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development of sequence diagrams and the charting processes such as ECFC. The 

charting process visually allowed for evaluation of factors that sequentially led to an 

accident. 

Limitations 

Limitations of this method include the amount of time required to conduct the 

analysis and the need for investigator familiarity with the process in which the accident 

occurred (Gertman and Blackman 1994). The absence of a time scale to relate 

simultaneous events to each other is another limitation of the method. 
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— 

Figure 4. Event and Causal Factors Charting (ECFC) diagram showing the integration of systematic factors 
with contributing factors leading to direct causal factors (Ferry 1988). 
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Figure 5. Event and Causal Factors Charting diagram of an example of the accident sequence where a 
firefighter gets burned. 

Multilinear Methodologies 

MULTILINEAR EVENTS SEQUENCE (MES) 

History 

Hendrick and Benner (1987) developed a systems based multilinear sequence 

method (Figure 6) to accident investigations that sought to overcome the deficiencies that 

were inherent in earlier methods. Multilinear Events Sequencing (MES) was an analytical 

technique initially developed by Benner (1975) while working with the National 

Transportation Safety Board and a further development of Events and Causal Factors 

Charting. Figure 7 illustrates the MES method using a firefighter receiving burn injuries. 
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This approach incorporated a temporal consideration that recognized and accounted for 

multiple events by multiple actors (or agents) that previous methods failed to take into 

account. In addition, some of these events may have occurred simultaneously, this 

method provided a chronological validation and event comparison format. Thus this 

process provides the opportunity to discover possible unknown linking events, causes, 

and contributing factors. Benner (1977) remarked that this approach provided a "method 

for proving the hypothesis that differs from traditional, statistical, or experimental 

approaches of the scientific method" by illuminating areas that may not be directly linked 

in the causal sequence. There were two distinct differences of the MES technique that has 

built upon the work of Benner and associates' (in Ferry 1988). The first was the 

identification of the beginning and end of the accident sequence. The accident sequence 

began when a perturbation disturbed the homeostasis (therefore this method has been 

called the P-Theory in reference to a perturbation). When this stable flow of events was 

interrupted by external influences the possibility of a harmful outcome increased. 

Identification of the flow deviation from the normal harm-free process was necessary to 

accurately pinpoint the start of the accident sequence. Identifying the end of the sequence 

(the final damaging event) would allow the accident process boundaries to become 

established so that the entire flow of events could be framed. The full sequence could 

then be subdivided into individual events and causes. 
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Figure 6. Multilinear Events Sequence (MES) diagram showing the analysis process in 
reconstructing the accident sequence. Note the time scale at the bottom and the 
incorporation of simultaneous conditions and/or events (Benner 1975). 
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Figure 7. Multilinear Events Sequence example illustrating accident process of firefighter 
receiving bums. 
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The second major contribution the MES process has embodied is a more 

distinct time frame than was present in antecedent linear models. The timeline has aided 

investigators by structuring the search for relevant factors and events. Newly discovered 

conditions or events could be easily tested and then inconsistencies and gaps in 

knowledge could be more readily determined. The Civil Aeronautics Board (1962) in the 

early 60's incorporated a time line when flight data recorders came into use. 

Limitations 

This method may be limited by its perceived complexity in developing the 

framework to process all the information gathered. Underlying human factors may also 

be more difficult to identify if experience in the relevant work tasks is limited. 

Application 

Currently the National Transportation Safety Board utilizes a similar concept as 

part of a hybrid approach. Their approach involves a quantitative assessment of 

engineering structures, the environment, and the time line analysis (Gertman and 

Blackman 1994). 

Additional Approaches 

There are various other approaches to accident investigations that deserve 

mention. These methods seek to determine causal factors in ways that preclude 

categorizing into the previous sections. A list and short explanation follows. 



28 

CHANGE ANALYSIS 

History 

The Rand Corporation (Ferry 1988) developed the concept of change analysis for 

the Air Force. Their concept was to identify change in a system that would normally 

operate without mishap. Something had to have changed to make the mishap possible. 

That is, a disturbance to a homeostatic process was the catalyst initiating the accident 

sequence. By comparing what changes occurred which resulted in a mishap to the normal 

accident free task, causal factors might be identified. Such change could be directional 

and exponential. It would be directional in that once change is initiated it would continue 

to proceed until another change occurred. It could be exponential in that once it was 

initiated the changes interact to compound the effects of mishaps. Figure 8 illustrates the 

basic concept central to Change Analysis. It is considered to be a relatively quick process 

for detecting obscure causes. 

