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ABSTRACT

This paper presents the most common maintenance error types that are found across three samples: ASRS self-reports (n=939), FAA rule violation cases (n=30), and NTSB fatal accident reports (n=14). Five reactive and three proactive error mitigation tools were discovered to be available within the maintenance community. Therefore, the lack of error mitigation tools is not the weakest link in maintaining airworthiness. When the applicability of these tools to the NTSB cases was studied, the authors discovered that although most of the error mitigation tools may have prevented the accidents, the mechanics and managers would have to depend on mutual trust to ensure safety. When the level of such mutual trust was examined, the MRM/TOQ analysis illustrated that up to a third of the mechanics surveyed don’t trust that their managers will act in the interest of safety. 

INTRODUCTION


Most of the basic design standards for an aircraft are specified in Title 14 of the Code of Federal Regulations —Parts 21 and 23. Depending on the nature of its use, a typical airliner is approved for operation under Part 121. While in operation, aircraft mechanics and inspectors are designated with the task of maintaining and inspecting the aircraft on a regular basis such that the technical and legal integrity of each aircraft under their care matches the specifications under which it was approved. Therefore, when an aircraft mechanic approves an aircraft for return to service, the mechanic is certifying that the aircraft continues to meet the original or revised airworthiness standards. If the aircraft has been altered in any way, the alteration must be traceable to appropriate documentation. In essence, the job of an aircraft mechanic is to ensure that the aircraft continues to meet the applicable airworthiness standards.


In a typical airline, when an aircraft mechanic reports to duty, he is handed a job card. This job card lists the specific maintenance activity that he is expected to execute and the procedure to do so. When he signs for the job, he expects that the job card is in compliance with the latest technical and regulatory requirements, and he is expected to have completed the job in accordance with the approved maintenance procedures under applicable parts of Title 14 of the Code of Federal Regulations. By having each mechanic sign for their work, the maintenance manager ensures that all the required tasks have been carried out. Although the airline has the organizational responsibility with respect to the Part 121 and/or Part 145 regulations, the individual is held accountable under Part 43. 


The process of re-certification of an aircraft by a mechanic to airworthy status involves numerous links that may manifest in the form of subtasks and interactions with several people, including other mechanics, maintenance managers, manufacturers’ representatives, and regulators. When one of these links fails, the airworthiness is compromised, resulting in a simple learning opportunity, a regulatory violation for the approving mechanic, or an accident. 

This paper (a) identifies the most common error types across three samples: Aviation Safety Reporting System (ASRS) reports, Federal Aviation Administration (FAA) rule violation cases, and National Transportation Safety Board (NTSB) accident reports; (b) identifies all the proactive and reactive error mitigation tools that are being used in the maintenance industry; (c) discusses the application of these tools to mitigate the commonly found errors types; and (d) discusses the reasons for the lack of effectiveness of the extant error mitigation tools.  

LITERATURE REVIEW

Maintenance Resource Management Programs

After the Aloha Airlines accident in 1988, the maintenance community in the United States initiated Maintenance Resource Management (MRM) programs that were aimed at understanding and reducing maintenance errors. Typically, MRM training programs have focused on raising the individual awareness of maintenance professionals regarding factors that affect human performance (Taylor and Patankar, 2001). In such training programs, mechanics as well as maintenance managers have been instructed in concepts such as “complacency,” “stress,” “fatigue,” etc.  As a result of this training their enthusiasm to improve safety has increased. Many of them have made at least some changes to their individual behavior to improve safety and quality in maintenance. 

The MRM programs were not intended to be limited to classroom training and are not defined as such by the Air Transport Association (ATA, 2001). However, industry’s efforts in this area have been dominated by awareness training programs. Taylor and Patankar (2001) reviewed the development of MRM programs in the U.S. aviation industry since 1989. They classified these programs into four generations: first, Crew Resource Management (CRM)-based training in communication skill and awareness; second, programs that addressed communicating and understanding of maintenance errors; third, maintenance training programs for individual awareness and readiness; and fourth, integrated behavior-based programs. Although these four generations of MRM programs have had somewhat different goals and correspondingly different degrees of success over the past 13 years, their overall theme has been to raise the awareness of human capabilities and limitations in the maintenance environment via classroom instruction.

