of the natural 

logarithms of the data. An increase in p indicates an increase in the mean time 

between failures and an increase in o indicates that there is more variation in the TBF. 

Additionally, p is the scale parameter and a is the shape parameter (Kececioglu, 

1991, pg. 404). 

2.4.4 Tests for Data 

Pnor to fitting the data with a distribution the underlying assumption of 

independent and identically distributed failure time should be verified. A comrnon 

graphical test used to determine if a trend is present in the data is to plot the 

cumulative time between failures versus the cumulative failure numbers. A straight 

Iine indicates lack of a trend in the data. A convex or concave curve indicates a 

systern with a decreasing and increasing failure rate respectively (Ascher et al, pg 74- 

75, 1984). A test for serial correlation is to plot the ith TBF against i-l:th TBF. If 

the data are dependent or correlated, the points will lie dong a line. It is important that 

the data should be ploaed in the order of occurrence as sorting of the data will induce 

correlation (Vagenas et al, 1997). 



2.4.5 Fitting Faüure Distributions 

Calculation of the model parameters does not guarantee that the appropriate model 

has been selected. To ensure that the best model is chosen the parameters are 

estimated for each candidate model and a cornparison of each model is performed to 

determine which model results in the best fit. 

2.4.5.1 Parameter Estimation 

The two methods considerd for parameter estimation in this work are Maximum 

Likelihood and Rank Regression. For a continuous fùnction 

where the 0's  represent the parameters to be estirnated from a data set of N 

observation of x. The likeîiiood hnction is given by, 

the logarithrnic Wrelihood fiinction is given by, 

The maximum iikelihood estimators (MLE) of the unknown parameters 0 are obtained 

by maiamkg L or A. Generally, maximizïng A is sirnpler than rnaxirnizing L. 

Maximization can be accomplished by taking the derivative of A wiih respect to each 

0, setting the equations equal to zero and solvlng t hem simultaneously (Reliaso ftm, 

1 997). For example, consider the exponential distribution: 



its likelihood fùnction is given by: 

The log likelihood function ig 

Thus, for a given data set, equation 17 can be used to estimate the value of I .  A 

similar approach can be used for the lognormal and Weibull distribution, but the 

resulting equations require numerical solutions. 

An altemate method to estimating the pararneters is Rank Regression. Rank 

Regression is actually a least squares estimate of the parameters of the fùnction. 

However, since least squares estimation requires values for both the x and y a method 



is needed for estimating the value of y ( in this case y is the probability of failure). One 

method is to use median ranks. Median ranks are determined fiom the cumulative 

binomial distribution given by 

where, P is the calculated probability of a successfûl event. 

N is the sample size 

j is the order number of the failure times, ranked in increasing order. 

Z represents the probability of an unsuccessful event. 

By setting P to 0.5 and solving equation 18 for Z we determine the median rank with a 

50% confidence level. This value is then used as the probability of failure for the jb 

failure time. This, allows the least squares method to be used to calculate the 

parameter values for the distribution (Reliasofi", 1997). 

2.4.5.2 Goodness of Fit Tests 

Once the parameters have been fitted to the candidate model(s) it is necessary to 

determine how well they fit the data. Tests that are commonly applied to data include 

the Chi Square test (k), Kolmogorov-Srnirnov test (K-S) and cornparison of the 

correlation coefficient (R). 

The Chi Square test involves cornparhg the nwnber of data that fa11 into selected 

classes with the number that would be expected to fdl in those classes fiom the 

assumed distribution. 



w here 

xi is the observed quantity in the iL class 

Ei is the expected value fiom the given distribution 

X 2  is the calculated value of Chi Square 

N is the number of classes 

Equation 19 cm be used to calculate the value of Chi Square fiom the data. This 

value can be compared to the Chi Square value for N-P (P is the number of parameters 

estimated) degrees of &dom at a given confidence level. If the calculated value ofx2 

is greater than the tabulated value then the assurned distribution of the data is not 

supported at the chosen confidence level. 

The Kolmogorov-Smirnov test uses a cornparison of the ranked value of the 

data with what the expected value of the ranks would be fiom the assurned 

distribution. It looks at the largest absolute difference betweeii the obsemd and 

expected rank value and compares this to a tabulated K-S value. If the calculated 

value is greater than the tabulated value then the assumed distribution of the data is 

not supported at the chosen confidence level. 

The correlation coefficient is a measure of the goodness of fit fiom the least 

squares estimate. It is given by: 



Generally, values of R greater than .9 indicate a good fit io the data. 

2.5 Reliability Centered Maintenance 

The goal of reliability centered maintenance (RCM) is to provide the maintenance 

engineer with a tool that will allow detemination of the most cost effective rnix of 

maintenance policies. Effective use of the RCM approach requires that clear goals in 

terms of the appropriate level of reliability and the acceptable operating standard for 

the equipment be established (hg et al, 1996). 

BegiMing with the knowledge that the reliability of a machine is an inherent 

fùnction of its design the RCM approach develops a maintenance program to try and 

attain this level of reliability. Development of the plan includes consideration of the 

wsts associated with maintenance and with failure. These costs include: repair, health 

and safety, environmental and lost production. To achieve the optimum maintenance 

program the following steps are performed: 

Failure mode effects and criticality analysis (FMECA) is performed. This 

involves starting with an analysis of the core functions of a machine and 

working through the possible faüure modes. Once the failure modes have been 

identified, their effect s and t heir criticality must be deterrnined. The cxiticality 

cm be based on probability of occurrence and cost, or severity as discussed 

above. 



Using the identified failure modes and based on their cnticality select the 

appropriate maintenance tasks. These appropriate tasks being: repair on 

condition, overhaul (traditional preventive maintenance), replace, mn to failure 

and redesign. Details of criteria for acceptance of each of these options are 

given by Lng (hg et al, 1996). 

Application of RCM in the mining hdustry has grown slowly. However, some 

companies have irnplemented it very successtùlly. One example is the Hammersley 

Iron open pit mine in Australia (Knowles, 1994). The fact that RCM provides a 

stnictured methodology for arriving at the correct balance between breakdown 

maintenance, planned interval repair and repair on condition, makes it an attractive 

technique for mining companies stnving to optimi2e the maintenance process. 

2.6 Mine Maintenance Management 

Organization and management of the maintenance program can have drarnatic 

effects on its success. A sound technical maintenance program will not reduce 

maintenance costs if the management structure does not allow proper execution of 

work and provide clear iines of communication. Figure 2.6 shows the current trend in 

the mining industry towards a more robust organizational structure for maintenance. 

The structure shown in this figure d o w s  accountability at each level within the 

organization by placing a manager in charge of each area with lower level managers 

who again are given specîiic responsiôiities. 



Maintenance Engineerhg Mine EngiMng I l / " " ]  

1 
I 1 1 

Maintenance Planning 

Figure 2.6 Typical Mine Organùational Structure (after Tomlingson,l994) 
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The use of a craft pool for labor enables the optimization of resources by allowing 

division of the work between a fixed crew who do the normal day to day work and a 

resource pool fiom which resources can be drawn upon as necessasy. Nomally, the 

resource pool spends a week in a specific area to assist the fixed crew in clearing any 

backlog of work. The benefits of having a Nred crew to do the day to day work is that 

they become farniliar with the equipment in their area which allows them ci) be more 

efficient (Tomlingson, 1994) 
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Mine SeMces 



3.0 Background to Case Study: El Indio Mine 

The El Indio Belt is a prolific gold, silver and copper district 
approximately 175 km long and 10 km wide, located in the Andes 
Mountains. It lies in a north-south orientation, primarily within 
central Chile. 

