8.3.1 Maintenance Strategy
Modeling:

Introduction

Throughout this presentation, we'll examine corrective, preventive,
condition-based, and prescriptive maintenance approaches, along with
their respective benefits, limitations, and real-world applications. We'll
also explore the mathematical foundations that guide maintenance
decision-making.
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Corrective Maintenance: The Reactive Approach

Definition & Characteristics Industrial Example: Emergency repair of a broken

conveyor belt after sudden failure, causing production

Corrective maintenance encompasses all actions performed after a failure occurs, with . . ..
line stoppage and requiring urgent technician response.

the primary goal of restoring the system to an operational state as quickly as possible. This represents a classic corrective maintenance

This reactive approach is the most basic form of maintenance strategy. scenario where intervention occurs only after equipment

failure.

Mathematical Model

The expected cost per cycle can be expressed as:
Where Cf represents the failure cost and P(Failure) is the probability of

C = C} - P(Failure)

system failure.

Pros: Cons:

* No maintenance cost incurred if no failure occurs; simple to e Unpredictable downtime; potentially catastrophic consequences;
implement without advanced planning higher repair costs; safety risks



Preventive Maintenance: The Scheduled Approach

Definition & Characteristics Industrial Example

Preventive maintenance involves interventions performed at Performing regular oil changes in heavy machinery every 500 operating
predetermined fixed intervals regardless of the actual condition of the hours, regardless of oil condition. This systematic approach prioritizes
equipment. This time-based approach aims to prevent failures before consistency and reliability over condition-based decisions.

they occur.

Mathematical Optimization Model Where:

C e Cp = preventive maintenance cost
mﬂ:%+xq

e Cf = corrective maintenance cost
e A = failure rate

e T = preventive maintenance interva

Pros: Cons:

e Reduces unexpected failures; facilitates resource planning; e May lead to unnecessary maintenance; potential for over-
extends equipment lifespan maintenance or under-maintenance



Condition-Based Maintenance: The Monitoring Approach

Definition & Characteristics Industrial Example: Vibration analysis of wind turbine

bearings using accelerometers that continuously
Predictive maintenance relies on inspection or monitoring of equipment conditions monitor vibration patterns. When vibration exceeds
predefined thresholds indicating bearing wear,

maintenance is scheduled before catastrophic failure

through sensors, inspections, and data analysis. Interventions are triggered when
monitored parameters indicate potential failure, rather than at fixed intervals.

OcCcurs.

Decision Rule

The fundamental decision rule for condition-based maintenance can be expressed as:
Where X(t) represents the observed degradation at time

It X (t) > D¢y = Maintenance Action t, and Dcrit is the critical threshold value.

Pros: Cons:

Maintenance aligned with actual equipment health; minimizes Requires monitoring infrastructure; data reliability challenges;
unnecessary interventions; maximizes component lifetime implementation complexity



Condition-Based Maintenance: The Inspection-Based
Approach

Definition & Characteristics Industrial Example: Scheduled oil analysis in diesel engines

every 500 operating hours. Based on the analysis results

Condition-based maintenance (CBM) can involve interventions scheduled after regular (e.g., presence of metal particles, viscosity changes),

inspections or periodic assessments, based on the current condition of the asset. This maintenance actions are triggered only when specific

approach focuses on optimizing maintenance based on actual wear, not just time or usage. parameters indicate a need, rather than at fixed intervals or

after a breakdown.

Decision Rule (Inspection-Based) Where:

At inspection time ¢; : If X (¢;) > Doy = Maintenance Action * X{ti) = degradation level measured at inspection |
e D_crit = critical degradation threshold

Pros: Cons:
Reduces unnecessary preventive actions; better aligned with actual wear Requires periodic inspections, which can be resource-intensive;
and tear; optimizes maintenance frequency, avoiding over- or under- effectiveness depends heavily on inspection frequency and accuracy of

maintenance data



Predictive Maintenance: The Prognostic Approach

Definition & Characteristics Industrial example: Real-time vibration monitoring of wind turbine
bearings with Al-based RUL prediction. This allows maintenance

Predictive maintenance involves planning maintenance actions based on continuous monitoring and the teams to schedule interventions precisely when needed, minimizing

prediction of the Remaining Useful Life (RUL) of equipment. This advanced approach leverages real-time downtime and maximizing asset utilization by preventing

data and analytical models to forecast when a component is likely to fail, enabling highly optimized catastrophic failures.

scheduling of maintenance activities.

