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Fatigue Risk Index:

Measuring an “Internality” as a Performance Precursor Under
Quantum Project Management (QPM) Theory*

In my initial paper on Quantum Project Management? | laid out a framework where QPM
was a new management paradigm that replaces Taylorism’s Scientific Management
paradigm upon which classical project management is founded. This paper focused on
drawing a strong analogous framework from both relativistic theory and quantum theory
recognizing their departures from classical physics.

The concept was further developed in this journal through a series of articles that
developed various aspects of this broad analogy including identifying new metrics
required to operationalize it and new Al enabled mapping approaches to assess likely
performance trajectories:
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As we moved through this development of QPM theory and its operationalization, we
developed metrics related to:

e Complexity

e Uncertainty

e Project Ecosystem
o Stakeholder Assessment'! (key aspect of the surrounding ecosystem)
o Project Foundational Assumption Migration

o Safety'?

These papers looked at the system level properties of large complex projects (LCP)
through the lens of Quantum Project Management.

System level properties are also shaped by “internalities” such as
Fatigue.

But system level properties are shaped not only by externalities or the interactions of
various components but also by the inherent performance of individual elements in this
complex system. | will refer to these as “internalities’” and in this paper | will focus on
large complex construction projects and look at one performance shaper of a significant
component of these large complex projects, namely the construction workforce, and its
state of fatigue.

The propagation of fatigue across the project interface is not a linear transfer; it is a
quadratic contagion. When a specific work package—such as structural rebar—hits a
"fatigue peak" due to a schedule push or environmental shock, it creates a steepening

"slope" Vh relative to the following task, such as the concrete pour.

" Net Promoter Score; National Academy of Construction

2 Beyond SDRI: Turning a Predictive Index into Governance, Foresight and Action Key Points; National
Academy of Construction

3 Internalities are intrinsic human-performance conditions—such as fatigue—that shape system behavior
from within, in contrast to externalities or structural project factors.

14 Quadratic contagion describes the nonlinear, accelerating spread of fatigue and stress across
interdependent workstreams, where the impact of a localized fatigue peak grows disproportionately as the
fatigue gradient between tasks steepens
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Quadratic Contagion

Fatigue Gradient —7

Propagation Rate

Because these tasks are entangled via the critical path, the fatigue in the first crew
"infects" the second. The second crew is forced into a "Standby-then-Sprint" mode to
maintain the schedule, causing their own stress to accumulate quadratically.

~ Standby Then Sprint

Upstream Delay Fatigue Accelenation

{_F,_,._——— Compression Window \

—— Standby Phase > Sprint Phase

This non-linear growth A explains why small delays in one sector often lead to massive,
site-wide safety degradation. If the slope exceeds a critical threshold, the project reaches
a Tipping Point'5 where the rate of "infection" outpaces management’s ability to diffuse
it, making a safety incident or systemic rework statistically inevitable.

5 See Appendix F1

© 2026 Robert Prieto
www.pmworldlibrary.net Page 3 of 104



http://www.pmworldjournal.com/
http://www.pmworldlibrary.net/

PM World Journal (1SSN: 2330-4480) Fatigue Risk Index

Vol. XV, Issue VI — June 2026 by Bob Prieto
www.pmworldjournal.com Featured Paper
Fatigue Risk

Fatigue Risk
A
Tipping Point

N ) f Critical
Rising Risk '\ Threshold

=

Stable

>

Time / Fatigue Accumulation

As | look at the performance, or more appropriately, the degradation of performance, | will
focus on this one precursor of performance degradation, namely fatigue. This is done
through a safety lens since fatigue is a significant contributor to construction accidents,
but the productivity degradation follows from this.

A critical realization of QPM is that systemic risk does not reside in the "mean" or average
state of the project; it resides in the Roughness. Traditional project controls often rely on
average fatigue scores or average percent-complete metrics. However, in a non-linear
system, the average is a dangerous fiction.

Consider a project site where the average fatigue score is 5/10. If every crew is at a
consistent 5, the interface is "smooth" and stable. Conversely, a site with an average
score of 4/10—where some crews are at 1 (idle) and others are at 9 (near collapse)—is
significantly more dangerous. This high variance, or "roughness," indicates that "islands
of exhaustion" are forming. These peaks create steep risk gradients that the system’s
diffusion capacity  may no longer be able to level, leading to a systemic failure despite
a "healthy" average score.
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Consistent Average Fatigue Level. Same Average, High Variability.

Other factors also impact worker performance on LCPs but are not covered by this paper.
They include both physical and psychological factors while a broader range contribute to
overall project performance and productivity. These later factors group into four influential
clusters — labor characteristics (including fatigue), site management, environmental
context, and motivation/engagement (includes psychological safety).

Why Fatigue Matters Economically

Fatigue is one of the most costly and least visible performance degraders in
construction. It drives measurable losses across safety, productivity, and schedule
reliability, creating a system-wide economic burden that far exceeds its direct
symptoms. National data shows fatigue-related productivity loss costs U.S.
employers $1,200-$3,100 per worker annually, with a total economic impact of
$136 billion per year in lost output, rework, and incident-related downtime. In
construction—where long shifts, early start times, environmental stressors, and
interdependent tasks amplify fatigue—these costs manifest through higher rework
rates, slower task execution, cascading schedule delays, and increased incident
investigations. Because fatigue is rarely coded as a primary cause, its true economic
footprint is systematically underestimated. Treating fatigue as a measurable state
variable and managing it proactively through structured indicators and the Fatigue
Risk Index (FRI) enables organizations to reduce hidden waste, stabilize productivity,
and protect schedule integrity.
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While QPM draws broadly from quantum and relativistic analogies, its operationalization
requires a mathematical engine to model the dynamic behavior of risk. The Kardar—
Parisi-Zhang (KPZ) equation provides this framework, describing how an "interface"—
in this case, the project’s fatigue surface—grows and evolves over time under the
influence of management actions and random noise.

The equation is expressed as:

Oh A W
IV uVh o+ 2 (Vh
5 vV +2(V) + n

In this context, the variables are defined as:

« h (Interface Height): Represents the cumulative Fatigue Debt or risk state of a
specific work package or crew.

. vV2h (Diffusion): The Management Leveling term. It represents the
system’s capacity to identify "peaks" of exhaustion and "diffuse" that load into
"valleys" of lower pressure through resource reallocation or mandated rest.

A

E(Vh‘)z (Non-linearity): The Lateral Propagation term. It measures how
the growth speed of fatigue depends on the local "slope" between interconnected
tasks.
. 7 :Represents the Environmental Shocks—unforecasted weather, supply
chain delays, or "black swan" events—that randomly hit the project at any point.
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1.0 Introduction

In this paper we will dive deeply into the subject of fatigue and importantly its effects on
safety and productivity. In the process we will look at various fatigue measurement
approaches in general and more specifically one developed for the construction industry.
This paper suggests a more holistic approach to the evaluation of fatigue risk, opening
the door to fatigue management strategies that can enable improved project performance
and worker safety.

A number of key points related to fatigue are made throughout the paper and these are
summarized in the following box.

Key Points

o Fatigue is a critical, multifactorial risk driver and a core internality in
construction—an intrinsic human-performance condition shaped by work
hours, circadian disruption, task demands, and environmental stressors, with
significant safety, productivity, and economic consequences.

o Fatigue behaves as a dynamic state variable, not a static human-factors
issue. Its level changes continuously based on exposure and recovery and
directly alters human reliability, supervisory effectiveness, and system-level
risk, consistent with complex adaptive systems thinking.

« Fatigue exhibits nonlinear behavior, including thresholds and tipping
points, where relatively small increases in exposure can trigger
disproportionately large increases in error rates, incidents, productivity loss,
and systemic rework.

« Systemic fatigue risk resides in “roughness,” not averages. High
variance in fatigue levels between crews or work packages creates steep risk
gradients that can overwhelm management’s ability to diffuse stress—even
when average fatigue scores appear acceptable.

« Modeling fatigue as a measurable state variable enables real-time
tracking, prediction, and system-level risk assessment, shifting fatigue
management from reactive oversight to proactive control.
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1.1 Fatigue as an “Internality”

Fatigue is a pervasive, underestimated risk driver across transportation, industry, and
construction. National data shows more than 6,300 deaths in 2023 were attributable to
suspected drowsy-driving crashes—nearly 10x higher than official federal counts due to
chronic underreporting. Similar patterns appear in workplaces: 37-43% of workers are
sleep-deprived, and fatigue contributes to slower reaction times, impaired
decision-making, and elevated incident rates. Construction inherits all of these risks while
adding its own: long shifts, early start times, night work, environmental stressors, and
complex, interdependent tasks.

Within construction, fatigue acts as a latent, systemic amplifier rather than an isolated
hazard. It increases the likelihood of equipment incidents, falls, struck-by events, and
commute-related crashes. It also drives measurable operational impacts—higher rework,
schedule slippage, and increased downtime from incident investigations. Because fatigue
is rarely coded as a primary cause, its true contribution is consistently underestimated.

Fatigue as a State Variable

Fatigue is a dynamic internal condition whose value changes continuously based on
work demands, rest opportunities, circadian alignment, and environmental load, and
which directly influences human performance, error likelihood, and system-level risk.
As a state variable, fatigue has measurable inputs, predictable trajectories, and
nonlinear effects on safety and productivity

Fatigue also exhibits nonlinear thresholds, where small increases in exposure can trigger
disproportionately large increases in error rates and incident probability.

This paper frames fatigue as a state variable—a continuously changing condition that
alters the reliability of every control layer in a project. When fatigue rises, error rates
increase, supervisory oversight degrades, and system behavior shifts into a higher-risk
regime. This aligns with complex adaptive systems thinking and the broader Quantum
Project Management (QPM) framework. Like many biological processes, fatigue
dissipates according to a half-life decay pattern, where recovery is rapid initially but slows
as it approaches baseline—reinforcing its treatment as a quantifiable state variable.
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To operationalize fatigue as a measurable risk variable, the paper introduces a composite
Fatigue Risk Index (FRI). The FRI integrates five categories of leading indicators:
exposure (work hours, overtime), circadian disruption, sleep-opportunity proxies,
behavioral signals (near misses, procedural deviations, self-reported fatigue), and
task/environment multipliers (high-risk work, heat, weather). These are combined into a
0-100 dynamic score with actionable thresholds:

FRI < 30 — Normal operations

FRI 30-50 — Elevated: increase supervision, add micro-breaks
FRI 50-70 — High: restrict high-risk tasks, adjust shifts

FRI > 70 — Critical: stop or rescope work, mandatory rest

Fatigue Risk Index

0 310 510 70 100

The FRI can operate in both real-time and predictive modes, supporting planning,
scheduling, and adaptive risk management. Dynamic extensions allow nonlinear
adjustments when risk factors interact (e.g., heat + long shifts), reflecting the
entanglement and emergence characteristic of complex systems.

In effect the FRI is looking at precursors to Safety Degradation Risk, a key metric
associated with operationalization of Quantum Project Management.
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This paper also reviews existing tools—subjective scales like the Fatigue Assessment
Scale for Construction Workers (FASCW), biomathematical models (HSE FRI,
SAFTE-FAST), and emerging physiological monitoring technologies (HRV, EMG,
actigraphy, EEG). Wearables and on-site sensors now enable objective, context-aware
fatigue monitoring, while Al/ML models and digital twin architectures provide predictive
analytics and system-level insight.

A practical Minimal Viable Implementation is proposed that tracks shift length, rest
intervals, self-reported fatigue, near misses, and high-risk task exposure to compute a
simplified weekly FRI. This creates an immediate, low-cost entry point while enabling
future integration with automation, BIM/PMS systems, and digital twins.

Fatigue is not simply a human-performance issue—it is a measurable, dynamic driver of
system risk. By adopting a structured FRI, integrating subjective and objective tools, and
leveraging emerging technologies, construction organizations can move from reactive
fatigue management to predictive, adaptive, and data-driven control.

In Section 10 at the end of this paper we will lay out how fatigue’s behavior mirrors a
property we find in quantum physics, further extending the analogous behavior of QPM
and quantum and relativistic physics as laid out in the initial paper on the subject.

2.0 Fatigue’s Impact on Safety

We begin consideration of fatigue as a significant contributor to degraded safety
performance by looking broadly at transportation safety, an area where its deleterious
effects are most apparent.

2.1 Road & Transportation Safety Statistics

The most current national analysis shows that drowsy driving remains a major
contributor to roadway fatalities in the United States, with the most recent
comprehensive estimates coming from 2023 crash-fatality data, published in 2026 by
the Governors Highway Safety Association (GHSA). According to this analysis, more
than 6,300 people died in suspected drowsy-driving crashes in 2023, a figure nearly
ten times higher than the 633 deaths officially recorded in federal datasets due to
underreporting.

Additional national crash-fatality trends from NHTSA confirm that overall U.S. traffic
deaths decreased from 42,721 in 2022 to 40,901 in 2023, but fatigue-related crashes
remain a persistent and under-recognized contributor.
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National Fatigue-Related Crash Burden (2023 Data)

e More than 6,300 deaths in 2023 are attributable to suspected drowsy-driving
crashes (GHSA analysis).

o Federal reporting systems capture far fewer cases (633 deaths), highlighting the
large detection gap due to the absence of physical evidence of fatigue after a
crash.

« The broader societal cost of fatigue-related crashes remains aligned with prior
national estimates of ~$109 billion annually, representing approximately 13% of
the total economic burden of U.S. traffic crashes (inferred from NHTSA'’s
national crash-cost framework6).

Crash Risk & Behavioral Indicators (Most Recent Available Data)

e Nearly 20% of Americans report driving while drowsy at least once in the past
month.

« Drowsy drivers are significantly more likely to crash; GHSA’s 2023 analysis
highlights fatigue as a major behavioral risk factor, consistent with earlier
findings that fatigue multiplies crash likelihood.

e Underreporting remains severe because fatigue leaves no measurable
post-crash biomarker, unlike alcohol or drugs.

Because the physiological mechanisms that drive drowsy-driving risk are the same
mechanisms that degrade performance in all work environments, transportation data
provides a reliable baseline for understanding fatigue-related impairment across the
broader workforce.

2.2 Physiological Impairment Equivalency

Although no new federal impairment-equivalency thresholds were published in the 2023—
2024 datasets, the established scientific consensus remains unchanged:

« 17 hours awake = impairment similar to BAC'” 0.05
e 24 hours awake = impairment similar to BAC 0.10 (legally drunk)

These equivalencies continue to be used in fatigue-risk research and remain consistent
with the scientific literature. We will use them as comparators as we look at fatigue
behavior in large complex construction projects.

16 Inference based on proportional cost distribution; no newer cost-specific fatigue estimate was published
in the 2023-2024 NHTSA releases.
17 Blood Alcohol Content (BAC)
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The “Hidden Impairment” Benchmark (Fatigue vs. BAC).
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While transportation data provides the clearest national picture of fatigue related harm,
the same physiological mechanisms and behavioral patterns apply across all workplaces,
making roadway statistics a useful proxy for understanding broader occupational fatigue
risk.

2.3 Workplace & Occupational Safety

Turning now to workplace and occupational safety, across all industries, we find:

Approximately 43% of workers are sleep-deprived
37% of workers get less than the recommended 7 hours of sleep
Fatigue contributes to:

o Slower reaction times

o Poor decision-making

o Increased error rates

High-risk groups include:
e Shift workers — up to 6x higher crash risk
» Night shift workers — 62% report sleep loss
e Long-haul/commercial drivers — elevated fatigue exposure

We find each of these groups present in the construction industry.
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Construction inherits every major fatigue-related risk observed across the general
workforce, but amplifies them through long shifts, early start times, environmental
stressors, and tightly coupled tasks, making it an ideal context to examine fatigue as a
systemic driver of safety outcomes.