Barrick's El lndio property covers 1,300 km2, making it the 
largest on the Belt. It is located at a 3,960 m elevation, 380 km 
nonh of Santiago and 160 km east of the coastal town of La 
Serena, the staging area for dl supplies and services. The 
Argentinean border lies a few kilometres to the east. (Dawes, 1996) 

The mining operations of Barrick at the El Indio site consist of: two underground 

mines, Viento and El Indiq and an open pit operation, Tambo. There is a process 

plant at both the open pit location(6500 t/d) and the underground location (3,150 t/d) 

(Dawes, 1996). Discussion d l  be limited to the mobile equiprnent at El Indio mine. 

A brief outline of the depariments which provide maintenance seMces will be 

given to provide an understanding of how maintenance is accomplished in the mine. 

This discussion is presented for completeness, and evaluation of the performance of 

the these departments is beyond the scope of this work. 

3.1 Mobile Equipment Flet  

The maintenance history of the following equipment was reviewed for the purpose 

of this thesir 11 scoops, 9 tmcks, and 7 jumbo drills. Details on manufacturer, model, 

age and capacity of equiprnent are given in Table 3.1. 



Description 

SCOOP 

Scoop 

Scoop 

Truck 

Truck 

Manufacturer 

Eimco JarvisClark 

Wagner 

Truck 

Drill 

Drill 

Capacity 

Puma 

Eimco Jarvis Clark 

Eimco Jarvis Clark 

- 

15 ton 

Model 

EX-100 

ST-2D 

Eimco Jarvis Clark 

Tamrock 

Tamrock 
1 

30 ton 

Year 

1990-1991 

1989 

ST-3.5 

9000 

EJC-4 1 5 

EIC-416 

MK-20 Drill 

Table 3.1 Equipment at El Indio 

3.2 Organizrtioaai Structure and StafFiag 

1995 

1994 

1 990- 1994 

1995 

EJC-430 

H-105 

H-103 

1.994 Gardner Denver 

The maintenance organizational structure at El lndio is shown in Figure 3.1  . 

Details for the central maintenance shop are oniy show where they directly senice 

the mine's equipment. Table 3.2 shows the maintenance nafiing at El Indio mine, 

Table 3.3 shows the stafEng at the central shop associateci with se~c ing  heavy 

equipment (drills, scoops trucks, etc.). it should be noted that the stafEng shown for 

the centrai shop services al1 three mines, El Indio, Viento and Tambo. 

1994 

1987-1 995 

1991 1995 
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Planning 
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Preventive 
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Corrective 
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Central Matenance 
Manager 

Forerrian 
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Repair 
Crew 

- 

I 

Figure 3.1 Maintenance Organizational Structure for El Indio Mine 

- 
Foreman 
W a c e  
Repair 
Crew 

I 

Description 
Maintenance Manager 
Maintenance Foreman 
Planner 
Planning Clerk 
Preventive Maintenance Crew 
Scoop and Truck Crew 
Drill and Utility Crew 
Total 

Personnel 
1 
2 
1 
I 
6 
28 
3 
42 

Table 3.2 Maintenance Stalfing at El Indio Mine 



1 Description ( Personnel l 

Examination of Figure 3.1 reveals that the organizational structure differs from that 

Manager 
Shop SupeMsor 
Foreman 
Planners 
Mechanics 
Boilermaker-Welder 

> Total 

shown in Figure 2.6. The signifiant differences are: 

1 
1 
2 
3 
30 
2 
39 

No one unit is responsible for the maintenance fùnction for El Indio mine. The 

Table 3.3 Maintenance StaCling at Central Shop 

mine and the central shop are each responsible for certain aspects of the mine's 

maintenance. This type of structure leaves room for arnbiyity with regards to 

solution of problems and assignment of responsibility. Both of these can reduce the 

effectiveness of the maintenance program. 

Support fùnctions - purchasing, extemal contracting, and warehousing - do not 

report to anyone responsible for maintenance at a functional level. Consequently, 

these departments are not directiy accountable to the maintenance process. The 

result being that each fùnction may optimize its process according to the dernands 

of whom they are accountable which may not be optimum for the organization as a 

whole. 

The central shop has divideci its crew foremen into underground and surface 

equipment. As discussed in section 2.6 the trend is to use crews specialized by 



equipment lype and supplement the base work force using a crafl pool of rnulti- 

s kilied woricer S. 

3.3 Flow of Work Maintenance Procas 

The maintenance staff at El hdio mine serves two functions: performance of 

preventive maintenance every 125 machine operating hours, and repair of failures. If 

the failure is of a nature such that it wurot be repaired with the mine's resources the 

equipment is sent to the central shop. Capabilities of the maintenance resource in the 

mine are discussed in section 3.4. 

The central shop's purpose is to provide extended seMces to the mine. This 

includes repairing failures which the mine cannot handle and performing one thousand 

hour maintenance on equiprnent. This arrangement puts the central shop in the 

position of being in a reactive mode the majority of the time. 

Coordination of the activities between the mine and the central shop is 

accomplished through weekly plaMiog meetings. Representatives fiom extemal 

seMces are aiso present at these meetings due to the fact that for some failures, parts 

or outside contractors are an issue. 



3.4 Shop Capabilities 

3.4.1 El lndio Mine Shop 

Work done in the mine consists of numerous activities which include: cleaning and 

painting, oil changes. tire changes, hydraulic hose inspechn and repair, electrical 

troubleshooting and changing of srnall components, etc. The shop has a smaii buffer 

warehouse to store comrnonly used parts such as, hoses, filters, etc. The shop is 

b t e d  to doing work that c m  be tumed around quickly since long repairs would 

prevent staff'from dealing with the numerous short the  repairs and take up vaiuable 

shop space. 

3.4.2 Central Shop 

Typical repairs that are done at the central shop are: 

C hanging : transmission, motors, different ials, bearings, hubs, knuc kle joints 

and brakes. 

Structural repairs. 

Bucket repairs. 

Coolant system repairs. 

The central shop does not overhaul engines. transmission, differentials or other 

oomponents that require precision millwright work. These jobs are sent offsite to be 

repaired by outside contractors. 



3.5 Supportiag Services 

The departments which directly provide support to the maintenance activities at El 

Indio mine are: 

The extemal seMces department which handles ail long term service agreements 

for component rebuild. 

The purchasing department which buys al1 consumables and special orders. 

The warehouse whose role is to ensure proper inventory of parts to meet the needs 

of the mine. 

3.6 Data Management 

Maintenance data management at the rnine utilizes work cards filled out by 

maintenance personnel on a daily basis. Selected information from these cards is 

input into the maintenance management software package. The data is entered by the 

planning clerk in the mine. He enters data for work done at both the rnine shop and the 

central shop. The mine is in the process of changing its maintenance management 

software from ~ u s h t o n ~  software to Performance ~ a n a ~ e r ~  software. 



3.7 Existing CBM 

Existing condition based monitoring at the El Indio mine consists of an oil analysis 

prograrn. Oil samples are obtained fiom equipment at predetermined intervals and 

shipped to an offsite laboratory. The laboratory is about 1000 kilometers fiom the 

mine and has a 5 day sample tum around time fiom receipt of sample. Analysis at the 

laboratory include: viscosity measurement, element concentration, flashpoim 

determination and contaminate identification. The laboratory sends a report to the 

mine with the results frorn the analysis. It does not provide any interpretation of the 

results. The oil analysis prograrn does not use ferrography or particle counting as 

discussed in section 2.3.2. Thus, their analysis is not usefûl in determinhg the type of 

Wear ping on in the equipment. Observations at the mine revealed that samples 

seemed to be sitting in the maintenance shop for long penods of time before analysis 

and when the analysis results were received no trending was being done to develop a 

history of the equipment condition. This is contrary ta what is required for effective 

use and interpretation of results as discussed in section 2.3.2.4. In contrast, decisions 

were made on an arbitrarily chosen upper limit for contaminants with no consideration 

of the relative change in contaminant level fiom one sample to the next. A detailed 

discussion of the wnsequences of this will be presented in chapter 7. 



