CHAPTER 1
Reliability and the Asset Life Cycle

1.1 Reliability as a Strategic Imperative

Industrial assets are designed to operate continuously, frequently under extreme conditions of
pressure, temperature, corrosion, vibration and mechanical load. A process furnace may run for
years above 800 °C; a distillation column endures thermal cycles and corrosive environments
twenty-four hours a day; a charge pump accumulates millions of revolutions between one
inspection and the next. Over time, these conditions degrade materials, reduce performance and
increase the probability of failure. This is not a remote possibility but a physical certainty: every
operating asset degrades.

For this reason, reliability is not merely a technical attribute of interest to maintenance engineers;
it is a strategic business capability. A plant with high reliability produces more volume and better
on-specification quality, operates with fewer interruptions, reduces emergency interventions,
maintains a safer environment for its people and, as a consequence of all the above, generates
better financial performance. The difference between a refinery operating at a utilization factor
above 95% and one that barely reaches 85% lies, in most cases, not in the installed technology but
in the discipline with which the reliability of its assets is managed.

Plant shutdowns exist precisely because reliability cannot be sustained indefinitely without
periodic, structured and in-depth interventions. No routine maintenance program, however well
executed, can open a reactor, internally inspect a column or replace a unit’s catalyst without
stopping the process. The shutdown is the moment when the organization deliberately recovers
the reliability that operation has been consuming.

1.2 The RAM Triangle: Reliability, Availability and
Maintainability

The RAM model — Reliability, Availability and Maintainability — forms the conceptual backbone
for understanding an asset’s performance. These three dimensions are intimately related: none
can be improved in a sustained way without attending to the other two, and plant shutdowns
influence all three directly.

1.2.1 Reliability

Reliability is the probability that an asset performs its function without failure over a specific
period and under defined conditions. It is important to stress the two conditions in this definition:
the period and the operating context. A heat exchanger can be highly reliable while processing
light crude and degrade rapidly when the refinery’s diet shifts toward heavier, more corrosive
crudes.

Among the factors that influence reliability are the quality of the original design, the operating
discipline with which operating windows are respected, the site’s environmental conditions, the
maintenance strategy adopted and the degradation mechanisms specific to each service. Of all
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these, operating discipline tends to be the most underestimated: a good share of the failures that
surface during a shutdown inspection originate in operating excursions that occurred years
earlier.

1.2.2 Availability

Availability is the proportion of time during which an asset is in a condition to operate. Plant
shutdowns affect this dimension directly, because they represent planned out-of-service time:
every additional day of shutdown is a day of production that is never recovered. From this arises
one of the central tensions in turnaround management: the objective is not simply to minimize
the shutdown’s duration, but to minimize its frequency and duration while, at the same time,
maximizing subsequent reliability. A thirty-day shutdown that guarantees five years of stable
operation generates more availability, over the full cycle, than a twenty-day one that forces
another intervention within two years.

1.2.3 Maintainability

Maintainability is the ease and speed with which an asset can be restored to operating condition
after a failure or an intervention. It is determined by equipment design, component accessibility,
spare-parts strategy, personnel competence and the quality of work procedures. An asset may be
reliable, but if every intervention demands special scaffolding, complex lifts or spares with
eighteen-month lead times, its maintainability is poor and its life-cycle cost will be high.

A plant shutdown is, in this sense, the ultimate large-scale test of maintainability: thousands of
activities executing simultaneously reveal, in the starkest terms, whether the organization
designed its assets and its processes with the people who must maintain them in mind.

1.3 The Bathtub Curve and Infant Mortality Risk

The bathtub curve is one of the most illustrative models in reliability engineering. It describes an
asset’s failure rate across its life cycle, and its shape — high at the start, low and stable in the
middle, rising at the end — recalls the profile of a bathtub. Understanding it is essential to grasp
both the purpose of a shutdown and its risks.

1.3.1 Infant Mortality Phase

At the start of an asset’s life — or immediately after a major intervention — the failure rate is high.
Installation errors, manufacturing defects, poorly seated gaskets, deficient alignments or a rushed
start-up manifest themselves in the first hours or weeks of operation. This is the infant mortality
phase.

1.3.2 Useful Life Phase

Once the initial stage is over, the asset enters a zone of low and stable failure rate: the ideal
operating zone, where the failures that occur are essentially random and operation is predictable.

1.3.3 Wear-Out Phase

As time passes, the accumulated degradation mechanisms — corrosion, fatigue, erosion, fouling
and material ageing — cause a progressive increase in the failure rate. The asset enters the wear-
out phase, where operating without intervening becomes increasingly risky and costly.
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Plant shutdowns are strategically located on this curve: their function is to detect and eliminate
wear-out conditions, reset the degradation curve, prevent catastrophic failures and avoid
unplanned shutdowns. In graphical terms, a well-executed shutdown returns the asset from the
edge of the wear-out zone back toward the useful life zone.