Typically, the MRM curricula consist of a variety of topics like the widely used “Dirty Dozen” (cf. Taylor and Christensen, 1998), paperwork error reduction, error investigation using the Maintenance Error Decision Aid (MEDA) form (cf. Rankin and Allen, 1996), some role-playing to illustrate interpersonal communication between different workgroups, illustration of a chain of events leading to an accident, some team-building or communication exercises, and a selection of video clips re-emphasizing the concepts discussed in the class. Errors and their effects are discussed from a reactive perspective—they use either extant problems (e.g., logbook errors, ground damage, etc.) or they analyze past accident/incident cases to review the causal factors and links in the chain of events that led to the accident/incident. Although accident/incident investigation data can be used to effect systemic improvements, such improvements are reactive and the evidence of such implementation is limited. The fourth generation MRM programs are starting to develop and use error mitigation tools such as the Concept Alignment Process (cf. Patankar and Taylor, 1999) to proactively manage decisions such that systemic problems are identified and resolved on a regular and consistent basis before they become errors.  

A review of the overall effects of MRM training, indicates that it increased participants’ enthusiasm for MRM concepts, raised their awareness of safety issues, and made them eager to apply their knowledge. However, this enthusiasm decays if the initial MRM training is not followed by either recurrent training or some other visible change reinforcing the management’s commitment to safety (Taylor, 1998; Taylor and Christensen, 1998; Taylor and Patankar, 2001). Soon after the training, many mechanics report that they have made some changes in their personal work habits to minimize errors: Taylor, et al (2002) have found most such changes to be passive because they are limited to the individual’s personal work habits.

Error Mitigation: Concept and Techniques


Reason (1997) defined error management as a two-part process: error reduction and error containment. Error reduction processes tend to focus on minimizing the conditions that are likely to cause errors; while error containment processes tend to minimize the undesirable effects of errors. In this study, the authors elaborate on Reason’s use of the term “error containment” by calling it an “error mitigation” process which encapsulates the issues addressed by situational awareness, interpersonal communication, trust, teamwork, and assertiveness. In order to be successful in practicing error mitigation, one must recognize the error and intervene so as to either contain the error’s trajectory through the pre-existing defenses or minimize the damage resulting from that error.

Reactive Error Mitigation Techniques

MRM Awareness Training Programs 

Human factors and/or MRM training programs are considered by the authors as a form of reactive error mitigation techniques because they were initiated in reaction to the 1988 Aloha Airlines accident, which revealed that poor maintenance and inspection practices contributed to the peeling of the Boeing 737’s roof.  Such training programs have been directed at raising the awareness of human performance limitations in the maintenance environment and informing the participants regarding how their actions, or inactions, could affect the safety of flight. Therefore, the maintenance community mostly received awareness training that focused on improving the participants’ attitude regarding safety. It was hoped that if the attitude improved, the desired behavioral change would follow. Several airlines in the United States trained their mechanics and managers in MRM issues and achieved some positive effects; however, these positive effects were short-lived, largely because of limited support from the senior management (Taylor, 1998).

Round Table Discussions 

Taylor and Christensen (1998) describe Round Table discussions as systemic and comprehensive changes to prevent the recurrence of similar errors. One maintenance organization developed this innovative approach using a team of four people: a maintenance manager, a union representative, an FAA inspector, and the person admitted to have committed the error. This team endeavored to steer clear of the prevalent blame culture (cf. Marx and Graeber, 1994) and seek a better understanding of the causal factors leading to the error. By adopting this approach, the team was successful in winning the labor force’s trust and truly implementing comprehensive and systemic solutions. Since such discussions began in response to errors, this technique is considered reactive.