4.0 Case Study: Data Analysis 

The analysis of the maintenance data at El Indio mine was performed at two levels 

of detail. The first level analysis was performed to identi@ problem areas within the 

maintenance program and identify equiprnent that might be suitable candidates for a 

condition based maintenance program. This level relied on a Pareto Analysis for 

problematic equipment/systern identification. The second level analysis involved the 

use of a statistical approach to gain iùrther insight into the critical items identified from 

the first level analysis. 

Data used for both levels of analysis was extracted fiom the maintenance 

information software ~ u s h t o n ~  (Rushton) being used at the El Indio mine. Rushton 

is a menu dnven data base, and the only way to access the data was to have it print 

generic reports to a file. These generic reports were then imported into Microsoft 

~ c c e s s ~ ~  and Microsoft ~ x c e l ~ ~  for analysis. 

4.1 Maintenance Indicators 

The first indicator used to assess maintenance effectiveness is the mechanical 

availability of equipment. The maintenance data management software at El Indio 

mine provides this as a standard report. Table 4.1 shows the level of mechanical 

availability and several other performance indicators for El Indio mine for 1995 and 

1996. 



Trucks Trucks 

scoops 

Jurnbos 

Table 4.1 Equipment Availability at El Indio Mine 

A description of the penormance indicators is as follows (Lyonnet, 1988, pg 58): 

The relationship arnongst operating, standby, maintenance and scheduled hours is 

show in Figure 4.1 A written description of the significance of these indices is as 

follows: 



Figure 4.1 Relationship behveen Hours 

MA: Mechanical Availability. This gives an indication of the effectiveness of the 

maintenance program. If no hours were spent on maintenance this number would be 

100% meaning that the equipment was available 100% of the time. In reality this is 

not attainable due to necessary maintenance such as oil changes, lubrication etc and 

diminishing retums. 

PA: Physical Availability. This gives an indication of how much time the equipment 

is physically available to do work. 

UA: Utilization of Availability. 1s a rneasure of how effective the production 

operation is at using the equiprnent when it is physically available. 

EU: Effmtive Utilization. 1s an indicator of how much the equipment is being utiiized 

compared to the scheduled production hours. 

OP: Operating Hours. The hours that the equipment spends in operation. 

SB: Standby Hours. The time that the equipment was ready to operate but was 

delayed due to non-maintenance issues. 

MH: Maintenance HOUR. Total hours spent on maintenance, includes preventative 

maintenance. 

SH: Scheduld Hours (based on a 24 hour day) Hours scheduled for production. 



The levels of MA shown in Table 4.1 range between 50%and 60% for 1996. These 

numbers are low and indicate problems with the maintenance process or equiprnent. 



5.0 Data Andysis: Pmblern Area Identification 

The indicators discussed in section 4.1 provide a top level evaluation of both the 

maintenance and production effectiveness. However, they do not provide any insight 

into what rnight be contnbuting to problem areas. One method used for identifjing the 

most siguficant contributors to maintenance cost is Pareto Analysis. The usual 

approach for this type of analysis is to decompose a piece of equipment into suitable 

systems e.g. hydraulics, motors, drivetrain. Then u i i g  recordeci failure data and 

repair and replacement costs for the associated failures, the cumulative percentage cost 

is plotted as a function of cumulative percentage of failures. What is typically found 

when this is done is that approximately 80% of the cost is a result of 20% of the 

failures. This indicates that the maintenance department should focus on these 

failures. Once specific systerns have been identified a Pareto Analysis can then be 

performed on each system to identiQ where the problems are arising within the 

system. 

Cost data was not avaiiable to do the Pareto Analysis. In its place total down 

hours were used. To complete the Pareto Anaîysis for the scoops, trucks and drills it 

was necessary to make several assumptions regarding the data: 

In some cases, when equipment was notai as being under repair for three or more 

consecutive days, this downtime was treated as one event. The criteria for 

determinhg this were: if t was in for more than 10 hours on any of the three days 

and if, based on engineering judgment, it seemed reasonable that the type of repair 

was not the repetitive type. 



For the repairs identified by the above procedure, achial hours were replaced by 

twice the repair time estimated by Central Maintenance staff. The focus of this 

analysis was on identifying potential CBM candidates. Consequently, inclusion of 

repair times that were excessively high due to problems in the maintenance process 

would bias the results. Twice the estimated hours was used to provide a 

conservative estimate of what the repair time would be if the maintenance process 

was working eKectively . 

When analyring the data for avoidable time in the shop, for those dates on which a 

machine was Listed under repair for two or more failure codes, the dominant failure 

code was used. For example, in the case of overlapping failure records: 700 

(Brakes) recorded between OS/O3/96- 13/03/96 and 1 1 0 (Hydraulic Pumps) 

recorded between 1 1/03/96-22/03/96 the latter event would be changed to 1 10- 

l4/O3/96- 22/03/96 

Where the downtime was listed against a failure code as 24 hours, it was changed 

to 20 to reflect the actual shift used at the mine. 

The results from the Pareto Analysis for each fleet of equipment are shown 

graphically in Figures 5.1, 5.2 and 5.3 for scoops, trucks and drill respectively. Tables 

5.1, 5.2 and 5 -3 show the calculated results. The graphs in these figures are not what 

was expected. Instead of identifjmg critical systems that account for significant 

amounts of downtime, these graphs indicate a near linear relationship between 

cumulative percent of failures and cumulative percent downtime. The linear 

relationship between number of fdures and downtime indicates that on average the 

time to repair a piece of equiprnent is approxhately the same regardless of what fails. 
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A plausible reason for this is that factors other thari actual time to repair are 

contributing to the down time. These factors could include, 

owaiting for resources such as parts, labor or shop space, 

@excessive tirne from failure to amval at the shop, 

low level of equipment utilization resulting in no rush to repair. 

Also, shown in Tables 5.1, 5.2 and 5.3 are the average tirne to repair each system 

and the average repair time per failure for the fleet. The high average time to repair 

shown for the miscellaneous category is due to its inclusion of failures caused by 

accidents and structural failures, which tend to have long downtimes. The average 

tirne to repair a failure arnongst the fleets ranges fiom 4.3 to 4.7 hours. The closeness 

of these values amongst entirely different types of equipment and components tends to 

support the hypothesis that some factor other than actual repair time is idiuencii+j the 

time to repair. 

Scoop Fleet 

I 
Figure 5.1 Pareto Aoaiysis of Scoop F l e t  



Truck Fleet 

Figure 5.2 Pareto Analysis o f  Truck Fleet 

Drilt Fleet 

Figure 5.3 Pareto Analysis of D d l  Neet 



Average 

Repair time 

Description 

I Drivetrain 12494 11 2346 

- 

Hours 

Hydraulics 

Cumulative KCum Failures Cumulative 

Table 5.1 Scoop Fleet Pareto Analysis Calculation Results 

51 54 

Brakes 

Structure 

VVheeis and 

Tires 

Total Fleet 

51 54 

1149 

847 

81 6 

191 24 

17461.5 

18308.5 

191 24.5 



Failures 

Motors 

Hydraulics 

%Cum Description 

and Tires 

Drivetrain 

2399.5 

2375.5 

Electrical 

cumulative %Cum Average 

Repair time 

Hours 

1523.5 

Misc. 