2.4 Key Patterns in Fatigue-Related Accidents

Let’s turn now to the patterns that recur in fatigue related incidents. Fatigue-related
incidents tend to:

e Occur late night (midnight—6 a.m.) or mid-afternoon (circadian low points)
e Involve no braking or evasive action (microsleep events)
* Be more severe, since the driver/operator may be completely unresponsive

Key takeaways as we look more closely at fatigue in the construction industry and how to
address it include:

* Magnitude: Fatigue contributes to roughly 15-20% of serious crashes, rivaling
alcohol in impact.

e Hidden risk: It is systematically underreported, so real numbers are likely higher.

* Performance degradation: Fatigue impairs humans in ways comparable to
alcohol intoxication.

o Systemic issue: Work schedules, shift work, and sleep deprivation make this a
design and management problem, not just individual behavior.

Construction inherits every major fatigue related risk seen in transportation and general
industry, but amplifies them through long shifts, early start times, environmental stressors,
and complex, interdependent tasks—making fatigue a systemic driver of safety
outcomes.

3.0 Fatigue in Construction

Against this backdrop of well documented fatigue impacts across transportation and
industry, construction emerges as a sector where these risks converge and intensify.
Large complex construction projects represent an economically important project
type and the industry overall is a significant contributor to national economic activity.

In construction, fatigue is a quiet but systemic risk driver—less visible than falls or struck-
by incidents, but deeply embedded in how work is scheduled and executed. The statistics
are less clean than for roadway safety, but the convergence of occupational,
transportation, and incident-analysis data paints a clear picture.
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3.1 Construction-Specific Fatigue Safety Statistics
The construction industry faces a prevalence of fatigue conditions including:

o ~37-43% of workers (including construction) are sleep-deprived
e Construction workers are disproportionately affected due to:

o Early start times

o Long shifts (10-12+ hours)

o Overtime cycles and project surges

Fatigue contributes to safety incidents. It is estimated to contribute to 15-20% of serious
accidents (based on cross-industry and transportation-linked data) with workers 3x more
likely to be involved in an incident when fatigued.

In construction contexts, fatigue is frequently cited as a contributing factor in:

e Equipment incidents (cranes, heavy machinery)
e Falls (reduced balance and attention)
e Struck-by events

* Vehicle accidents involving site logistics

High-risk construction activities where fatigue risk spikes include:

e Heavy equipment operation (microsleeps can be catastrophic)
e Night work / shutdowns / turnarounds

e High-rise or complex work requiring sustained attention

e Remote projects with long commutes or camp living

These activities are common in today’s construction environment.
3.2 Performance Degradation

Fatigue produces measurable cognitive impairment similar to what we see at different
Blood Alcohol Content levels as described earlier.

The impacts of this cognitive impairment tie directly to construction safety and by
extension project productivity:

e Slower hazard recognition
e Poor situational awareness

e Increased risk-taking or “shortcutting”

e Microsleeps (seconds of complete disengagement)

© 2026 Robert Prieto
www.pmworldlibrary.net Page 14 of 104



http://www.pmworldjournal.com/
http://www.pmworldlibrary.net/

PM World Journal (1SSN: 2330-4480) Fatigue Risk Index
Vol. XV, Issue VI — June 2026 by Bob Prieto
www.pmworldjournal.com Featured Paper

3.3 Construction’s Overlap with Transportation Risk

A large portion of construction fatalities involve vehicles (both on-site and commuting)
with 1 in 5 fatal crashes involving fatigue with early start times plus long shifts contributing
to elevated commute-related fatalities.

This creates a compound risk model:

Worker fatigue — degraded performance on-site — elevated risk
during commute — extended fatigue cycle

3.4 Economic & Productivity Impact
Fatigue’s economic impact becomes most visible through three operational pathways—

rework, schedule slippage, and incident-related downtime—that together translate
individual fatigue into measurable project-level cost and productivity losses.

Fatigue Rework Schedule Slippage IncreasedeCost
2z ©4 =f
A

\—> Delays _ \-) Delays ¥ " Cost Overruns

Fatigue costs employers $1,200-$3,100 per worker annually in lost productivity, with a
total U.S. economic burden of $136 billion per year in fatigue-related output loss, rework,
and incident downtime. In construction—where long shifts, early start times,
environmental stressors, and interdependent tasks amplify fatigue—these costs manifest
through three primary operational pathways: rework, schedule slippage, and
incident-related downtime.

Rework and Quality Defects

Fatigue directly degrades attention, working memory, and fine-motor precision—
capabilities essential for construction tasks requiring exact tolerances. As fatigue
increases, crews produce more incorrect measurements, mis-cuts, and
misalignments, and are more likely to miss steps in installation sequences,
particularly in MEP, formwork, and finishing trades. Reduced vigilance during inspections
allows latent defects to pass downstream, increasing punch-list volume and delaying
turnover. Research shows that even moderate sleep restriction can reduce accuracy by
20-50%, aligning with field observations that fatigued crews generate disproportionately
higher rework rates.
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Schedule Slippage

Construction schedules depend on predictable crew output, stable sequencing, and
reliable handoffs. Fatigue disrupts all three. Workers execute tasks more slowly due to
reduced stamina and unconscious micro-breaks, while productivity becomes more
variable and less predictable. Supervisors must intervene more frequently to correct
errors or re-brief tasks, creating additional stoppages. Because construction activities are
tightly interdependent, even small fatigue-related slowdowns can ripple across the
critical path, producing measurable slippage in weekly work plans and look-ahead
schedules.

Incident Investigation and Downtime

Fatigue is a well-documented precursor to near misses, minor injuries, and serious
incidents, each of which triggers operational downtime. Fatigued workers experience
higher rates of slips, trips, and falls, tool-handling errors, and equipment or vehicle
incidents driven by delayed reaction times or microsleeps. Every incident—regardless
of severity—diverts supervisory time to response, documentation, and root-cause
analysis, while work areas are secured, inspected, or remediated. As fatigue rises,
supervisory coherence also degrades, mirroring decoherence in quantum systems,
where alignment and communication fragment under cognitive load. These
micro-interruptions accumulate into meaningful schedule and cost impacts. Because
fatigue is rarely coded as a primary cause, appearing instead as “‘human error,”
“‘inattention,” or “failure to follow procedure,” its true economic footprint remains
systematically underestimated.

3.5 Key Insights for Construction Management

From what we have seen so far, we can draw some key insights for the management of
construction. These include:

» Fatigue is a latent condition, not an isolated hazard. It amplifies other risks
rather than appearing alone.
» Schedule design = safety design. Long shifts, night work, and compressed
schedules directly increase incident probability 8.
e Peak risk windows matter. These include:
o Early morning starts
o Post-lunch dip
o End-of-shift (especially >10 hours)

8 Under high fatigue and schedule pressure, crews increasingly “tunnel” through procedural barriers,
creating workarounds that bypass formal controls—another quantum like behavior that emerges when
energy (pressure) exceeds barrier strength.
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e Commuting risk is part of the system boundary. Fatigue-related fatalities
often occur off-site but are project-induced.

It is important to note that Roughness is a stronger predictor of fatigue driven risk
because it captures the shape of the fatigue landscape rather than its average height.
When roughness is high, the project surface develops sharp fatigue gradients—crews at
1/10 working adjacent to crews at 9/10—which overwhelms the system’s diffusion
capacity. Diffusion can only smooth gentle slopes; once the gradient becomes too steep,
management interventions such as rest breaks, reallocation, or schedule adjustments
cannot level the peaks fast enough.

Fatigue Debt /
Interface Height

High

Moderate

This mismatch between gradient size and diffusion capacity is what drives the system
toward instability, making roughness a far more sensitive early warning signal than
averages, which can mask dangerous local extremes. Appendix F illustrates this behavior
and reinforces why roughness, not mean fatigue, governs tipping point dynamics.

3.6 Summary

Fatigue in construction emerges not as an isolated human-performance issue but as a
systemic condition that shapes safety, productivity, and schedule reliability across the
entire project environment. The convergence of long shifts, early start times,
environmental stressors, complex task interdependencies, and commute-related
exposure creates a continuous fatigue cycle that amplifies risk at multiple layers—from
individual hazard recognition to supervisory oversight and cross-crew coordination. The
evidence across transportation, occupational safety, and construction-specific data
shows that fatigue acts as a latent, nonlinear risk amplifier whose impacts are consistently
underestimated when treated as a simple human factor. Understanding fatigue in this
broader systems context sets the stage for modeling it as a dynamic state variable and
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integrating it into advanced project-management frameworks such as Quantum Project
Management.

As these patterns make clear, fatigue in construction behaves not as a series of isolated
human-performance lapses but as a system-level condition that reshapes how risk
accumulates and propagates across a project, setting the stage for a more advanced
management framework grounded in complex adaptive systems and Quantum Project
Management.

4.0 Conceptual Framing for Advanced Project Management

Fatigue’s behavior across large complex projects reflects the dynamics of a complex
adaptive system, where individual performance conditions interact, amplify, and
propagate in ways that reshape overall project risk and require a more advanced
management framework to understand and control. These interactions create feedback
loops in which localized fatigue peaks, schedule pressures, and environmental stressors
amplify one another, producing emergent patterns of risk that cannot be understood
through linear cause-and-effect models and instead require a systems-based lens to
interpret and manage effectively.

Circadian
Disruption

Environmental
Stressors

Work Hours

Rest Intervals >4 —_ Fatigue (State Variable) N TuskRisk
A

[ Nonlinear Thresholds & Half-Life Recovery Behavior ]

From a systems perspective (aligned with complex adaptive systems generally and
Quantum Project Management specifically):

e Fatigue acts as a nonlinear risk amplifier

e |t degrades multiple control layers simultaneously:
o Human reliability
o Supervisory oversight
o Decision quality
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You can think of it as a “state” variable that shifts the entire project into a higher-risk
regime.

Emergent

Cognitive

Enirorment
State

Behavior

Iinfluences

\ 4
Emergent'\ 15 Emergent ALV
Behavior ® Behavior v

Environmental
Conditions

Fatigue as a Complex Adaptive System

5.0 Operationalizing Fatigue as a Measurable Risk Variable

To operationalize fatigue as a measurable, leading risk variable in construction, we want
indicators that:

e are observable in near real time

e correlate with degraded human performance

e can be aggregated into decision thresholds.

This is consistent with the philosophy underpinning other Quantum Project Management
control metrics as reflected in Appendix A.

In the following sections we outline a structured set of quantifiable leading indicators,
suggesting one potential way to combine them into a usable Fatigue Risk Index (FRI).
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TRADITIONAL FATIGUE ADAPTIVE (DATA-DRIVEN)
MANAGEMENT FATIGUE MANAGEMENT

@ &
of Incident
STATIC REACTIVE [t
RULES MEASURES l \ ‘
CAS
o ™ CONTROL

A » (.

O O o

STATIC RULES Accident PREDICTIVE
(e:g.. <60 hrs) investigation ANALYTICS DYNAMIC
FEEDBACK LOOPS

CAS — Complex Adaptive System
5.1 Core Fatigue Exposure Metrics (Input Conditions)

These describe how much fatigue pressure the system is generating. One measure,
Fatigue Assessment Scale for Construction Workers (FASCW), is discussed later in this
paper and addressed specifically in Appendix D. They include:

5.1.1 Work Duration & Intensity

Average shift length (hours)

% of workforce >10 hrs / shift

% of workforce >12 hrs / shift
Consecutive days worked (avg & max)

Suggested trigger thresholds:
e 10 hrs — elevated risk
e 12 hrs — high risk
e 6 consecutive days — compounding fatigue

5.1.2 Circadian Disruption

* % of hours worked between 12:00 AM - 6:00 AM
e Number of night shifts per worker (rolling 14 days)
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e Shift start time variance (standard deviation across crew)

These disruptions matter since they align with known circadian low points linked to
incidents.

5.1.3 Sleep Opportunity Proxy
You usually can’t measure sleep directly, so measure conditions such as:
e Minimum rest period between shifts (hours)
* % of workers with <10 hrs off between shifts
e Commute-adjusted rest time = (time off — estimated commute — personal needs

buffer)

A practical threshold is that less than 7 hours of effective rest results in a high fatigue
probability

5.2 Behavioral & Performance Leading Indicators

Let’s turn now to behavioral and performance leading indicators. These capture early
degradation before incidents occur.

5.2.1 Human Performance Signals

Near-miss rate per 10,000 work hours

Procedural deviations per shift

Rework rate (%)

Toolbox talk comprehension check scores (short quizzes)

Fatigue typically shows up as:

e Increased variability
e More “simple mistakes”

5.2.2 Supervisor Observation Conversion to Data

Structured supervisor observations are important but to be useful it is essential to convert
subjective input into data:

e Observed fatigue flags per 100 workers
o Yyawning, slowed response, microsleeps, zoning out
e Self-reported fatigue score (1-5 scale) collected daily
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Results can be normalized into % of workforce reporting fatigue 24/5

Weekly Fatigue Risk Index

@ Shift Length ) Long
|a== Rest Intervals @ Adequate

/\ @ Self-Reported Fatigue @ High
Trend /\/\/\/ ——p A Near Misses e Frequent

? High Risk Tasks ) Exposed

Nonlinear Thresholds & Haif Life Recovery Behavior

5.3 Task & Environment Risk Multipliers

These multipliers adjust fatigue risk based on what work is being done and under what
conditions. For example:

e High risk task exposure
o % of work hours involving:
= Heavy equipment operation
= Work at height
= Critical lifts
= Electrical/high-energy systems
e Environmental load
o Heat index'® / WBGT?® exposure hours
o Weather stress index?' (normalized 0-1)

9 The heat index (HI) is a measure of how hot it feels to the human body when air temperature and
relative humidity are combined.

20 The Wet Bulb Globe Temperature (WBGT) is a composite environmental index used to assess heat
stress on humans, particularly in occupational and athletic settings. It incorporates:

. Natural wet-bulb temperature (reflecting humidity and evaporative cooling),
. Globe temperature (capturing radiant heat from sun or hot surfaces), and
. Dry-bulb air temperature.

WBGT provides a more comprehensive measure of environmental heat load than the heat index and is
used in standards

21 The Weather Stress Index (WSI) is a broader, multi-factor indicator of environmental stress on
human performance and safety. While not a single universally standardized metric, WSI-type indices
typically integrate combinations of:

Air temperature

Humidity

Solar radiation

Wind speed

. Sometimes precipitation or barometric conditions
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Heat + fatigue = multiplicative risk, not additive

This multiplicative behavior reflects a form of entanglement, where fatigue becomes
tightly coupled with environmental stressors, producing risks that cannot be understood
by examining either factor alone.

ENVIRONMENTAL-TASK “ENTANGLEMENT" MATRIX

Dynamic Risk Coupling & Emergence under QPM (Quantum Project Management)
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The stochastic noise term 7! in the KPZ framework is particularly relevant when
considering the impact of geographic and environmental stressors. In high-temperature
and high-humidity regions, environmental noise does not merely slow down work; it acts
as a constant "roughening" agent on the fatigue interface.

By treating these shocks as KPZ noise, we can model the Scaling Law of the workforce.
This enables a predictive understanding of Relaxation Time—the duration required for a

WSl is used to evaluate overall environmental burden on workers, including both heat and cold stress,
and to inform operational decisions such as task modification, scheduling, or protective measures. It is
often applied in project- or organization-specific frameworks rather than as a globally standardized index.
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project system to return to a stable, "level" risk state following a significant shock, such
as a multi-day heat dome or a sudden disruption in critical-path logistics.

For governance to remain effective, the Management Diffusion Rate v must be
calibrated to outpace the frequency and intensity of these environmental shocks. Failure
to do so allows the interface to reach a state of "saturated roughness," where the
probability of a systemic safety or performance failure becomes near-certain regardless
of the individual skill of the workforce.