Prognostic Rule

The core of predictive maintenance decision-making is the prognostic rule: Where:

. * RUL(t) = expected time until failure, often defined as E[T" — ¢ | X (¢)]
IfRUL(f) < A = Schedule Maintenance

*« A = minimum acceptable lead time to prepare the intervention

Pros: Cons:
» Anticipates failures, significantly reducing unexpected downtime; Allows optimal e Requires advanced sensors, data analytics, and reliable prognostic models; High
planning of spare parts and workforce; Maximizes asset lifespan and availability; initial investment in monitoring infrastructure; Complex implementation and data
Reduces maintenance costs by avoiding unnecessary interventions integration challenges; Relies heavily on the accuracy of RUL predictions

/A CBM - Reacts to the observed condition at discrete moments (often scheduled inspections).
Predictive Maintenance - Anticipates continuously through monitoring and prognostics (RUL).



Prescriptive Maintenance: The Al-Driven Approach

Definition & Characteristics

Prescriptive maintenance utilizes advanced analytics, machine learning, and artificial
intelligence to not only predict when a failure might occur but also to recommend the optimal
action to prevent it and what the likely outcome will be. It moves beyond "what will happen"

to "what should be done."

Key Components

Advanced Analytics: Processes massive amounts of historical and real-
time data

Optimization Engines: Evaluate numerous maintenance scenarios to
identify optimal solutions

Pros:

Maximizes asset availability; optimizes resource allocation; accounts for
complex dependencies

Industrial Example: An Al system analyzes real-time sensor
data from a critical manufacturing robot, detects subtle
anomalies, predicts an imminent bearing failure, and then
recommends scheduling a replacement during the next
planned downtime, also suggesting the specific bearing
model and a preferred technician based on historical repair
data and resource availability.

Integration: Connected with enterprise resource planning (ERP) and
logistics systems

Autonomous Decision-Making: Capable of making or suggesting
maintenance decisions with minimal human intervention

Cons:

High initial investment in Al/ML infrastructure; Requires vast amounts of
high-quality data; Complexity in model development and validation
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System Complexity: Managing Intricate Industrial Ecosystems

The Challenge of Complexity

Modern industrial systems have evolved into highly complex networks of interdependent components, creating unprecedented challenges for maintenance engineers. This

complexity manifests in several dimensions:

—— 9o —— — o — o0 —

Multiple Interconnected Components Cyber-Physical Systems Redundancy and Fault Tolerance

Today's industrial systems often contain thousands of The integration of physical components with digital Many critical systems incorporate redundant
components with complex functional relationships. control systems creates hybrid systems that require components and fault-tolerance mechanisms,
Failure in one component can cascade through the multidisciplinary maintenance approaches spanning complicating maintenance decision-making as the
system, making fault isolation and impact prediction mechanical, electrical, and software domains. system may continue functioning despite partial
extremely challenging. failures.

[J Case Study: Aircraft Maintenance

A modern commercial aircraft contains approximately 2.5 million parts and up to 10,000 sensors generating terabytes of data per flight. Maintenance engineers must
navigate this complexity while ensuring 99.99% reliability for safety-critical systems.

This extreme level of system complexity necessitates sophisticated maintenance approaches that can account for component interdependencies and predict cascading

failure scenarios.



Economic Pressure: Balancing Costs and Performance

The Economic Challenge

In the process manufacturing industry, maintenance costs typically represent 15-40% of production costs, significantly impacting profitability and
competitiveness. Effective maintenance strategies can reduce these costs while maintaining or improving system reliability.

