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ABSTRACT This paper presents the development of an easy-to-deploy and smart monitoring IoT system
that utilizes vibration measurement devices to assess real-time condition of bulldozers, power shovels and
backhoes, in non-stationary operations in the mining industry. According to operating experience data
and the type of mining machine, total loss failure rates per machine fleet can reach up to 30%. Vibration
analysis techniques are commonly used for condition monitoring and early detection of unforeseen failures
to generate predictive maintenance plans for heavy machinery. However, this maintenance strategy is
intensively used only for stationary machines and/or mobile machinery in stationary operations. Today,
there is a lack of proper solutions to detect and prevent critical failures for non-stationary machinery. This
paper shows a cost-effective solution proposal for implementing a vibration sensor network with wireless
communication and machine learning data-driven capabilities for condition monitoring of non-stationary
heavy machinery in mining operations. During the machine operation, 3-axis accelerations were measured
using two sensors deployed across the machine. The machine accelerations (amplitudes and frequencies)
are measured in two different frequency spectrums to improve each sensing location’s time resolution.
Multiple machine learning algorithms use this machine data to assess conditions according to manufacturer
recommendations and operational benchmarks Proposed data-driven machine learning models classify the
machine condition in states according to the ISO 2372 standards for vibration severity: Good, Acceptable,
Unsatisfactory, or Unacceptable. After performing field tests with bulldozers and backhoes from different
manufacturers, the machine learning algorithms are able to classify machine health status with an accuracy
between 85% - 95%. Moreover, the system allows early detection of ‘‘Unacceptable’’ states between 120 to
170 hours prior to critical failure. These results demonstrate that the proposed system will collect relevant
data to generate predictive maintenance plans and avoid unplanned downtimes.

INDEX TERMS Internet of Things, mining, non-stationary operations, data-driven, heavy machinery,
condition monitoring.

I. INTRODUCTION
The safe operation of heavy machinery depends on many
variables, from site design to proper work practices, and more
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importantly, having machine operators well informed about
where other pieces of mine areas, obstacles, and personnel are
about their equipment [1]. Situational Awareness (SA) is now
an essential element of many mining safety programs across
the industry. SA involves picking up information and cues
from the environment, putting those pieces of information
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together so operators can develop a good idea of what is going
on, and then using it to predict what happens next. That is
where technology can help. Many companies embrace new
technologies to support and enhance the mining equipment
operator’s SA [2].

Typically, SA is interpreted as the mining machinery sys-
tem’s capability to interpret its surroundings and other agents’
intentions. However, the internal system awareness is often
not receiving the same R&D focus, even though any given
critical mission’s success is completely dependent on the con-
dition of all the internal and external agents simultaneously.
The internal system awareness in the form of vehicle health
is the focus of this paper.

As the mining industry becomes increasingly automated,
and vehicles become increasingly advanced, the need for con-
dition monitoring and prognosis will continue rising [1], [3].
Condition-based Maintenance, or Predictive Maintenance,
is a decision-making strategy using condition monitoring
information to optimize heavy machinery availability [4].
Condition Monitoring (CM) enables the early detection of
faults or failures to reduce downtime and operating costs,
facilitate proactive responses, and improve the productivity,
reliability, availability, maintainability, and safety (RAMS)
of equipment [5] [6]. Rotating machines and main compo-
nents of mobile mining machinery typically operate under
conditions such as high load, high temperature, high mois-
ture or dusty areas. Degradation in component’s health is to
be expected under these operating conditions. Unexpected
breakdowns also can cause downtime and economic loss [7].
These situations cause accelerated degradation of critical
components of heavy machinery, increasing the failure rates,
and consequently, the repair costs up to 6 times and repair
times up to 30 hours or more [8]. Unplanned maintenance
in mining operations can reduce the availability of heavy
machinery up to 37%. Correspondingly, the useful life of
mobile mining machinery can be reduced by 25% [9]. In the
worst case, improper maintenance programs can cause total
loss of machine in less time than the manufacturer’s lifespan.

Multiple machine breakdowns in mining can impact
planned uptime up to critical conditions, resulting in impaired
production targets downstream, with the cost ranging from
$100,000 to $200,000 per machine per day [10]. Fig. 1 shows
the relationship between maintenance cost, time to failure,
and reliability in machinery. When the time to failure equals
zero, the system enters a failure state.When the time to failure
approaches zero, the system’s failure rate increases, and the
reliability and mean time to failure decreases, correspond-
ingly [8]. Therefore, it is critical to have a well-developed
CM program to improve non-stationary heavy machinery
reliability.

Unforeseen failures of mobile machinery used in the min-
ing industry significantly impact availability, overall equip-
ment efficiency, and productivity. Due to the lack of on-line
monitoring during machine operations, it cannot be veri-
fied that operators are using machines correctly or adequate
maintenance is being performed according to manufacturer

FIGURE 1. Typical curve Maintenance cost versus Time to Failure for a
heavy machinery.

guidelines. These situations cause accelerated degradation
of critical components of mining machines, increasing the
failure rates and consequently the repair costs up to 6 times
and repair times up to 30 hours or more.

Three main research topics can be identified in the state
of the art of condition monitoring solution for heavy machin-
ery: (i) improvement of data processing techniques (detec-
tion, diagnosis and prognosis algorithms), (ii) optimization of
maintenance planning and scheduling, and (iii) development
of hardware solutions for data acquisition in harsh environ-
ment conditions. The literature review indicates that areas (i)
and (ii) are the ones with the greatest R&D. Most references
in (i) use existing data and focus on the development of
new algorithms to achieve better accuracy or true-positive
rate for machine health status classification. Another relevant
challenge identified is the improvement of machine health
status predictions using small datasets with limited historical
information content. It should be pointed out that the survey
and gathering of industrial machine labelled data is a complex
task in mining conditions.

On the other hand, most references in (ii) use machine
health status diagnosis derived from existing data and focus
on improving maintenance strategies to extend assets lifespan
and bring more productivity and economic benefits using
ROI evaluations considering different maintenance plans and
schedules. Commonly, these developments use data obtained
through Multiphysics FEM/DEM modelling. These evalua-
tion techniques help to provide fault diagnosis under spe-
cific boundary conditions. The use of multiphysics modelling
techniques are typical for stationary machine assessment and
fault diagnosis, where physical behaviour under different
operating conditions are extensively reported.

CM is a broad term referring to the systematic process
of data collection to evaluate asset’s performance, relia-
bility, and maintenance needs to plan repair and mainte-
nance backlogs. Its main purpose is potential failures finding.
It requires the collection of good quality asset’s health data
which trending is studied. The primary advantage of CM
is that it incorporates health indicator monitoring activities
performed while the machine is operating. Assets failures are
predicted well in advance of their occurrence with the help of
data-driven models. Also, machine parameter data trending
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