Focus Groups 

At a particular line maintenance station, an airline was experiencing significantly higher paperwork errors (Taylor and Christensen, 1998 p 108-110, 113-14). A consultant was employed to hold discussions with foremen and mechanics, which were focused on the causal factors leading to the paperwork errors and their possible solutions. Through such focus groups, a joint labor-management team was able to redesign their logbooks and otherwise significantly decrease the paperwork errors. This is also a reactive technique because the focus group responded to a particular pre-existing problem area.

ASAP in Maintenance

With the introduction of Advisory Circular 120-66A, the Federal Aviation Administration (FAA, 1997) is trying to encourage industry as well as their own inspectors to form collaborative teams under the Aviation Safety Action Plan (ASAP). This plan is similar to the Round Table discussions presented above. Only one airline is known to have a successful Aviation Safety Action Program. At least five additional airlines are in the process of implementing their ASAP. The effectiveness of such programs is not known.

MEDA-type Post-event Investigations

In 1996, Boeing released Maintenance Error Decision Aid (MEDA), a document that could be used during an event investigation to analyze the effect of an error, the type of error, and the factors contributing to the error (cf. Rankin and Allen, 1996). Whether it is a MEDA investigation, or any other investigation, that is initiated after the accident/incident, it is a retrospective analysis of the causal factors. Some companies have recently started to track the error types and their causal factors using a computerized version of the MEDA form. Trends regarding effects of errors, types of errors, and contributing factors can be tracked. Such post-event investigations are intended to identify systemic problems; however, examples of such investigations for the implementation of comprehensive solutions or reduction of errors have not been documented or at least not released in the public domain.

Proactive Error Management Techniques

Work Design  

“Work design” includes both fitting work to the operator as well as fitting work to control crucial elements in achieving quality product (Drury, 1998).   Considerable thought and effort can go into initial design of work in order to be initially successful, but it should also be followed with incremental changes through continuous improvement. In industries outside aviation, considerable success has been achieved by optimizing work’s technical aspects and work’s organizational aspects.  Jointly designing both the social and technical sides reflects a workplace reality and produces better performance and higher workplace satisfaction.  This process of jointly optimizing the social and technical aspects of organization is called “sociotechnical systems  (or STS) design” (Drury, 1998; and Taylor and Felten, 1993).

STS is a powerful organizational model describing purposeful work systems in complex environments. This system thinking presumes that any system is a set of parts or pieces that are closely interrelated with reference to their shared environment. Systems are also seen to be parts of larger systems in turn.  Organizations as work systems can thus be seen as part of a larger system -- for example, a line maintenance station is usually a part of a larger maintenance department, which is part of an aviation company, which is part of a national aviation industry, and so forth.  That larger aviation industry in turn co-exists in a complex of environments such as the consumer market, government regulators, manufacturers, the economic climate, and international diplomatic relations; wherein each subsystem also has unique connections.

STS is a specific kind of system thinking which helps to determine “goodness of fit” among people and technology as they respond to their environments to achieve system success.  This STS viewpoint contains three elements: (a) the technical subsystem, or programs, tools, and processes designed to achieve system success; (b) the social subsystem, or people and their roles, which are expected to provide coordination and communication for the judgment and guidance required for the technical subsystem; and (c) the enterprise system, or the definitions of purpose, values, objectives, boundaries and salient environment in which the technical and social subsystems exist.  Organizational “culture” is contained in the dominant purpose and values of the enterprise.  That culture may be highly motivating to its members, and the degree that it is will determine the long-term success of the enterprise.

Aviation maintenance organizations have been viewed as Sociotechnical Systems and a wide range of effectiveness has been described (Taylor, 1991; Taylor and Fenton, 1993; and Drury, 1998).  Base maintenance operations studied in the early 1990’s had no explicitly stated mission or purpose, beyond finding and fixing technical flaws as directed.  Their dominant value seemed to be “everybody wants a quick turnaround.”  Whether this was a cause for frustration, or stoicism, or pride depended on the degree to which employees saw this as relevant and realistic.  Many of those mechanics studied, consciously accepted safe and fast turnaround as relevant, but not always realistic (Taylor, 1991, p. 26).  This frustration kept mechanics’ morale low and lessened their commitment to the company and its management.