Limitations 

An expert knowledge of normal systems operation was essential to the determination of 

changes that ultimately resulted in injury or loss. This method could become very 

involved when applied to complex processes (Ferry 1988). 

Application 

Though this approach is limited, it still is used by various private accident 

investigators as well as with the US Air Force. 
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Figure 8. Change analysis diagram depicting the concept and process that compares the pre-accident 
situation to the post-accident consequence. The process aids in determining the changes to the system that 
had to occur for an accident to be initiated. (Ammerman 1998). 

MANAGERIAL FAILURES APPROACHES 

History and General Overview 

Many prominent accident investigators have stated the position that accidents 

have their roots in managerial and organizational failures (Fine 1976, Weaver 1973, 

Grimaldi and Simonds 1984, Petersen 1975, Vaughan 1996a, 1996b). Fine (1976), for 

instance, summarized this concept when he stated, "all accidents and hazards are 

indicators of management failure." Vaughan (1996b) directly related that concept to the 

USD A Forest Service firefighting community when she said that they are politically 

vulnerable and the policy decisions that they make directly affect how operations are 
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done on the ground and how lower level employees make decisions. She concluded by 

saying "top decision makers are thus irrevocably responsible for safety." Just as with the 

Challenger disaster, the USD A Forest Service has had warning signs of potential danger 

latent within the organization prior to the South Canyon Fire. These latent conditions 

brought about the transition of seemingly small, minor decisions towards what was 

described as an "incremental descent into poor judgement" (Turner 1978). Reason (1991) 

used the medical term "resident pathogens" to describe latent conditions in an 

organization that may have laid dormant for years until a triggering mechanism broke 

through the system defenses and barriers to cause an accident. He emphasized that these 

resident pathogens could be identified with "adequate access and system knowledge." 

One of several investigation techniques that looked more deeply into management 

failures and their contribution to accidents was TOR, the Technic of Operations Review 

(Weaver 1973). TOR was developed for the Wausau Insurance Companies to identify 

management oversight and omissions. Findings from accident investigations were 

analyzed using a four-step process. The process led investigators through a work sheet of 

eight general categories. The investigative team was to identify a direct cause to initiate 

the process. They then followed the factors that contributed to the direct cause that the 

worksheet proposed. This identified possible contributing factors to the accident and 

investigators eliminated factors that did not apply. The sequential process was used to 

locate the potential problem areas within the organization. Weaver recognized that 

though simple to use, TOR required an objective mid-level management team to be 

effective at exposing organizational deficiencies. 
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Another systems approach to accident investigations that has directly implicated 

management failure was Fine's method (1976). While working for the Naval Surface 

Weapons Center, he had developed an approach based on the premise that for each causal 

factor identified in an investigation, the question needed to be asked, "Where did 

management fail?" His technique proposed fifteen possible management failures linked 

to each causal factor found in any mishap. Fine stipulated that expertise and sound 

judgement by the investigators was required in order to trace all the direct and indirect 

factors attributed to higher level management. 

MULTI-FACETED/PROACTIVE APPROACHES 

Root Cause Analysis 

Root Cause Analysis (Ammerman 1998) was a method that incorporated a 

process for determining a single cause. The process involved a step-by-step sequence of 

previously known investigation methods. The step-by-step process was provided to 

systematically direct the investigator through a series of analysis tools so that the 

strengths of each were utilized toward finding the root cause. These analysis methods 

were; 1) Task Analysis, 2) Change Analysis, and 3) Control Barrier Analysis, 4) Event 

and Causal Factors Charting, 5) Interview Techniques, and 6) Root Cause Analysis. 

Ammerman (1998) added that even though the goal was to find the root cause, this 

process also identified contributing causes. He defined root cause as a causal factor that, 

when eliminated, would prevent recurrence of that problem. A contributing cause may 

not have directly caused the mishap but was identified as needing corrective action. The 

Root Cause Analysis process built upon the sequence of analysis tools as a means to 
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document, systematically organize, and logically proceed through an investigation. The 

goal was to not only identify what happened, but why Ammerman (1998) stated that any 

undesirable event, including those involving equipment failures and human error could be 

evaluated in this manner. 

