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Course Description 
This course introduces engineers and technical professionals to the principles 
and practice of causal pathway analysis (CPA) as a structured approach to 
understanding engineering failures. Through descriptive explanations, step-by-
step guidance, and practical examples, learners will gain the skills to trace 
failures back to their true root causes. Emphasis is placed on clear reasoning, 
systematic investigation, and applying pathway thinking to prevent recurrence of 
failures in mechanical, civil, electrical, and systems engineering contexts. 
 
Learning Objectives 
Upon completion of this course, participants will be able to: 

• Define causal pathway analysis and its role in engineering failure 
investigations. 

• Differentiate between failure events, immediate causes, underlying 
causes, and root causes. 

• Construct clear causal pathways using stepwise reasoning and repeated 
“why” questioning. 

• Apply causal pathway analysis to real-world engineering failure scenarios. 
• Develop preventive strategies based on root cause findings. 

 
 
Intended Audience 
This course is intended for engineers across mechanical, civil, electrical, and 
systems disciplines who are involved in design, operations, maintenance, or 
failure investigation. It is particularly suited for professionals seeking structured 
methods to analyze complex failures, strengthen reliability practices, and 
develop preventive strategies that enhance safety, performance, and long-term 
system integrity. 
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Chapter 1: Introduction to Engineering 
Failures 

 
Figure 1: Hyatt Regency Hotel walkways collapse caused by the builder replacing 

the originally designed single-rod system with a double-rod support system 
without approval from engineers 

 

The Role of Failures in Engineering Practice 

Engineering is built on the principles of design, construction, and performance. 
Yet, no matter how carefully systems are designed, failures still occur. These 
failures may take the form of cracked beams, worn gears, overheating circuits, 
or software breakdowns.  
 
Each failure is not only a problem to be repaired but also a learning opportunity. 
When engineers carefully study why a failure occurred, they uncover 
information that strengthens future designs and improves safety, reliability, and 
efficiency. 
 
Failure as the Visible Tip of a Larger Problem 

Most engineering failures reveal themselves through visible signs. A motor stops 
running. A bridge deck shows cracks. A pipeline leaks. These are the outward 
expressions of a problem. However, what is seen is only the surface. Beneath 
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every failure lies a sequence of causes, hidden conditions and overlooked 
events, that gradually build until the failure becomes visible. Without tracing 
these deeper causes, repairs often address only the symptom, leaving the true 
problem unresolved. 
 
Why Simple Explanations Can Mislead 

A common mistake in engineering failure investigations is to stop at the first 
visible explanation. If a bolt breaks, it may be tempting to say, “the bolt was 
weak.” But was the bolt truly weak? Or was it overloaded, misaligned, 
manufactured incorrectly, or used in a design that underestimated stress? If the 
deeper causes are not found, the replacement bolt may fail in the same way. 
Therefore, engineers must avoid jumping to conclusions and instead commit to 
a structured, step-by-step process of discovery. 
 
The Chain of Events Concept 

Failures rarely happen because of one isolated factor. More often, they are the 
result of a chain of connected events. For example, a machine bearing may seize 
not only because of wear, but also because lubrication was missed, maintenance 
schedules were not followed, and design allowances were too narrow. Each link 
in the chain matters, and when connected, they form a pathway that leads to 
the failure. This pathway is what causal pathway analysis seeks to reveal. 
 
The Value of Studying Failures 

By carefully examining engineering failures, organizations gain: 
• Improved designs that are stronger and more reliable. 
• Safer systems that protect users and the public. 
• Reduced costs by preventing repeated breakdowns. 
• Professional integrity by learning from mistakes instead of repeating 

them. 
 
Failures, then, are not simply setbacks. They are signals, messages pointing 
toward weaknesses in design, materials, processes, or human actions. When 
engineers investigate them through a structured method such as causal 
pathway analysis, failures become powerful tools for growth and innovation. 
 
Summary  

Engineering failures are never random accidents. They are the visible outcome 
of a chain of causes, some direct and some hidden. To understand them fully, 
engineers must look beyond the surface, resist easy answers, and search for the 
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deeper conditions that created the event. Causal pathway analysis provides the 
structured approach for doing this, transforming failures into opportunities for 
lasting improvement. 
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Chapter 2: The Concept of Causal 
Pathways 

 
Figure 2: Levels of causation 

 

Defining a Causal Pathway 

A causal pathway is a step-by-step map that shows how an engineering failure 
develops. Instead of viewing a failure as a single, isolated event, the pathway 
traces the sequence of actions, conditions, and decisions that lead to the visible 
problem. It helps engineers see not just what happened but how and why it 
happened. 
 
Think of a causal pathway as a road map. The failure event is the destination, 
but the road taken to reach that point passes through many stops along the 
way. Each stop represents a contributing cause, and together they form the 
complete journey from initial conditions to final breakdown. 
 
Levels of Causation 

To make sense of a pathway, engineers classify causes into different levels (see 
Figure 2). This helps distinguish surface issues from deeper problems. 
 