Here, however, appears one of the discipline’s most important paradoxes: a poorly executed
shutdown can reintroduce infant mortality. Every opened piece of equipment, every
intervened flange and every disconnected instrument is an opportunity to introduce a new defect.
It is not uncommon for a unit that operated stably for years to present leaks, vibrations or trips in
the weeks following a deficient shutdown. The plant emerges from the intervention apparently
renewed, but carrying latent defects that compromise reliability just when the organization
expected to harvest it.

For this reason, the quality of execution, the rigor of inspection and the discipline of
commissioning and start-up are not administrative formalities: they are the difference between
resetting the bathtub curve and falling back to its worst point.

To visualize this dynamic it helps to represent the three phases on the curve and to locate on it the
effect of a shutdown. Figure 1 shows the base curve of a new asset (blue) and superimposes two
possible outcomes of an intervention. The well-optimized shutdown (teal arrow) intercepts the
curve before it fully enters the wear-out zone and returns the asset to useful life, resolving the
degradation risk without adding new risk. The oversized shutdown (red), by contrast, opens
equipment unnecessarily and reintroduces infant mortality after start-up: the same error as the
earlier paradox, seen on the curve.
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Figure 1. The bathtub curve: life-cycle phases and the effect of the shutdown on the failure rate
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The real life of a plant, however, does not trace a single bathtub but a succession of them. Figure
2 chains together several operating cycles: in each one the failure rate rises toward the wear-out
zone and each shutdown returns it to useful life, forming a characteristic sawtooth pattern. The
dashed amber curve represents the counterfactual — letting the asset degrade without intervening
— whose failure rate would climb without ceiling. The art of scope optimization consists, precisely,
of synchronizing each shutdown with the point where degradation risk begins to exceed
intervention risk: stopping too early wastes healthy useful life; stopping too late leaves the asset
operating in the wear-out zone.

Without
intervention

Wear-out zone

Failure rate -»

Shutdown

Asset life »

Figure 2. The succession of cycles: each shutdown resets the curve and produces a sawtooth
pattern

There is, nonetheless, a long-term nuance that no shutdown can avoid: no asset is restored to
100% of its original condition. Each shutdown lowers the failure rate, but the floor of the sawtooth
rises slightly cycle after cycle. Figure 3 traces that upward drift by means of a degradation
envelope — the amber line joining the successive floors — which is the asset’s long-term memory.
When that envelope crosses the replacement threshold, no maintenance scope, however well
optimized, returns the asset to useful life: maintenance is no longer enough.

Plant Shutdowns: A Comprehensive Management Guide +« 4



Degradatipn

Replacement thres

Failure rate -»

Asset life —»

Figure 3. The long-term upward drift: the degradation envelope and the threshold that
Justifies replacement

That crossing is the quantitative argument that separates two decisions of distinct nature: scope
optimization, which is made shutdown by shutdown, and capital planning, which is made asset
by asset. Understanding the bathtub curve at its three scales — one cycle, several cycles and the
asset’s full life — makes it possible to justify both each maintenance intervention and, when the
moment arrives, the replacement or major rehabilitation investment versus continuing to pay for
increasingly ineffective shutdowns.

1.4 Maintenance and Reliability Philosophy

The corporate maintenance philosophy determines how assets are cared for and, ultimately, how
the scope of a shutdown is decided. It is not a decorative document: it is the institutional answer
to the question of when, why and by what criterion a piece of equipment is intervened. The classic
references of the discipline agree that this philosophy must be clear, documented, shared across
the entire organization — from senior management to the shop floor — and grounded in risk and
reliability, not in custom or available budget.

The historical evolution of maintenance philosophies reflects the maturation of industry. It began
with the purely reactive approach — run to failure — advanced toward calendar-based preventive
maintenance, then toward condition-based predictive maintenance, and finally toward reliability-
centered (RCM) and risk-based (RBM) approaches that today characterize world-class
organizations. The following table compares these philosophies and their specific role in
shutdown management.
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Table 1. Comparison of Maintenance Philosophies

Philosophy Advantages Limitations Role in Shutdowns
Reactive Repair on failure | Low initial cost High unplanned Generates emergent
costs; elevated risk shutdowns

I 1
Preventive Intervene by Basic control of Can lead to over- Defines part of the

time or usage deterioration maintenance routine scope

I 1
Predictive Intervene by Optimizes resources; | Requires technology | Reduces shutdown

condition reduces failures and analysis scope and frequency

I 1
RCM Preserve critical | Risk-based High initial effort Defines the critical
(Reliability- functions prioritization scope of the shutdown
Centered
Maintenance)

I 1
RBM Intervene by risk | Maximum capital Requires Determines optimal
(Risk-Based efficiency organizational frequency and scope
Maintenance) maturity

The practical conclusion is compelling: leading organizations do not choose a philosophy, they
integrate them. They combine predictive maintenance with RCM and RBM as the basis for
answering the most important question of any turnaround: what must go into the shutdown and
— just as important — what must not.