Structure 

Brakes 

Fleet Total 

Table 5.2 T ~ c k  Fleet Pareto Analysis Calculation Results 

Cumulative 

2399.5 

4775 

961 

8021.5 

477.5 

382.5 

351.5 

10194 

23.5% 

46.8% 

8982.5 

485 

548 

78.7% 

9460 

9842.5 

10194 

222 

88.1% 387 

92.8% 

96.6% 

100.0% 

81 

111 

52 

2307 



Failures Cumulative %Cum 
- 

Average 

Repair tim 

Description Hours Cumulative 

-+ Dri Ils 

Hydraulics 4046 

1616 Misc. 

Brakes 

Tires 1 

Drivetrain 207 

Fieet Total 10871 l 
?areto Analysis Calcul; 

The Pareto Analysis revealed that at the fleet level repair tirne was being influenced 

by outside factors. To fùrther evaluate the maintenance program an evduation of the 

estimated repair times versus times to repair was perfomed Tables 5.4, 5.5 and 5.6 

show that for trucks, scoops and drills; 156, 221 and 90 machine days of production 

were lost due to avoidable downtirne. The large discrepancy between the estimated 

repair times and the times to repair again tends to support the earlier h d i n g  that 

factors other than actual repair times are affkcting the tirne to repair. These hours 



were determined by obtaining estimates for repir  times from the Central Shop Staff 

and subtracting twice the maximum estimated time fiom the actual repair times. The 

value obtained represents an estimate of unproductive non-active maintenance time, 

this was then multiplied by the utilization of availability (UA) to  give an estimate of 

lost production. Twice the maximum estimated repair time was used to provide a 

conservative estimate of  the downtime and to account for the range of failures 

contained in each code. A table of repair codes is attached in Appendix A. 

2'Estirnated #of Failures Days in shop Hours 
tirne hrs. 
24 11 96 1 920 
40 5 48 960 
6 6 27 540 

Hours needed Difference 
to repair 
264 1 656 
ZOO 760 
36 504 

60 420 
9 331 
16 324 
20 300 
21 259 
210 230 

30 1 70 
32 148 
20 120 
3 97 
5 75 

Days 

TiMe 5.4 Maintenance HOUR in Excess of Estimated Repair Times for Trucks 

Jan 96- Mar 97 (Refer to Appendh A for definition of failure codes.) 



# F ailures Days in Shop IHn. 

Lost 
Days 

in Excess of Estimated Repair Times Coi Scoops Table 5.5 Mainte1 

Jan 96-Mar 97 (R 

iance Boum 

efer to Appei idix A for definition o f  failure codes.) 



Tab e 5.6 Maintenance Bours in Escess of 
-. -- - - - - - - - - - - 

Estimated Repair Times for Drills 

Jan 96- Mar 97 (Refer to Appeadu A for definition of railun codes.) 

S. 1 Detailed Breakdown of Failures 

To gain further insight into what was happening an analysis of total d o m  hours by 

system and equipment type was performed. Figures 5.4 through 5.9 present a 

surnrnary of fidures by equipment and a summary of the major failure categories by 

equipment manufacturer. Tables 5.7, 5.8 and 5.9 give a detailed breakdown of the 

failures by code. A summary of the lost machine days due to maintenance, adjusted as 

indicated in section 5.0, is 956, 510 and 544 for scoops trucks and drills respectively. 



For scoops 61 7 machine days representing 65% of the total time i s  due to repair 

of hydraulics, motors and drivetrains. Examining the breakdown by code given in 

Table 5.7 for scoops it is evident that: 

1. For the hydraulic system: cylinders, oil leaks, valves and pumps account for 

41 26 of the totaî hours or 80% of the downtime. 

II. For motors: temperature, scnibbers, turbos, rnotor changes, injector punips, 

problems with acceleration, cylinder heads and fuel system valves account 

for 3963 hours or 85% of the total downtime. 

m.For the drivetrain: torque converters, knuckle joints and differentials 

account for 1979 hours or 79% of the total downtime. 

W~thin the scoop fleet, EJC-100 scoops required signûicantly more tirne for 

maintenance per machine for motor repairs. The Puma scoops required more 

downtime per machine for hydraulic maintenance. 

For trucks, 325 machine days representing 64% of the total time is due to repairs 

of motors, hydraulics and wheels and tires. Examicîing the breakdown by code given in 

Table 5.8 for trucks it is evident that: 

1. For motors: oil leaks, cylinder heads, over temperature, turbos, scrubben 

and motor changes account for 1872 hours or 76% of the total downtime. 

n. For the hydraulic system: valves, hoses, oil leaks and pumps account for 

1847 hours or 79% of the total downtime. 

Within the truck fleet, 15 ton trucks required more maintenance hours for; motor, 

hydraulic system and drivetrain repairs. 



For drills 415 machine days representing 76% of the total downtime is due to 

repaû of hydrautics and drili specific components. Examining the breakdom by code 

given in Table 5.9 for drills it is evident that: 

1. For Drill Components: bits, chahs, heads booms, advance motors, water 

pumps and valves account for 3432 houn or 81% of the total downtime. 

Il. For the Hydraulic System: hoses, valves and oil leaks account for 3027 

hours or 75% of the total downtime. 

Within the ddl  fleet The Gardner-Denver drill required the most downtime per 

machine for maintenance. 



Figun 5.4 Truck Beet ~aitures 

Figun 5.5 Major Truck Failum by Equipment Minufactum 
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Figure 5.6 Scoop Flet  I?aüa&s 

F i y t v  5.7 Major Scoop Fiüurt by Equipment Manufacturer 
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Figure 5.9 Major Drill Failures by Equipmeat Maoufacturer 



Table 5.7 Scoop Fieet Failures by Code(Houn modified per section 5.0) 

Table 5.8 Truck Fleet Failures by Code(Eours modikd per section 5.0) 



Table 5.9 Drül Fieet Failures by Code(Bours modified per section 5.0) 

5.2 Discussion of Identified Problem Areas 

The loss of 156,221 and 90 machine days of production for trucks, scoops and 

drills as presented in tables 5.4, 5.5 and 5.6 indicate a high level of excess maintenance 

time. This high level of unproductive maintenance time is effectively biasing the repair 

time data such that efSects of the actual repair t h e  are hidden, resulting in a near linear 

relationship between downtime and number of failures. This could be attributed to 

poor labor productivity or waiting for resources to become available (spare parts, 

labor and shop space). Another plausible reason is that the low level of effective 

u t h t i o n  is a result of an excess of equipment. Consequently, when equipment is 

d o m  there is no rush to repair it. However, the view expressed by personnel at the 

mine is that availability of parts is the primary cause of the high level of unproductive 

maintenance downt irne. 



From the data it is apparent that for the flet of equipment studied, motors, 

hydraulics, dnvetrains, wheels and tires and drills account for the majority of the lost 

machine hours. Within these grouping of components the following is noted: 

The number of hours lost due to motor related failures is in the top two 

categories for trucks and scoops, but for drills, motors show up as the second 

lowest hours. The reason for this is that the drills used at the mine are 

electricaily powered and electric motors are less prone to problems than the 

intemal combustion engines on the scoops and trucks. 

The number of hours lost due to hydraulic related failures is in the top two 

categories for trucks, scoops and drills. For tnicks and drills, oil leaks, valves 

and hoses are the primary causes of downtime within the category of hydraulic 

system failures. Whereas, for scoops cylinders, oil leaks and valves are the 

three most significant contributors to downtime. It is expected that cylinders 

wouid factor heavily in hydrauiic failures for scoops due to the nature of the 

work perfoned by the scoops. 

It is interesting to note that for trucks wheels and tires are in the top four 

contributors to lost hours, yet for scoops wheels and tires are the lowest 

contributor to lost hours. This is not what is expected since, the scoops are 

working closest to the muck pile and thus are more apt to nin over sharp rock 

fragments. Additionally, due to the method of fiiling the bucket by driving into 

the muck pile the scoop tires have a higher probability of wheel slip which 

would generaily lead to an increased number of failures. A possible explanation 

for the role reversal of truck and scoop tire failures is that the trucks are 
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required to travel longer distances as they drive up out of the mine with ore to 

the plant. 

For scoops and trucks problems with the torque converter are arnong the top 

two contributors of lost hours. 