• Failure Event: The visible problem observed (for example, “the machine 
stopped running”). 

Failure
Event

Immediate Cause

Underlying Cause

Root Cause

Increasing 
depth of 
analysis

© MondoScience
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• Immediate Cause: The direct action that triggered the failure (for 
example, “the motor overheated”). 

• Underlying Causes: The conditions or decisions that allowed the 
immediate cause to occur (for example, “cooling fan was blocked” or 
“motor design did not account for sustained loads”). 

• Root Cause: The most fundamental reason in the chain. This is the 
deepest issue that, if corrected, prevents the entire pathway from 
occurring again (for example, “no preventive maintenance system was in 
place”). 

 
By carefully distinguishing between these levels, engineers avoid mistaking a 
symptom for the true source of the problem. 
 
The Pathway as a Sequence Instead of a Single Point 

Failures are rarely caused by a single error. Instead, they are often the result of a 
sequence of events or overlooked conditions. For instance, consider the collapse 
of a retaining wall: 

• Water builds up behind the wall. 
• Drainage system is blocked. 
• No inspection program is in place. 
• Original design underestimated hydraulic pressure. 

 
The collapse itself is only the last link in a much longer chain. Without mapping 
this pathway, repairs might only focus on clearing the drainage, while the deeper 
issue, underestimating pressure in the design, remains unresolved. 
 
Why Pathway Thinking Matters 

Causal pathway thinking has several advantages: 
• It encourages thoroughness by requiring engineers to look beyond the 

first explanation. 
• It reduces the risk of repeating mistakes, since root causes are identified 

and addressed. 
• It strengthens communication by providing a clear, logical story of how 

the failure unfolded. 
• It enhances accountability by showing where oversight or poor decisions 

contributed to the failure. 
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A Simple Example: Broken Gear 

Imagine a broken gear in a factory machine. At first glance, one might say the 
gear simply “wore out.” But pathway analysis reveals more: 

• Failure Event: Gear teeth broke. 
• Immediate Cause: Excessive stress on gear teeth. 
• Underlying Cause: Misalignment of shafts created uneven loading. 
• Root Cause: Installation procedure did not include shaft alignment 

checks. 
 
The pathway shows that the problem was not just material wear but a missing 
step in the installation process. By correcting the root cause, future failures are 
prevented. 
 
Summary  

Causal pathways provide engineers with a structured way to move from surface-
level observations to deeper truths about why systems fail. By distinguishing 
between failure events, immediate causes, underlying causes, and root causes, 
engineers construct a logical chain of reasoning that explains the full journey of 
a failure. This pathway approach ensures that investigations lead to meaningful, 
lasting improvements rather than temporary fixes. 
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Chapter 3: Step-by-Step Method for 
Causal Pathway Analysis 

 
Figure 3: Step-by-step causal pathway analysis 

 

The Need for a Structured Process 

Causal pathway analysis works best when engineers follow a clear procedure. 
Without structure, investigations may stop too early, focus on surface-level 
symptoms, or overlook key details. A step-by-step method ensures that the full 
chain of events is uncovered, leading to accurate conclusions and reliable 
prevention measures (see Figure 3). 
 
Step 1: Observe and Record the Failure Event 

The first step is to carefully describe what happened. At this stage, the goal is 
not to explain but to observe. Engineers document the failure event as clearly 
and factually as possible. 
 
Examples: 

• “The motor stopped running during operation.” 
• “The bridge deck displayed cracks near midspan.” 
• “The transformer emitted smoke and ceased power delivery.” 

 

1
2
3
4
5

Observe & record failure event

Identify immediate cause

Repeatedly ask why

Build casual pathway

Identify root cause

© MondoScience

6 Verify the reasoning



Forensics                                                          Casual Pathway Analysis for Structural Failures 

  8 

This factual description provides the starting point for the pathway. 
 
Step 2: Identify the Immediate Cause 

Next, determine what directly triggered the failure. The immediate cause is the 
event or condition most closely linked to the failure. 
 
Examples: 

• Motor stopped because it overheated. 
• Bridge deck cracked because of high tensile stress. 
• Transformer smoked because insulation failed. 

 
The immediate cause answers the first “why,” but it is not the end of the 
analysis. 
 
Step 3: Ask “Why?” Repeatedly 

After the immediate cause is known, the process continues by asking “why” 
again. Each answer reveals a deeper level of causation. By repeating this 
process, engineers build a chain of causes, moving closer to the root. 
 
Example: 

• Why did the motor overheat? Because the cooling fan was blocked. 
• Why was the fan blocked? Because dust was not cleared. 
• Why was dust not cleared? Because there was no cleaning schedule. 

 
Each “why” provides a new link in the pathway. 
 
Step 4: Organize Causes into a Pathway 

Once the chain is identified, causes are arranged in order. This creates a 
pathway that shows how one step led to another. A visual diagram can be 
useful, with arrows linking each cause to the next. 
 