1.5 Risk and Reliability: The True Driver of the Shutdown

Shutdowns exist because industrial assets degrade. Reliability is not a static property that is won
once and kept forever; it is a dynamic phenomenon, permanently eroded by the action of
corrosion, fatigue, mechanical erosion, thermal ageing, technological obsolescence and extreme
operating conditions. Each of these mechanisms advances at its own pace, often invisibly to daily
operation: a pipe wall can lose thickness for years without giving any signal — until the signal is a
leak.

The plant shutdown is the only window in which the organization can look inside its assets. It
allows real — not estimated — degradation to be measured, findings to be compared against the
applicable standards and codes, risk-based decisions to be made with fresh information, and the
maintenance strategy to be adjusted for the next operating cycle. In this sense, every shutdown is
also a learning exercise: the plant tells the organization, asset by asset, how it has truly aged.

1.6 Benefits of a Well-Executed Shutdown

When managed correctly, a shutdown generates tangible benefits on three planes worth
distinguishing.

On the operational plane, the unit returns with greater availability, less process variability
and a sustained reduction in the repetitive failures that were consuming the routine maintenance
agenda. Operators notice it immediately: fewer alarms, fewer emergency interventions, more
stable operating windows.

On the economic plane, the shutdown extends the useful life of assets, reduces unplanned
costs — which are, invariably, the most expensive — and optimizes the use of capital by
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concentrating investments in one planned intervention instead of dispersing them across
successive emergencies.

And on the cultural plane, perhaps the least measured but no less valuable, a successful
shutdown strengthens leadership, improves operating discipline and leaves in place a capacity for
integration among multidisciplinary teams — operations, maintenance, inspection, projects,
procurement, contractors — that the organization will draw on long after the unit has started up.
The teams that go through a well-managed shutdown together emerge from it as a better
organization.

1.7 The Four Horsemen of Asset Degradation

Across all process industries, four dominant forces threaten integrity and operational continuity.
Together, these “Four Horsemen” justify the existence of every plant shutdown: every legitimate
activity in a turnaround’s scope responds, ultimately, to one of them. Figure 4 summarizes these
four forces and their convergence on the asset.

HSE = Safety, Health & Environment

Integrity Efficiency
Corrosion, erosion, fatigue, Fouling, catalyst decay and
creep and thermal cycling loss of heat transfer

Asset

Degradation

HSE Technology
Growing risk to people Obsolescence of control
and the environment systems and equipment

Figure 4. The Four Horsemen of Asset Degradation

1.7.1 Integrity

The first horseman is structural and mechanical degradation: corrosion, erosion, fatigue, creep
and thermal cycling that silently consume the thickness, strength and geometry of equipment. Its
most dangerous characteristic is that much of this deterioration occurs inside the equipment,
where no operating round can see it. Shutdowns make it possible to perform the internal
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inspections and repairs that simply cannot be carried out with the plant running: opening a
pressure vessel, inspecting a column’s internals, measuring thickness across entire circuits,
repairing refractory in furnaces.

1.7.2 Efficiency

The second horseman is the gradual loss of performance: fouling of exchangers, catalyst
deactivation, degradation of heat transfer and flow restrictions that accumulate over years of
service. Unlike integrity, this horseman rarely causes a catastrophic event; its damage is economic
and silent. Lost efficiency translates into higher energy consumption and lower production, day
after day, and is often one of the strongest economic arguments for justifying a shutdown date:
there comes a point at which continuing to operate costs more than stopping.

1.7.3 HSE (Health, Safety and Environment)

The third horseman is the growing risk to people and the environment. As equipment ages, the
probability of leaks, fires and emissions increases. Shutdowns make it possible to restore
containment integrity, replace critical safety components, validate protection systems — relief
valves, emergency shutdown systems, fire and gas detection — and meet the regulatory
requirements that condition the license to operate. In many jurisdictions, certain equipment
cannot legally remain in service without the inspection that only a shutdown makes possible.

