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a b s t r a c t

Lubrication Condition monitoring (LCM) is not only utilized as an early warning system in
machinery but also, for fault diagnosis and prognosis under condition-based maintenance
(CBM). LCM is considered as an important condition monitoring technique, due to the
ample information derived from lubricant testing, which demonstrates an introspective
reflection on the condition and state of the machinery and the lubricant. Central to the
entire LCM program is the application concept, where information from lubricant analysis
is evaluated (for knowledge extraction) and analyzed with a view of generating an output
which is interpretable and applicable for maintenance decision support (knowledge appli-
cation). For robust LCM, varying techniques and approaches are used for extracting, pro-
cessing and analyzing information for decision support. For this reason, a comprehensive
overview of applicative approaches for LCM is necessary, which would aid practitioners
to address gaps as far as LCM is concerned in the context of maintenance decision support.
However, such an overview, is to the best of our knowledge, lacking in the literature, hence
the objective of this review article. This paper systematically reviews recent research
trends and development of LCM based approaches applied for maintenance decision sup-
port, and specifically, applications in equipment diagnosis and prognosis. To contextualize
this concern, an initial review of base oils, additives, sampling and testing as applied for
LCM and maintenance decision support is discussed. Moreover, LCM tests and parameters
are reviewed and classified under varying categories which include, physiochemical, ele-
mental, contamination and additive analysis. Approaches applicable for analyzing data
derived from LCM, here, lubricant analysis for maintenance decision support are also clas-
sified into four categories: statistical, model-based, artificial intelligence and hybrid
approaches. Possible improvement to enhance the reliability of the judgement derived
from the approaches towards maintenance decision support are further discussed. This
paper concludes with a brief discussion of plausible future trends of LCM in the context
of maintenance decision making. This present study, not only highlights gaps in existing
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literature, by reviewing approaches applicable for extracting knowledge from LCM data for
maintenance decision support, it also reviews the functional and technical aspects of lubri-
cation. This is expected to address gaps in both theory and practice as far as LCM and main-
tenance decision support are concerned.

� 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Condition-based maintenance (CBM), is a maintenance strategy that uses the information obtained while monitoring the
condition of a physical asset to recommend maintenance actions for it. As Jardine et al. [1] argue, CBM enables maintenance
actions to be taken only when there is corroboration of deviation of the behavior or condition of the asset. The process of
monitoring the condition in the machinery is condition monitoring, also defined as a management technique utilizing reg-
ular evaluation of the actual equipment operating condition with a view of maximizing the total equipment operations based
on equipment health condition data, where often such data is utilized for revealing deviations or faults in the equipment [2].

Different condition monitoring approaches are used where the International Standards Organization (ISO) classifies as
seen in Table 1.

Tribology and lubricant are classified into two variants, where tribology deals with the science of wear, while lubricant
analysis, also known as lubricant condition monitoring, deals with the analyzing the condition of the lubricant through
which, the health of the equipment is inferred. Lubricant Condition Monitoring (LCM) compliments predictive and proactive
maintenance strategies, and often applied as the first-line defense for mitigating early equipment deterioration, hence avert
potential catastrophic equipment failures. Effective maintenance decisions have a considerable impact on the equipment
operability, moreover since, poor decisions often bear adverse economic and environmental consequences. For successful
maintenance decision-making, technical knowledge about the equipment is required along with information on the business
and operational context. Hence, timely, accurate and reliable decisions should be made considering knowledge on the equip-
ment state based on information derived from condition monitoring. This is essential for decision support systems aimed at
aligning operational and business objectives of the organization and design of maintenance strategies aimed at attaining
such objectives.

To design such robust maintenance decision support systems, recent years evince increasing interest in LCM, especially
from academic researchers and industrial practitioners. A search from the web of science using search terms such as ‘‘lubri-
cant condition monitoring”, ‘‘lubricant monitoring”, ‘‘oil condition monitoring”, ‘‘oil analysis” and ‘‘oil monitoring” depicts
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