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Why  do  we need  Maintenance?

• All items are unreliable as they degrade with age and/or usage. After a failure (event) an item terminates its ability to 

perform a required function. It is said to have a fault (state).

• The degradation process can be controlled, and the likelihood of failure reduced, through preventive maintenance 

actions. If a failure has occurred, corrective maintenance actions are needed to restore a faulty item into an 

operational state. 
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European  Standards  on  Maintenance

• CEN (2017). BS EN 13306:2017 - Maintenance. Maintenance Terminology. 

European Committee for Standardization.

• CEN (2009). BS EN 13460:2009 - Maintenance. Documentation for Maintenance. 

European Committee for Standardization.

• CEN (2016). BS EN 13269:2016 - Maintenance. Guideline on preparation of maintenance contracts. 

European Committee for Standardization.

• CEN (2014). BS EN 15628:2014 - Maintenance. Qualification of Maintenance Personnel. 

European Committee for Standardization.

• CEN (2022). BS EN 17666:2022 - Maintenance. Maintenance Engineering. Requirements. 

European Committee for Standardization.
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Fundamental  Terms

Maintenance – combination of all technical, administrative and managerial actions during the life cycle of an item 

intended to retain it in, or restore it to, a state in which it can perform the required function.

Maintenance management – all activities of the management that determine the maintenance objectives, strategies and 

responsibilities, and implementation of them by such means as maintenance planning, maintenance control, and the 

improvement of maintenance activities and economics.

Maintenance objective – target assigned and accepted for the maintenance activities (examples: availability, reliability, 

operating cost, product quality, environment preservation level, safety level).

Maintenance strategy – management method used in order to achieve the maintenance objectives.

Maintenance plan – structured and documented set of tasks that include the activities, procedures, resources and the 

time scale required to carry out maintenance.
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Goals

One can state that Maintenance has the following goals:

• To ensure realization of the inherent levels of reliability and safety of the equipment;

• To restore reliability and safety to their inherent levels when deterioration has occurred;

• To obtain the information necessary for design improvement of those items whose inherent reliability proves 

inadequate;

• To accomplish these goals at a minimum cost, including maintenance costs and the costs of resulting failures.

Maintenance cannot correct deficiencies in the inherent reliability and safety levels of the equipment. If the inherent 

levels are found to be unsatisfactory, design modification is necessary.
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Maintenance  Types

Preventive maintenance – maintenance carried out at predetermined intervals or according to prescribed criteria and 
intended to reduce the probability of failure or the degradation of the functioning of an item.
 

Condition-based maintenance – preventive maintenance which include a combination of condition monitoring and/or 
inspection and/or testing, analysis and the ensuing maintenance actions (the condition monitoring and/or inspection and/or 
testing may be scheduled, on request or continuous). 

Predictive maintenance – condition-based maintenance carried out following a forecast derived from repeated analysis or 
known characteristics and evaluation of the significant parameters of the degradation of the item.

Corrective maintenance – maintenance carried out after fault recognition and intended to put an item into a state in which it 
can perform a required function.

Definitions
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Maintenance  Levels

Maintenance level – maintenance task categorization by complexity (these tasks are divided into levels of increasing 
complexity):

 

• Level 1 – simple actions carried out with minimal training;

• Level 2 – basic actions which should be carried out by qualified personnel using detailed procedures;

• Level 3 – complex actions carried out by qualified technical personnel using detailed procedures;

• Level 4 – actions which imply the know-how of a technique or a technology and carried out by specialized technical 
personnel;

• Level 5 – actions which imply a knowledge held by the manufacturer or a specialized company with industrial logistic 
support equipment.
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• Both in practice and in the literature, confusion exists regarding some elementary terms in maintenance, which are often 

used ambiguous and inconsistently.

• These include terms such as maintenance philosophy, maintenance strategy, maintenance concept, maintenance policy, 

and maintenance action.

• A maintenance philosophy encompasses one or multiple maintenance concepts. It is not a specific policy. Instead, it is a 

culture towards maintenance, a school of thought.

• A maintenance strategy is related to the business development. It aligns the business strategy with the tactical and 

operation decision levels of an organization through the establishment of maintenance objectives.