Human Reliability Assessment 

In the 1960's and 70's human factors specialists, while looking for the role and 

causes of accidents in the work process, advanced the concept of human error in accident 

causation theory. Scientists that have worked in the nuclear weapons production industry 

such as Altman (1970), Chapanis (1965) Christensen (1972), Rigby (1970), Rook (1962) 

and Swain (1963) focused their research on human reliability and the description of 

human behavior in terms of errors. They recognized the major role human error had in 

potential mishaps and worked toward identifying possible areas that could compromise 

the traditional "defense-in-depth" safety backup systems. Defense in depth is the multiple 

layered barriers in place for the protection of workers from hazards. 

Many proactive risk assessment techniques were developed and are still being 

updated and evaluated as to their relative effectiveness. These techniques were focused 

on the human-machine interface and identification and quantification of human actions 

on systems risk. Under the general heading of Probabilistic Risk Assessment (PRA), 

analysis techniques such as Human Reliability Assessment (HRA) and Human Error 

Identification (HEI) were major evaluation methods to assess potential risks to systems 

and the possible human contribution to that risk. Techniques such as Technique for 

Human ERror Prediction (THERP)(Swain and Gultman 1983), HAZard and OPerability 



33 

study (HAZOP)(Kletz 1974), Generic Error Modeling System (GEMS)(Reason 1987), 

Systematic Human Error Reduction and Prediction Approach (SHERPA)(Embry 1986) 

were just a few of the many prospective accident investigation methods to reduce risks 

and accident rates in complex technological industries. 

One method of accident analysis that was developed for the Department of 

Energy to identify human interactions within complex systems used a hierarchical tree 

format similar to MORT. Human SYStem interactions (HSYS)(Hill and others 1990) was 

a linear process based on input-action models. The process followed a sequential path to 

examine human performance factors in incident/accident occurrences. Errors could be 

classified according to these five steps; 1) input detection, 2) input understanding, 3) 

action selection 4) action planning, and 5) action execution. These five steps formed 

branches of the hierarchical tree and have aided in both prospective and retrospective 

analysis. Hill and the other investigators stated that incorporation of intra-group, inter-

group, and organizational aspects were still being developed using this approach. 

Analytical techniques such as HSYS that attempt to categorize human error types offer 

the opportunity to identify, track, and reduce mishaps rooted in human error. 

The following section details the USD A Forest Service proposed accident 

investigation methods that where highlighted in the previous sections. 

USDA FOREST SERVICE PROPOSED METHODS 

Prior to 1998 the National Wildfire Coordinating Group (NWCG) developed 

accident investigation policy for the five federal fire fighting agencies. A significant 

change in investigative techniques has occurred since the 1994 South Canyon Fire 
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investigation. The previous method involved a multi-methodological approach based on 

traditional methods, logical deduction, common sense, and expert judgement. The 

traditional analysis methods incorporated accident reconstruction, identification of unsafe 

acts and conditions, trial and error fixes, statistical inference (finding variables derived 

from data to determine probabilities of future occurrences), and trend forecasting (using 

historical data to predict trends). The South Canyon Fire investigation (USDA,USDI, 

AND USDC 1994) used a matrix approach (see Appendix Table B.2.) where 

predetermined criteria were categorized as to whether they were significant contributors 

to the accident, influenced the outcome, or were non-contributing (IMRT 1995). The 

criteria ranged from fire behavior factors, and equipment condition to personal factors 

such as training and fatigue. Every significant contributor is to have written 

documentation. These criteria were effective in recognizing possible causal and 

secondary factors but lacked the means to identify underlying human error (Putnam 

1995). Because this checklist approach only accounted for those items on the list, no 

possible human, cultural, or organizational factors were available for evaluation. 

In response to the South Canyon Fire, the USD A Forest Service (1998) has 

drafted new guidelines for the investigation of accidents. Based on US Army procedures 

(DA-PAM-385-40 and AR 385-40 1998), the process used a "3W" approach (Ricketson 

et al 1980). The "3W's" are what happened, why did it happen and what to do about it. 

Figure 9 illustrates the approach. Investigations focus on assessment of elements that 

revealed human, materiel, and environmental factors that caused or contributed to 

accidents. The premise behind the concept is that by finding the reasons why people 

make errors, materiel fails, and environmental conditions contribute to accidents, then 
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similar deficiencies can be identified and reduced. Subsequently, the Forest Service 

recommended four analysis techniques but none were specifically identified or suggested 

for wildland firefighter incidents/accidents. The Safety Management Mishap 

Investigation and Reports Guide (USDA Forest Service 1998) said that the basic premise 

was to examine "why the sequence of events happened in terms of task errors, materiel 

failures/malfunctions, and environmental factors." The four methods cited were Fault 

Tree Analysis, Failure Mode and Effects Analysis (FMEA), Energy Trace Hazard 

Identification (ETHI), and Sequentially Timing and Events Plotting (STEP). No 

explanation was given as to why these methods were selected as analysis techniques. 