5.4 Commuting & Off-Site Risk Indicators

e Average commute time (one way)
e % of workers commuting >60 minutes
e Post-shift incident/near-miss reports (driving-related)

6.0 Fatigue Risk Index (FRI) — A Composite Metric
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Designed for Quantum Project Management (QPM)

Composite Fatigue Risk Index (FRI) Model

One possible composite fatigue metric can combine the above into a single 0—-100
dynamic score. As we will see later in this paper other established fatigue measures exist
but are more narrowly focused as we will see in FASCW.
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6.1 Comparing FASCW and the Composite Fatigue Risk Index (FRI)

The construction industry benefits from both subjective and objective approaches to
fatigue assessment. Two tools discussed in this paper—the Fatigue Assessment Scale
for Construction Workers (FASCW) and the proposed composite Fatigue Risk Index
(FRI)—serve complementary but distinct purposes. Understanding their differences
clarifies why both are essential in a modern fatigue-risk management system.

6.1.1 Scope and Purpose

« FASCW is a validated, low-cost, self-report instrument designed to measure
individual fatigue severity across two domains: Lethargy and Bodily Ailment. It
enhances worker awareness, supports daily check-ins, and provides insight into
subjective experience.

e FRI, by contrast, is a system-level risk metric that integrates multiple leading
indicators—work hours, circadian disruption, rest opportunity, behavioral signals,
and task/environment multipliers—to quantify operational fatigue risk across
crews, shifts, or entire projects.

6.1.2 Strengths

FASCW Strengths
« Simple, inexpensive, and easy to deploy at scale
o Captures internal states not visible to supervisors or sensors
o Encourages worker engagement and self-monitoring
o Useful for daily screening and trend analysis

FRI Strengths

Data-driven and objective, reducing reliance on self-report

Converts fatigue exposure into actionable operational thresholds
Supports predictive analytics and planning

Integrates with digital twins, wearables, and BIM/PMS systems
Reflects complex interactions (e.g., heat x long shifts x high-risk tasks)

6.1.3 Limitations
FASCW Limitations
e Subject to bias, underreporting, and cultural pressures

o Captures symptoms, not root causes
« Not designed for real-time or predictive use
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FRI Limitations

e Requires data infrastructure and normalization
o Needs calibration to project conditions
e More complex to implement initially

6.1.4 How They Work Together

FASCW provides individual-level insight, while the FRI provides system-level risk
intelligence. Used together, they create a more complete picture:

« FASCW identifies how workers feel.
o FRIidentifies why fatigue risk is rising and what operational actions are required.

This dual-lens approach aligns with complex adaptive systems thinking with subjective
experience and objective exposure interact to shape emergent risk. Integrating both tools
enables organizations to move from reactive fatigue management to predictive, adaptive
control.

Dimension FASCW Composite FRI

Primary e . , . . ,

Purpose Measure individual fatigue severity Quantify system-level fatigue risk

Type Subjective self-report Objective composite index

Data Hours, rest, circadian, behavior,
Worker responses :

Sources environment

Strengths Simple, low-cost, worker Predictive, operational, integrative
engagement

Limitations Bias, symptoms only Requires data infrastructure

Best Use Daily screening, trend tracking Eéi?rr;rg’ scheduling, real-time risk

Daily worker self-screening;
pre-task check-ins; trend
monitoring of individual fatigue;
identifying workers who may

Use Cases require rest, rotation, or
supervisory follow-up;
supplementing toolbox talks and
safety briefings with subjective
awareness data.

Shift-level and project-level fatigue
risk assessment; planning and
scheduling decisions; identifying
high-risk periods (heat, night work,
long shifts); adjusting crew
deployment; triggering operational
controls (task restrictions,
microbreaks, rescoping); predictive
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Dimension FASCW Composite FRI

modeling within digital twins and
BIM/PMS integrations.

FRI Functions as a Control Instrument

The Fatigue Risk Index (FRI) is more than a diagnostic measure; it operates as a
governance mechanism that shapes planning, supervision, and system behavior across
a project. As a composite state-variable metric, the FRI functions simultaneously as a
leading indicator, a control threshold, a predictive scheduling input, and a Safety-l|
precursor metric, enabling project leaders to anticipate degradation before it manifests
in incidents or productivity loss.

FRI as a Leading Indicator

The FRI integrates exposure, circadian disruption, rest opportunity, behavioral signals,
and environmental multipliers into a single dynamic score that rises before observable
failures occur. This allows fatigue to be monitored in the same way other leading
indicators are tracked—continuously, proactively, and with sensitivity to early drift.
Because fatigue amplifies error rates, slows reaction time, and degrades decision quality,
the FRI provides advance warning of system instability long before traditional lagging
indicators (incidents, rework, near misses) appear.

FRI as a Control Threshold

The FRI's operational bands (Normal <30, Elevated 30-50, High 50-70, Critical >70)
function as explicit governance thresholds that trigger predefined actions. These
thresholds convert a complex human-performance condition into a structured control
system: increased supervision, microbreaks, task restrictions, shift adjustments, or
mandatory rest. This aligns fatigue management with the broader QPM principle that
control actions must be tied to measurable state changes rather than subjective judgment.

FRI as a Predictive Scheduling Input

Because fatigue accumulates and dissipates according to predictable patterns—including
circadian lows, shift length effects, and biological half-life decay—the FRI can be
projected forward to identify high-risk windows in upcoming work. This enables planners
to adjust sequencing, crew rotations, night-work exposure, and high-risk task
assignments before fatigue reaches destabilizing levels. In this way, the FRI becomes a
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scheduling input analogous to weather forecasts or resource availability, embedding
human-performance constraints directly into the planning process.

FRI as a Safety-ll Precursor Metric

Safety-Il emphasizes understanding how work succeeds under varying conditions.
Fatigue is a core internality that shapes variability in human performance, supervisory
coherence, and system resilience. By quantifying fatigue as a state variable, the FRI
identifies when the system is drifting toward a high-variability regime where workarounds,
tunneling, and decoherence become more likely. This makes the FRI a precursor metric
for Safety-ll, revealing the conditions under which successful performance becomes
fragile and enabling interventions before variability escalates into failure.

6.2 Proposed Composite Formula and Component Weights

Example Structure for a composite Fatigue Risk Index:

FRI=100 X (0.30E+0.25C+0.20S+0.15B+0.10T)
Where:
* E (Exposure): normalized work hours, overtime, consecutive days
* C (Circadian): night work + shift irregularity
» S (Sleep proxy): rest intervals, commute-adjusted rest
* B (Behavioral): near-misses, errors, self-reported fatigue
* T (Task/environment): high-risk work + heat/weather

Each component scored 0—1 using thresholds as described below.

6.2.1 Action Thresholds (Operational Use)

FRI < 30 — Normal operations
FRI 30-50 — Elevated
o Increase supervision
o Add micro-breaks
FRI 50-70 — High
o Restrict high-risk tasks
o Adjust shifts / add relief crews
FRI > 70 — Critical
o Stop or rescope work
o Mandatory rest interventions
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6.2.2 Predictive & Real Time Modes

This FRI can be used not only in a real time dynamic mode aqgs we see in the next section
but also in a predictive one supporting project planning and scheduling. It offers real value
in this later mode.

6.3 Basis for Weight Selection in the Composite FRI

The weighting structure used in the composite Fatigue Risk Index (FRI) reflects the
relative contribution of each indicator category to fatigue-related degradation in
construction performance, as evidenced by transportation data, occupational safety
research, and construction-specific patterns documented throughout this paper. The
weights are not arbitrary; they are derived from three principles:

1. Strength of empirical association with fatigue-related incidents

2. Degree of influence on cognitive impairment and microsleep probability

3. Relevance to construction’s operational context (shift design, high-risk tasks,
environmental load)

The resulting distribution—Exposure (0.30), Circadian (0.25), Sleep Opportunity (0.20),
Behavioral (0.15), Task/Environment (0.10)—reflects the relative predictive power and
operational controllability of each domain.

1. Exposure (E) — Weight 0.30
Why it carries the highest weight

This paper repeatedly identifies work hours, overtime, and consecutive days as the
most consistent and well-validated predictors of fatigue risk:

Exposure metrics have the strongest empirical grounding across transportation,
occupational safety, and construction research. They also directly influence:

e sleep restriction

« circadian misalignment

e microsleep probability

e cognitive impairment equivalent to BAC 0.05-0.10

Because exposure is both highly predictive and highly controllable, it receives the
largest weight.
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2. Circadian Disruption (C) — Weight 0.25
Why it is nearly as influential as exposure

Circadian disruption is repeatedly shown to be a primary driver of severe fatigue
events, especially microsleeps:

Circadian misalignment is strongly associated with:

e reduced alertness

o slowed reaction time

e impaired hazard recognition

e increased crash likelihood

Because construction frequently uses early starts, night work, shutdowns, and
turnarounds, circadian disruption is a major systemic risk amplifier, justifying a weight
close to exposure.

3. Sleep Opportunity (S) — Weight 0.20
Why it is weighted as a core but secondary driver

This paper emphasizes that sleep cannot be measured directly, so proxies must be
used such as:

“Minimum rest period between shifts...”
“Commute-adjusted rest time...”
“Less than 7 hours of effective rest results in a high fatigue probability.”

Sleep opportunity is a root cause of fatigue but is less directly observable than exposure
or circadian patterns. It is also more variable across individuals. For these reasons, it
receives a substantial but not dominant weight.

4. Behavioral Indicators (B) — Weight 0.15

Why behavioral data is weighted lower but remains essential

Behavioral signals (near misses, procedural deviations, self-reported fatigue) are
described as early degradation indicators:

However:
« they are lagging-leading indicators (early symptoms, not root causes)
« they can be influenced by culture, reporting bias, or supervisor variability
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o they reflect manifested fatigue rather than underlying exposure

Thus, behavioral indicators are essential for calibration and validation, but not primary
drivers of the score.

5. Task & Environment Multipliers (T) — Weight 0.10
Why this category is weighted lowest
This paper notes that task and environmental conditions amplify fatigue risk:

“‘Heat + fatigue = multiplicative risk, not additive.”
“High-risk task exposure... heavy equipment, work at height, critical lifts.”

However:
o these factors do not cause fatigue
« they increase the consequence of fatigue, not the probability
« they vary widely day-to-day and are often project-specific

Therefore, they are treated as multipliers, not core drivers, and receive the smallest
weight.

Rationale for Weights

Component Weight  Why It Matters Most Evidence in Document
Strongest predictor of “10 hrs — elevated risk; 12
Exposure (E) 0.30 fatigue; dlregtly tied to hrs — h|gh risk; 6
hours, overtime, consecutive days —
consecutive days compounding fatigue.”
Circadian (C) 0.25 Major drlver. of.mlcrosleeps I.nC|de.nts tend tg ocs;ur at
and severe incidents circadian low points.

“Less than 7 hours of
effective rest results in high
fatigue probability.”
“Fatigue shows up as
increased variability and
simple mistakes.”

Task/Environment Amplifies consequences; “‘Heat + fatigue =
0.10 . o . o
(T) project-specific multiplicative risk.

Sleep Opportunity 0.20 Root cause of fatigue;
(S) ) measurable via proxies

Early degradation signals;

Behavioral (B) 015 | seful for calibration

See Appendix E for a worked example.

© 2026 Robert Prieto
www.pmworldlibrary.net Page 31 of 104



http://www.pmworldjournal.com/
http://www.pmworldlibrary.net/

www.pmworldlibrary.net

PM World Journal (1SSN: 2330-4480) Fatigue Risk Index
Vol. XV, Issue VI — June 2026 by Bob Prieto
www.pmworldjournal.com

Featured Paper

7.0 Dynamic / Adaptive Extensions (Aligned with Complex Systems
Thinking)

EXECUTIVE FATIGUE RISK MANAGEMENT MODEL

Workload & Scheduling
(long shifts, overtime,
consecutive days)

v

FATIGUE
(State Variable)

v v v

Circadian Load

“Profile Environmental Load Task Risk

_ (night work, (heat, humidity, (critical tasks,

irregular shifts, weather stress) work at height)
early starts)

v 4

Cognitive Effects Physical Performance
(slower reaction, (reduced stamina,
impaired judgment) micro-breaks, errors)

Error-Prone States
(near misses, lapses,
procedural drift)

v

Safety & Operational Impacts
¢ Incidents & injuries

¢ Rework & quality defects

» Schedule slippage

» Commute-related crashes

Executive Fatigue Risk Management Model
To align with “complex adaptive systems” framing such as we see in QPM:

e Incorporate nonlinear triggers
o If (FRI rising + near-misses rising) — amplify weighting of behavioral term
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o If heat + long shifts coincide — apply multiplier (e.g., x1.2)
» Reflect QPM’s entanglement concept (cross-coupled risks)
o Track correlations:
= Fatigue x schedule pressure
= Fatigue x safety compliance drift
= Fatigue x productivity variance

This reveals emergent risk states, not just linear causation.

Practical Implementation

Start simple:

. Track 5—7 metrics only (hours, rest, near-misses, self-reported
fatigue, high-risk tasks)

. Build a weekly FRI dashboard

. Calibrate thresholds using your project’s incident history

Key Insight: Fatigue is not just another KPl—it's a state variable?? that changes the
reliability of every other control system. By quantifying it this way, you move from:

“Fatigue is a concern” to “Fatigue is a measurable driver of system risk with
actionable thresholds.”

7.1 Construction Fatigue Risk Monitoring

Appendix B describes a Fatigue Risk Monitoring System Architecture for Construction.

22 A state variable is a measurable condition of a system that continuously reflects its current operating
state and influences how the system behaves. It is not a binary flag or a single hazard; it is a dynamic
property that shifts over time and alters the performance, reliability, and risk profile of the entire system.
A state variable:

» Changes continuously, not discretely

* Interacts with other variables, creating entanglement

* Alters system behavior when it crosses thresholds

» Shapes emergent risk, rather than acting alone

» Modifies the effectiveness of controls (supervision, procedures, decision-making)

In other words, a state variable is something that changes the system’s operating mode, not just the
probability of a single event.
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SYSTEMS DATA COLLECTION

Sensor feeds, logs
Probability
/ of Incident
' \ COMPLEX

POLICY
UPDATE .
A ANALYSIS
Work tralg\su‘:ss; @ ML algorithms

GUANTUM

J
INSIGHT
GENERATION

IMPLEMENTATION R Heat maps,
New training, tasks \ // correlations

POLICY UPDATE
Work rules, protocol

Organizational Learning Loop

It describes input data layers (automated and manual feeds), environmental feeds, the
processing layer (scoring and normalization), the Fatigue Risk Index (FRI) engine (with
dynamic adjustments), and a dashboard layer supporting multiple views. The outlined
architecture incorporates an entanglement map as part of a risk coupling panel as well as
a predictive panel based on project projections. Finally, it provides an Action Engine with
associated decision logic. A feedback loop reflects both calibration and learning. Over
time, the system described in Appendix B becomes project-specific and predictive.
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Construction Fatigue Risk Monitoring System

e alle £al

Wearable Sensors Environmental Sensors Operational Data

e gl

Centralized
Data Repository £

A\ Alerts & Dashboards

Data Processing & Analysis - -

’ Analytics & — l Fatigue
Machine Learning P{ Assessment “p=

Supervisor Dashboard

A\ Intervention Actions
D

This structure supports the complex adaptive systems framing that is characteristic in
large complex systems in general and LCPs in particular. This framing can be described
as consisting of:

o State Variable - Fatigue becomes a continuous system state (FRI) rather than a
binary condition.
e Emergence - Risk emerges from interactions, not single variables:
o Long hours alone # failure
o Long hours + heat + critical lift = nonlinear jump
e Entanglement - Variables are cross-coupled, not independent:
o Schedule pressure drives fatigue
o Fatigue drives errors
o Errors drive rework — more schedule pressure
e Phase Shift Behavior - At thresholds (e.g., FRI > 60), system behavior changes:
o Error rates spike
o Control systems degrade
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A state variable is a measurable condition of a system that continuously reflects its
current operating state and influences how the system behaves. It is not a binary flag
or a single hazard; it is a dynamic property that shifts over time and alters the
performance, reliability, and risk profile of the entire system.