In a particular company, a more successful aviation system culture was reported, based on three values:  “…make a profit, achieve job security for every employee, and make flying affordable for more people” (Freiberg and Freiberg, 1996, p. 48).  That company links these three values with a highly successful profit sharing plan where employees seek cost containment and maintenance of low fares in order to maximize profit for the company, and thereby maximize the associated benefits for themselves.  The benefits that have followed include consistent profits year after year, a very low accident rate, and very high employee morale.

Key Behaviors 


Medical schools (cf. AAMC, 2001), children’s fire safety programs (cf. City of Ann Arbor, 1997), and human resources management programs (cf. University of Rochester, 2000) have advocated the use of “key behaviors” to specifically delineate behavioral expectations. These key behaviors are used to develop an equivalent of the “rational person” in economic models so that the subjects have a replicable demonstration of the behavior that is expected from them. In aviation maintenance, the “Key Behaviors” model is used to draw a line between reckless behavior and an honest mistake. It is used to transform a “blame culture” into a “just culture.” One company and its labor union have begun the implementation of their Key Behaviors Program. The effects of this program are not yet reported.


Other examples of key behaviors are readily available when viewed through the lens of sociotechnical systems. In STS terms, system elements that can most dramatically affect its product are “key variances” and the behaviors required to control key variances can be considered  “key behaviors.”    Once key variances are identified then the STS process can be used to design work so that key behaviors can be accomplished without difficulty or frustration to the operator.  In aviation maintenance, one key variance is clearly the on-time departure of the first flights of the day from every line maintenance station.  The key behaviors to control that key variance require motivated night shift mechanics with the skills, resources, support, and cooperation they need to complete the work overnight.  It is ironic to consider that in most maintenance settings the night shift line station mechanics are usually the least skilled, resourced, and supported of all maintenance employees.  Night shift line stations mechanics are often more frustrated and distrustful than their counterparts on daylight shifts or in heavy maintenance.  The key behaviors to achieve first-flight or on-time departures are known, but most aviation maintenance work systems are not designed for those behaviors to be accomplished effectively.

Concept Alignment Process: Team Decision-making

The Concept Alignment Process (CAP) is a development of CMR, Inc. of Stow, MA (Lynch, 1996). It has been practiced mainly at corporate aviation facilities by managers, pilots, and mechanics. It is largely a communication and decision-making protocol aimed at resolving differences and facilitating alignment of a variety of organizational as well as individual aspects. This process has been successful in stopping an ongoing error trajectory as well as to preventing future errors. Success in the use of this process has been documented by Patankar and Taylor (1999).  

Most Common Effects of Maintenance Errors

According to Patankar and Taylor’s (In Press) analysis of 939 ASRS reports, the top five effects of maintenance error were as follows: 40 percent of the errors resulted in unairworthy dispatch of a revenue flight; 16 percent of the errors were discovered prior to any damage; 12 percent of the errors resulted in rework; 9 percent resulted in air turnback; and 8 percent resulted in aircraft damage. The effects of the remaining 31 percent of the errors were distributed, in descending order, over items such as gate return, diversion, flight delay, in-flight engine shut-down, flight cancellation, and personal injury. The top three errors resulting in the release of an unairworthy aircraft were improper documentation, improper installation, and sign-off of work not performed. 

 
In a study of the root causes for rule violations by aircraft mechanics, Patankar (2002) reports that three of the top five effects of maintenance errors in this sample are the same as those in the ASRS sample reported above. The effects of maintenance errors in the rule violation sample were as follows: unairworthy dispatch (32%), discovered prior to any damage (23%), air turnbacks (13%). Two other additional effects were flight delay (7%), and failure to file suspected unapproved parts notice (7%). Again, improper documentation, improper installation, and sign-off of work not performed were reported as the top three maintenance errors that resulted in the release of unairworthy aircraft.