Maintenance Concepts, Policies and Actions



A maintenance concept consists in an adequate mix of maintenance policies and actions, selected and fine-tuned, in order to 

improve uptime, extend the total life cycle of physical assets, and ensure safe working conditions, while considering budget 

limitations and legislation. It should take into consideration the specific operational context and the complexity of the system 

being maintained.

A maintenance policy is a rule or set of rules describing the triggering mechanism for different maintenance actions. It takes 

into consideration the evolution of maintenance techniques and the economic implications of their application.

A maintenance action is a basic maintenance activity, i.e., an elementary maintenance task carried out by a technician. They 

are divided in precautionary maintenance actions and corrective maintenance actions. Precautionary actions can be either 

preventive, predictive, proactive, or passive in nature, while corrective actions are reactive.

Maintenance Concepts, Policies and Actions
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Maintenance concepts are considered to have evolved in three “generations”. They are:

First generation (until the Second World War) – The simplicity of early systems did not require sophisticated maintenance 

decision support. A single maintenance policy, or even a single maintenance action, could be enough for maintaining 

the equipment.

Second generation (from the Second World War to the 1970’s) – The increased complexity of systems resulted in an 

increased complexity of the decision-making process related to maintenance. This required superior maintenance 

concepts, combining different policies and actions.

Third generation (from the 1970’s to the present day) – “Pure” maintenance concepts may present specific shortcomings 

in a given operational setting. As such, customized maintenance concepts have been developed and implemented by 

organizations, inspired by the former concepts, while trying to avoid experienced drawbacks.

Maintenance Concepts



Total Productive Maintenance

Total Productive Maintenance (TPM), more than a concept, is often considered a maintenance philosophy, involving total 
participation, at all levels of the organization.

Developed in the 1950’s by Seiichi Nakajima, of the Japan Institute of Plant Maintenance, TPM adapted western management 
approaches to the Japanese culture.

TPM is complementary to Total Quality Management (TQM), Just-In-Time (JIT), and Lean approaches. It aims at maximizing 
equipment effectiveness by establishing a thorough system of preventive maintenance and is defined, originally, through five 
principles or “pillars”:

1. Adopt improvement activities designed to increase the overall equipment effectiveness by addressing the 
six big losses;

2. Improve existing planned and predictive maintenance systems;

3. Establish a level of self-maintenance and cleaning carried out by highly trained operators;

4. Increase the skills and motivation of operators and engineers by individual and group development;

5. Apply early management techniques to design in low life cycle costs by creating reliable and safe equipment and processes, 
which are easy to operate and maintain.

Maintenance Concepts



Total Productive Maintenance (cont .)

Main reasons for the “six big losses”:

1. Poor equipment condition;

2. Human error/lack of motivation;

3. Lack of understanding of how to achieve 
optimum conditions. 
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Reliability - Centred Maintenance

Reliability-Centred Maintenance (RCM) (also Reliability Centered Maintenance) originated in the 1960’s in the North 
American aeronautical industry. The idea was to establish a logical process to design appropriate maintenance activities with 
optimal frequency, allowing a reduction in maintenance time and costs and an increase in flight safety.

The success of the RCM approach had no parallel in the aviation industry. Commercial airlines were able to control 
maintenance costs, despite the increased complexity of aircraft and the increased labour costs, while, at the same time, 
safety records improved considerably.

This success regarding maintenance costs and equipment safety made the RCM concept to be adopted by the military and the 
nuclear power industry. Other industries soon followed such as manufacturing, food processing, mining, etc.

Maintenance Concepts



Reliability - Centred Maintenance (cont .)

In order to define and implement a comprehensive maintenance plan according to the RCM concept, seven basic questions 
have to be answered:

1. What are the functions and associated performance standards of the asset in its present operating context?

2. In what ways can it fail to fulfill its functions?

3. What causes each functional failure?

4. What happens when each failure occurs?

5. In what way does each failure matter?

6. What can be done to predict or prevent each failure?

7. What should be done if a suitable proactive task cannot be found?

Maintenance Concepts



Reliability - Centred Maintenance (cont .)

inspection    

inspection    
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The development of new maintenance techniques and their economic implications directly impact the adopted maintenance 
policy, i.e., the trigger mechanism for maintenance actions. Maintenance policies include:

Failure-based Maintenance (FBM) – Corrective maintenance (CM) performed only after failure. Ideal policy for items with 
constant failure rate and/or low failure costs. CM is assumed to have a lower cost than preventive maintenance (PM);

