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ABSTRACT
The production performance of mining and also construction equipment (like haul trucks, excavators, loaders,
crushing and screening equipment) depends on its availability and utilisation states. Thus, it is necessary to determine the mean availability and structure utilisation of machinery systems with the aim to improve the same. At the
same time, a detailed analysis of machinery operation data can result in a more effective management of mining
plant operations and the mining process itself. Determination of operational state indices and their individual components allows to start preventive actions, resulting in the improvement of the organisation of work of the entire
mine machinery system. Moreover, the future technical state of machines operated in surface mining is closely
related to the current state and depends also on the events that have occurred in the extraction system. The analysis
of dependability parameters can have a significant impact on decision-making, related both to the processes of use
and maintenance, and, primarily, to all main operational processes of the mine. Different mines follow different
terms and maintain different information. The only common information in most of them concerns the availability
and utilisation of mining and construction equipment, which might be useful. There is a need to develop proper
feedback and to define terms, factors and indices related to mining equipment. Below follows an analysis of selected operational parameters and the mean availability in the process of using the mining and construction equipment.
This type of analyses help determine the operational potential of every element in the engineering system, understood as the ability to perform work processes. The analyses also illustrate how the reliability parameters change
with the durability of the operated machinery. This makes it possible to identify the machines with the highest and
lowest damage rates and such analyses can form the basis for the creation of optimised machine systems.
Keywords: surface mining, construction industry, mining equipment, construction equipment, failure intensity,
utilisation, reliability parameters.

INTRODUCTION
Rational solutions for mining and construction equipment based on the use of haul trucks,
excavators, wheel loaders and crunchers should
result from a thorough analysis of technical and
economic issues – both cost- and operation-related - which can have a crucial impact on the
cost of extracting minerals. Moreover, mining
and construction equipment should be selected in
consideration of all the vital parameters in specific operating conditions and even the operator’s preferences. This selection should consider
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hitherto disregarded criteria, such as mean availability and structure utilisation of machinery
systems with the aim to improve the same [1].
Recent examples of studies are [2÷6]. Considering the above issues, the following paper is an attempt at developing new and universal criteria as
well as a method of evaluation and selection of
means of mining equipment for mineral resource
open-pit mines. This is particularly important in
case of preliminary crushers, which typically occur as single units, forming a serial and parrarel
reliability structure with other machines.
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The production performance and profitability of rock mines and construction industry is
closely related to the elements of the operation
process of the entire machinery system (haul
trucks, wheel loaders and processing equipment).
A detailed analysis of fault data and other operational parameters of each element of the machinery system can contribute to more effective
management of the mining plant operation and
the extraction process. Furthermore, the future
technical condition of surface mining machines
is closely connected with the current state of affairs and depends on the events that have already
taken place in the operation system. The analysis
of the operational statuses and their individual elements makes it possible to undertake preventive
measures, leading to the improved operation of
the entire machinery system in mining. It is recommended that information on the operation of
machines in surface mining be standardised. This
is particularly important in case of preliminary
crushers, which typically occur as single units,
forming a serial and parrarel reliability structure
with other machines. Reliability assessments of
repairable mining machines have been reported
in some papers [3, 7, 8]. Esmaeili and Nabizadeh
[9, 10] discussed loading and hauling, which their
failure rate and profitability of mines. Allahkarami and Kumar [3, 11] analyzed the reliability of
haul trucks and failure rate consequences. Therefore, reliability analysis is required to identify the
bottlenecks in the machine system and to find the
components or subsystems with low reliability
for a given designed performance [12, 13].
The proposed methodology, illustrated with an
example of the selected mine, is universal and can

be applied in other mining plants. This paper attempts to analyse the most important operational
parameters of the individual elements of the machinery system constituting the engineering system
of a rock mine - loaders (wheel loaders), transport
machines (haul trucks) and processing machines
(jaw crushers). Also it can be used for analysing of
machine systems in construction industry.

PROCESS-LINE CONFIGURATION FOR
LOW-QUALITY RAW MATERIAL
As a result of karstic formations, 20% of the
studied limestone seam comprises ungraded material (waste stone) which is unfit for use further in
the process. In our study, we used the term seam
quality 80, meaning that intermediate product
comprises 80% of the seam, and assuming that the
rock extracted from the bed should be preliminarily crushed to remove the karst fraction, with a particular size distribution of 0-40 mm, from the final
material. The fraction that is fit for use further in
the process (intermediate product) has a particular
size distribution of more than 40 mm. Three possible process-line configurations were proposed
to select the best alternative for the seam conditions under study. In this mining system, the extracted rock a wheel loaders was used to load haul
trucks; rigid-frame haul trucks with a capacity of
55 Mg were used to transport the extracted rock
to the waste rock dump for preliminary crushing
of ungraded material, and to transport intermediate product to the processing plant. The location
of preliminary crusher is different for each of the
mining systems compared (Fig. 1) [14].