Example Pathway: 
No cleaning schedule → Dust accumulated → Fan blocked → Motor overheated 
→ Pump failed 
 
Step 5: Distinguish Root Cause from Other Causes 

Not all causes have the same weight. The root cause is the most fundamental 
factor. If the root cause is corrected, the pathway collapses, and the failure 
cannot occur in the same way again. 



Forensics                                                          Casual Pathway Analysis for Structural Failures 

  9 

 
Example: In the pump case, the root cause is not “motor overheating.” It is the 
absence of a preventive cleaning schedule. Correcting the schedule ensures 
long-term prevention. 
 
Step 6: Verify Logical Consistency 

Finally, engineers review the pathway to confirm that each link is logical, 
evidence-based, and not based on assumption. Every step should be supported 
by data, inspection, or documented reasoning. If gaps appear, further 
investigation is required. 
 
Example Case: Bridge Crack 
• Failure Event: Crack in bridge deck. 
• Immediate Cause: Excess tensile stress. 
• Underlying Cause: Reinforcement was insufficient. 
• Root Cause: Design underestimated live load traffic conditions. 
 
The pathway shows that while reinforcement failure was visible, the deeper 
error was in design assumptions. 
 
Summary  

The method of causal pathway analysis follows six key steps: (1) observe the 
failure, (2) identify the immediate cause, (3) ask “why” repeatedly, (4) build the 
chain of causes, (5) identify the root cause, and (6) verify the reasoning. By 
adhering to this structured approach, engineers move beyond surface 
explanations and uncover the true sources of engineering failures. 
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Chapter 4: Applying Causal Pathway 
Analysis to Mechanical Failures 

 
Figure 4: Cross beam design of the collapsed fourth-floor elevated walkway in 

the Hyatt Regency Hotel, USA. (a) Original connection design, (b) Modified design 
that led to the failure 

 

Mechanical Failures as Common Engineering Challenges 

Mechanical systems are everywhere, machines, vehicles, turbines, pumps, and 
countless other devices depend on moving parts, loads, and energy transfer. 
Because of their widespread use and complexity, mechanical systems are 
frequent sites of engineering failures. Causal pathway analysis (CPA) provides a 
way to uncover not just which part broke, but why the system as a whole 
allowed the failure to occur. 
 
When investigating the cause of the collapsed fourth-floor elevated walkway in 
the Hyatt Regency Hotel, USA, the engineer discovered that the builder replaced 
the originally designed single-rod system with a double-rod support system 
without approval from engineers. In the original connection design (Figure 4(a)), 
each nut takes the load (P) of one walkway, because the load of the next 
walkway is transmitted through the single, continuous steel rod, not through the 
nut. By modifying the design (Figure 4(b)), one nut had to bear the load of two 
walkways (2P). 
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Case Study 1: Pump Motor Overheating 

• Failure Event: Pump stopped running during continuous operation. 
• Immediate Cause: Motor overheated and shut down. 
• Underlying Causes: Cooling fan was clogged with dust; operating 

environment had high airborne particles. 
• Root Cause: No preventive maintenance program in place for regular 

cleaning of the fan and ventilation system. 
 
Discussion: 
If engineers only replaced the motor, the same problem would return. By tracing 
the pathway, the real prevention strategy is to establish a cleaning and 
inspection schedule. The repair shifts from being reactive (replace broken 
motor) to proactive (control dust accumulation through maintenance). 
 
Case Study 2: Bolt Fracture in a Structural Frame 

• Failure Event: A bolt connecting two steel members fractured during 
service. 

• Immediate Cause: Bolt experienced excessive tensile stress. 
• Underlying Causes: Shafts were misaligned, creating uneven load 

distribution. Material hardness was not properly specified, leading to 
brittle performance. 

• Root Cause: Installation procedure omitted shaft alignment checks, and 
inspection guidelines did not include torque verification. 

 
Discussion: 
Replacing the bolt would not prevent the problem, since the deeper issue lies in 
the procedures. CPA points engineers toward revising installation manuals and 
enforcing torque and alignment inspections during assembly. 
 
Case Study 3: Bearing Seizure in Rotating Equipment 

• Failure Event: Bearing seized, causing machine shutdown. 
• Immediate Cause: Lubrication failure. 
• Underlying Causes: Incorrect lubricant was used, viscosity not suitable for 
load conditions. Maintenance crew lacked training on lubricant selection. 
• Root Cause: Absence of a lubrication management program and unclear 
responsibilities for training staff. 
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Discussion: 
Here, CPA highlights that the problem was not just mechanical wear, but 
organizational oversight. The solution requires not only technical correction 
(correct lubricant) but also institutional change (structured lubrication 
management and training). 
 
Key Lessons from Mechanical Failures 

• Visible damage is rarely the true cause. A burned motor, broken bolt, or 
seized bearing points to deeper systemic issues. 

• CPA transforms a technical issue into a learning process about design, 
maintenance, and management practices. 

• Many mechanical failures trace back to missing procedures, inadequate 
maintenance programs, or overlooked human factors, rather than flaws in 
the materials alone. 