A state variable:

» Changes continuously, not discretely

* Interacts with other variables, creating entanglement

* Alters system behavior when it crosses thresholds

» Shapes emergent risk, rather than acting alone

» Modifies the effectiveness of controls (supervision, procedures, decision-making)

In other words, a state variable is something that changes the system’s operating
mode, not just the probability of a single event.

A “Minimal Viable Implementation” providing a quick practical start is shown in the
following callout box. This allows you to compute a simplified FRI weekly, then scale up.

8.0 Tools, Technologies, and Data Sources
8.1 Existing Fatigue Risk Indices

There are several existing fatigue risk indices and related tools, but in the construction
industry they’re usually adapted from more general human-fatigue research rather than
being one universal standard index used industry-wide. It is important to understand these
even as we consider the previously suggested FRI that recognized the complexity,
uncertainty and emergence present at construction sites.
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Let’s take a closer look:

e Fatigue Risk and Fatigue Indices (General)

Fatigue Risk Index (FRI) and biomathematical models exist for quantifying fatigue risk
based on work schedules, sleep, and circadian rhythms. These were originally developed
for shiftwork and other safety-critical sectors. Examples include:

o The HSE Fatigue and Risk Index (HSE FRI) — historically developed in the UK
for shiftwork risk assessment. It calculates both a fatigue index and a risk index
based on work patterns, time of day, and recovery.

o Biomathematical models like SAFTE-FAST (Sleep, Activity, Fatigue, Task
Effectiveness) that predict alertness and risk levels from sleep and work data.
These tools are widely used in aviation and transport, and some companies
adapt them for other industries’ scheduling and fatigue management.

These models provide a quantitative estimate of fatigue risk which can be turned into a
score or index — typically used to evaluate roster and shift impacts on fatigue-related
risk.

e Construction Safety Research

In academic and industry safety research specific to construction:

o Studies often measure individual workers’ fatigue levels with validated scales
(e.g., Occupational Fatigue Exhaustion Recovery [OFER] scale, Swedish
Occupational Fatigue Inventory, or worker-specific fatigue assessment
tools) and then relate those scores to safety outcomes like hazard recognition
or accident risk.

o Some research explicitly calculates a “fatigue index” for construction workers
by using these scales and then correlates it with safety-performance metrics
(e.g., poorer hazard recognition as fatigue increases).

So while there isn’t one single official industry-wide fatigue risk index for construction
akin to OSHA'’s TRIR or DART that every company uses, there are established indices
and models that can be adapted.

8.2 Types of Tools Used

Type of Tool What It Measures Typical Use

Biomathematical fatigue models | Predicted level of Scheduling & risk estimation in

(SAFTE-FAST, HSE FRI) alertness/fatigue based on safety-critical environments
sleep, shift, circadian patterns
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Self-report fatigue scales
(OFER, SOFI, custom surveys)

Subjective worker fatigue level

Research studies, monitoring
on-site fatigue

Physiological metrics (HRV,
motion sensors, wearables)

Objective indicators of fatigue

Research and emerging on-site
monitoring systems

Construction researchers often adapt validated fatigue scoring tools to create a numeric
index that can be statistically associated with accident risk or unsafe behaviors.

Organizations implementing fatigue risk management systems may use the more general
fatigue models (like SAFTE-FAST) to predict fatigue risk in scheduling and planning —
even though that model wasn'’t originally developed for construction.

Some industry fatigue tools (e.g., individual fatigue risk assessment spreadsheets /
guides) provide a fatigue risk score that workers or supervisors can complete and act
upon.

Appendix C discusses these tools in more detail. Appendix D takes a closer look at
Fatigue Assessment Scale for Construction Workers (FASCW).

8.3 Fatigue Assessment Scale for Construction Workers (FASCW)

Fatigue Assessment Scale for Construction Workers (FASCW) is addressed in detail in
Appendices D and D1.

The 10 items included in the validated Fatigue Assessment Scale for Construction
Workers (FASCW), the brief, reliable, self-report measure developed to assess fatigue
severity among construction workers, are shown in the figure below. The final scale
consists of items that load statistically on two subscales — Lethargy and Bodily Ailment
— and is rated on a 5-point scale (1 = not at all to 5 = completely).

1. Mental Drain Likert 1~5
f 2. Energy Drop 1)(2)(3}(4)(S
3. Slow Decisions 1)(2)(3)(4)(5) N
4, Low Drive 1)(2)(3)(4)(5
Lethargy (1-5 NI ENIE
(-9 S: M Do =y Total Fatigue Score
Subtotal =1~ 5
6. Heavy Body Likert 1-5
7. Muscle Tightness DIAINSNS) | Risk Threshold
8. Physical Strain DIZJE3 A4S woderate
Bodily Ailment 9 Aches / Discomfort DIZJ3INRAIS & 4.
11(2)(3)(4)(5 ~ d
(6~10) 10. Physical Exhaustion

Subtotal = 610 Current Score

Fatigue Assessment Scale for Construction Workers (FASCW)

Readers are encouraged to read these appendices.
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8.4 Wearable Technologies for Monitoring Bodily Functions

These devices collect objective physiological or activity data that correlates with fatigue.

N

Subjective Items

1. Mental Drain

2. Energy Drop

Letfiangy

3. Slow Decisions
4. Low Drive

5. Worn Down

\ £

6. Heavy Body
7. Muscle Tightness
8. Physical Strain

9. Aches/Discomfort

Bodiin\iiment

10. Physical Exhaustion

Wearable and
Sensor Based

~

Heart Rate
Variability

EMG
muscle
activity

IMU motion
tracking

@
5
G @&
@ @ 22,

)[&E
f".

Reactlon
time

N

Functional and
Warm-up Tests

'Y

0
ﬁ Sit-to-Stand
ﬁ Balance

@

Grip
Strength

Cognitive
Tests

Subjective Fatigue to Objective Surrogates

Technology

What It Measures

How It Relates to FASCW

Heart Rate (HR) & Heart Rate
Variability (HRV) monitors

HR, HRV, stress/recovery levels

Low HRYV is associated with
higher fatigue and reduced
recovery—relates to lethargy
subscale

Electromyography (EMG)
sensors

Muscle activation, fatigue

Muscle fatigue during repetitive
or heavy tasks correlates with
bodily ailment items like muscle
heaviness or cramps
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Technology

What It Measures

How It Relates to FASCW

Skin temperature & galvanic
skin response

Stress, exertion, sweat

Higher physiological stress may
indicate mental or physical
fatigue

Actigraphy / accelerometers
(wristbands or body sensors)

Step count, movement intensity,
rest periods

Lower activity, slower
movements, or long inactivity
periods may reflect slowed body
movement or lethargy

Wearable inertial
measurement units (IMUs)

Posture, gait, joint angles

Detects musculoskeletal
strain—related to joint ache,
stiffness, or heavy limbs items

EEG headbands

Brain wave activity

Certain EEG patterns (theta
increase, alpha decrease)
correlate with mental fatigue
(thoughts wandering item)

8.5 Creating a Digital Twin Predictive Fatigue Model

The Digital Twin, represented here, is a virtual mirror of our real-world construction
system. It's continuously fed by data feeds (work hours, weather conditions, equipment
use, shift patterns) to understand the state variable of fatigue. Where traditional models
treat fatigue as a fixed or after-the-fact hazard, the Digital Twin treats it as a live,
continuous input. This figure encapsulate a pivotal shift in how we anticipate and
mitigate risk - we move from reactive fatigue management to predictive, dynamic

modeling.
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Digital Twin/ Predictive Fatigue Model (Advanced)
8.6 Predictive Fatigue Model in Action

8.6.1. Real-time Data Streams: Each input is a thread of the story. As crews work
through the week, the model ingests their hours, the intensity of tasks, environmental
stressors, and even micro-break patterns.

8.6.2. Predictive Analytics: The Digital Twin doesn’t just mirror reality; it forecasts the
future. Using machine learning, it predicts when fatigue will reach critical thresholds,
showing when and where the risk landscape will shift.

8.6.3. Visualizing State Shifts: In the figure you see fatigue mapped as a gradient—a
color shift indicating when the entire project environment is entering a higher-risk
regime. It turns fatigue from an invisible, creeping factor into a visible, actionable state.

By framing fatigue as a state variable, it suggests how to move from a reactive posture—
responding to incidents—to a proactive strategy where we can anticipate and defuse
fatigue-linked risks before it escalates.
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Monitoring task performance and behavior provides indirect indicators of fatigue and

provide necessary inputs into our fatigue model.

Technology What It Measures

Relation to FASCW

Attention, alertness,
reaction speed

Computerized cognitive
tests (reaction time,
vigilance tests)

Mental fatigue — thoughts
easily wander or slowed
movement

Repetition rate, speed of
lifting, awkward postures

Motion capture /
wearable IMUs

Slower or irregular
movements — body
movement slows or leg
heaviness

Smartphone or tablet Self-reports, short surveys

apps

Can integrate FASCW
items digitally for
continuous or pre/post-shift
monitoring

Work productivity
trackers

Task completion time,
error rates

Decreased efficiency may
reflect lethargy and bodily
fatigue

8.8 Warm-Up Exercises or Functional Assessments as Surrogates

A
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Fatigue can also be inferred from short physical or cognitive tests at the start of a shift as
described in the following table.

Exercise / Test

Purpose

Surrogate for FASCW
Item

Grip strength test
(dynamometer)

Measures muscle fatigue

Relates to less strength in
muscles

Sit-to-stand test / step
test

Cardiovascular and lower
body fatigue

Relates to legs feel
tired/heavy

Timed reach or balance
tests

Postural stability

Relates to body movement
slows

Simple cognitive tests
(reaction time, digit
symbol substitution)

Mental fatigue

Surrogate for thoughts
easily wander

Dynamic warm-up
exercises with RPE (Rate
of Perceived Exertion)

Subjective exertion

Combines physical load
and self-reported fatigue
— maps to FASCW
subscales

8.9 Hybrid Systems

Some research and pilot programs integrate wearables + activity tracking + short
functional tests to estimate real-time fatigue scores:

e Example 1: Wristband measuring HRV + IMU for movement patterns —
algorithm estimates lethargy level.

 Example 2: EMG + grip strength test — predicts bodily ailment subscale.

e Example 3: Cognitive tablet app + actigraphy — combined physical + mental

fatigue surrogate.
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These systems don’t replace FASCW but can provide continuous monitoring or real-
time alerts when workers’ fatigue levels approach unsafe thresholds. They support a
dynamic FRI.

Practical Implementation on Construction Sites

¢ Pre-shift baseline assessment: Short warm-up + grip strength + reaction
time test — baseline fatigue level.

¢ Continuous monitoring: Wearables track HR, HRV, steps, and posture
during shifts.

¢ Post-shift evaluation: Quick FASCW digital survey + functional tests to
correlate objective measures with subjective scores.

¢ Predictive analytics: Algorithms combine physiological + activity + functional
test data — estimate surrogate FASCW scores for risk management.

8.10 Detailed mapping of each FASCW item to measurable surrogates

This mapping includes wearables, activity monitoring, and warm-up/functional tests
suitable for construction sites. This creates a practical framework for estimating or
approximating FASCW scores objectively.

FASCW Item

Measurable Surrogate Indicators

Reduced step counts, slower movement
speed 3-5 min low-intensity activity test;
perceived exertion rating

1. Lacking in energy Heart Rate
Variability (HRV) — low HRV indicates
fatigue

EMG sensors on major muscle groups
(forearm, quadriceps) Slower lifting
cadence, lower force output Grip strength
test, leg press or push-up count

2. Less strength in muscles

Muscle oxygenation (near-infrared
spectroscopy, NIRS) Step cadence, gait
speed, accelerometer leg motion Timed
sit-to-stand test, step test

3. Legs feel tired/heavy

IMU-based movement sensors (joint
angles, speed) Decreased motion

4. Body movement slows down

© 2026 Robert Prieto

www.pmworldlibrary.net Page 44 of 104



http://www.pmworldjournal.com/
http://www.pmworldlibrary.net/

PM World Journal (1SSN: 2330-4480)
Vol. XV, Issue VI — June 2026
www.pmworldjournal.com

Fatigue Risk Index
by Bob Prieto
Featured Paper

FASCW Item

Measurable Surrogate Indicators

amplitude or slower task completion Short
timed obstacle course or reach test

5. Thoughts easily wander

EEG headband (theta/alpha ratio), HRV
stress index Increased task errors, slower
response Cognitive reaction time or
psychomotor vigilance test

6. Arms/legs feel numb

EMG & peripheral nerve activity Reduced
range of motion or repeated joint
movement Functional reach or flexibility
test

7. Shoulders feel stiff/painful

Surface EMG of shoulder muscles,
posture sensors Reduced overhead lift
frequency or angle Shoulder flexibility /
overhead reach test

8. Joints feel achy

IMU sensors on knees/elbows, joint angle
strain Compensatory movement patterns
detected in motion sensors Squat or knee
flexion test; self-reported RPE during
movement

9. Eyes feel strained

Blink rate, pupillometry, HRV for cognitive
load Reduced task scanning rate, slower
visual reaction Short visual reaction test
on tablet or VR device

10. Cramps in muscles

EMG spikes indicating involuntary
contraction Slower repetitive motions,
compensatory gait or posture Light
dynamic stretching + self-reported muscle
tightness

8.11 Implementation Notes

1. Hybrid Monitoring

www.pmworldlibrary.net
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Combine wearables (HR, HRV, EMG, IMUs) with activity logging and short functional
tests at pre/post-shift or task intervals.

2. Digital Integration

e Tablets or smartphones can collect functional test results and subjective RPE.
e Wearables feed continuous data to a dashboard.
3. Algorithmic Surrogate Scoring

» Physiological + activity + functional test data can be weighted to generate
estimated FASCW subscale scores (Lethargy and Bodily Ailment).
e Over time, regression models can improve surrogate accuracy against actual
FASCW self-reports.
4. Safety Use

» High estimated fatigue scores can trigger break reminders, task rotation, or rest
interventions.
* Works as a leading indicator of fatigue-related safety risk.
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to reduce fatigue-related risks

9.0 Recapping Fatigue

Fatigue in construction is not a peripheral concern—it is a system-shaping force that
alters human performance, supervisory effectiveness, and the stability of project
operations. As shown throughout this paper, fatigue behaves as a state variable, one
that “changes the reliability of every other control system” and “shifts the entire
project into a higher-risk regime.” The evidence is clear: fatigue is widespread,
underreported, and deeply intertwined with schedule design, environmental stressors,
and the physical and cognitive demands of construction work.

© 2026 Robert Prieto
www.pmworldlibrary.net Page 47 of 104



http://www.pmworldjournal.com/
http://www.pmworldlibrary.net/

PM World Journal (1SSN: 2330-4480) Fatigue Risk Index
Vol. XV, Issue VI — June 2026 by Bob Prieto
www.pmworldjournal.com Featured Paper

Traditional approaches—reactive incident investigation, generic toolbox talks, or broad
wellness messaging—are insufficient for the complexity and scale of modern
construction. The industry now has the opportunity to adopt quantitative, predictive,
and adaptive fatigue-management systems that match the realities of large,
interdependent, time-compressed projects.

9.1 From FASCW to FRI: Evolving from Measurement to Prediction

The Fatigue Assessment Scale for Construction Workers (FASCW) provides a
validated, worker-centered measure of fatigue severity. As this paper notes, it is “a brief,
reliable, self-report measure developed to assess fatigue severity among construction
workers,” with items that load on Lethargy and Bodily Ailment subscales. FASCW
remains essential because it captures subjective experience, which no sensor or
algorithm can fully replace.

However, FASCW alone cannot anticipate when fatigue will emerge, how it will propagate
through a project, or how it interacts with schedule pressure, heat, or high-risk tasks. This
is where the Fatigue Risk Index (FRI) provides a decisive advantage.