Time-/Usage-based Maintenance (T/UBM) – PM performed after a specified amount of time or usage parameter. Assumes a 
predictable and increasing failure rate (wear out). PM is assumed to have a lower cost than CM;

Condition-based Maintenance (CBM) – PM performed each time the value of a given system parameter (condition) exceeds 
or falls below a predetermined threshold. CBM is gaining popularity as the associated maintenance techniques (e.g. vibration 
analysis, deformation analysis, oil spectrometry, etc.) and telemetry systems become more widely available at lower costs. 
PM is assumed to have a lower cost than CM;

Opportunity-based Maintenance (OBM) – PM performed given the “opportunity” created from maintaining or repairing 
other, more important, components;

Design-out Maintenance (DOM) – PM performed to improve the design in order to increase maintainability or, ideally, to 
eliminate the need for maintenance. Ergonomic and reliability aspects are important to be considered.

Maintenance Policies



A maintenance action is a technical maintenance activity or task. It can be either corrective or preventive in nature. 

Corrective maintenance (CM) actions are repair or restore actions performed after failure, hence being called “reactive”. They 
are performed when equipment failure presents a stochastic behaviour, being difficult to predict, and when safety or 
environmental consequences are not at stake.

Preventive maintenance (PM) actions aim at diminishing the failure probability and to anticipate, or avoid if possible, the 
consequences if a failure occurs. Four types of PM actions are considered:

1. Predetermined – PM actions performed as function of time or usage of the equipment;

2. Predictive – PM actions performed as function of the condition of the equipment (or as a result of a forecast);

3. Passive – PM actions performed as function of the opportunity created by other maintenance actions;

4. Proactive – PM actions performed at early product development stages, which consider reliability, availability, 
maintainability and safety (RAMS) requirements.

Maintenance Actions



Typical maintenance actions include:
 
• Inspection – examination for conformity by measuring, observing, or testing the relevant characteristics of an item;

• Condition monitoring – activity, performed either manually or automatically, intended to measure at predetermined 
intervals the characteristics and parameters of the actual state of an item. Monitoring is distinguished from inspection in 
that it is used to evaluate any changes in the parameters of the item with time;

• Functional check – a quantitative test to determine if one or more functions of an item performs within specified limits;

• Operational check – a test to determine that an item is fulfilling its intended purpose. Does not require quantitative 
tolerances. This is a failure finding test;

• Routine maintenance – regular or repeated simple preventive maintenance activities. Includes, for example, cleaning, 
tightening of connections, replacement of connectors, checking liquid level, lubrication;

• Repair – physical action taken to restore the required function of a faulty item;

Maintenance Actions



• Overhaul – comprehensive set of preventive maintenance actions carried out, in order to maintain the required level of 
performance of an item. Overhaul may be performed at prescribed intervals of time or number of operations and may 
require a complete or partial dismantling of the item;

• Rebuilding – action following the dismantling of an item and the repair or replacement of those sub-items, that are 
approaching the end of their useful life and/or should be regularly replaced. Rebuilding differs from overhaul in that the 
actions may include modifications and/or improvements;

• Improvement – combination of all technical, administrative and managerial actions intended to ameliorate the reliability 
and/or the maintainability and/or the safety of an item, without changing the original function. An improvement may also 
be introduced to prevent misuse in operation and to avoid failures;

• Modification* – combination of all technical, administrative and managerial actions intended to change one or more 
functions of an item. The change of an item where a different version replaces the original item, without changing the 
function or ameliorating the dependability of the item, is called a replacement and is not a modification.

* A modification is not a maintenance action since it changes one or more functions of an item to one or more new required functions.
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Organizing is the process of arranging resources to achieve objectives and goals. It relates inputs and outputs.

The manner in which various parts of an organization are formally arranged is referred to organization structure.

Maintenance organizations should have a clear mission, strategy, and objectives, facilitated by corporate culture, including 
clear job functions and working relations (chain of command, span of control, delegation of authority, etc.).

In designing a maintenance organization, three important determinants are to be considered:

1. Maintenance capacity;

2. In-house sourcing vs. outsourcing;

3. Centralization vs. decentralization.

Maintenance Organization



Maintenance capacity refers to the number and type of resources required to achieve the established objectives for the 
maintenance organization, including technicians and respective skills, tools and equipment, space, and administrative 
services. 