 
Summary  

Mechanical failures provide clear examples of how causal pathway analysis 
reveals the difference between surface symptoms and root causes. Whether the 
issue is overheating, fracture, or seizure, CPA guides engineers from immediate 
technical explanations toward systemic corrections that prevent recurrence. 
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Chapter 5: Applying Causal Pathway 
Analysis to Civil and Structural Failures 

 
Figure 5: Florida International University bridge collapse 

 

The Importance of Civil and Structural Systems 

Civil and structural engineering projects form the backbone of society. Bridges, 
buildings, dams, and foundations support daily life and economic activity. 
Because these systems are large, complex, and publicly used, their failures can 
have wide-reaching consequences.  
 
When failures occur, the stakes are high, not only in terms of repair cost but also 
in terms of safety and public trust. For example, the collapse of the Florida 
International University bridge (see Figure 5). Cracking on the bridge was 40 
times larger than acceptable before its collapse. When the tensioning rod was 
being tightened to combat the cracking, it pushed the limits of the bridge’s 
structure resulting in its collapse. 
 
Causal pathway analysis (CPA) offers a structured way to identify how such 
failures develop and how they can be prevented in the future. 
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Case Study 1: Cracking in a Concrete Bridge Deck 

• Failure Event: Visible cracks appeared along the span of a concrete bridge 
deck. 

• Immediate Cause: Excessive tensile stress developed in the concrete 
surface. 

• Underlying Causes: Reinforcement was insufficient in the areas most 
exposed to live load. Shrinkage control joints were not properly placed. 
Traffic volume was heavier than originally predicted. 

• Root Cause: The original design underestimated live load conditions, and 
the design review process did not catch the discrepancy. 

 
Discussion: 
The pathway shows that while cracks may look like simple material 
deterioration, the deeper cause lies in design assumptions and verification. 
Prevention requires updated load models, thorough peer review of designs, and 
monitoring programs that track actual traffic conditions over time. 
  
Case Study 2: Settlement of a Building Foundation 

• Failure Event: Uneven settlement of a building caused misalignment in 
door frames and visible cracks in walls. 

• Immediate Cause: Soil beneath part of the foundation compressed more 
than expected. 

• Underlying Causes: Subsurface soil survey was limited in scope; the 
weaker soil layers were not identified before construction. Groundwater 
conditions shifted, further reducing soil strength. 

• Root Cause: Site investigation procedures did not include deep enough 
sampling or proper groundwater monitoring, leading to an incomplete 
understanding of soil conditions. 

 
Discussion: 
Foundation failures often appear as material or construction issues, but CPA 
reveals that they are frequently rooted in insufficient investigation and 
preparation. Prevention involves more detailed geotechnical surveys, ongoing 
groundwater observation, and design modifications based on full site data. 
  
Case Study 3: Retaining Wall Collapse 

• Failure Event: A retaining wall collapsed after heavy rainfall. 
• Immediate Cause: Hydraulic pressure built up behind the wall exceeded 

its structural capacity. 
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• Underlying Causes: Drainage system was clogged; inspection schedules 
were not followed; design calculations underestimated peak water loading 
during storms. 

• Root Cause: Maintenance responsibilities were unclear, leading to 
neglected drainage, and the original design failed to incorporate worst-
case environmental conditions. 

 
Discussion: 
Here, CPA demonstrates that natural forces (rainfall) are not in themselves the 
failure cause. Instead, human oversight in design and maintenance amplified 
natural loads to destructive levels. Preventive measures include robust drainage 
systems, clear inspection responsibilities, and design models that reflect 
extreme climate conditions. 
  
Key Lessons from Civil and Structural Failures 

• Failures in large systems are rarely due to a single weak component. They 
usually result from overlooked design assumptions, incomplete site 
knowledge, or gaps in maintenance. 

• CPA emphasizes that “natural” causes such as soil movement or heavy 
rainfall are only part of the story, the true roots are often in how 
engineers, contractors, or owners prepared for and managed those 
conditions. 

• By mapping pathways, engineers can identify whether design practices, 
construction methods, or long-term maintenance policies need revision. 

  
Summary  

Civil and structural failures provide clear illustrations of how causal pathway 
analysis extends beyond surface observations. Cracks, settlement, or collapses 
may appear as material or environmental issues, but the deeper pathway 
usually points to design assumptions, site investigation errors, or neglected 
maintenance. CPA ensures that lessons learned extend across future projects, 
preventing similar failures from repeating in public infrastructure. 
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Chapter 6: Applying Causal Pathway 
Analysis to Electrical and Systems 
Failures 

 
 

Electrical and Systems Failures in Engineering Practice 

Electrical and systems engineering combine physical hardware, energy transfer, 
and software control. Failures in these systems can range from equipment 
damage to total system shutdowns. Because they often involve both technical 
and human elements, the causes are complex and layered. Causal pathway 
analysis (CPA) provides a structured approach for uncovering how small 
oversights can cascade into major outages or hazards. 
  
Case Study 1: Transformer Fault 

• Failure Event: Transformer emitted smoke and shut down, interrupting 
power supply. 