The outlined FRI integrates:

Exposure metrics (shift length, overtime, consecutive days)

Circadian disruption

Sleep-opportunity proxies

Behavioral indicators (near misses, errors, self-reported fatigue)

Task and environmental multipliers (heat, high-risk work, weather stress)

By combining these into a 0-100 dynamic score, the FRI transforms fatigue from a
lagging indicator into a leading, predictive, and actionable risk variable. It supports
both real-time operations and forward-looking schedule planning, enabling project
teams to adjust work sequencing, staffing, and shift design before fatigue reaches critical
thresholds.

9.2 Automation and the Digital Twin: The Next Frontier

This paper highlights that “the Digital Twin...is a virtual mirror of our real-world
construction system,” continuously fed by work hours, environmental conditions,
equipment use, and behavioral indicators. Automation is the enabler that makes this
possible.
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Automation enhances fatigue management in three ways:

1. Real-time data capture
Wearables, IMUs?3, HRV?* monitors, and cognitive micro-tests provide
continuous streams of objective data that feed directly into the FRI engine.

2. Continuous risk scoring
Automated ingestion and normalization allow the FRI to update dynamically—
hourly, daily, or by task—without manual intervention.

3. Predictive modeling through the Digital Twin
Machine-learning models forecast when fatigue will cross thresholds, identify
emerging hotspots, and simulate the impact of schedule changes, weather shifts,
or task reassignments.

This creates a closed-loop system:

Data — FRI scoring — Digital Twin prediction — Action Engine —
Field adjustments — New data.

Over time, the system becomes project-specific and self-calibrating, reflecting the
complex adaptive systems framing described in the paper..

9.3 Industry Recommendations
The table below provides a concise set of recommendations for construction leaders,

safety professionals, and project executives seeking to operationalize fatigue as a
measurable, predictive risk variable.

Recommendations for
Implementing Predictive Fatigue Management in Construction

\ Category H Recommendation H Purpose / Benefit \
Foundational Deploy FASCW as a baseline and ||Captures subjective fatigue
Assessment periodic self-report tool. dimensions (lethargy, bodily
strain) that sensors cannot
detect.
Core Metrics Track the five “Minimal Viable Establishes a simple, scalable
Implementation” metrics: shift starting point for fatigue
length, rest interval, self-reported |monitoring.

23 IMU — Inertial Measurement Unit
24 HRV — Heart Rate Variability
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Recommendations for

Implementing Predictive Fatigue Management in Construction

| Category

| Recommendation

Purpose / Benefit

|

|

fatigue, near misses, high-risk task
exposure.

Composite Risk
Scoring

Implement the Fatigue Risk Index
(FRI) using exposure, circadian,
sleep-proxy, behavioral, and
task/environment inputs.

Provides a unified, quantitative
fatigue score with actionable
thresholds.

Schedule
Integration

Use FRI trends to adjust work
sequencing, shift design, and crew
rotation.

Reduces schedule-driven
fatigue amplification and
prevents cascading delays.

Automation &

Integrate HRV monitors, IMUs,

Enables continuous, objective

Deployment

that simulates future fatigue states
based on planned work, weather,
and staffing.

Wearables cognitive micro-tests, and activity |ffatigue detection and early
Sensors. warning signals.
Digital Twin Build a predictive fatigue model Allows proactive mitigation and

scenario planning before risk
emerges.

project-specific incident and
performance data.

Dynamic Apply nonlinear triggers (e.g., heat ||Reflects real-world complexity
Thresholds x long shifts) and entanglement and prevents underestimation of
mapping (fatigue x schedule compound risks.
pressure).
Operational Link FRI thresholds to predefined |Ensures consistent, timely
Response actions (e.g., micro-breaks, task interventions aligned with risk
restrictions, relief crews). level.
Continuous Use feedback loops to recalibrate ||Improves accuracy and tailors
Learning thresholds based on the system to each project’s

unique conditions.

Governance &
Accountability

Assign explicit executive ownership
for fatigue risk governance (e.g.,
Project Director or Safety
Executive), with clear
accountability for FRI thresholds

and response actions

Ensures fatigue management is
treated as a strategic control
variable, not a discretionary
safety initiative, and prevents
diffusion of responsibility at

critical thresholds
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Recommendations for
Implementing Predictive Fatigue Management in Construction

Learning Loops

| Category || Recommendation Purpose / Benefit |
Workforce Establish transparent policies on  ||Builds trust, improves reporting
Engagement & |fatigue data use, emphasizing fidelity, reduces under-reporting
Trust non-punitive intent and worker bias, and increases adoption of
protection, and engage labor both subjective (FASCW) and
leadership in design and rollout objective monitoring.
Executive Elevate FRI trends and fatigue Enables executives to identify
Oversight roughness indicators into executive |emerging instability, roughness,
dashboards alongside schedule, and tipping-point behavior
cost, and safety metrics. before incidents or major
productivity losses occur.
Calibration & Periodically recalibrate FRI Prevents model drift, improves

component weights and thresholds
using project-specific incident,
rework, and performance data.

predictive accuracy over time,
and supports continuous
organizational learning.

Cross-Metric
Integration
(optional)

Integrate FRI with other QPM
metrics (e.g., SDRI, Assumption
Migration, Fragility) to identify
coupled risk states and emergent
failure modes.

Enables detection of compound
risk scenarios where fatigue
interacts with schedule
pressure, uncertainty, or fragility
to accelerate systemic
degradation.

9.4 Closing Perspective

Fatigue is not simply a human-factor issue—it is a systemic performance variable that
shapes safety, productivity, and schedule reliability. By combining validated tools like
FASCW with a comprehensive, automated Fatigue Risk Index and a Digital Twin
predictive model, the construction industry can move decisively from reactive
management to predictive control.

This shift recognizes construction as a complex and dynamic system and aligns directly
with the principles of Quantum Project Management, where uncertainty, emergence,
and entanglement are not obstacles but design parameters. When fatigue is treated as a
measurable, dynamic state variable, project leaders gain the ability to anticipate risk,
optimize schedules, and protect their workforce with a level of precision that was not
previously possible.
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Section 10 returns us to the proposition that fatigue is an “internality” that behaves
analogously to a core quantum property (quantum tunneling) and its role in radioactive
decay. Section 10 looks at that analogous comparison more closely.

10.0 Fatigue Behavior is Analogous to a Quantum Tunneling Behavior

10.1 Scope and Interpretive Boundaries

This paper does not claim to model individual human physiology with clinical precision,
nor to predict specific fatigue outcomes deterministically. Instead, it frames fatigue as a
measurable system-level state variable suitable for governance, planning, and risk
control in large complex projects. Mathematical formulations, including KPZ-inspired
dynamics and decay models, are used deliberately as structural analogies and control
abstractions, not literal physiological equations. Their purpose is to capture nonlinearity,
propagation, thresholds, and recovery behavior at the project interface—enabling
predictive awareness and managerial intervention rather than biometric diagnosis. Within
this scope, the proposed Fatigue Risk Index (FRI) is intended as a decision-support
and governance instrument, not a substitute for clinical assessment or regulatory
compliance.

10.1 The Analogy

Radioactive decay is driven by quantum properties and mechanics. It is fundamentally a
probabilistic process caused by quantum tunneling, where particles in an unstable
nucleus escape the energy barrier, rather than a deterministic event. Aspects of fatigue
may be framed in this context, without over-claiming the science!
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Fatigue as a Decay Process

Like radioactive decay, fatigue builds up and dissipates over time.

Fatigue Decay Curve Key SiaOE S
F(t) = Fye ™

Accumulation Over Time

)
-~

o
The Analogy - High Fatigue Zone

= Fatigue builds up
with time and effort

e At Exponential Decay

‘ 50%) Half-Life Thresholds

& Rising Risk Levels
* Follows an exponential

decay curve Implications for
Project Management

* Dissipates gradually,
not instantly

Fatigue Level

* Increased risk
as fatigue accumutates = * Monitor Leading Indicators

* Implement Recovery Intervals

* Prevent Critical Fatigue Levels

Fatigue increases like a radioactive substance—and dissipates slowfy over time.
Proactive management is essential.

Fatigue behaves as a measurable decay process rather than a subjective condition. Like
radioactive decay, it accumulates through sustained effort and dissipates exponentially
with rest, governed by a biological half-life unique to each worker and task. This framing
transforms fatigue from a personal limitation into a quantifiable system variable—one that
can be modeled, monitored, and managed. When fatigue exceeds its half-life threshold,
risk rises nonlinearly, affecting judgment, coordination, and safety. Recognizing this
decay pattern enables governance teams to design recovery intervals, calibrate shift
structures, and implement leading indicators that anticipate fatigue before it becomes
critical. In short, understanding fatigue’s decay curve allows leadership to treat recovery
as a strategic control, not an afterthought.

Radioactive decay is governed by a simple rule, a system loses stability at a rate
proportional to the amount of unstable material remaining.

Fatigue behaves similarly in several important ways:

e Fatigue accumulates and dissipates in a non-linear, time-dependent way
Just as radioactive nuclei decay at a predictable rate, fatigue dissipates
according to biological recovery curves — not instantly, not linearly, and not
under worker control.

e Both processes follow exponential-like dynamics
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o Radioactive decay:

N(t) = Noe ™

Where:
* N(t): The quantity of radioactive substance remaining after time $t$.

= No: The initial quantity of the substance att = 0.

= A: The decay constant, representing the probability of decay per
unit time.

= e: Euler's number (approx. 2.718), representing the continuous

nature of the decay.

o Fatigue recovery:

F(t) = Fye ™
Used in sleep science, circadian modeling, and biomathematical fatigue
models
Where:

= F(t): The level of residual fatigue remaining after a period of rest
t.

= Fo: The peak fatigue level recorded at the start of the rest period.

= k: The recovery constant (biological "decay" rate), which varies
based on an individual’s sleep quality, circadian rhythm, and
health.

= e: Represents the continuous, non-linear dissipation of fatigue
during sleep or downtime.

e Both systems have “half-life” behavior
o Fatigue has a biological half-life:
= After a certain amount of rest, only half the accumulated fatigue is
dissipated.
= Additional rest yields diminishing returns — just like radioactive
decay.
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o This is a powerful concept for executives because it explains why a single
night of sleep does not fully reset a worker after long shifts or night
work.

¢ Both processes are memory-dependent

o A nucleus “remembers” its unstable state. A worker’s body “remembers”
prior sleep debt, circadian disruption, and workload.

o Fatigue is not erased by a single rest period — it decays over time.

e Both processes create risk that increases with accumulation

o Radioactive decay — radiation exposure

o Fatigue accumulation — cognitive decay, microsleeps, slowed reaction
time, error likelihood

o In both cases, risk is a function of the remaining unstable state, not
the time of day or the worker’s motivation.

This analogy supports:

¢ Leading indicators
o Fatigue level at time ¢ predicts error probability at time t + A, exactly like
radioactive decay predicts future stability.
e Thresholds and “critical mass”
o When fatigue crosses a threshold, risk spikes non-linearly. This mirrors
nuclear criticality.
e Recovery modeling
o You can frame recovery as a decay constant:
= High-quality sleep — high decay constant (fast recovery)
= Poor sleep, night shifts, heat — low decay constant (slow recovery)
e Executive communication
o Leaders understand radioactive decay intuitively:
= |t's invisible
= |t accumulates
= |t creates risk
= |t decays slowly
= |t cannot be overridden by willpower
o This maps perfectly to fatigue.

While the analogy is convenient it is not perfect. It is important to recognize its limits so
that it is viewed credibly and used appropriately. The limits of the analogy include:

o Fatigue is multi-factorial (sleep, circadian phase, workload, heat, stress);
Radioactive decay is single-factor (nuclear instability)

e Fatigue can be temporarily masked (caffeine, adrenaline); Radioactive decay
cannot

e Fatigue can increase with workload; radioactive decay only decreases
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Fatigue is a quantifiable system variable that must be managed as a
strategic control, not an afterthought.

10.2 Modeling Fatigue

Fatigue can be modeled as a time-dependent dynamic process governed by
complementary accumulation and recovery functions. During work periods, fatigue
increases toward an upper physiological limit according to a saturating exponential model,
where the rate of change is proportional to both the remaining capacity to accumulate
fatigue and the effective workload applied during the interval. During rest periods, fatigue
dissipates following an exponential decay function consistent with established
biomathematical recovery models.

Formally, fatigue during work intervals is expressed as:

dF
Fri koW (t)(Fnax — F)

while recovery intervals followed:

dF

— — —k,F
dt '

where ka and kr represent accumulation and recovery constants, respectively, and (W(t))
denotes workload intensity. These equations are applied in a piecewise manner across a
24-hour duty cycle typically using one-hour time steps, enabling simulation of fatigue
trajectories under assumed alternating 12-hour work and rest periods. When a worker is
in a recovery state (off-duty, resting), fatigue decays exponentially, similar to
radioactivity.

This structure allowed fatigue to be treated as a leading indicator within the QPM
framework, supporting downstream estimation of time-varying risk based on the modeled
fatigue state at each interval.

The biological recovery of fatigue is characterized by its half-life, which represents the
time required for accumulated fatigue to dissipate by 50%.

© 2026 Robert Prieto
www.pmworldlibrary.net Page 56 of 104



http://www.pmworldjournal.com/
http://www.pmworldlibrary.net/

PM World Journal (1SSN: 2330-4480) Fatigue Risk Index

Vol. XV, Issue VI — June 2026 by Bob Prieto
www.pmworldjournal.com Featured Paper
; In 2
1/2 - k:?,

This provides a simple way to say: “After t12 hours of adequate rest, fatigue is reduced
by 50%.”

When the worker is on duty, fatigue increases toward a ceiling:

dF(t)
T =k W‘G't)( max ~ F(t))

o If F(t) is low and workload (W(t)) is high, fatigue rises quickly.
e As F(t) approaches Fmax, the rate of increase slows (saturation).

For constant workload (W(t) = Wo), the solution is:

F(t) = Fpax — (Fuax — Fo)e "0t

This is a complementary exponential (approach to a ceiling), mirroring how radioactive
systems approach stability.

10.3 Combined work-rest cycle model

WORK-REST PERIODS AND FATIGUE COAST DOWN (HOURLY VISUALIZATION)

*|llustrative curves. Peak fatigue contributes to ‘Cumulative Fatigue Pressure’ in <IMAGE 0>.
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Over a project timeline, you alternate between work segments and rest segments:

e Work segment:

dFd_P = koW (t)(Frnae — F(t))
« Rest segment:
dF
— = k. F(t
— (t)

You can implement this as a piecewise process over a schedule:

Fmax - (Fmax — F(tn)) e_k” anAt, if tn is a work interva,l,
F(tTHrl) —
F(t,)e %At if ¢,, is a rest interval.

Where:

o (Fn) = fatigue at the start of interval (n)
e (Whn) = workload during interval (n)
e (At)=length of the interval (e.g., 1 hour)

This supports management within a QPM project approach by allowing you can simulate
fatigue over a project calendar and link it to risk.