6.0 Data Analysis: Evaluation Using Statistical Approach 

The statistical analysis of the data presented in this thesis was pedormed using 

~eibull++-'M. This software has the capability of fitting: one and two parameter 

exponential, two and three parameter Weibull and two parameter lognomal 

distributions. The program has a built in "wizard that will select the best fit for the 

data based on the Chi Square and Kolmogorov Smirnov (KS) goodness of fit tests 

discussed in section 2.4.5.2 . The user has various options for identiMng the types of 

data being analyzed, censored, uncensored, grouped etc. Additionally, the two 

methods discussed in section 2.4.5.1 are available for calculating the parameters. 

6.1 Trcatment of Data 

Due to the nature of the data available ftom the ~ u s h t o n ~ '  software several 

assumptions had to be made to fit distributions to it. The primary problem with the 

data was lack of information conceming Tirne Between Faiiures (TBF). The data 

available fiorn the software contained only the date of the failure, the failure code and 

the hours to repair (TTR). Consequently, when more than one failure was recorded 

on the same date it was unclear as to what hours were operated between the failures. 

To compensate for this lack of information and obtain estimates for the t h e  between 

failures the following approach was used: 

When more than one failure was recorded on the same day, the sum of the 

TTR's for al1 failures occumng on that date was used and the event was 

treated as one failure. For instances where the sum of the hours equaied 20 or 

pa te r ,  20 was used since it represents the production operating hours. 



For failures that had multiple TTR's of 20 hours the first TTR less than 20 

was included, even if it was against a different code. This was done to avoid a 

calculated zero TBF. 

Using the TTR as detemiined above the TBF was calculated using: 

TBF = [(Q - 4)*20 - V R ) P  EU 

Where: 

Dz is the date the failure occurred. 

DI is the date the previous repair was completed. 

20 is to convert days to shifl hours. 

TTR is the time to repair the previous failure. 

EU: is the effective utilization of the equipment as given in section 4.1 

equation 24. 

Obvious double entries of times ta repair were adjusted. For example, if 

equipment was in on the same date for the same number of hours for rnotor 

overheating and motor change, the TTR houn were only used once. 

Using the modified time to repairs will have the following implications: 

The TBF will be a rough approximation and their distribution will be 

influenced by the TTR distribution which may not represent their true 

distribution. 

Grouping Tm's on the sarne day into one event will tend to shift the 

distribution to the right. 

The estimate for the TBF will be shorter than the actual values. 



6.2 Tests for Indepeiidence and Identical Distribution 

Prior to fitting distributions to the data, tests to validate the assurnption of 

independent and identically distributed data (m)) were performed. Figures 6.1 to 6.4 

show samples of results obtained using the graphical techniques for trend and 

independence testing as discussed in section 2.4.4. 

Trend Test Ibr P-43 ECJ-1 W Scoop 

Figure 6.1 Trend Test for P-49 

Test fw Correlation P49 WC-100 Scoop 
, 

l 1 

Figure 6.2 Correlation Test for P-49 



Trend Test for T-14 1 5 Ton Truck 

200 ; 

Figure 6.3 Trend Test for T-14 

i-1 TBF 

Figure 6.4 Correlation Test for T-14 

The trend tests show that there are localized trends in the TBF's. These are 

indicated by the localized areas of deviation from the linear relationship. For example, 

between 300 and 350 cumulative TBF hours for P-49 the graph curves upward 

indicating that for this period of time the failure distribution is non-stationary. These 

localized trends are evident in al1 of the trend tests for both scoops and trucks. The 

test for correlation shows no disceniible pattern for al1 cases. Consequently, the 

assumption of I D  has 



not been rejected and distributions can be fit to the data using the stationary techniques 

discussed in section 2.4. 

6.3 Distribution of Time Behveen Failures Entire Machine 

Table 6.1 and 6.2 show the parameters obtained for a theoretical distribution fitted to 

the TBF of the scoops and trucks. The best fit is the lognormal distribution given by 

equation [7] 

Figures 6.5 and 6.6 show sample plots of the probability of failure, the reliability, 

the failure rate and the probability density corresponding to the fitted distributions. 

Table 6.1 Lognormal distribution parameters for TBF for 15 ton trucks 

P 

6 

MTBF 

N 

P-50 1 P-51 1 Fleet 1 

Table 6.2 Lognomal distribution parameters for TBF EJC-100 scoops 

T-10 

2.2501 

0.9205 

14.4944 

182 

T-11 

2.0616 

0.8697 

11 MO6 

234 

T-14 

2.1440 

0.9446 

13,3316 

181 

T-15 

2.1353 

0.972 1 

13.5690 

200 

Flee t 
l 

2.1418 

0.9 163 

12.9566 

797 



F i p n  6.5 Pmbabiüty of  Failurc and Reîiibility Plots for T-11 



Figure 6.6 Fiiiure Rate rad Faüure Probabüity Dtnaity Function for T-Il 



6.4 Distribution for TBF of Truck Components 

To investigate the critical components for the trucks indicated in section 5, 

distribution were fitted to the data for motors, drivetrains and hydraulic systems. The 

resulting best fit distnbution and corresponding parameters are show in Table 6.3. 

Testing of the component data for I D  showed no correlation, but the hydraulics 

systems showed evidence of trends. 

T-IO 

Mean life (hrs) 
Failures 
Distribution 
T-l 1 

Mean life (hrs) 
Failures 
Distribution 

Mean life (hrs) 
Faiiures 
Distribution 
T-15 

Mean life @rs) 
Failures 
Distribution 
Fleet 

Mean life (hrs) 
Failures 
Distribution 

Motors 
P=0.7028 
q= 48.6823 

3 .O094 
mz64.4120 
N=50 
Weibull 
P=0.8445 
q= 46.7676 
y= 0.5997 
m=5 1.6889 
N=58 
Weibull 
P4.7462 
q= 30.6291 
y= 1.7409 
m=38.3629 
N=50 
Weibuil 
p=3.3490 
-1.3570 
y= d a  
m=71.5019 
N=57 
Lognormal 
P4I.8449 
q= 45 .go70 
y= 0.3881 
m=50.5221 
N=238 
Weibull 

Table 

Drivetrain 
P=0.6083 
r\= 103.046 
y= 1.1998 
m=153.5262 
N=22 
Weibull 
P=0.9428 
q= 57.7742 
^f=o 
m=59.3448 
N=55 
Weibull 
P4.5560 
q= 5 1.7540 

2.6799 
m=89.340 1 
N=32 
Weibull 
P4.6841 
q=87.2276 
y= 0.8 166 
m=113.7372 
N=29 
WeibuJl 
j34.7492 
q= 69.0348 
y= 0.7596 
rn-83 .O275 
N=138 
Weibull 

6.3 Distribution 

Hydraulics 
p=2.9958 
a= 1 .4694 

y= d a  
rn=58.8722 
N-58 
Lognormal 
p=3 .2433 
F I .  1461 

y= d a  
rn=49.4060 
N=72 
Lognormal 
P=0.6465 
q= 35.7017 
y- 3.6753 
rn=52.7486 
N-62 
Weibull 
P4.6236 
q= 34.8861 
y= 3.0440 
rn=53.0729 
N=62 
Weibull 
1=3.1419 
a= 1.2968 
y= d a  
m=53.664 1 
N=254 
Lognormal 

for Truck Components 



6.5 Distributions for Time to Repair 

Tables 6.4 and 6.6 show the parameters obtained for a theoretical distribution 

fitted to the TTR fnr the trucks and scoops respectively, before they were grouped as 

discussed in section 6.1. Tables 6.5 and 6.7 show the parameters obtained for the 

scoops and trucks after treatment of the data. For both the original and treated data 

the best fit is the lognormal distribution given by equation [7] 