• Immediate Cause: Insulation inside the transformer failed. 
• Underlying Causes: Cooling oil temperature exceeded safe limits; 

temperature sensors were not calibrated properly; load exceeded design 
capacity during peak hours. 

• Root Cause: Load forecasting procedures underestimated peak demand, 
and maintenance protocols for sensor calibration were not enforced. 
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Discussion: 
If engineers only replaced the insulation or transformer unit, the same failure 
could reappear. CPA reveals that the deeper causes lie in forecasting and 
maintenance oversight. Prevention requires both improved demand analysis 
and routine calibration of monitoring instruments. 
  
Case Study 2: Software-Controlled System Malfunction 

• Failure Event: Automated control system halted production in a factory. 
• Immediate Cause: Control software froze, causing the system to shut 

down. 
• Underlying Causes: A software update introduced an untested bug; 

backup procedures were not in place; monitoring alarms did not provide 
early warnings. 

• Root Cause: Quality assurance procedures for software testing were 
incomplete, and the system design lacked redundancy for fail-safe 
operation. 

 
Discussion: 
This pathway shows how software failures often stem from management and 
design choices, not just coding errors. Preventive measures include stricter 
testing standards, staged rollout of updates, and designing redundancy into 
mission-critical systems. 
  
Case Study 3: Electrical Panel Fire 

• Failure Event: Fire started in an industrial electrical panel. 
• Immediate Cause: Overheated wiring insulation ignited. 
• Underlying Causes: Circuit protection devices were not rated correctly; 

routine inspections overlooked visible signs of wear; staff training on 
panel safety was incomplete. 

• Root Cause: Procurement procedures emphasized cost over quality, 
leading to the selection of under-rated circuit protection equipment. 

 
Discussion: 
Here, the surface-level failure (wiring fire) hides a deeper decision-making issue: 
procurement policies that did not prioritize long-term reliability. CPA highlights 
how technical failures are often tied to organizational choices. 
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Key Lessons from Electrical and Systems Failures 

• Failures often involve both hardware and human-system interactions, 
making causal pathways broader than in purely mechanical cases. 

• CPA highlights the importance of forecasting, redundancy, and testing as 
safeguards against unexpected overloads and errors. 

• Many failures trace back to gaps in management systems, such as 
procurement, software testing, or inspection, rather than to isolated 
technical flaws. 

  
Summary  

Electrical and systems failures show how causal pathway analysis extends 
beyond materials and loads to include forecasting, software, maintenance, and 
organizational practices. By mapping these pathways, engineers see that true 
prevention requires both technical improvements and systemic management 
changes. 
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Chapter 7: Turning Analysis into 
Prevention 

From Understanding to Action 

The ultimate goal of causal pathway analysis (CPA) is not only to explain why a 
failure happened, but also to prevent it from happening again. If engineers stop 
at explanation alone, the analysis has limited value. The true benefit comes 
when pathway findings are translated into design changes, improved 
maintenance, stronger procedures, and better decision-making. 
  
Design Improvements Based on Root Causes 

When CPA identifies flaws in design assumptions, engineers must update 
standards and calculations to reflect real-world conditions. 
 

• If a bridge design underestimated live load traffic, updated load models 
should be adopted for future designs. 

• If a machine part failed due to misalignment, design specifications should 
include tolerances and installation procedures to prevent recurrence. 

• If electrical systems failed under unexpected peaks, redundancy and load 
forecasting should be incorporated into new designs. 

 
CPA ensures that each identified weakness is not just corrected in one project, 
but systematically addressed across future projects. 
  
Maintenance and Inspection as Preventive Tools 

Many failures occur not because of poor design, but because maintenance and 
inspection systems were incomplete or not enforced. CPA frequently highlights 
this. 
 

• A blocked cooling fan reveals the need for routine cleaning schedules. 
• A seized bearing shows the importance of lubrication programs. 
• A collapsed retaining wall points to the need for drainage inspections. 

 
By converting pathway findings into structured maintenance and inspection 
schedules, engineers shift from reactive repair toward proactive prevention. 
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Training and Human Factors 

Causal pathways often reveal gaps in human training, decision-making, and 
accountability.  
Preventive strategies must therefore include: 

• Clearer training programs for maintenance staff and operators. 
• Written procedures that standardize critical steps, such as alignment 

checks or torque verification. 
• Defined accountability so responsibilities are not left unclear. 

 
Failures tied to human factors can only be prevented by strengthening 
organizational knowledge and practices. 
  
Integrating CPA into Safety and Reliability Programs 

Causal pathway analysis should not stand alone. It works best when integrated 
into broader organizational systems for safety and reliability. This includes: 
 

• Linking CPA findings to risk assessments. 
• Using pathways to update failure mode and effects analyses (FMEAs). 
• Incorporating CPA into quality assurance, procurement, and operations 

planning. 
 
By embedding CPA into existing programs, organizations ensure that lessons 
from one failure improve the resilience of the entire system. 
  