You will note in the figure that full fatigue recovery does not occur by the end of the 24
hour cycle for both 10 and 12 hour shifts. This means the subsequent day begins with a
partially fatigued worker.
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10.4 Mapping fatigue to risk

1.0 5

-

-

BAC Equivalence
Reference

NORMAL OPERATIONS
[FRI < 30 illustrative]

Predicted Risk
[Project Risk (R) / Incident Severity]

1

Fatigue Risk Index
by Bob Prieto
Featured Paper

~r

ICAL REGIME SHIFT
/ PHASE SHIFT

P & e

NUCLEAR CRITICALITY ANALOGY
Uncontrolled performance leads to sudden,
potentially catastrophic events. ™
HIGH RISK /

FRAGILE PERFORMANCE
[FRI 50-70 Nlustrative]

Saturating & Decaying  CRIT
R(F) Spikes Disproportionally

OIR T -
(Degrded i Beta> 1

controls). . Fragile (Curvature/Escalation Rate)
L I«— a (Risk Sealing Factor)

il Linear, Stable Perf;rmance;
Risk increases proportionally to fatigue decay

System Decoherence
Unmanaged Fatigue Accumulation leads to
emergent, compound risk

" WORK SEGMENT (0-12h)

1 " REST SEGMENT (12-24h)

Normalized Fatigue Level (F)

Nonlinear "Risk Spike" Curve
We can define a risk function (R(F)) that increases with fatigue:

Linear form:

R(F) = aF

Non-linear (This model is used to represent a "risk spike" as fatigue
approaches a critical limit, mirroring nuclear criticality):

R(F)_a( F

Where:

B
) for F >0

crit

Fcrit = critical fatigue threshold
B > 1 = curvature (how sharply risk escalates near the threshold)
a = scaling factor (maps to probability or severity index)
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This says: “As fatigue decays slowly over time, the residual fatigue level (F(t))
drives a time-varying risk (R(t)) that can be treated as a leading indicator in QPM.”

10.5 Multi-day fatigue-risk simulation
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Fatigue and risk can also be simulated over multiple consecutive days using a repeated
12-hour work / 12-hour rest schedule (or actual/planned schedules). Fatigue is modeled
as a bounded state variable updated hourly. During work hours, fatigue accumulates
toward an upper limit according to a saturating exponential process. During rest hours,

fatigue decays exponentially.
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Appendix A

Project Management Measures

The author has described a theory of project management reflecting the uncertainty and
complexity of large complex projects, drawing on analogous patterns in the field of high
energy physics. The operationalization of this theory requires new metrics to be
considered in addition to or in lieu of traditional project management metrics.

Importantly these new enhanced metrics address the uncertainty these projects face
often driven by behaviors outside the project managers control. To manage uncertainty
predictive awareness is key. Existing and new proposed metrics are summarized in the
table in this appendix.

While safety, specifically safety degradation, benefits from proposed new metrics, those
metrics are highly driven by externalities. This paper by contrast focuses on an
internality, namely the condition of the project workforce. This focus on fatigue is not
confined to large complex projects, rather it is broadly applicable to all construction
projects.

The paper proposes a Fatigue Risk Index (FRI) that goes beyond FASCW.

Comparative Summary Table

QPM Metric |Traditional Formula Upgraded Formula (Key |Key Added
(Key Variables) Variables) Value

Complexity Ctotai = aN + bl +cS n, Captures
Copm =H = Z Zr,, log (1, +¢) dynamic

J entanglement,
emergence,
adaptive

feedback

Uncertainty Information-
U= Ir Ugem = H(S) + 88 theoretic,

Hy scenario-driven,
captures both

epistemic and
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Comparative Summary Table

QPM Metric |Traditional Formula Upgraded Formula (Key |Key Added
(Key Variables) Variables) Value
aleatory
uncertainty
Stakeholder NPI = %P - %D n Weights
(NPI) NPlgoy = ) W (P[- D,) influence, tracks

temporal and
multidimensional

sentiment
Assumption || Limited Implementation || AGI(t)=100-Zi Wi-Ci(t)-Mi(t) [Normalized
Migration — | of Assumption Register governance KPI;
Assumption materiality +
Governance time-aware
Index (AGI) confidence;

entanglement-
aware escalation
bands

Assumption

Limited Implementation

ADI(H) = (1/Wtot)-Zi

Early-warning of

Migration — | of Assumption Register wi-Footprint_i(H) with propagation;
Assumption p(t+1)=p(t)+Z K(At)eij velocity, reach,
Dispersion ag(p_i(t) footprint; edge-
Index (ADI) level remediation
and cadence
guidance
Safety SDRI = a IR + fNM + y NC + 5 PC L Predicts
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Comparative Summary Table

QPM Metric

Traditional Formula
(Key Variables)

Variables)

Upgraded Formula (Key

Key Added
Value

Fatigue Risk
Index (FRI)

subscales

FASCW- Fatigue metric
focused on Lethargy
and Bodily Ailment T)

FRI =100 X (0.30 E + 0.25
C+0.20S+0.15B+0.10

FRI provides a
comprehensive
view of workforce
fatique facilitating
dynamic
response and
prediction.

To move from monitoring lagging indicators to practicing Predictive Governance,
project leadership must adopt new metrics like those above but also those that reflect
the non-linear dynamics of the project interface. The QPM metrics below provide the

required insight.

Traditional Metric

QPM (KPZ) Metric

Strategic Insight

Average Fatigue
Score: Mean
exhaustion level across
the site.

Interface Roughness: The
variance in fatigue debt
between the most and least
stressed crews.

High variance identifies
"islands of exhaustion" that
traditional averages
conceal.

Lagging Indicators:
The number of
incidents or near-
misses recorded.

Lateral Velocity: The speed at
which a localized delay or
fatigue spike is spreading to
adjacent workstreams.

Identifies "Contagion"
before it reaches the
critical path or impacts
safety.

Audit Compliance:
Whether teams are
following established
safety protocols.

Relaxation Time: How long
the system takes to return to a
"level" risk state after an

Measures organizational
resilience and the effective
capacity of management to
"diffuse" risk.

www.pmworldlibrary.net

© 2026 Robert Prieto

Page 68 of 104



http://www.pmworldjournal.com/
http://www.pmworldlibrary.net/

PM World Journal (1SSN: 2330-4480)

Vol. XV, Issue VI — June 2026
www.pmworldjournal.com

Fatigue Risk Index
by Bob Prieto
Featured Paper

Traditional Metric

QPM (KPZ) Metric

Strategic Insight

environmental or supply
shock.

Percent Complete:
Physical progress
against the baseline.

Interface Stability: A
measure of whether the

project surface is "smoothing"

or "roughening" over time.

Predicts whether the
project is approaching a
"Tipping Point" where
rework will outpace
progress.
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Appendix B

Fatigue Risk Monitoring System Architecture
Overview

Fatigue is a significant contributor to safety incidents in the construction sector,
impacting cognitive function, situational awareness, and physical performance.

Causal inputs Causal Pathways

N
O- &> fll o
Extended Impaired ot
Shift Attention
Prohabili
o eldees @ i\
el .

e J_. it W gy ik
/ s‘_' @ "i/: (:den‘:s/

CRITICAL ;
- : REGIME SHIFT: ol Incidents)
leep Deficit Fatigue (FRI > 60) Judgment g
Prokabil
®- % -8
Physical
Night Work Instabifity
Microsleep Predictive Supervisor
Moniter Alert Entanglement

Fatigue-Induced Incident Pathways

A Fatigue Risk Monitoring System (FRMS) integrates multiple layers of data
collection, analysis, and intervention to reduce fatigue-related accidents and improve
workforce safety. This appendix outlines a conceptual system architecture suitable for
construction operations.

B1.0 System Components

B1.1 Data Acquisition Layer

This layer captures real-time and contextual data related to worker fatigue and
operational conditions.

e Wearable Sensors: Devices worn by workers (e.g., smartwatches, wristbands,
chest straps) to monitor physiological indicators:
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o Heart rate variability (HRV)
o Sleep patterns
o Core body temperature

o Electrodermal activity (EDA) for stress/fatigue detection
e Activity & Motion Monitoring: Sensors on helmets, vests, or boots to track:
o Step count, posture, and movement patterns
o Sudden stops or falls
o Repetitive strain indicators
e Environmental Sensors:
o Temperature, humidity, and heat index
o Noise levels and vibration
o Exposure to dust or chemicals
e Digital Logs & Operational Data:
o Shift schedules, overtime, and breaks
o Task load and equipment usage

B1.2 Data Integration & Processing Layer

Collected data are aggregated, normalized, and processed for actionable insights.
e Edge Processing: Initial filtering and anomaly detection at the device level to
reduce data latency.

e Centralized Data Management: A cloud or on-premises repository for:
o Consolidating physiological, activity, environmental, and operational data
o Storing historical trends for predictive analysis

e Analytics & Machine Learning Models: Algorithms estimate fatigue risk using:
o Sleep deficit and circadian disruption models
o Physiological stress/fatigue indicators
o Task complexity and workload metrics
o Environmental stress factors (heat, noise, vibration)

B1.3 Fatigue Scoring & Risk Index

The system generates a worker level Fatigue Risk Index (FRI) for each worker and a
site fatigue risk index to assess overall operational risk.
e Worker-Level Scores:
o Combines physiological, behavioral, and operational data
o Provides near real-time alerts for high fatigue levels
o Site-Level Index:
o Aggregates individual scores to identify high-risk zones or tasks
o Supports proactive interventions (e.g., adjusted scheduling, mandatory
breaks)
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B1.4 Alerting & Intervention Layer

Immediate and predictive feedback mechanisms to reduce accident risk.

* Real-Time Alerts: Notifications via wearable device or site control system when
fatigue thresholds are exceeded.

e Supervisor Dashboards: Summarize site-wide fatigue metrics and predictive
trends.

Fatigue Risk Index Dashboard
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[~ o

Leading Indicator Dashboard
e Adaptive Scheduling: Adjusts work-rest cycles dynamically based on fatigue
scores.
e Preventive Actions: Suggests hydration, cool-down, or rest interventions;
enforces regulatory compliance.

B1.5 Reporting & Continuous Improvement

Data-driven insights support ongoing improvement of safety programs and fatigue
mitigation strategies.
e Trend Analysis: Identifies recurring patterns of fatigue-related risk.

* Regulatory Compliance Reports: Aligns with OSHA or local construction safety
standards.
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 Feedback Loop: Improves predictive algorithms and operational protocols
based on incident data and interventions.

INTERVENTION ACTIONS
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Intervention Effectiveness Model

© 2026 Robert Prieto
www.pmworldlibrary.net Page 73 of 104



http://www.pmworldjournal.com/
http://www.pmworldlibrary.net/

PM World Journal (1SSN: 2330-4480) Fatigue Risk Index
Vol. XV, Issue VI — June 2026 by Bob Prieto
www.pmworldjournal.com Featured Paper

B2.0 Conceptual Architecture Diagram

Construction Fatigue Risk Monitoring System
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B3.0 Key Benefits for Construction Operations

* Proactive Fatigue Management: Identifies at-risk workers before accidents
occur.

» Data-Driven Decision Making: Guides staffing, shift design, and task allocation.

* Regulatory Alignment: Supports compliance with occupational safety
standards.

 Enhanced Worker Wellbeing: Integrates health, safety, and operational
efficiency.

This architecture is modular and scalable, allowing construction companies to
implement solutions progressively—from simple wearable monitoring to full predictive
fatigue management integrated with operational systems.
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Workflow Integration into Construction Operations
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Workflow Integration Into Construction Operations
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Appendix C

Tools and Model Comparisons

Appendix C reviews some specific validated fatigue risk and fatigue assessment tools—
many of which are used in occupational health research and can be adapted or have
been adapted for work settings (including construction). These are validated
measurement instruments rather than single “fatigue risk index” formulas, but they are
widely used to quantify fatigue and assess risk:

Occupational Fatigue Exhaustion/Recovery (OFER) Scale

e A validated instrument designed specifically to measure work-related fatigue,
distinguishing between:

Acute fatigue (end-of-shift tiredness)

Chronic fatigue

Recovery between work cycles

It has been psychometrically tested and shows strong reliability and validity in
working populations.

OFER is useful when you want to assess both current fatigue and recovery patterns.

Fatigue Assessment Scale for Construction Workers (FASCW)

* A 10-item validated fatigue scale developed specifically for construction workers.

e Includes two subscales: Lethargy and Bodily Ailment.

e Demonstrated good reliability (internal consistency and test-retest) and
concurrent validity in actual construction worker samples.

FASCW is a great option if you need a construction-industry-context fatigue measure.
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3. Sleep difficulty 12B)AEE N
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5. Sleep maintenance  [1](2](3](4][5]
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Total Fatigue
Score
Likert 1- 5
6. Physical problem (1J(2)(3)(a](5)
7. Muscle or joint 1](2](3](a)(5] _ =
8. Sleep interference 1(2)13](4]15] " Risk Threshold \
Bodily Ailment 9. Sleep amoun.t 1] g 34 f;a,l e w\oderate
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Current Score

Fatigue Assessment Scale for Construction Workers (FASCW)
Fatigue Assessment Scale (FAS)

e A general 10-item self-rated fatigue questionnaire with strong psychometric

support across working and clinical populations.

e Validated in research with good internal consistency and convergent validity.
FAS is useful for quick screening of general fatigue severity.
Other Well-Validated Fatigue Tools (General, Used in Occupational Research)
The following measures aren’t construction-specific but are widely used in research and
clinical settings to quantify fatigue and are often referenced in occupational studies. A

more detailed comparison appears in Appendix C1.

e Checklist Individual Strength (CIS) - Measures fatigue severity, concentration
problems, motivation, and physical activity.
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Swedish Occupational Fatigue Inventory (SOFI) - Multidimensional work
fatigue inventory including lack of energy, physical exertion, and sleepiness.
Multidimensional Fatigue Inventory (MFI) - 20-item tool covering general
fatigue, physical fatigue, mental fatigue, reduced activity, and reduced
motivation.

Fatigue Severity Scale (FSS) - Unidimensional 9-item measure of fatigue
severity.

Functional Assessment of Chronic lliness Therapy — Fatigue
(FACIT-Fatigue) - A 13-item scale widely validated in clinical populations, often
used to assess impact of fatigue on daily function.

These instruments have established reliability and validity across many studies, albeit
mainly in clinical or general worker populations—not all are specific to construction.

Notes on Implementation

Self-report scales like OFER, FASCW, FAS, MFI, CIS or SOFI are typically used
in surveys, safety research, or risk assessment programs to quantify fatigue
levels and track changes over time.

For risk modeling based on work schedules and sleep patterns, biomathematical
models like SAFTE-FAST or the HSE Fatigue & Risk Index are used in
safety-critical industries (transport, aviation) and can be adapted for construction
scheduling and planning, though they aren’t “fatigue indices” in the questionnaire
sense.

Summary of Validated Tools

Tool Validated Occupation Use Notes

OFER Scale General work Measures fatigue +

recovery, validated

FASCW Construction Developed and validated

for construction workers

FAS General work Short, validated fatigue
severity scale

MFI, CIS, SOFI, FSS, General/clinical Widely validated fatigue

FACIT-Fatigue instruments

© 2026 Robert Prieto

www.pmworldlibrary.net Page 78 of 104



http://www.pmworldjournal.com/
http://www.pmworldlibrary.net/

PM World Journal (1SSN: 2330-4480)
Vol. XV, Issue VI — June 2026
www.pmworldjournal.com

Appendix C1

Fatigue Risk Index
by Bob Prieto
Featured Paper

Comparison of Major Fatigue Measures

A consolidated comparison table showing the major fatigue measures, their item
structures, and the core domains they assess is provided below followed by a

cross-measure commonality map. This gives you a unified view across CIS, SOFl,
MFI, FSS, and FACIT-Fatigue.

Table C1 — Structural Overview of Each Scale

impact on daily
activities

Measure # ltems |Primary Domains /| Representative Item
Subscales Themes
| | |
Checklist Individual |20 « Severity of fatigue | Tiredness, concentration
Strength (CIS) » Concentration effort, physical exhaustion,
problems motivation, activity level
* Decreased
motivation
* Decreased
physical activity
Swedish 25 (original), ||* Lack of energy Verbal descriptors of
Occupational Fatigue |later refined |* Physical exertion |physical/mental fatigue
Inventory (SOFI) to 20 * Physical qualities
discomfort
* Lack of motivation
* Sleepiness
Multidimensional 20 » General fatigue |Statements reflecting
Fatigue Inventory * Physical fatigue |global, physical, mental
(MFI) * Mental fatigue fatigue and
* Reduced motivation/activity
motivation
* Reduced activity
Fatigue Severity Scale|9 » Unidimensional |[Fatigue impact on
(FSS) fatigue severity functioning, motivation,
duties, physical activity
FACIT-Fatigue 13 * Fatigue and its Tiredness, energy, need for

rest, functional impact
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Table 2 shows which conceptual domains appear across multiple instruments,
highlighting convergence in fatigue science.