1.7.4 Technology

The fourth horseman is obsolescence. Assets must evolve to remain competitive, and the
shutdown is the natural window to achieve it: eliminating bottlenecks (debottlenecking),
incorporating digital modernization, updating control systems that no longer have manufacturer
support and implementing energy-efficiency improvements. A plant that goes through several
shutdowns without renewing its technology does not stay the same: it falls behind its competitors.

These four factors — integrity, efficiency, HSE and technology — define the strategic need for
every shutdown. A well-constructed scope can be traced, line item by line item, back to one of
these horsemen; a line item that responds to none of them deserves to be questioned.

1.8 Shutdowns as Life-Cycle Interventions

A shutdown is not an isolated event that interrupts the life of the plant: it is a planned intervention
point within the asset’s life cycle. As such, it must align with long-term maintenance strategies,
with reliability-centered maintenance (RCM) programs, with risk-based inspection (RBI), with
capital investment planning and with the regulatory cycles that govern the installation.

The right timing of a shutdown results from a balance between technical and business variables:
measured degradation rates, the inspection intervals required by codes, the remaining useful life
of the catalyst, market conditions — stopping a unit in a high-margin cycle carries a very different
opportunity cost from doing so in a depressed one — the organization’s risk tolerance and its
operating strategy. The consequence is direct: a well-timed shutdown maximizes value; a poorly
timed one destroys it, whether because it came too late and the unit failed first, or because it came
too early and consumed capital and production unnecessarily.

Plant Shutdowns: A Comprehensive Management Guide + 8



1.9 The Economics of Reliability

Reliability has a direct and quantifiable financial impact, although much of it hides in accounts
that are rarely consolidated. The cost of unreliability includes lost production — which in a large-
scale unit can reach figures in the millions for each day out of service — emergency repairs, which
typically cost several times more than the same planned intervention, environmental penalties,
safety incidents, reputational damage and the higher energy consumption of a degraded plant.

Plant shutdowns rank among the largest expenditures in an industrial facility’s budget: in the
refining and petrochemical industry, a major turnaround can represent tens or even hundreds of
millions of dollars between direct costs and lost profit. They are, without doubt, costly events. But
unreliability is far more costly: a single unplanned shutdown due to the failure of a critical asset
can consume, in losses and emergency repairs, a significant fraction of what the complete planned
intervention would have cost — without delivering any of its improvements in return.

The strategic challenge, then, is to balance three variables: frequency (how often to stop the plant),
scope (what to include in the intervention) and duration (how long the event should last). These
three variables are not independent — extending the interval between shutdowns usually
increases the scope of the next one, and a larger scope pressures duration — and their balance
largely defines the economic performance of the asset over its entire life cycle. The following
chapters of this book are dedicated, precisely, to how to achieve that balance methodically.

1.10 Shutdowns as Risk Management

Every shutdown is, in essence, a risk-management exercise. Its ultimate purpose is to reduce the
operational risk, integrity risk, environmental risk, financial risk and reputational risk that
accumulated degradation has caused to grow throughout the operating cycle.

But the paradox is inevitable: the shutdown itself introduces new risks. For a few weeks, the
facility concentrates high-risk activities — hot work, confined-space entries, critical lifts,
radiography — multiplies its population with hundreds or thousands of contractors whose
familiarity with the plant is limited, operates under the pressure of a compressed schedule, faces
unexpected findings that threaten the plan and culminates in a start-up, which is statistically one
of the periods of greatest process instability and risk in the entire cycle.

Effective shutdown management is, therefore, the art of balancing risks: temporarily accepting
the risks of the intervention in order to eliminate, in a lasting way, the risks of degradation. The
organizations that master this art are not those that execute shutdowns without surprises — those
do not exist — but those that prepare with enough depth that no surprise finds them without a
response.

1.11 Conclusion

Plant shutdowns exist because industrial assets degrade, risks accumulate and performance
declines over time. This chapter has presented the foundations that support that statement: the
RAM model as the framework for asset performance, the bathtub curve as the map of its ageing,
maintenance philosophies as the criterion for intervention, the Four Horsemen as the origin of
every legitimate scope, and the economics of reliability as the ultimate business justification.
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The central idea the reader should take away is a change of perspective: a shutdown is neither a
problem to be avoided nor a necessary evil to be endured. It is a reliability tool that, used well,
drives the safety, efficiency and competitiveness of the business; and used poorly, can destroy in
weeks the value that operation took years to build.

Managing this tool with excellence, however, cannot depend on individual talent or
improvisation. It requires a frame of reference: international standards, codes and best practices
that have codified decades of industry learning. That normative framework is the subject of the
next chapter.
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