Case Example: Preventing Future Pump Failures 

A pump motor overheated because of a blocked cooling fan. CPA revealed the 
deeper cause: no cleaning schedule was in place.  
 
Prevention involved three actions: 

1. Revising maintenance procedures to include cleaning frequency. 
2. Training staff to recognize dust accumulation as a risk. 
3. Adjusting procurement specifications to require dust-resistant motor 

designs in dusty environments. 
 
This example illustrates how a single failure can drive preventive actions across 
design, maintenance, and procurement, ensuring long-term reliability. 
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Summary  

Causal pathway analysis is most powerful when its findings are converted into 
preventive action. By improving design assumptions, strengthening 
maintenance schedules, reinforcing training, and integrating CPA into broader 
safety and reliability programs, engineers transform failures into opportunities 
for continuous improvement. Prevention becomes the lasting result of each 
investigation. 
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Chapter 8: Practical Guidelines for 
Performing Causal Pathway Analysis 

The Importance of Consistency in Investigations 

Engineering failures often occur under pressure, when downtime, safety 
concerns, or financial costs are high. In such circumstances, investigations may 
be rushed, incomplete, or biased toward quick fixes. To avoid these pitfalls, 
engineers must follow consistent guidelines when performing causal pathway 
analysis (CPA). A disciplined approach ensures that each investigation produces 
reliable findings and practical preventive measures. 
  
Guideline 1: Form a Skilled Investigation Team 

Failures are rarely understood from a single perspective. Teams should include 
individuals with diverse expertise: design engineers, operators, maintenance 
staff, and safety professionals. Each brings a unique view of the system, 
contributing to a more complete pathway. 
  
Guideline 2: Gather Evidence Before Drawing Conclusions 

Physical evidence, inspection records, and operational data must be collected 
before assumptions are made. Photographs of damage, logs of system 
performance, and maintenance records provide the foundation for reliable 
causal links. Jumping to explanations too quickly risks mistaking a symptom for a 
cause. 
  
Guideline 3: Start with Clear Event Definition 

The failure event must be described in simple, factual terms, free of 
interpretation. Instead of writing “the pump failed due to overheating,” begin 
with “the pump stopped during operation.” This ensures the investigation does 
not embed assumptions into its starting point. 
  
Guideline 4: Use Structured “Why” Questioning 

The repeated “why” approach should be applied systematically, avoiding leaps in 
logic. Each answer must logically follow from the previous cause. If uncertainty 
exists, additional evidence should be sought rather than filling gaps with 
speculation. 
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Guideline 5: Build Pathways Visually When Possible 

Causal pathways are best understood when represented in diagrams. Arrows 
linking events help clarify sequences and reduce confusion. Visual pathways also 
make communication with stakeholders clearer and more persuasive. 
  
Guideline 6: Validate Findings with Independent Review 

To ensure reliability, findings should be reviewed by engineers not directly 
involved in the initial investigation. Fresh perspectives can uncover missed 
causes or challenge weak assumptions, strengthening the analysis. 
  
Guideline 7: Focus on Root Causes, Not Blame 

Causal pathway analysis is not intended to assign blame to individuals. Instead, 
its purpose is to reveal systemic weaknesses in design, maintenance, 
procedures, or management. Keeping the focus on learning rather than 
punishment fosters open cooperation and honest reporting. 
  
Guideline 8: Document Pathways for Future Learning 

Every CPA should result in a written and illustrated report. These records serve 
as references for future projects, allowing organizations to build a library of 
lessons learned. Over time, this documentation reduces the likelihood of 
repeated failures. 
  
Common Mistakes to Avoid 

• Stopping too early: Accepting the immediate cause as the final 
explanation. 

• Overlooking human and organizational factors: Focusing only on 
hardware or material defects. 

• Failing to verify assumptions: Building pathways without evidence for 
each step. 

• Treating CPA as a one-time exercise: Neglecting to integrate lessons into 
future design and practice. 

  
Summary  

Practical guidelines ensure that causal pathway analysis produces consistent, 
reliable, and useful results. By forming skilled teams, gathering evidence, 
applying structured questioning, and focusing on systemic improvements rather 
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than blame, engineers create pathways that serve both immediate investigation 
needs and long-term organizational learning. 
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Chapter 9: Broader Lessons and 
Professional Responsibility 

Failures as Teachers in Engineering Practice 

Every engineering failure is more than a technical breakdown. It is a lesson 
about how systems behave in real-world conditions. When engineers investigate 
failures with causal pathway analysis (CPA), they not only solve a specific 
problem but also contribute to the profession’s collective knowledge. By 
transforming accidents into insights, engineers strengthen the safety, reliability, 
and credibility of the field. 
  
CPA and the Ethical Duty of Engineers 

Engineers carry a professional responsibility to protect public safety and uphold 
the integrity of the systems they design. When failures occur, ignoring or 
minimizing root causes violates this duty. CPA ensures that investigations are 
thorough, transparent, and aimed at true prevention.  
 
This process reflects core ethical values: 

• Accountability: Acknowledging weaknesses in design, construction, or 
management. 