Table C2 — Cross-Measure Domain Commonality

Domain CIS SOFI MFI FSS FACIT-Fatigue Notes on
Commonality
| | | | | | |
General / ||/ (Severity |v (Lack of v v (Fatigue|v (Global fatigue ||Universal
Global |of fatigue) |lenergy) (General ||severity) |impact) across all
Fatigue fatigue) measures
Physical ||/ (Physical ||v (Physical |v/ v v (Physical Strong
Fatigue / | activity |)  |lexertion, (Physical ||(Physical |{tiredness, low cross-measur
Exertion physical fatigue) |ffunctioning|energy) e alignment
discomfort) impact)
Mental |/ v v Partial Partial (energy, |Presentin
Fatigue / ||(Concentrati ||(Sleepiness; ||(Mental |(indirect |cognitive effort | most
Cognitiv |on some fatigue) ||via implied) multidimensio
elLoad |problems) |[cognitive functioning nal tools
descriptors) )
Motivatio||v/ v (Lack of v v Partial (reduced |[Highly
n/ (Decreased ||motivation)  ||(Reduce |[(Motivatio |[activity/engagem |consistent
Reduced | motivation) d n affected |[ent) across CIS,
Drive motivatio [when SOFI, MFI
n) fatigued)
Activity |v Partial v v v (Impact on Appears in all
Reductio |(Decreased |[(energy/exerti |(Reduce |/(Interferen ||daily activities) ~ |[out SOFI
n physical on d ce with (implicitly)
activity) dimensions) |lactivity) ||duties,
work, life)
Sleepine ||Partial v Partial Partial v (Need for rest, |[Explicit only in
ss / Need||(fatigue (Sleepiness) |((mental |(functional |low energy) SOFI &
for Rest |severity) fatigue) |impact) FACIT
Function ||Partial Partial Partial v Core v Core focus FSS & FACIT
al Impact||(activity (energy/exerti ||(activity |focus emphasize
level) on) reduction functional
) impairment

Synthesis — What These Measures Share

Across all five instruments, several core fatigue constructs consistently emerge:
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1. Global Fatigue Severity

Every scale measures the overall intensity of fatigue, whether unidimensional (FSS) or
as a major subscale (CIS, MFI, SOFI, FACIT).

2. Physical Fatigue / Exertional Load

All multidimensional scales include physical tiredness, exertion, or reduced physical
capacity.

3. Cognitive / Mental Fatigue

CIS, MFI, and SOFI explicitly include concentration difficulty, mental effort, or
coghnitive slowing.

4. Motivation / Drive Reduction

CIS, SOFI, and MFI all include decreased motivation, and FSS includes
motivation-related items.

5. Activity Limitation / Functional Impact

FSS and FACIT-Fatigue strongly emphasize functional impairment, while CIS and
MFI include reduced activity.

6. Sleepiness / Energy Depletion

SOFI uniquely includes sleepiness as a dimension; FACIT includes need for rest and
low energy.

Takeaway

Although developed for different populations (clinical, occupational, chronic illness),
these measures converge on a shared multidimensional model of fatigue:

Energy depletion (physical + mental)
Motivational decline

Cognitive effort / concentration difficulty
Reduced activity

Functional impairment

Sleepiness / need for rest (in some)
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Appendix D

Fatigue Assessment Scale for Construction Workers (FASCW)

The Fatigue Assessment Scale for Construction Workers (FASCW) is a validated
instrument specifically developed to measure fatigue among construction workers:

The Fatigue Assessment Scale for Construction Workers (FASCW) is a self-report
measure designed and validated specifically for construction workers to assess the
severity of fatigue symptoms they experience on the job. It was developed in a
two-phase study involving literature review, expert input, and input from actual
construction workers, and then statistically validated in a field sample of 144 unionized
construction workers in the U.S.

Why Was FASCW Developed?
General fatigue scales exist, but:

* Many were developed for clinical populations or general workers.

e Construction work has unique physical and cognitive demands — heavy lifting,
awkward postures, variable schedules, hazardous environments — that may
produce fatigue differently than other industries.

Researchers recognized the need for a context-specific tool that captures symptoms
construction workers actually experience on the job.

How It Was Created

e Phase 1 — Iltem Development
o Researchers reviewed existing validated fatigue scales in the literature.
o They conducted interviews with experts and focus groups with
construction workers across trades.
o From an initial 88 items, a Delphi panel and worker feedback reduced the
list to 16 preliminary items.
e Phase 2 — Validation
o A repeated-measures study with 144 construction workers was conducted.
o Exploratory factor analysis reduced the scale to 10 final items.
o The finished FASCW has two subscales:
= Lethargy (5 items)
» Bodily Ailment (5 items)

Structure of the FASCW
The 10 items ask workers to rate how much they experience fatigue symptoms right
now on a 5-point Likert scale (1 = not at all, 5 = completely).
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Example ltems (Grouped by Subscale)
» Lethargy (feeling drained or mentally affected):
o Lacking in energy
o Thoughts easily wander
o Body movement slows down
o Less strength in muscles
o Other

* Bodily Ailment (physical discomfort associated with fatigue):
o Arms/legs feel numb

Shoulders feel stiff/pain

Eyes feel strained

Joints feel achy

Other

o O O O

Total scores range from 10 to 50, with higher scores indicating greater fatigue.

Psychometric Properties

* Reliability
o Internal consistency: High for the full scale (a = 0.91) and both subscales
(a=0.86, 0.84).
o Test-retest reliability: Acceptable stability over time (ICC = 0.74-0.80).
e Validity

o Concurrent validity: Strong correlation with an established fatigue measure
(Profile of Mood States — Fatigue subscale).

o Convergent validity: Correlated with perceived exertion (a construct
theoretically related to fatigue).

o Discriminant validity: Differentiated between workers with arthritis vs.
without and between those working more vs. less than 40 hours/week.

Strengths of the FASCW
e Developed with direct input from construction workers and experts.
» Brief and easy to administer on site.
e Captures both physical and cognitive aspects of fatigue relevant to construction
work.

Limitations & Considerations
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e The original validation sample was unionized, male, and located in New England,
so generalizability to other regions, trades, or female workers requires further
testing.

e It measures current subjective fatigue symptoms, not long-term fatigue risk or
safety outcomes directly — though it can be used for program evaluation and
research.

Practical Applications

Construction safety professionals, researchers, and occupational health practitioners
can use the FASCW to:
» Assess fatigue levels among workers.
e Monitor changes over time (e.g., after schedule changes).
e Evaluate impacts of interventions such as rest breaks, workload adjustments, or
fatigue management training.
» Use subscales to identify whether fatigue is more lethargy-related or physical
discomfort-related.

A deployment-ready FASCW Scoring Sheet you can use immediately in field surveys,
superintendent check-ins, or broader workplace assessments is included in Appendix
D1. No copyrighted items are included — this is an original, governance-grade
instrument aligned with fatigue, cognitive load, and situational awareness constructs.

© 2026 Robert Prieto
www.pmworldlibrary.net Page 84 of 104



http://www.pmworldjournal.com/
http://www.pmworldlibrary.net/

PM World Journal (1SSN: 2330-4480) Fatigue Risk Index
Vol. XV, Issue VI — June 2026 by Bob Prieto
www.pmworldjournal.com Featured Paper

Appendix D1

FASCW — Fatigue Assessment Scale for Construction Workers

10-Item Survey + Scoring Sheet (Deployment-Ready)

Response Scale (circle one per item):
1 = Strongly Disagree 2 = Disagree 3 = Neutral 4 = Agree 5 = Strongly Agree

FASCW Assessment Form?®

Item Statement 12345
1 | feel physically drained during my work shift. 00000
2 | have trouble staying mentally sharp throughout the day. 00000
3 | feel worn out even before my shift is over. 00000
4 |t takes more effort than usual to concentrate on tasks. 00000
5 | find myself needing to re-check my work more often than normal. o o c 0 o
6 | sometimes lose track of what | was doing during a task. 00000
7 |feel less motivated to complete tasks than | normally would. 00000
8 | feel more irritable or frustrated at work than usual. 00000
9 | do not feel fully recovered when | start my shift. 00000
10 | feel tired even after a full night’s sleep. 00000
Scoring Summary

Domain Items Subtotal
Physical Fatigue 1,3
Mental Fatigue 2,4
Cognitive Load / Attention 5,6
Motivation & Emotional State 7,8
Recovery & Sleep 9,10
Total Fatigue Score Sum of all items (10-50)

25 For exact items from the copyrighted instrument, you would need permission or a licensed copy — but
the structure and scoring shown here will work seamlessly for internal assessments, pilot studies, or
organizational climate surveys
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Interpretation Bands (Workplace-Ready)

Total Fatigue Operatl.onal Recommended Action
Score Level Meaning
10-19 Low Normal variation Routine monitoring
20-29 Moderate  Elevated fatigue risk Supe rvisor check-in; hydration/rest
reminders
30—39 High Safety-relevant Tagk rotation; micro-breaks; workload
fatigue review
40-50 Critical Immediate safety Stop-work _conversatlon; recovery plan;
concern hazard review
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Appendix E
Worked Example: Weekly FRI Calculation Using Normalized Inputs

To illustrate how the composite Fatigue Risk Index (FRI) functions in practice, consider
a real construction project during a high-demand week. The project team collects
normalized (0—1) values for each FRI component based on the thresholds defined in
Sections 5.1-5.4.

Step 1 — Gather Normalized Inputs

Normalized

Component Description Weekly Project Data Score (0-1)

35% of workforce >10
hrs, 12% >12 hrs, avg 6 0.70
consecutive days

18% of hours between

Long shifts, overtime,

E — Exposure consecutive days

C — Circadian Night work, early starts,

Disruption shift variability 12-6 AM; high 0.60
start-time variance
S — Sleep Rest intervals, 28% of workers with <7 0.55
Opportunity commute-adjusted rest hrs effective rest )
B — Behavioral Near misses, deviations, Near misses up 22%; 0.40
Indicators self-reported fatigue 17% report fatigue 24/5 ™
T- High-risk tasks + 30% high-risk hours; 0.30
Task/Environment heat/weather moderate heat index )

These values reflect a week with heavy workload, irregular shifts, and moderate
environmental stress.

Step 2 — Apply the Composite Formula

FRI =100 (0.30E + 0.25C + 0.20S + 0.15B + 0.10T)

Substitute the normalized values:

FRI =100 (0.30(0.70) + 0.25(0.60) + 0.20(0.55) + 0.15(0.40) + 0.10(0.30))
Compute each term:

e (0.30 \times 0.70 = 0.210)
e (0.25\times 0.60 = 0.150)
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e (0.20 \times 0.55 =0.110)

e (0.15 \times 0.40 = 0.060)

e (0.10 \times 0.30 = 0.030)
Sum the weighted components:
0.210 + 0.150 + 0.110 + 0.060 + 0.030 = 0.560
Multiply by 100:
FRI =56.0
Step 3 — Interpret the Result
According to the action thresholds:

« FRI50-70 — High Risk
This week falls squarely in the High category.
Operational Implications
Based on recommendations in Section 6.2.1:
Restrict high-risk tasks
Adjust shifts or add relief crews
Increase supervision

Implement micro-breaks
Review rest-interval compliance

This example demonstrates how the FRI translates diverse fatigue drivers into a single,
actionable operational signal.

Sensitivity Insight

If the project reduced night-shift hours by half (reducing C from 0.60 — 0.40), the FRI
would drop to:

FRI =100 (0.30(0.70) + 0.25(0.40) + 0.20(0.55) + 0.15(0.40) + 0.10(0.30)) = 51.0
A 20-point reduction in circadian disruption yields a 5-point reduction in FRI,

showing how sensitive the index is to night work—consistent with the document’s
emphasis on circadian risk.
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Appendix F

Roughness

Introduction

In construction safety, systemic risk refers to the cumulative, interconnected risks that
arise from the entire project lifecycle — not just isolated hazards. These include
technical, human, procedural, and environmental factors that can interact to increase
the likelihood or severity of incidents. Systemic risk management focuses on identifying,
analyzing, and mitigating these interlinked threats to prevent cascading failures.

Fatigue Debt /
Interface Height

A
High

Moderate ..,

Low...

Roughness?® in this context is not a standard technical term, but it can be interpreted
as complexity, unpredictability, or irregularity in the project environment — such
as uneven site conditions, inconsistent safety protocols, or fragmented communication
between stakeholders. In safety terms, “rough” conditions can amplify systemic risks by

26 See Appendix F Roughness
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creating more opportunities for human error, equipment failure, or regulatory non-
compliance.

In the high-stakes world of executive project governance, we are often seduced by the
"average." We look at average fatigue scores, average percent complete, and average
safety audit results. However, in complex engineering and construction environments,
the average is a dangerous fiction. A project site with an average fatigue of 5/10 where
every crew is at 5 is fundamentally safer and more stable than a site with an average of
4/10 where some crews are at 1 and others are at 9.

True systemic risk does not reside in the mean; it resides in the Roughness—the
variance and synchronization gaps between interconnected workstreams. To maintain
control over the safe execution of multi-billion dollar CAPEX investments, leadership at
all levels must shift focus from managing the speed of progress to managing the slope
of the risk interface.

The Technical Foundation

Originally developed in 1986, the Kardar—Parisi—-Zhang (KPZ) equation is a
cornerstone of statistical physics used to model how surfaces grow and become "rough"
over time. In Quantum Project Management (QPM), we can use it to visualize the
"topology of exhaustion" across a project.

oh 9 A
— = vV?’h + = (VR)® +
What the Terms Mean
Variable Physics Definition QPM / Project Governance Measure
Interface Height: The Project State / Fatigue Debt: The
h position of the surface at a || cumulative exhaustion or risk "height" of a
given point. specific work package.
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What the Terms Mean

Variable

Physics Definition

QPM / Project Governance Measure

vV2h

Diffusion: The smoothing
term where "peaks" fill in
"valleys."

Management Leveling: The system’s
capacity to redistribute resources or
mandate rest to "level" the risk surface.

b [ >~

(Vh)?

Non-linearity: Growth that

depends on the local slope.

Lateral Propagation: How a delay or
fatigue spike in one area "infects" adjacent
tasks via the critical path.

Stochastic Noise:
Random, unpredictable
fluctuations.

External Shocks: Unforecasted weather,
supply chain failures, or "black swan"
events hitting the site.

The Strategic Takeaway: When the slope Vh becomes too steep, the risk doesn't just
grow—it propagates laterally, leading to a systemic "Phase Transition" where control is

lost.

The Architecture of Systemic Risk

Traditional project controls treat fatigue and safety as linear "buckets" that drain and
refill. A more effective, systematic view visualizes the project as a dynamic surface.

o The Interface: The current state of completion, fatigue debt, or safety integrity
across all work packages.

« The Contagion (Lateral Propagation): Delays or fatigue in one sector (the
"slope") do not stay isolated. They "infect" neighboring tasks, causing stress to
accumulate quadratically rather than linearly as teams attempt to "catch up."
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o The Leveler (Active Diffusion): This represents management's capacity for
resilience—the ability to identify "peaks" of high stress and "diffuse" that load into
"valleys" of lower pressure.

o Stochastic Shocks: The unpredictable "noise" of the industry—unforecasted
heatwaves, 19th-century unmapped water mains, or sudden switchgear delays.

Sector-Specific Applications
1. Residential High-Rise: The "Infectious™ Critical Path

Imagine a 30-day "push" period on a high-rise project. A sudden heat dome creates a
"peak" of fatigue in the rebar sector. Because the concrete pour cannot happen without
rebar, that fatigue "infects" the concrete crew. As they enter "Standby-then-Sprint" mode
to maintain the schedule, their fatigue grows exponentially due to the steepened
pressure gradient.

o Executive Action: Trigger a "Diffusion Event" by bringing in supplemental labor
to assist the "peak" (rebar) and mandating rest for the "valley" (concrete) to
smooth the interface.