Maintenance departments face increasing pressure to reduce costs while maintaining or improving equipment reliability. This economic pressure creates a
challenging optimization problem with significant business implications.
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Maintenance Cost Burden Downtime Implications Global Competition
Maintenance costs can represent up to 30- Unplanned downtime can cost industrial Intensifying global competition places
40% of operating expenses in capital- manufacturers an estimated $50 billion pressure on organizations to reduce
intensive industries such as mining, annually, with some facilities experiencing operational costs while maintaining high-
manufacturing, and energy production. productivity losses of up to $22,000 per quality standards, making maintenance
minute of downtime. efficiency a competitive differentiator.

[ The challenge for maintenance engineers is to develop strategies that optimize the balance between maintenance investment and operational
performance, ensuring that limited resources are allocated to activities that deliver the greatest value.



Safety Requirements: Ensuring Zero-Tolerance for Failures

The Safety Imperative

In high-risk industries, safety requirements impose stringent constraints on maintenance strategies, necessitating approaches that prioritize failure
prevention over cost optimization. The consequences of failure in these contexts extend beyond economic impact to potentially catastrophic human and
environmental outcomes.

Industry-Specific Safety Challenges
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Nuclear Industry Aerospace Petrochemical
Maintenance in nuclear facilities must ensure zero Aircraft maintenance follows rigorous protocols where Maintenance in petrochemical plants must prevent
tolerance for failures in safety-critical systems, with component reliability must be demonstrated to extremely catastrophic failures that could lead to explosions, fires, or
redundant inspection protocols and comprehensive high confidence levels (often exceeding 99.999%), with toxic releases, requiring specialized non-destructive
testing regimes mandated by regulatory authorities. extensive documentation and traceability requirements. testing and hazardous area work procedures.

(J Regulatory Framework Impact: Industries with high safety requirements operate under complex regulatory frameworks that dictate minimum maintenance intervals, inspection
methodologies, and documentation requirements. These regulations fundamentally shape maintenance strategies, often necessitating more conservative approaches than would be

economically optimal.

The challenge for maintenance engineers in these industries is to develop strategies that satisfy stringent safety requirements while still achieving reasonable economic efficiency.



Sustainability: The Environmental Dimension of Maintenance

The Sustainability Challenge

Modern maintenance strategies must address not only economic and performance objectives but also environmental sustainability goals. This emerging dimension adds complexity to
maintenance decision-making but also creates opportunities for innovation.

Key Sustainability Considerations
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Resource Consumption: Energy Usage: Waste Generation: Product Lifecycle:
Maintenance activities consume Inefficient equipment operation due to Maintenance generates various waste Effective maintenance extends equipment
resources including spare parts, poor maintenance can significantly streams including hazardous materials life, reducing the environmental impact of

lubricants, and cleaning agents that have increase energy consumption that require proper management manufacturing replacement equipment

environmental footprints

(D Case Study: Sustainable Wind Turbine Maintenance: Advanced wind farm maintenance programs incorporate biodegradable lubricants, predictive techniques to minimize site visits
(reducing transportation emissions), and end-of-life component recycling programs that achieve up to 90% material recovery rates.

Sustainable maintenance requires lifecycle thinking that considers the environmental impact of maintenance decisions from cradle to grave, including procurement, execution, and waste
management phases.
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Component-Level Strategies: The Building Blocks of Maintenance

Component-level maintenance strategies focus on individual units or parts within a larger system, treating each component as an independent entity with its own
degradation patterns, failure modes, and maintenance requirements.

Mathematical Modeling Approaches

Component reliability is often modeled using statistical distributions:

e Weibull Distribution: Commonly used for mechanical components with wear-out failure modes
¢ Exponential Distribution: Applied to electronic components with constant failure rates

e Log-normal Distribution: Suitable for components with fatigue-related failures

Advantages & Limitations

Advantages Limitations
e Simpler mathematical modeling e Ignores system-level interactions
e Clear focus on critical components e May lead to suboptimal system performance
e Easier implementation and validation e Doesn't capture economic dependencies

e Component-specific optimization e Can result in excessive maintenance actions



System-Level Strategies: Managing Complex Dependencies

The System Perspective

System-level maintenance strategies recognize that components within a system are not independent but interact in complex ways. These strategies account for various dependencies between
components to optimize maintenance at the system rather than component level.