• Integrity: Reporting findings honestly, even when they reveal 
uncomfortable truths. 

• Service to the public: Ensuring that lessons from one project benefit 
future work and protect lives. 

  
Communicating Findings to Stakeholders 

CPA results are only valuable if they are clearly communicated to those who can 
act on them. Reports should be written in clear, factual language and include 
visual pathways that trace failures step by step.  
 
Communication must reach: 

• Project owners who set policies and budgets. 
• Maintenance teams who implement preventive measures. 
• Design engineers who can revise future standards. 
• Regulatory bodies responsible for oversight and safety assurance. 
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Transparent communication builds trust and ensures that corrective measures 
are supported and implemented. 
  
Building a Culture of Learning from Failures 

Organizations that embrace CPA move from a culture of blame to a culture of 
learning. Instead of punishing individuals for mistakes, they treat failures as 
opportunities to examine systems, processes, and assumptions.  
 
This culture has several benefits: 

• Greater openness in reporting issues. 
• Stronger collaboration across teams. 
• Continuous improvement in design, maintenance, and operations. 
• A reduced likelihood of repeated failures. 

  
Extending Lessons Beyond One Project 

The insights gained from one failure should not remain isolated. CPA findings 
must be integrated into industry standards, design codes, training programs, 
and safety guidelines. In this way, the lessons from one collapsed wall, broken 
machine, or failed system protect countless future structures and devices. 
  
The Long-Term Value of CPA 

Causal pathway analysis is not a one-time tool but a professional discipline. 
When used consistently, it builds resilience across projects, industries, and 
generations of engineers. Its long-term value lies in helping engineers shift from 
reacting to individual failures toward building a profession where failures are 
rare, understood, and preventable. 
  
Summary  

Causal pathway analysis is both a technical tool and a professional 
responsibility. By applying CPA, engineers honor their duty to protect the public, 
communicate openly, and build a culture of continuous learning. Each pathway 
traced is not just a solution to a past problem, it is an investment in safer, 
stronger, and more reliable systems for the future. 
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Chapter 10: Using Artificial Intelligence to 
Perform Causal Pathway Analysis 

 
 

The Role of AI in Engineering Investigations 

Artificial intelligence (AI) is increasingly becoming a powerful partner in 
engineering analysis. Where traditional causal pathway analysis (CPA) depends 
on human reasoning, AI can enhance the process by processing large amounts 
of data, identifying hidden patterns, and suggesting possible links between 
causes. AI does not replace the engineer’s judgment but provides new tools to 
make CPA faster, more comprehensive, and more consistent. 
  
AI as a Data Interpreter 

Engineering failures often generate large volumes of information: sensor 
readings, maintenance logs, inspection reports, design documents, and 
environmental data. Human investigators may find it difficult to examine all this 
data in detail. AI systems can quickly process and organize this information to 
highlight anomalies, trends, and correlations that may suggest causal 
relationships. 
 
Example: 
In a factory, AI may detect that motor failures are consistently preceded by 
subtle changes in vibration frequency recorded by sensors. Such patterns may 
be too small for humans to notice but point to important early warnings in the 
causal pathway. 
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Automating the “Why” Process 

CPA depends on repeatedly asking “why” until a root cause is identified. AI can 
assist by comparing current failures to historical databases of known failures. 
When a failure occurs, the AI system can automatically generate possible “why” 
chains based on similar past events. This accelerates the reasoning process and 
helps engineers focus their investigation on the most likely root causes. 
  
Building Pathway Diagrams with AI Support 

Traditional CPA diagrams are drawn by hand, requiring time and judgment. AI 
tools can generate these diagrams automatically by linking data points into 
logical chains. This not only saves time but also provides consistency in how 
pathways are visualized and reported. Engineers can then refine and validate 
the diagrams, ensuring accuracy. 
  
Predictive Analysis and Prevention 

One of AI’s greatest contributions is in prediction. By analyzing ongoing data 
streams, AI can recognize conditions that resemble the early stages of past 
failure pathways. This allows preventive action before the visible failure event 
occurs. 
 
Example: 
In bridge monitoring, AI systems that analyze strain gauges and temperature 
data can predict stress pathways leading to cracking, alerting engineers long 
before visible signs appear. 
  
Limitations of AI in CPA 

While AI offers powerful assistance, it has limitations: 
• AI cannot replace human judgment and ethical responsibility. 
• AI depends on the quality of data; incomplete or biased data leads to 

misleading conclusions. 
• AI may suggest patterns that look logical but lack engineering relevance, 

requiring human verification. 
 
Thus, AI is best seen as a tool to enhance, not replace, the engineer’s structured 
reasoning. 
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Case Example: AI-Assisted Transformer Failure Analysis 

• Failure Event: Transformer shutdown with smoke emission. 
• AI Contribution: System analyzed years of load, temperature, and 

maintenance data, identifying that overheating consistently followed 
sensor miscalibration events. 