METHOD

The National Transportation Safety Board Sample

For the present study, NTSB reports were selected based on the following criteria: (a) the final report was available, (b) the accident occurred between January 1, 1976 and December 31, 1996, and (c) either maintenance, repair, or inspection error was listed as either the probable cause or one of the contributing factors. Fourteen such cases were identified. The top three maintenance errors in this sample were identified and compared with the results of similar studies using the ASRS sample (Patankar and Taylor, In Press) and the rule violation sample (Patankar, 2002). Patankar and Taylor’s (2001) composite causal matrices for organizational and individual factors were used to classify the errors and their causal factors. Maintenance errors documented in the NTSB sample are discussed from the perspective of error mitigation tools discussed earlier in this paper. 

MRM/TOQ Data Analysis

During 1999-2002, 4,650 employees in six aviation organizations completed Maintenance Resource Management/Technical Operations Questionnaire (MRM/TOQ) surveys. These six airline maintenance samples bracket the range of organizations and job types in the commercial aviation industry. The group includes maintenance departments in major airlines, maintenance departments in small airlines as well as commercial aviation repair stations. Each sample represents a US-based air transport company or a separate sample within an airline company. Participants include mechanics, maintenance managers, and maintenance support personnel. All can be considered naïve subjects in so far as they completed their survey before they were exposed to organizational change programs intended to influence their attitudes or opinions. All surveys were collected between 1999 and 2002.  A summary of the differences among the 3,973 responses received across six samples is presented below.

Sample A (n=116): It is a 10% stratified random sample of the maintenance department of a large airline.  No one had been exposed to an HF or MRM program at the time of the survey.

Sample B (n=129): Consists entirely of volunteers to attend a Human Factors and Safety Training program from the maintenance department of a large airline.  Sample B’s surveys were administered before the training began.  This sample contains a large proportion of college-educated and female respondents, and is heavily weighted toward management respondents.

Sample C (n=2,408): Its respondents are maintenance department participants in a mandatory Human Factors and Safety training program in another large airline. Sample C’s surveys were also administered before the training began.

Sample D (N=76): These respondents are all the maintenance employees in a smaller regional airline. No one had been exposed to an HF or MRM program.

 Sample E (n=209): This sample is from a large aircraft repair station (operating under FAR Part 145). It contains all maintenance management and a 10% random sample of mechanics. No one had been exposed to an HF or MRM program at the time of the survey.

Sample F (n=1,035): Consists of maintenance department participants in a mandatory Human Factors and Safety training program in yet another large airline.  Sample F’s surveys were also administered before the training began.

Taylor and Thomas (2001) conducted factor analysis of MRM/TOQ results and reported the presence of two trust factors and two professionalism factors that were consistent across samples.  These factors became the basis of four scales. The two trust scales were titled “Supervisor’s Safety Practices are Trustworthy” and the “Importance of Coworker Trust and Communication.” The two professionalism scales were titled “Importance of Stress on Decision Making” and “Importance of Assertiveness.”  That study demonstrated a high reliability and validity of these scales and their ability to differentiate among different organizations, occupations, gender, and age.

In the present paper, we examine the degree of trust mechanics and managers have in their superiors’ safety practices.  Analyses of Variance (ANOVA) were used to test trust scale differences among the six companies and among occupational categories.

RESULTS AND DISCUSSION

The National Transportation Safety Board (NTSB) Reports Sample

 
This section presents a brief summary of the probable cause and contributory factors identified by the NTSB in their final report. 

Case 1. August 21, 1995: Atlantic Southeast Airlines, Inc.

The NTSB determined that the probable cause of the accident was inflight fatigue fracture and separation of a propeller blade resulting in distortion of the left engine nacelle, causing excessive drag, loss of wing lift, and reduced directional control of the airplane. The fracture was caused by a fatigue crack from multiple corrosion pits that were not discovered by Hamilton Standard because of inadequate and ineffective corporate inspection and repair techniques, training, documentation, and communication.