Fig. 1. Preliminary crushing locations in the analysed mine [14]
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AN ANALYSIS OF FAILURE INTENSITY
AND THE RELIABILITY FUNCTIONS
OF THE INDIVIDUAL ELEMENTS
OF THE MACHINERY SYSTEM
Failure intensity can be estimated on the basis
of statistical analyses as a parameter which describes the number of cases (failure density) of
individual machines being disengaged from the
operation system as a result of a failure. This parameter makes it possible to determine the average number of service requests to the restoration
system for a given machine, while disregarding
the time to restoration [15]. As a result, several
studies have been performed to study the analyzing failure intensity of mining machines [12,
16, 17] The failure intensity parameter was determined as a mean of the number of failures for
each analysed machine during the total analysed
period of time according to dependence (1). The
failure intensity was determined as the mean value
of exclusions for the analysed mining equipment
population, falling to the entire range of analysed
operation time (14.000 hours of operation) acc.
to relationship (1) [12, 17÷21]. This parameter’s
value is expressed as [failure/hours of operation].
𝜆𝜆(𝑡𝑡) =

𝑛𝑛𝑖𝑖 (𝑡𝑡)
𝑁𝑁(0) ∙ 𝑡𝑡

(1)

where: ni(Δ) - the number of registered damages in the i-th range of the analysed duty
[damages], N(0) – the number of specific
type of machines in the analysed population [units], Δt – the total length of the
range of the analysed duty (engine hours).

Malfunctioning machines were not replaced
with operational ones during the analysis – no
cold reserve. In order to determine failure intensity, separate analyses were conducted for each
machine type. Also, cumulative failure intensity
was analysed for the individual groups and the
entire machinery system. Group L1 included four
wheel loaders with a service live of 0 to 14,000
hours of operation (Fig. 2). Group W2 included
five haul trucks with a service live of 0 to 13,000
hours of operation (Fig. 3). Item N3 was a single
technical item – a jaw crusher.
The distribution of failure intensity was determined for all machines based on service requests
submitted to the restoration system. These requests
included serious failures as well as minor defects
indicated and detected by the telemetry system or
the operators. They were treated equally due to
the resulting necessity to disengage a given item
from engineering operations. All maintenance requests were registered in an especially prepared
spreadsheet comprising a precise time of the

Fig. 2. Detailed histogram of failure intensity in the L1 loader group

Fig. 3. Detailed histogram of failure intensity in the W2 haul truck group
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failure occurrence (request), for a specific value
of the operation time (in hours of operation), for
each type of machine on an individual basis. The
total range of cumulative failure intensity for two
comparable sets of machine resources (L1 and
W2) was assumed for the durability of 0 to 14,000
hours of operation (Fig. 4). The total range for the
analysis of (jaw crusher) N3 was 12,000 hours of
operation. A chart of the failure intensity function
λ(t) was drawn up for cumulative failure intensity, and the density of the Weibull distribution
was assumed according to [12, 22, 23]. In the
preparation of the Weibull distribution, it was assumed that the probability of an event in a short
period of time ∆t was approximately equal to λi
∆t, i.e. the average number of events per unit of
time changes with time and depends on the observation period [24]. For the purpose of failure
intensity and reliability functions analyses, it was
assumed that the observation would continue until
a specific number of items fail. In such a case the
number of failures (fraction) was determined and
the time until failure was a random variable. The
analysis was conducted until complete data were

obtained either for all events or for a pre-specified
number of events. All the analysed machines were
in a similar technical condition (they were fully
operational) and each item in the sample was used
under exactly the same conditions [25].
The history of the failure intensity parameter for the L1 group as regards cumulative intensity illustrates the initial period of operation
(0-10,000 hours of operation), with increased
failure intensity which decreases with time. This
effect can be explained by various manufacturing
or installation defects, etc. constituting the main
cause of failure in the initial period of operation.
In the next period (more than 12,000 hours of
operation) of operation, failure intensity is much
lower, due to both the defects being eliminated
beforehand and the appropriate quality of operation. A similar course of operation can be observed in the case of W2 haul trucks (Figure 5).
The history of the failure intensity parameter
for the W2 haul trucks as regards cumulative intensity illustrates the initial period of haul truck
operation (0–7,500 hours of operation), with increased failure intensity which decreases with

Fig. 4. The failure intensity parameter for L1 loaders, for a total observation period of 14,000 hours of operation