Table 6.4 Lognormal distribution parameters for original ITR for 15 ton 

trucks 

Table 6.5 Logoormai distribution parameten for modifiai TTR Cor 15 ton 

trucks 



Table 6.6 Lognormal distribution parameters Tor original I T R  E JC-100 

scoops 

CL 

a 

MTTR 

N 

IP-44 IP-45 IP-46 IP-48 IP-49 1 P-M IP-51 IFleet 

Table 6.7 Lognormal distribution parameters for modified TTR EJC-100 

scoops 

P-44 

1 .O266 

1 .O 12 1 

4.6403 

294 

6.6 Discussion of Statistical Results 

The results for the individual machine and for the fleet presented in tables 6.1 and 

6.2 allow several observations to be made. Looking at the p parameter for the 

lognormal function and realizing that this is the mean of the natural Iogarithm of the 

data it can be seen that for both scoops and tnicks there is no one single piece of 

equipment whose mean time between failures (MTBF) is drarnatically different from 

that of the fleet. This shows that no one piece of equipment is significantly worse than 

any other. Additionally, the overall MTBF is extremely low, ranging fkom 1 1.5 to 
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P-45 

1 .O43 1 

1 .O350 

4.8487 

407 

P-46 

1 .O357 

0.943 1 

4.3948 

379 

P-48 

0.8862 

0.959 1 

3.8426 

414 

P-49 

0.8702 

1 .O088 

3.971 1 

387 

P-50 

0.8970 

1 .O238 

4.1416 

404 

P-51 

0.9832 

0.9985 

4.4004 

419 

Fieet 

0.9599 

0.9922 

4.2722 

2704 



14.5 hours of production for trucks and 8.3 to 12.6 hours for scoops. This fow MTBF 

suggests that equipment may not be repaired properly when it leaves the shop. Other 

factors that can cause low MTBF are: 

Equiprnent or its components are not suitably designed for the application. 

The equipment has been improperly selected for the given mining conditions. 

Personnel are operating the equipment in an abusive manner resulting in 

premature failures. 

Table 6.3 lists the distributions fitted to the failure data of the 15 ton tnicks for the 

three critical systems. Among these we see that: 

The best fit distribution for the data for the hydraulic system and motors varies 

between Weibull and Lognormal. In contrast, the Weibull distribution provides 

the best fit in al1 cases for the drivetrain data. 

Within the analysis of the fleet, the MTBF is 5 1, 54, and 83 operating hours 

for motors, hydraulics and drivetrains. This ordering implies that rnotors are 

more troublesorne than hydraulics which are more troublesome than drivetrains. 

This ranking of mean t h e  between failures confins what is show in Figure 

5.5 which was obtained by a simple plot of the hours spent in the shop. 

In al1 cases where the Weibull distribution was found to provide the best fit, P is 

less than one. This corresponds to a decreasing failure rate which is indicative 

of infant mortality type failures. Thus, the failures are being induced by 

improper maintenance procedures or replacement components which are faulty. 

Plots of the failure rate for the instances where the Lognormal distribution 

provides the best fit also indicate a decreasing failure rate. 
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The results for the distributions fit to the original TTR when compared to those for the 

modified TTR indicate that: 

Modifjing the TTRs as discussed in section 6.1 did not change the type of 

best fit distribution. In al1 cases the Lognormal distribution provides the 

best fit distribution. 

As expected, grouping the houn in the shop for more than one failure on 

the sarne day resulted in a shift of the distribution to the right. This is 

indicated by the increase in p. 

Judging by the ïeduction in the data set between the original TTR and the 

modified TTR it appears that the TBF calculated from the modified TTR 

should be conservative. 

From the original data the mean time to repair was found to Vary between 5.3 and 5.9 

hours for 15 ton trucks and 3.8 and 4.8 houn for scoops. In comparing these numbers 

with those shown in tables 5.1 and 5.2 which show the mean time to repair as 4.4 and 

4.7 hours for trucks and scoops it can be seen that the difrence in estimated time to 

repair each piece of equipment is slightly higher using the original data, as would be 

expected. 

6.7 Eff'ects of Treatment of Data 

The discussion in section 6.6 presents valid observations based on the data and 

the assumptions made in its treatment. However, Figure 6.5 shows obvious points of 

discontinuity in the data at around 7.8 and 15.6 hours. Although not shown 

graphicaiiy, these discontinuities appear in al1 of the data sets. The consistency with 



which these discontinuities occur suggests that they are being induced by the treatment 

of the data. Recall that due to the lack of records of operating hours between failures 

it was necessary to estimate the TBF using equation [25], repeated below . 

TBF = [(Q - D,)*20 - ?TR]I EU where EU q . 3 9  

From this equation it can be seen that for failures one day apart the maximum 

estimated TBF will be 7.8 hours which corresponds to a zero time to repair. 

Furthemore for failures occurring two days apart the maximum estimated TBF would 

be 15.6 hours. Thus, when the difference between D2 and DI changes from one day to 

two, the TBF jumps from slightly below 7.8 hours to something above. The actual 

magnitude of the jump is determinecl by how small the last TTR was on the prevîous 

day. This process repeats itself in multiples of 7.8 hours. 

Figure 6.6 shows a plot of reliability for Load Haul Dump machines derived by 

analyzing data presented by Kurnar (Kurnar, 1990) which exhibits discontinuities at 

approximately, 8, 19, 38, 55 and 77 hours. In this paper no mention is made of these 

discontinuities. The discontinuities in the TBF data appear to be occuning at 

multiples of 19 hours. This highlights a problem with collection of failure data in 

general, in that a continuous distribution is fit to data recorded at fixed time interval 

resolutions. For the data presented in this the si^ the cause of the discontinuities has 

been identifmi as an artifact of the data treatment. If the data us& to fit Figure 6.5 

was not being influenuxi by the data tmtrnent, the data would tend to spread itself 

out in a manner consistent with its distribution. Thus, the curve fit to the distribution 

which estimates the least square fit amongst the points actually does a good job of 

approximating the underlying behavior. Although the exact location of the 



Figure 6.6 Rdiability Plot For Lod Haul Dump Machina Data from 

Kumar. (Kumar, 1990) 

curve rnight change slightly, the fitted distribution is consistent with the actual 

behavior and consequently presents a valid estimate of the reliability of the equipment 

given the limitations of the data available 

If the shape of the distribution fitted to the data as show in Figure 6.5 was not 

due to the treatment of the data it m l d  be due to the failure data representing 

different pefiods in the Iife cycle of the equiprnent. In essence, the data could contain 

sub-populations which represent a particular stage of the equipment's We. Under 

these cucumstances it would require that a multi-population Weibull distribution be 

fitted to the data. For iliustrative purposes this has been done to the data for truck T- 

1 1. Figure 6.7 and 6.8 show the reliability and Mure rate graphs for a 2 and 3 



population Weibull distribution fitted to the failure data for T-1 1. From these figures 

it can be seen that the resulting curves tend to follow the data better. This is 

particularly apparent in the 3 population failure rate graph which shows the 

discontinuity in the data. The parameter obtained for these distributions are shown in 

Table 6.8. 

Table 6.8 Multi-Population WeibuU Distribution Calculated Parameters for T-11 

Population 

P 

rl 

1 

(2 Subsets) 

9.479 

6.727 

2 

(2 Subsets) 

1.1366 

13.223 

1 

(3 Subsets) 

2.4309 

4.3558 

2 

(3 Subsets) 

14.0202 

6.9890 

3 

(3 Subsets) 

' 1.6671 

17.4646 

1 



T-11 15 Ton T w k  

Figure 6.7 ReliabUity and Failun Rate Plot Obtrind Using a 2 Population 

Mixeâ WtibuU Distribution 
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Figure 6.8 RtlirbEty riid Failure Rate Pîot Obtaineâ Using a 3 
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7.0 Oil Analysis 

To investigate the impact of the existing oil analysis program on maintenance, the 

results fiom oil samples from Ianuary 1996 until December 1996 were obtained fiom 

Esso's laboratory in Antofagasta. From this database the samples specific to the EJC- 

100 scoops and the 15 tons trucks were extracted. Tables 7.1 and 7.2 show motor 

failures and the corresponding oil sarnple histos, for EJC-100 scoops and 15 ton 

trucks respectively. Definitions of the symbols used in Tables 7.1 and 7.2 are shown 

in section 2.3.2 . 