Case 2. January 7, 1996: ValuJet Airlines, Inc.
The NTSB determined that the probable cause of this accident was the flightcrew’s improper procedures and actions (failing to contact systems operations/dispatch, failing to use all available aircraft and company manuals, and prematurely resetting the ground control relay circuit breakers) in response to an in-flight abnormality, which resulted in the inadvertent in-flight activation of the ground spoilers during the final approach to landing and the airplane’s subsequent increased descent rate and excessively hard ground impact in the runway approach light area. Contributing factors in the accident were (a) Valujet’s failure to incorporate cold weather nose gear servicing procedures in its operations and maintenance manuals; (b) the incomplete procedural guidance contained in the ValuJet quick reference handbook; and (c) flightcrew’s inadequate knowledge and understanding of the aircraft systems. 

Case 3. June 8, 1995: ValuJet Airlines, Inc.

The NTSB determined that the probable cause of this accident was the failure of Turk Hava Yollari maintenance and inspection personnel to perform a proper inspection of a 7th stage high compressor disk, thus allowing the detectable crack to grow to a length at which the disk ruptured, under normal operating conditions, propelling engine fragments into the fuselage. These fragments severed the right engine main fuel line, which resulted in a fire that rapidly engulfed the cabin area. The lack of an adequate record-keeping system and the failure to use “process sheets” to document the step-by-step overhaul/inspection procedures contributed to the failure to detect the crack and, thus, to the accident.

Case 4. December 14, 1994: Phoenix Air Group, Inc.

 The NTSB determined that the probable causes of this accident were: (a) improperly installed electrical wiring for special mission operations that led to an inflight fire that caused airplane systems and structural damage and subsequent airplane control difficulties; (b) improper maintenance and inspection procedures followed by the operator; and (c) inadequate oversight and approval of the maintenance and inspection practice by the operator in the installation of the special mission systems.

Case 5. March 1,1994: Northwest Airlines, Inc.

The NTSB concluded that maintenance and inspection personnel who worked on the airplane were not adequately trained and qualified to perform the required maintenance and inspection functions. In addition, the work environment for the heavy maintenance of the airplane was inadequate and contributed to an error-producing situation for the workers. 

Case 6. September 11, 1991: Continental Express, Inc.

The NTSB determined that the probable cause of this accident was the failure of Continental Express maintenance and inspection personnel to adhere to proper maintenance and quality assurance procedures for the airplane’s horizontal stabilizer deice boots that led to the sudden in-flight loss of the partially secured left horizontal stabilizer leading edge and the immediate severe nose-down pitch over and breakup of the airplane. Contributing to the cause of the accident were the failure of the Continental Express management to ensure compliance with the approved maintenance procedures and the failure of FAA surveillance to detect and verify compliance with approved procedures.

Case 7. July 19, 1989: United Airlines, Inc.


The NTSB determined that the probable cause of this accident was the inadequate consideration given to human factors limitations in the inspection and quality control procedures used by United Airlines’ engine overhaul facility which resulted in the failure to detect a fatigue crack originating from a previously undetected metallurgical defect located in a critical area of the stage-1 fan disk that was manufactured by General Electric Aircraft Engines. The subsequent catastrophic disintegration of the disk resulted in the liberation of debris in a pattern of distribution and with energy levels that exceeded the level of protection provided by design features of the hydraulic systems that operate the DC-10’s flight controls.

Case 8. March 18, 1989: Evergreen International Airlines, Inc.

The NTSB determined that the probable cause of this accident was the loss of control of the airplane for undetermined reasons following the in-flight opening of the improperly latched cargo door. Contributing to the accident were (a) inadequate procedures used by Evergreen, and approved by the FAA, for preflight verification of cargo door security; (b) Evergreen’s failure to mark properly the airplane’s external cargo door lock pin manual control handle; and (c) the failure of McDonnell Douglas to provide flight crew guidance and emergency procedures for an inflight opening of the cargo door. Also, contributing to the accident was the failure of the FAA to mandate modification to the door-open warning system for DC-9 cargo configured airplanes, given the previously known occurrences of inflight door openings.

Case 9. February 24, 1989: United Airlines, Inc.