WHAT WHY DID IT HAPPEN? 
HAPPENED? 

(SYSTEM 
(CAUSE INADEQUACIES/ROOT 
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Figure 9- The US Army and Department of Defense "3W's" approach to accident investigation, analysis, 
and prevention (PAM 385-40 1998). 
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Energy and Trace Hazard Analysis 

Energy and Trace Hazard Analysis is an integral aspect of the Management 

Oversight and Risk Tree process previously discussed. Gibson (1961) introduced the 

concept of energy flow and barriers in the classification of accident process. This 

concept focused on various vectors of potentially harmful energy sources (chemical, 

kinetic, electrical, and thermal) and the barriers provided to protect from their harmful 

effects (Figure 10). Identification of these barriers that have been compromised aided 

development of improved or additional defenses. Gibson's search into safety analysis 

looked for a more behavioral approach in that these barriers can be supervisory, 

managerial, or organizational/cultural as well as physical. He stressed that these barriers 

may have worker behavioral implications in that these non-physical barriers are less 

visible and easier to violate without immediate adverse consequences. Administrative 

barriers such as rules and regulations are much easier to transgress than physical barriers 

such as containment walls or wire insulation. Examples of administrative barriers present 

in the wildland firefighting profession are the 10 Standard Fire fighting Orders and 18 

Watch Out Situations (see Appendix Table B.2). Examples of physical barriers would be 

fire shelters and personal protective equipment, such as fire resistant clothing, hard hats, 

gloves, neck shrouds, and leather boots. But a physical barrier would include any 

boundary of thermal protection between the firefighter and the fire itself. 
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Hazard Barrier Taî et 

> 
Figure 10. Barrier Analysis conceptual framework where barriers/controls prevent the unwanted 

transfer of energy from a hazard to a valued target. These barriers may be physical (protective 
clothing) or administrative(salety rules)(EG&G Idaho 1985). 

Haddon (1973) further developed the unwanted transfer of energy concept and its 

control by various measures or barriers. Again, sources of energy were derived from 

chemical, kinetic, electrical, and thermal vectors. He specified ten types of barriers to the 

accidental transfer of energy. These barriers are intended to: 

1 ) Prevent the marshaling of potential energy-do not produce or 

manufacture the energy (e.g. Prevent probabilities of fire ignitions). 

2) Reduce the amount of potential energy-voltages, fuel storage (e.g. 

Reduce fuels). 

3) Prevent the release of potential energy—strength of energy containment 

(e.g. Reduce fire probability under adverse weather conditions or 

increase separation distance of fire personnel). 



38 

4) Modify the rate of release of potential energy-slow down burning 

rate, speed (e.g. Cool fire with water, dirt). 

5) Separate in space and time the source of potential energy-electric 

lines out of reach, (e.g. Escape route to safety zone or indirect attack). 

6) Interpose material barriers from the potential energy-Insulation, 

guards, (e.g. Personal protective clothing). 

7) Modify shock concentration surfaces of the energy-Round off and 

make soft (Probably not applicable to bumover incidents). 

8) Strengthen the target of the potential energy—Earthquake-proof 

structures (e.g. Fire shelters). 

9) Limit the damage of potential energy—Prompt signals and action, 

sprinklers (e.g. Lookouts). 

10) Rehabilitate persons and objects that may come in contact with the 

potential energy (e.g. Discipline and/or retrain) 

An analysis of an accident sequence can be initiated by investigating a) the energy 

source(s) and their paths, b) the people or objects that are vulnerable to the unwanted 

energy flow, c) the baniers and controls that were designed to protect vulnerable people 

and objects, and finally, d) the precursor events of energy transfers and barrier failures 

that lead to the accident. The ten types of barriers outlined above show examples of their 

applicability to fire fighting operations. Barriers Analysis also allows safety personnel or 

investigators to examine the sequence of events/causes that may have led up to the 

accident. Am merman (1998) provided a worksheet to document and track accident 

consequences, barriers in place and the reasons for barrier failure in any accident where 