To detennine if the data in Tables 7.1 and 7.2 could have predicted an incipient 

motor failure it was necessary to determine prediction criteria. To accomplish this a 

fiequency distribution of each element was plotted and the 90' and 95' percentiles 

were calculated. The X percentile of a population gives the value of which X 

percentage of the data fdl below. For example, the 95' percentile of copper 

concentration was calculated to be 71 parts per million (PPM) for EJC-100 scoop 

rnotors, which implies that only 5% of the E3C-100 motor results were copper 

concentrations greater than 71(PPM). As an exarnple, Figure 7.1 shows the 

distribution of Iron (FE) for EJC-100 scoop motors. Al1 of the frequency distribution 

plots are included in Appendix B. B a d  on the shape of the eequency plots and the 

fact that obvious anomalies were included in the percentile calculations it was decided 

that the 95' percentile would be used as the cut off This failure criteria is 

independent of trending results fiom previous oil samples. Using the 95" percentile 

for the cut off for each element measured, the data in Tables 7.1 and 7.2 were 



analyzed to determine incidences where oil sarnpies revealed abnormal levels of 

elements prior to engine failure. The result s are shown in Table 7.3 

According to this table a shoner tum around time and appropnate trending 

analysis of oil sample data would have indicated at least seven incipient motor 

failures. Five of these failures resulted in motor changes, (four for UC-100 scoops 

and one for 15 ton tmcks). 



Table 7.1 EJc-100 scoop motor failures and corresponding oil rnalysis data (Concentration in PPM) 

. .. 1 1 1 

T-1 1 21-Jun-9û t 7-Jul-96 18J~l-98 16 3 6 O 11 O 127 75 No 18.W 
T-11 26-JuF96 2ô-Jul-96 Cyllnder Hsadr 23-Jub98 &Sep96 11-Sep965 O 4 3 3 2 13869 No ,15.11 
T-1 1 8-Aug-98 &Sep% f 7-S0p96 27 6 15 5 20 10 147 75 NO 17.66 
iT-11 I 

1 8-Nov-96i 19Nov-96ilS i l  17 13 rt1 13 1146 S8 i N ~  i15.59i 

Table 7.2 15 ton truck motor fidures aiid corresponding oil analysis data(Concentration in PPM) 



FE Histogram 

PPM 

I 

Figure 7.1 Iron (FE) distribution for EJC-100 scoop motors Jan 96 to Dec 96 





7.1 Discussion of Oü Anaiysis Results 

Section 7.0 showed that proper utilization of the existing oil analysis program could 

have turned 5 unplanned motor repairs into planned repairs. As stated earlier, the -a of 

an unplanned repair is significantly higher than a planned one. To attain an estimate for the 

effects these unplanned motor failures had on the mine, an estimate for the cost of lost 

production due to an unplanned failure was performed. The estimate of lost production 

was calculated using the data in Tables 7.4 and 7.5 and is based on the following 

assumptions: 

Planneci repair hours are those t hat were estimated by central maintenance staff  

assurning availability of labor and parts. Actual average repair hours were 

obtained from maintenance data. 

Total tons produced were directly proportional to scoop and truck operating 

hours. 

Ore prices are based on Bamick's 1996 budget values. 

Prioductkir 

Table 7.4 Pduction Data for 1996 

Hwn Uîüized Average Cmde 
I 

435,045 

Av. Tons per hr 

19%Tons Scoop 

139,278 

Au(oz) Truck 
I 

Scoops 

613,369 

&(Oz) Trucks 

15,098 

CuT-M 

gmhm 

9.09 

Au 

gm/tm 

40.04 

4 3  Culton 

.O347 

hours 

21 1,653 

hours 

197,764 

l'PH 

2.06 

TPH 

2.20 



pp - pp - - - - - - -- - - - - - - - 

Table 7.5 Cost diKerence estimate for unplanned and planned motor failures 

Using Tables 7.4 and 7.5 it was possible to estimate the cost of lost production. This 

was accomplished by dividing the total tons for the year by the total operating hours for 

scoops and trucks respectively to get an estimate of average houriy production for each. 

Then using the average grade and p h  for the year an estimate for the cost of production 

for scoops and trucks was caiculated. This number was then used to estimate the cost of 

excessive houn in the maintenance shop. The corresponding results show in Table 7.5 

indicate that the estimated extra cost of an unplanneci motor repair is $9,78O(US) and 

$23,840 (US) for EJC-100 scoops and 15 ton trucks respectively, considering lost 

production only. Thus, for the five motor changes that could have been predicted for 

1996, the projected value of lost production is $62,960 (üS). The actual swings would 

likely be higher since the ability to predict the incipient failure would enable earlier 



shutdown and repair, thus mitigating secondary darnage to the motor and subsequent 

costs. 

Table 7.6 shows average Deutz motor repair cost for motors overhauled between 

January 1996 and Mach 1997. It is dficult to distinguish repair costs for plmed 

versus unplanned motor replacements. Nevertheless, as discussed in section 2.1 the cost 

of an unplanned failure is typically three times that of a planned failure (Mobley, 1990). 

This impties that the total cost of the unplanned failures due to improper use of the oil 

analysis program could be as high as !§400,000 US. This number was arrived at by taking 

the average cost for both motor types and multiplying it by 3 for an unplanned fdure, 

multiplying this result by 5, the number of failures, and adding the cost of lost production 

Status of Number of I Deub 

Motor Repairs 

Total 

Hours 

For 19% 

Change I 
Change l l2 

Average 

hrs 

beîween 

repairs 

Repair 

Cost 

SUS per 

motor 

Table 7.6 Actuai Repair Cos& for Dcutz Motors From Januay 19% to date 

In analyzing the oil analysis data an attempt was made to determine possible reasons 

for the failure of the existing program to predict failures it was noted that: 

On average the elapsed tirne 60om sample extraction to arriva1 at the laboratory was 29 

days for EJC- 100 scoops and 3 1 days for 15 ton trucks. 



The average elapseù tirne from sample amival at the laboratory until the results were sent 

to the mine was 7 days. 

Through discussion with maintenance personnel at the mine it appears that no trending 

of the data received fiom the laboratory was done. When a sarnple was obtained with 

abnormal leveis the only steps taken were to decrease the tirne between filter changes. 

Due to staff  turnover it was impossible to find out exactly what criteria was being used 

to determine abnomal Jevels. 



8.0 Conclusions and Rtcommendations for Future Work 

8.1 Conclusions 

8.1.1 Condition Monitoring 

The evaluation of the oil analysis program at the mine has indicated that to operate an 

effective CBM program the foilowing is necessary: 

The turm around tirne of the data must be short enough to ensure that pending 

failures can be recognized before they occur. 

To ensure that the data can be used to determine the condition of a machine thought 

must be given to what indicaton need to be extracted from the data and what 

constitutes abnormal conditions for these indicators. 

Sucfessfil CBM requires proper compilation of the data in a manner such that it can 

be intepreted and alarms generated when abnomal levels of the particular 

indicator(s) are found. 

Results fiom the indicators require trending to enable predidion of failures within a 

reasonable time frame to allow scheduled repair or replacement. 

8.1.2 Identification of Probltm Areas 

Repair time estimates fiom maintenance personnel do not accurately reflect actual 

values observed. Better estimates of repair time could be obtained under a 

controlled study. 



Equipment downtime tends to be dorninated by factors other than actual repair time. 

These factors could include delays caused by lack of resources- spare parts, labor, 

shop space- or lack of priority for repairs. 