Maintenance capacity may be sourced in-house, through direct hiring, out-sourced, or through a combination of both. 
Strategic considerations, technological, economic, and legal factors affect this decision including:

• Availability and dependability of the source on a long-term basis;

• Capability of the source in achieving the maintenance objectives;

• Short-, medium-, and long-term costs;

• Organizational secrecy and confidentiality issues;

• Long-term impact on maintenance personnel expertise;

• Imposition from manufacturers or regulatory entities.

Maintenance Organization



Centralized vs . Decentralized vs . Hybrid Maintenance Organizations

Maintenance organizations may be centralized, decentralized, or hybrid, depending on corporate culture, the business 
strategy, maintenance load, size of the plant, and number of available resources.

Centralized maintenance organization structures are best suited for small to medium size organizations.

The advantages of centralization include:

• Improved utilization of resources results in higher efficiency and flexibility in performing maintenance tasks;

• More efficient supervision of performed maintenance tasks;

• More effective training;

• Easier, and more justifiable, acquisition of modern (and expensive) tools and equipment. 

Maintenance Organization



Centralized vs . Decentralized vs . Hybrid Maintenance Organizations (cont .)

Some disadvantages of centralization are:

• Lost time between jobs (longer response time);

• Less control of maintenance resources;

• Lower specialization of technicians on specific complex hardware;

• Increased transportation costs. 

In a decentralized maintenance organization structure, maintenance departments are assigned to specific areas, or business 
units, within an organization (such as a company). This reduces the flexibility regarding the utilization of resources, and of the 
maintenance system as a whole, reducing, consequently, maintenance efficiency.

In a hybrid or matrix maintenance organization structure, each area, or business unit, has its maintenance staff, and if their 
capacity is exceeded for some reason, a central maintenance department is called in. 

Maintenance Organization



Maintenance  Decision  Levels

S1 – OEE
S2 – Cost/unit

T1 – Availability
T2 – Prod. rate

T3 – Quality level
T4 – Maintenance cost/unit
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F3 – No. of incidentes/accidents
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Maintenance Management Process
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Maintenance  Documentation  –  Work  Order  System

The maintenance work order system consists of two components: 

1. the work order flow process; 

2. the documents required for work planning, execution, and control.

The work order system flow refers to the dispatching procedures and responsibilities, and the order in which the job is 
processed from its initiation up to its completion.

Basic documents required for the work order system include:

• Work order (W/O);

• Materials and tools requisition forms;

• Job card;

• Maintenance schedule;

• Maintenance plan (or program);

• Plant inventory;

• Equipment files.

Maintenance Organization



Computerized  Maintenance  Management  System

• A Computerized Maintenance Management System (CMMS) allows managers, planners, production and maintenance 
personnel to have access to all equipment data, which can be transformed into information to improve the decision-
making process at each of the three levels of an organization.

• It allows monitoring and control of assets, and a CMMS properly configured and interfaced with an organization Enterprise 
Resources Planning (ERP) provides information processing capabilities, decision support, communication tools, and 
collaboration between operators and suppliers.

• This requires information exchange between customers and suppliers, but also cooperation and negotiation, based on the 
sharing of different complementary and/or contradictory knowledge.

Maintenance Organization



Computerized  Maintenance  Management  System  (cont .)

The main functions of a CMMS include:

• Creation and management of equipment records, including bills of materials (BOM);

• Work order creation, scheduling, execution and completion;

• Work order history;

• Creation and development of maintenance plans and schedules;

• Inventory control;

• Human resources management;

• Purchasing and receiving;

• Invoice issuing;

• Miscellaneous tables and reports.

Maintenance Organization



Computerized  Maintenance  Management  System  (cont .)
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Strategic,  Tactical  and  Operational  Planning

Three dimensions can be considered in maintenance planning:

1. Strategic long-term planning

2. Tactical medium-term planning

3. Operational short-term 
planning

time

1 year +up to 1 yearup to 1 month
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Strategic,  Tactical  and  Operational  Planning  (cont .)

The strategic dimension of planning includes:

• Definition of maintenance strategy and concept(s)

• Centralised vs. decentralised vs. hybrid

• In-house vs. outsource

The tactical dimension includes:

• Planning of heavy maintenance in major equipment

• Definition of maintenance personnel capacity

• Planning of spare parts, materials, tools and equipment

The operational dimension includes:

• Definition of the moment and order of execution of maintenance activities

• Definition of maintenance crews and schedules

Maintenance Planning and Scheduling



Strategic,  Tactical  and  Operational  Planning  (cont .)