• Human Engineer’s Role: Verified AI’s finding, linked miscalibration to 
lapses in sensor maintenance, and confirmed root cause as missing 
enforcement of calibration protocols. 

 
This example shows how AI accelerates discovery, but the final responsibility 
remains with engineers. 
  
The Future of CPA with AI Integration 

As AI continues to advance, its role in CPA will expand through: 
• Real-time monitoring of infrastructure and machines. 
• Self-updating failure databases that guide investigations. 
• Intelligent systems that recommend preventive maintenance actions 

before failures occur. 
 
Ultimately, AI-supported CPA will allow engineers to shift focus from 
investigating failures after the fact to preventing them before they happen. 
  
Summary  

Artificial intelligence offers powerful enhancements to causal pathway analysis 
by organizing complex data, suggesting cause chains, generating pathway 
diagrams, and predicting failures. While AI cannot replace human expertise, it 
acts as a valuable partner in making CPA faster, more accurate, and more 
forward-looking. Together, engineers and AI can build systems where failures 
are less frequent, more predictable, and more preventable. 
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Chapter 11: The Future of Forensic 
Engineering with Artificial Intelligence 

AI as a Transformative Force in Forensic Engineering 

Forensic engineering has traditionally relied on human observation, material 
testing, and structured reasoning to determine why systems fail. While these 
approaches remain central, artificial intelligence (AI) is beginning to reshape how 
investigations are performed. Rather than replacing engineers, AI functions as 
an assistant that processes vast amounts of data, recognizes patterns invisible 
to the human eye, and accelerates the discovery of root causes. 
  
Accelerating Evidence Analysis 

Forensic engineers often examine large amounts of information: photographs of 
damage, sensor readings, maintenance logs, and laboratory results. AI tools can 
analyze these data sources rapidly, highlighting trends and anomalies that 
suggest potential failure pathways. For example, AI-driven image recognition can 
automatically classify fracture surfaces as brittle or ductile, saving hours of 
manual interpretation. 
  
Supporting Causal Pathway Construction 

One of the most time-consuming tasks in forensic engineering is linking events 
into a clear causal pathway. AI systems trained on large databases of historical 
failures can suggest probable cause-and-effect chains for new investigations. 
These draft pathways give engineers a starting point, which they refine and 
verify with professional judgment. This partnership reduces investigation time 
while maintaining accuracy. 
  
From Reactive to Predictive Forensics 

Traditionally, forensic engineering is reactive: a failure occurs, and engineers 
investigate. With AI and real-time monitoring, the discipline is shifting toward 
prediction. Sensors embedded in structures, machines, and electrical systems 
continuously stream data into AI models that recognize early signs of 
degradation. Instead of analyzing failures after they happen, forensic engineers 
can prevent them by acting on AI-generated warnings. 
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Digital Twins and Virtual Testing 

Digital twins, virtual replicas of physical assets, are becoming powerful forensic 
tools when paired with AI. Engineers can simulate failures digitally, testing 
multiple hypotheses about how a collapse or malfunction occurred. By 
“rewinding and replaying” scenarios in a virtual model, forensic engineers gain 
insights that would be impossible to gather from physical evidence alone. 
  
Improved Documentation and Reporting 

AI-powered tools can assist in preparing investigation reports. They can 
generate structured narratives, produce causal diagrams, and create statistical 
summaries from raw data. While the engineer remains responsible for 
interpretation and conclusions, AI reduces clerical work and improves clarity in 
communication, especially for legal proceedings where precision is essential. 
  
Global Learning Through Forensic Databases 

Failures often repeat across industries and regions. AI-enhanced forensic 
databases allow engineers to instantly compare a current case to thousands of 
past failures worldwide. This comparison highlights recurring patterns and 
provides valuable insights that extend beyond local experience. 
  
Challenges and Professional Responsibilities 

While AI enhances forensic engineering, it introduces new challenges: 
• Data Dependence: If the input data are incomplete or biased, AI results 

may be misleading. 
• Transparency: Many AI models operate as “black boxes,” making it 

difficult to explain how conclusions were reached. This is a critical issue in 
legal contexts where transparency is required. 

• Ethical Oversight: Engineers must ensure that AI is used responsibly. The 
final responsibility for conclusions and recommendations always rests 
with the human professional, not the machine. 

  
Looking Ahead 

The future of forensic engineering will combine traditional expertise with AI-
powered tools. Engineers will remain the decision-makers, but AI will extend 
their capabilities: processing evidence faster, predicting failures before they 
occur, and connecting local investigations to global knowledge. This partnership 
promises not only to make forensic investigations more efficient, but also to 
build a safer, more resilient engineering environment. 
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Summary  

AI is reshaping forensic engineering by accelerating evidence analysis, 
supporting causal pathway construction, predicting failures, and improving 
reporting. However, it also raises challenges of data quality, transparency, and 
ethical responsibility. The role of the forensic engineer remains central: to 
interpret AI findings, verify their accuracy, and ensure professional integrity. 
With AI as a partner, forensic engineering is moving from reactive analysis 
toward proactive prevention. 
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