Types of Dependencies

+ +
Stochastic Dependencies Structural Dependencies Economic Dependencies
Occurs when the failure of one component influences the Exists when components share disassembly operations Arises when grouping maintenance activities reduces
failure behavior of others. For example, a bearing failure for access. For example, replacing a gear inside a gearbox overall cost. For example, performing multiple
causing increased vibration that accelerates wear in requires disassembling several components that aren't maintenance tasks during a single planned shutdown
connected components. being maintained. saves setup and downtime costs.

Advantages & Limitations

Advantages Limitations
e Optimizes overall system performance e Increased complexity in modeling
e Accounts for inter-component dependencies e Requires extensive system data
¢ Reduces total maintenance costs e Challenging to implement and validate

e Enhances system reliability and availability e Higher initial investment in analysis tools



Indlc.:e!tors In | % o
Decision-Making @_W



Degradation Level: Measuring Equipment Health

Understanding Degradation Mathematical Representation

Degradation level represents a direct measure of equipment health X(t) > D.i = Maintenance Action

status, quantifying how far a component has deteriorated from its

original condition. This indicator serves as a fundamental basis for Where X(t) is the observed degradation at time t, and Dcrit is the critical
condition-based maintenance decisions. threshold value beyond which failure risk becomes unacceptable.

Measurement Approaches

——0——0— —0——

Direct Measurements Indirect Measurements Performance Indicators

Physical parameters directly indicating Observable parameters correlated with Operational parameters reflecting

wear or damage, such as crack length, degradation, such as vibration signatures, functional degradation, such as reduced
material thickness, or surface roughness. acoustic emissions, or thermal patterns. efficiency, increased energy consumption,
These provide unambiguous evidence of These allow non-intrusive monitoring but or diminished product quality. These
degradation but may require equipment require interpretation models to infer actual indicate system-level impacts but may not

disassembly or specialized tools. degradation levels. pinpoint specific component issues.



Conditional Hazard Rate: Quantifying Failure Risk

The Concept of Hazard Rate Mathematical Definition
The conditional hazard rate represents the instantaneous probability of f(t|z)
failure for a component that has survived until a certain point in time, h(t|w) - S(t‘a:)

given its current condition. This sophisticated indicator integrates both
time-based and condition-based information to provide a Where:

comprehensive measure of failure risk. ) ) i
. h(t|x) = hazard rate at time t given condition x

o f(t|x) = conditional probability density function

* S(t|x) = conditional survival function

Decision-Making Applications
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Risk-Based Maintenance Optimization Under Uncertainty Dynamic Threshold Adjustment

Prioritizing maintenance activities based Accounting for stochastic variability in Modifying intervention thresholds based
on failure probability. degradation processes. on operating conditions.



Conditional Remaining Useful Life (RUL): Looking to the Future

Understanding RUL Mathematical Formulation

Conditional Remaining Useful Life (RUL) represents the expected time remaining RUL(t) = E[T — t | X(t)]
before a component or system will fail, given its current condition and operating

context. This forward-looking indicator forms the foundation of predictive and Where:

prescriptive maintenance strategies. o ' )
e RUL(t) = remaining useful life at time t

e T =random variable representing the failure time
e X(t) = observed condition/degradation at time t

e [[] = expected value operator

RUL Estimation Approaches
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Model-Based Data-Driven Hybrid

Uses physics-of-failure models to predict Employs machine learning and statistical Combines physical models with data-driven
degradation evolution based on first principles. techniques to learn degradation patterns from approaches to leverage the strengths of both.
Provides mechanistic understanding but requires historical data. Requires less domain knowledge Provides robust predictions with interpretable

detailed knowledge of failure mechanisms. but depends heavily on data quality and quantity. results but increases implementation complexity.