Fig. 5. The failure intensity parameter for W2 haul trucks,
for the total observation period of 14,000 hours of operation
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Fig. 6. The failure intensity parameter for N3 jaw crusher,
for the total observation period of 12,000 hours of operation

time. In the next period (8,000–14,000 hours of
operation) of vehicle operation, the observed
failure intensity was much lower and remained
roughly constant (Figure 6).
The history of the failure intensity parameter
for the jaw crusher (item N3) illustrates the initial
period of operation (0–1,500 hours of operation)
characterised by increased failure intensity. In the
next period (4,000–12,000 hours of operation) of
its operation, the observed failure intensity was
much lower and stable.
After analysing the failure intensity parameters for the individual elements of the machinery system it was concluded that failure density
was the highest in the case of the jaw crusher
(item N3). This was attributed to the conditions
and nature of its use. This finding was significant especially given the fact that it is a single
technical item and its disengagement paralyses the entire machinery system of the mine.
A slightly lower failure intensity was observed
for wheel loaders, while the lowest was recorded for haul trucks, despite the latter including
the largest number of items.

Next, based on the aforementioned data,
empirical reliability function analyses were conducted for the individual elements of the machinery system (L1, W2 and N3). This indicator
describes the probability of the item remaining
in full working order as a function of its operating time. The probability of correct operation
was calculated for the operating time range starting at the initial point (operating time of 0 hours
of operation) and ending at 14,000 (L1, W2) or
12,000 (N3) hours of operation (Figure 7–9). For
reliability analysis, the manner in which restoration occurs (whether it is through replacement of
a failed element with a new one or repair of such
an element) is irrelevant. Furthermore, time to
restoration, which comprises, among others,
time needed to diagnose the failure, time needed to assemble the materials and spare parts for
repairs and time needed to perform the repairs,
is also treated as a whole (Zótkowski, Cmable
2005) [26]. Reliability until failure (in hours of
operation) was assumed as the random variable
determining the failure intensity of a machine
with the following reliability function [18÷20]:

Fig. 7. Empirical cumulative reliability function in the L1 wheel loader group
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Fig. 8. Empirical cumulative reliability function in the W2 haul trucks group

Fig. 9. Empirical cumulative reliability function for the N3 item (jaw cruscher)

𝑁𝑁(0) − 𝑛𝑛(𝑡𝑡)
𝑅𝑅(𝑡𝑡) =
𝑁𝑁(0)

(2)

where: R(t) – probability of correct machine
operation in the operating time range of
0 to t [hours of operation], N(0) – total
number of machines comprising the analyzed group, n(t) – number of machine
failures during the defined period of operation (14,000 hours of operation).
The analyses of the histories of the reliability
functions for individual elements of the machinery
system for the assumed values show that, for the
durability of the N3 item (jaw crusher), amounting
to about 2,000 hours of operation, the probability
of failure/malfunction is 55%. The same probability of failure for L1 items (wheel loaders) is reached
at 4,000 hours of operation, and for W2 items (haul
trucks) at more than 8,000 hours of operation.
What is worth highlighting for the W2 group is that
a reliability of 97% is reached as early as at 3,000
hours of operation. This stems from the history of
the empirical reliability function.
Reliability function provides a good comparison of durability of the utilised technical items –
machinery and equipment – and, at the same time,

gives grounds for drawing conclusions concerning
the prevalence of a type of failure process and probability of correct operation at a given time and under specific conditions. The analysis of determining the reliability function of mining machinery
equipment, as presented above, included failures
resulting from imperfections in their manufacture
or assembly. Furthermore, it encompassed failures
resulting from operation and operators’ errors, and
those associated with the impact of the environment. Such analyses make it possible to forecast
the reliability function, which can be implemented
as a sequence of basic functions of the generalized
polynomial of a function, which describe the reliability function in most common cases.

CONCLUSION
The unsatisfactory condition of use and restoration of mining and construction machinery
usually stems from the lack of real durability and
reliability characteristics of the individual types
of machines operated in specific conditions. The
conducted analyses indicated a strong correlation between empirical reliability parameters and
131
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theoretical curves, especially in the case of the
failure intensity function. The analyses also illustrate how the reliability parameters change with
the durability of the operated machinery.
In all analysed machine cases, failure intensity increases with operating time, and then stabilises. It was shown that there are considerable
reliability differences between individual items
which form the machinery system. This is especially true in case of preliminary crusher, which
demonstrates the highest failure intensity and, as
a single technical item connected in series to other elements (machines), may lead to a downtime
of the entire machinery system.
Such analyses help determine the operational potential of every element in the engineering system (mining and also construction
industry), understood as the ability to perform
work processes. In addition, they make it possible to determine items with the highest and
lowest failure rates. Owing to the above, similar operating characteristics can form the basis
for the creation of optimised systems of operation, e.g. the manner and frequency of carrying
out planned inspections.
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