A Pareto Analysis of failure data is useful for identifying problems within the 

maintenance process. In the case study presented the Pareto Analysis indicated that 

downtime was independent of equipment type and cornponent type. This led to the 

above inference that something other than repair time was dominating the downtime. 

8.1.3 Statistical Analysis 

Usefulness of the failure and repair data is compromised by the lack of precision in 

recording time of failure and associated downtime. 

Assumptions made to compensate for the data's lack of precision lead to artificial 

segregation of the data sets into distinct populations. 

Fitting of models to the data yielded fairly good results. The fits aepear to reflect 

the equipment behavior more so than the treated data. This is indicated by the 

smoothing eEect the fit curve had in the area of discontinuities. 

The fitted models show reasonable correspondence with the underlying mean time 

between failure and rnean time to repais. 

8.2 Future Work 

1. An investigation into the costs versus benefits of an improved CBM program at the 

mine should be performed. This should consider the following: 



Benefits of a faster tum around time for oil sarnples. This might include 

investigation into the viability of an onsite laboratory to service al1 mines on the 

site. 

The possibility of using additional analysis should be evaluated. This should 

include consideration of using ferrography on the oil samples to aid in 

determination of failure causes and the possible implementation of a vibration 

monitoring program. 

The appropriate methods for interpreting and trending of CBM data should be 

determined. 

2 An investigation into downtime factors should be initiated. This would necessitate a 

more detailed level of data recording, so that reasons for downtime could be identified. 

This could include recording downtime in categories like: actual repair time, waiting for 

parts, waiting for labor and spare equipment (implying low priority on repair). This 

level of recording could be accomplished by the use of a maintenance management 

information systems (MMIS) which would require appropriate data entry and training 

of personnel. 

3 A theoreticai study could be performed to mode1 the effects of irnprecision in the failure 

and repair data. This would require more precise data which could be obtained fkom a 

properly utilized MMIS. Altematively, precise data could be coilected by relying on the 

operator using a production monitoring system. 

Software simulations could be constructed using the fitted models. These simulations 

couid include cost studies for various levels of equipment availability. They could also 

be used to run production studies. 



Reliability models could be formulated for these types of equipment from generic 

component reliability databases. These models could be compared to those identified in 

this thesis. This would provide an indication of the influence of the rnining environment 

on component and equipment reliability . 
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Appendix A 

Failure Code Definitions 



102 ACCIDENTE DE EQUIPO I I 1 Accident l 

Hydraulic Valves ' 

1000 

100VALVULAS,HIDRAULICO 

REVISION DEL EQUIPO 

110 

1 1 ~o~MANGuERAS,HIDRAULICO (H ydraulic Hoses 1 

.Revision to Equipment 

120 

BOMBAS,HIDRAULICO 

FITTING,HIDRAULICO Hydraulic Fittings t--1 
Hydraulic Accumulator 

.Hydraulic Pumps 

140 
C 

152 

CILINDROS,HIDRAULICO 

154 

'H ydraulic C ylinders 

ENFRIADOR,HlDRAULlCO 

200 

Hydraulic Cooler 

FUGAS DE ACEITE HlDRAULlCO Hydraulic Oil Leaks 

LUCES,ELECTRICO 

Electric Cables 21 0 

230 

234 MOTOR ELECTRICO I I 

Electric Lights 
1 

CABLES,ELECTRICO 

232 

ALTERNADOR.ELECTRIC0 Altemator 
f 

240 

250 

31 0 

MOTOR DE PARTIDA 

320 

:Starter 

CONTROL REMOT0,ELECTRICO 

SELENOIDES,BOBINAS, ELECTRICO 

NEUMATIC0,RODADO 

330 

Remote Control 

Solenoids, Coils 

,Tires 

PERNOS,TUERCAS,RODADO Tire Bolts and Nuts 

ORUGAS, RODADO 
f 

Caterpillar Tracks 



332 RESORTES, RODADO r I 
400 

412 EMBRAGUE, TRANSMISION I I 
41 0 

CONVERTIDOMRANSMISION, Torque Converter 

CARDAN/CRUCETAS,TRANSMISION 

420 

1 

Universal Joint 

430 

1 ~~O~TECHO,CARROCERIA.CHASIS IRoof, Body I 

PlLLOW BLOCK,TRANSMISION 

440 

500 

51 0 

512 

522 ASIENTO OPERADOR, CHASIS I I 

Bearing 

DIFERENCIAL,TRANSMISION 

IOperatots Seat 

Differential 

MASAS,TRANSMISION 

INSERTO, ROTULAS, PASADOR,TRANSMISION 

TOLVA,BALDE,CHASIS 

EXTINTORES,CHASIS 

Hubs 

Knuckle Joint 

Bucket 

F ire Extinguisher 

1 6 0 4 1 ~ ~ ~ 6 1 0  MOTOR, MOTOR /Change Motor I 

524 

530 

600 

602 

606 TURBINA, MOTOR I I lMotor 

ESTANQUE,CHASIS 

HORQUILLA,CHASIS 
---, 

CULATAS,MOTOR 

ENFRIADOR,MOTOR 

Tank 

Fotks 

ICylinder Head 
4 

Motor Air Conditioning 

61 0 

620 

622 

624 

TURBOS,MOTOR 

BOMBA INYECTOFiA,MOTOR 

BOMBA CEBADORA,INYECCION 

VALVULAS,SISTEMA COMBUSTIBLE 

.Turbo Motor 

Motor lnjector Pump 

lnjector Prime Pump 

Valves Fuel System 



660 FUGAS ACEITE,MOTOR I 

Valves Fuel System 624 

632 

640 

650 

/Oil Leaks Motor 

VALVULASISISTEMA COMBUSTIBLE 

700 FRENO HUMED0,FRENOS I 

CORREAS,MOTOR 

ACELERACION,MOTOR 

TEMPERATURAIMOTOR 

Belts 

Motor acceleration 

Motor Temperature 

710 

720 

800 

802 

804'MOTOR DE AVANCE,PERFORACION 

CALIPER,FRENOS 

PEDAL,FRENOS 

:CENTRALIZADOR, PERFORACION 

MORDAZAS,PERFORACION 

Drill Advance Motor 

806 

Brake Calipers 

.Brake Pedals 

'Drill Center Device 

,Drill Jaw 

PLUMA, PERFORACION 

810 

840 

( ~ o o m  Rotation 

l' 

CULATIN,PERFORACION 

842 

,Drill Head 

CABEZAL,PERFORACION 

ROTA BOOM,PERFORACION 

Drill 

846 

850 

CHUK,PERFORACION 

PERFORADORA, PERFORACION 

Drill Chuck 

&Drill Bit 



862 

864 

866 

COMPRESOR,SISTEMA DE AIRE 

)Preventative 

Maintenance 

Air System 860 

Air Cornpressor 

VALVU LAS, SISTEMA Al RE 

BOMBAS,VALVULASSISTEMA DE AGUA 

970 

- 

- 
- 

- 

- 

- 

- 

- 

d 

SITEMA DE AIRE 

Valves Air System 

Water Pumps and 

Valves 

MANTENCION EN LINEA ( ALPM ) 

985 REPARACION EN MAESTRANZA I l Repairs in Central Shop 

980 MANTENCION 3000 HORAS(0VER HAUL) I l  
990 MANTENCION 1000 HORAS I l  

3000 Hr. Service 

11 000 hr Maintenance 

1  REPARA PARA CI ON ENMINA l~epairs at Mine 

996 REPARACION EN SERVICIO EXTERNO I l /Outside Repairs 



Appendix B 

Oil Contaminant Aistograrns 



EJC-100 SCOOPS 
SI Histogram 

EJC-100 Scoops 
NA Histogram 

PPM 

EX-100 Scoops 
CA Histogarn 



WC-100 Scoops 
8 HWtogram 

EJC-100 SCOOPS 
Vïscosity Histogram 

PPM 