The strategic dimension of planning includes:

• Definition of maintenance strategy and concept(s)

• Centralised vs. decentralised vs. hybrid

• In-house vs. outsource

The tactical dimension includes:

• Planning of heavy maintenance in major equipment

• Forecasting of maintenance workload and definition of maintenance workforce

• Planning of spare parts, materials, tools and equipment

The operational dimension includes:

• Definition of the moment and order of execution of maintenance activities

• Definition of maintenance crews and schedules

Maintenance Planning and Scheduling



Maintenance  Forecasting

Forecasting techniques may be classified into qualitative techniques and quantitative techniques. 

Qualitative forecasting techniques are typically used in the absence of historical data, for example for new equipment or 
products, and for very long forecasting horizons. They are based on personal judgements.

Examples include:

• Historical analogy;

• Sales force composite;

• Customer surveys;

• Executive opinions;

• Delphi method.
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Maintenance  Forecasting  (cont .)

Quantitative forecasting techniques are used with existing numerical data and are based on mathematical and statistical 
models.

Examples include:

• Simple moving average;

• Weighted moving average;

• Regression analysis;

• Exponential smoothing;

• Box-Jenkins (ARMA and ARIMA models).

Maintenance Planning and Scheduling



Maintenance  Forecasting  (cont .)
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Maintenance  Scheduling  Tools  –  Gantt  Chart

The Gantt Chart is one of the oldest sequencing and scheduling tools available. Developed by Henry Gantt in the 1910’s, the 
Gantt chart is a bar chart that specifies the start and finish time for each task on a horizontal time scale.

Benefits:

• Useful to show planned work activities versus accomplishments on the same time scale;

• Useful to show interdependencies among tasks;

• Useful to show the schedule of multiple teams and/or equipment simultaneously.

Limitations:

• Maintenance activities are highly uncertain in terms of duration and resource requirements;

• Maintenance activities are highly interdependent in terms of precedence relations and/or relative priority;

• Maintenance activities are often interrupted or cancelled due to changes in production conditions or maintenance 
requirements.

Maintenance Planning and Scheduling



Maintenance  Scheduling  Tools  –  Gantt  Chart  (cont .)
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Maintenance  Scheduling  Tools  –  Critical  Path  Method

The Critical Path Method (CPM) is a systematic approach to identify the critical path of a project. 

It consists in four steps:

1. Develop the project network diagram;

2. Through the CPM calculation, identify the critical activities (those on the critical path) and the non-critical activities 
(those with slack);

3. Determine the minimum duration of each job to reduce the project duration and evaluate cost trade-offs;

4. Level resources in order to have uniform workforce requirements.

Maintenance Planning and Scheduling



Maintenance  Scheduling  Tools  –  Critical  Path  Method  (cont .)

CPM example:

Path Activities Duration Slack

1 A-B-E-G-H-I 50+67+80+210+65+40=467 0

2 A-C-F-H-I 50+90+55+65+40=300 167

3 A-D-H-I 50+35+65+40=190 277

Maintenance Planning and Scheduling



Maintenance  Scheduling  Tools  –  Program  Evaluation  and  Review  Technique

While CPM uses a single time estimate for the duration of each task, Program Evaluation and Review Technique (PERT) 
incorporates uncertainty by using three time estimates instead. These estimates are, as with CPM, typically judgmental, but 
are enough to be used for probabilistic modelling.

The duration of a given activity, 𝑖, is modelled through a beta distribution with parameters:

Ƹ𝜇𝑖 =
𝑂𝑖 + 𝑃𝑖 + 4𝑚𝑖

6
ො𝜎𝑖
2=

𝑃𝑖 − 𝑂𝑖
6

2

where:

Ƹ𝜇𝑖 − mean duration of activity 𝑖

ො𝜎𝑖
2 − variance for the duration of activity 𝑖

𝑂𝑖 − optimistic time for the duration of activity 𝑖

𝑃𝑖 − pessimistic time for the duration of activity 𝑖

𝑚𝑖 − most likely time for the duration of activity 𝑖
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Maintenance  Scheduling  Tools  –  Program  Evaluation  and  Review  Technique  (cont .)
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