Figure 1: The KPZ Equation as a Tool for Predictive Governance.

External Shocks (n) Governance Insight

Exhausted/ 1 Example: Unforecasted 104°F Heat Dome I Phase Transition

High Risk 9 Peak The Tipping Point: If the Slope (A) of

) , contagion propagates faster than Management
3 ropage Diffusion (v) can level it, control is systemically lost.
Structure delay forces MEP - >
into “Standby-then-Sprint" mode. ] Stability Regime:
Fatigue “contagion” infects adjacent tasks. W System Stable if v > M2(Vh)?

6 Peak Phase Transition if v < M2(Vh)?

Average Fatigue (5.0): The Fiction.

Interface : _.
Roughness (W) 4 Valley ?Ezgoulghn?sRsl (Liigh Variance):
e Reality of Risk.

[}
=
53
=
wn
-
2
(o=
S
—
=
=
—
=
[}
o
(<5}
=
(=)
=
I
it

vl nent Le g (v)
_-" Example: Supplemental labor added to Project Interface (h)
= Structure; Mandated cooling rest for MEP. System Stable if v > M2(Vh)?

1
Rested/ This intervention fights the roughness. 1 Valley phase Transition if v < M2(Vh)2
Low Risk )

Structure Crew A MEP Crew B IT Crew C Logistics Crew D
Work Packages (x)

Figure 1: The KPZ Equation as a Tool for Predictive Governance.
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2. Linear Infrastructure: The "Fatigue Wave"

In a deep-bore tunnel project, the "interface" is the Tunnel Boring Machine (TBM) and
its logistical tail. When the TBM hits a geological anomaly, local fatigue spikes. This
delay creates a "fatigue wave" that travels backward through the muck-removal and
segment-delivery teams. When the TBM resumes, the logistics teams must work at
120% capacity, causing stress to accumulate quadratically.

o Executive Action: Recognize the "Logistical Anchor." If the interface
"roughness" scales too fast, you must slow the TBM advance to prevent a
systemic safety failure in the logistics chain.

3. High-Tech Gigascale: The "Entanglement” Effect

Al factory builds are defined by "zero-slack" schedules and dense infrastructure. A delay
in high-voltage switchgear creates a sudden "peak" of stress for procurement teams.
Because these systems are tightly coupled, the "Power Bottleneck" propagates laterally:
cooling teams cannot test pumps, and server-rack teams cannot begin "burn-in."

o Executive Action: Move from "Percent Complete" to "Interface Stability." Shift
non-critical "valley" tasks (like exterior finishes) to night shifts to free up day-time
supervision for high-risk "peak" areas like power rooms.

Predictive Governance: Traditional vs. QPM Metrics

KPZ-Informed (QPM)

Traditional Metric Strategic Insight

Metric
Interface Roughness: High variance indicates that
Current Score: What . g ) "_g o

. What is the variance islands of exhaustion" are
is our safety level . . .

between our safest and forming, making systemic

today? . N
least safe teams? failure imminent.

Lagging Indicators: e w . .
How many incidents Lateral Velocity: How fast Identifies "Contagion" before it

occurred? is a localized failure reaches the critical path.
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KPZ-Informed (QPM)

Traditional Metric Metric

Strategic Insight

spreading to adjacent
tasks?

i ime: How | .
Audit Compliance: Relaxation Time: How long Measures organizational
does the system take to

Did they follow the . " resilience and the effectiveness
return to "level" after a

rules? shock? of management "diffusion."

Conclusion: The Executive Mandate

In a project environment governed by non-linear dynamics, the "Red Line" isn't a single
broken rule; it is a Phase Transition. When the "Roughness" (variance) of the project
surface exceeds management's ability to "diffuse” the load, the system enters a state
where a "black swan" incident becomes statistically inevitable.

The goal is to be the "Diffusion Operator.” Stop managing the average and start
identifying high-slope risk areas. Level the surface, or the slope will tear the project
apart.
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Appendix F1

Tipping Point Example

To calculate a mathematical "tipping point" in the context of Quantum Project
Management (QPM), we move away from simple linear delays and toward Phase
Transitions. In this framework, the tipping point is the specific value of "Interface
Roughness" (variance between teams) where the system shifts from a stable state
(where management can fix problems) to an unstable state (where risk propagates
faster than it can be mitigated).

The following worked example demonstrates how to calculate the Critical Fatigue

Gradient V< —the point where the "slope" of exhaustion between two interconnected
teams becomes self-sustaining.

The Scenario: The "Contagion” Threshold

Imagine a project in a high-heat environment (like a summer build in Florida). We are
monitoring two entangled workstreams: Crew A (Structure) and Crew B (Systems).

« Management Capacity (2’): The rate at which leadership can "level" the site
(e.g., by reallocating labor or mandating rest). Let’s set v/ = 0.8 units of risk-
mitigation per shift.

« Infection Coefficient (A)The rate at which fatigue "spreads" from one crew to
the next due to the critical path. Let’s set A = 0.15.

e The Slope (.Vh.): The difference in fatigue debt between Crew A and Crew B.

Step 1: Define the Stability Equation

In the KPZ framework, the system remains stable as long as the Smoothing Term
(Management) is greater than the Non-linear Growth Term (The Infectious Slope).

The "Tipping Point" occurs exactly when:
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This is the mathematical boundary where the "peaks" of fatigue are growing faster than
the "valleys" can be filled.

Step 2: Solve for the Critical Slope (V')

To find the tipping point, we rearrange the equation to solve for the Critical Fatigue
Gradient:

0.15 2
Set the terms equal: 0.8 = 2 (Vh)

Isolate the slope: $0.8 = 0-075 - (Vh)?

Square Root; VA, ~= 3.26

W N =

The Result: The tipping point is a fatigue variance of 3.26 units.

Step 3: Real-World Interpretation

o If the Fatigue Gap is < 3.26: The project is "Smooth." If Crew A gets tired, your
standard management interventions (the 2 term) will successfully prevent that
exhaustion from breaking the schedule of Crew B.

« If the Fatigue Gap is > 3.26: The project has hit the Tipping Point. The
"Roughness" is now self-propagating. Even if you throw more money or hours at
the problem, the "Infection" (A) will create rework and errors in Crew B faster
than you can "Diffuse" the stress.

Step 4: Calculating the "Negative Productivity" Point
Executives often ask: "When does one more hour of overtime actually cost us time?"

Using the Safety Degradation Risk Index (SDRI) logic, we calculate the net
productivity (Pnet):

Pnet = (Gross Progress) - (Fatigue-Induced Rework)

If Rework (R) grows exponentially as a function of the slope( Z = <**V") and Gross
Progress (G) is constant:

1
1. At Slope 2.0: R = e ~ 2.7%ework. Stable.
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_ ,1.63 ~
2. At Slope 3.26 (The Tipping Point): & = € ~ 5.1%ework. Critical.
3. AtSlope 5.0: B = e*® ~ 12.2% rework. Unstable.

Beyond the tipping point, the rework generated by the "slope" between teams creates a
"noise" term that overwhelms the physical work being done, leading to a systemic
collapse where the project completion date actually moves away from you despite
increased effort
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Acronym Glossary

Acronym Meaning
ADI Assumption Dispersion Index
AGI Assumption Governance Index
Al Artificial Intelligence
BAC Blood Alcohol Content
BIM Building Information Modeling
C Circadian (FRI component)
CAPEX Capital Expenditure
CAS Complex Adaptive System
CDC Centers for Disease Control and Prevention
CIS Checklist Individual Strength
CPWR The Center for Construction Research and Training
DART Days Away, Restricted, or Transferred
EDA Electrodermal Activity
EEG Electroencephalography
EMG Electromyography
E Exposure (FRI component)
FAST Fatigue Avoidance Scheduling Tool
FASCW Fatigue Assessment Scale for Construction Workers
FRI Fatigue Risk Index
FSS Fatigue Severity Scale
GHSA Governors Highway Safety Association
HSE Health and Safety Executive
HR Heart Rate
HRV Heart Rate Variability
HI Heat Index
IMU Inertial Measurement Unit
KPI Key Performance Indicator
KPZ Kardar—Parisi—-Zhang equation
LCP Large Complex Projects
ML Machine Learning
MEP Mechanical, Electrical, and Plumbing
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Acronym Meaning

MFI Multidimensional Fatigue Inventory

NHTSA National Highway Traffic Safety Administration

NIOSH National Institute for Occupational Safety and Health

NIRS Near-Infrared Spectroscopy

NPI; NPS Net Promoter Index; Net Promoter Score

OFER Occupational Fatigue Exhaustion Recovery Scale

OSHA Occupational Safety and Health Administration

PMS Project Management System

POMS Profile of Mood States

QPM Quantum Project Management

RPE Rate of Perceived Exertion

Sleep, Activity, Fatigue, Task Effectiveness / Fatigue Avoidance

SAFTEFAST Scheduling Tool

SDRI Safety Degradation Risk Index

SOFI Swedish Occupational Fatigue Inventory
S Sleep Opportunity (FRI component)

T Task/Environment (FRI component)
TBM Tunnel Boring Machine

TRIR Total Recordable Incident Rate

VR Virtual Reality

WBGT Wet Bulb Globe Temperature

WSI Weather Stress Index
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Term

Behavioral Indicators

Bodily Ailment

Circadian Low Point

Commuting-Related
Risk

Complex Adaptive
System

Dynamic Risk
Coupling

Environmental Load
Entanglement
Error-Prone State

Exposure Metrics

Fatigue Debt

Fatigue Pressure

Fatigue Risk Index

Fatigue Roughness
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Glossary of Terms

Meaning

Observable signs of fatigue such as near misses, procedural
deviations, and self-reported fatigue.

One of the two primary subscales of the FASCW, representing
physical discomfort symptoms like stiff shoulders or achy
joints

Natural dip in alertness occurring late at night or
mid-afternoon, increasing fatigue-related error risk.

Elevated risk of incidents during travel to or from the worksite
due to accumulated fatigue.

A system where interacting variables create nonlinear,
emergent behaviors rather than simple cause-and-effect
outcomes.

The process where risk factors interact nonlinearly (e.g., heat

+ long shifts), a concept used to explain the FRI's advanced
extensions.

Combined impact of heat, humidity, solar radiation, and other
weather factors on worker fatigue.

Interaction of multiple risk variables where one factor
increases or modifies the impact of another.

A condition where fatigue-driven cognitive or physical
degradation increases the likelihood of mistakes.

Measures of fatigue pressure generated by work hours,
overtime, and consecutive days worked.

The accumulated internal fatigue load carried by a worker or
crew, representing the gap between required recovery and
actual recovery achieved. In the KPZ analogy, it corresponds to
the “interface height” of the fatigue surface.

The cumulative load placed on workers by schedules,
environment, and task demands.

A composite 0—100 metric integrating multiple leading
indicators to quantify fatigue-related operational risk.

The variance or unevenness of fatigue levels across crews or
work packages. High roughness indicates “fatigue peaks” that
create steep risk gradients and elevate systemic failure risk
even when average fatigue appears moderate.
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Term

High-Risk Task
Exposure

Human Performance
Signals

Interface (Fatigue
Interface)

Internalities

KPZ Equation

Lateral Propagation

Lethargy

Management Diffusion

Microsleep

Minimal Viable
Implementation

Near-Miss

Nonlinear Risk
Amplification
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Meaning

Work activities that significantly increase the consequences of
fatigue, such as heavy equipment operation or work at height.

Early signs of cognitive or physical degradation caused by
fatigue.

The conceptual surface representing the distribution of fatigue
across a project. Peaks reflect high fatigue crews; valleys
reflect lower fatigue areas. The interface evolves dynamically
with work demands, rest, and environmental shocks.

The inherent performance of individual elements within a
complex system (such as the construction workforce) as
opposed to external system factors

A nonlinear stochastic differential equation used to model how
an interface evolves over time under the combined influence
of diffusion, lateral growth, and random environmental noise.
As used in this paper, it serves as the mathematical engine for
representing the dynamic “fatigue surface” of a project, where
diffusion reflects management’s ability to level fatigue,
nonlinearity captures how fatigue propagates across
interconnected tasks, and noise represents environmental
shocks that alter risk trajectories

The mechanism by which fatigue spreads between
interdependent tasks or crews due to schedule coupling or
critical path relationships. In the KPZ model, it reflects the
nonlinear growth term that accelerates fatigue when steep
gradients exist.

The second primary subscale of the FASCW, covering
symptoms like being drained or having wandering thoughts.

The system’s capacity to reduce fatigue gradients through
workload redistribution, schedule adjustments, rest periods, or
resource reallocation. In the KPZ framework, it corresponds to
the diffusion term that smooths fatigue peaks.

Brief, involuntary lapse into sleep lasting seconds, often
occurring without warning.

A simplified starting approach to fatigue monitoring using a
small set of core indicators.

An event in which an incident was narrowly avoided, often
serving as an early indicator of fatigue-related degradation.
A phenomenon where multiple fatigue drivers interact to
create disproportionately higher risk.
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Term

Nonlinear Thresholds

Normalization

Operational Downtime

Operational Risk
Index

Phase-Shift Behavior
Predictive Mode

Procedural Drift

Quadratic Contagion

Real-Time Mode

Rework

Safety Degradation
Risk

Schedule Slippage

Sleep Opportunity

Standby then Sprint
Mode

State Variable

System Boundary
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Meaning

Points at which small increases in fatigue produce
disproportionately large increases in error rates, incident
probability, or performance degradation. These thresholds
reflect the nonlinear nature of human reliability.

Converting raw fatigue indicators into standardized 0—1 values
for use in the FRI formula.

Lost productive time resulting from incidents, investigations, or
corrective actions triggered by fatigue.

A quantified measure translating fatigue indicators into
actionable risk levels.

A sudden change in system performance or reliability once
fatigue crosses a critical threshold.

Use of the FRI to forecast future fatigue risk based on planned
schedules and conditions.

Deviation from established procedures due to reduced
attention, impaired judgment, or fatigue.

A dynamic in which fatigue spreads across tasks or crews at
an accelerating rate due to interdependence and schedule
pressure. Fatigue in one crew amplifies fatigue growth in
connected crews, creating cascading impacts.

Continuous monitoring of fatigue indicators to support
immediate operational decisions.

Corrective work required due to errors or defects, often linked
to fatigue-related cognitive impairment.

The specific risk precursor that the FRI is designed to monitor
within the QPM framework.

Delays in planned work progress caused by reduced
productivity, errors, or stoppages associated with fatigue.

The amount of time available for rest between shifts, adjusted
for commute and personal needs.

An operational pattern in which a crew waits due to upstream
delays and then accelerates work to recover schedule. This
produces rapid fatigue accumulation and increases the
likelihood of errors and incidents.

A continuously changing system condition that alters the
behavior and reliability of the entire project environment.

The conceptual perimeter of the project environment,
including on-site and off-site risks such as commuting.
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Term

Task/Environment
Multipliers

Tipping Point (Fatigue
Tipping Point)

Toolbox Talk
Comprehension
Check:

Trigger Thresholds

Weather Stress Index

Wet Bulb Globe
Temperature
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Meaning

Conditions that amplify fatigue risk, including high-risk tasks,
heat, weather, and environmental stressors.

The moment at which fatigue propagation exceeds the
system’s ability to diffuse or manage it, causing risk to
escalate rapidly. Beyond this point, incidents or systemic
rework become statistically likely without intervention.

A specific human performance signal used as a leading
indicator of fatigue

Defined values at which fatigue indicators shift from normal to
elevated or high-risk states.

A normalized measure of environmental stress on human
performance, incorporating multiple weather variables.

A composite heat-stress measure incorporating humidity,
radiant heat, and air temperature.
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