The NTSB determined that the probable cause of this accident was the sudden opening of the improperly latched forward lower lobe cargo door in flight and the subsequent explosive decompression. Contributing to the cause of the accident was a deficiency in the design of the cargo door locking mechanism, which made them susceptible to in service damage, and which allowed the door to be unlatched, yet to show a properly latched and locked position. Also contributing to the accident were the lack of proper maintenance and inspection of the cargo door by United Airlines and lack of timely corrective actions by Boeing and the FAA following the 1987 cargo door-opening incident on a Pan Am B-747.

Case 10. 
April 28, 1988: Aloha Airlines, Inc.
The NTSB determined that the probable cause of this accident was the failure of the Aloha Airlines maintenance program to detect the presence of significant disbonding and fatigue damage that ultimately led to failure of the lap joint at S-10L and the separation of the fuselage upper lobe. Contributing to the accident were (a) the failure of Aloha Airlines management to supervise properly its maintenance force; (b) the failure of the FAA to evaluate properly the Aloha Airlines’ maintenance program and to assess the airline’s inspection and quality control deficiencies; (c) the failure of the FAA to require Airworthiness Directive 87-21-08 inspection of all the lap joints proposed by Boeing Alert Service Bulletin SB 737-53A1039; and (d) the lack of a complete terminating action (neither generated by Boeing nor required by the FAA) after the discovery of early production difficulties in the B-737 cold bond lap joint which resulted in low bond durability, corrosion, and premature fatigue cracking.

Case 11. May 5, 1983: Eastern Air Lines, Inc.


The NTSB determined that the probable cause of the accident was the omission of all the O-ring seals on the master chip detector assemblies leading to the loss of lubrication and damage to the airplane’s three engines as a result of the mechanic’s failure to follow the established and proper procedures for the installation of master chip detectors in the engine lubrication system, the repeated failure of supervisory personnel to require mechanics to comply strictly with the prescribed installation procedures, and the failure of Eastern Air Lines management to assess adequately the significance of similar previous occurrences and to act effectively to institute corrective action. Contributing to the cause of the accident were the failure of Federal Aviation Administration maintenance inspectors to assess the significance of the incidents involving master chip detectors and to take effective surveillance and enforcement measures to prevent the recurrence of the incidents.

Case 12. September 22, 1981: Air Florida Airlines, Inc.

The NTSB determined that the probable cause of this accident was the failure of quality control inspection to detect the presence of foreign material in the low pressure turbine cavity during the reassembly of the low pressure turbine module after installation of the stage-1 low pressure turbine rotor disk. The foreign material in the low pressure turbine cavity damaged the bolts holding the stage-1 low pressure turbine rotor disk and stage-2 low pressure turbine rotor disk together. The bolts failed at high engine thrust and the stage-1 low pressure turbine disk separated from the low pressure turbine rotor assembly, oversped and burst.

Case 13. May 25, 1979: American Airlines


The NTSB determined that the probable cause of this accident was the asymmetrical stall and ensuing roll of the aircraft because of the uncommanded retraction of the left wing outboard leading edge slats and the loss of stall warning and slat disagreement indication systems resulting from maintenance-induced damaged leading to the separation of the No. 1 engine and pylon assembly at a critical point during takeoff. The separation resulted from damage due to improper maintenance procedures that led to failure of the pylon structure. Contributing to the cause of the accident were (a) the vulnerability of the design of the pylon attach points to maintenance damage; (b) the vulnerability of the design of the leading edge slat system to the damage which produced asymmetry; (c) deficiencies in Federal Aviation Administration surveillance and reporting systems which failed to detect and prevent the use of improper maintenance procedures; (d) deficiencies in the practices and communications among the operators, the manufacturers, and the FAA which failed to determine and disseminate the particulars regarding previous maintenance damage incidents; and (e) the intolerance of prescribed operational procedures to this unique emergency.

Case 14. February 8, 1976: Mercer Airlines, Inc.


The National Transportation Safety Board determined the probable cause of the accident as the degraded performance of the aircraft after two engines failed. The dual engine failure was precipitated by the in-flight failure of the No. 1 blade of the No. 3 propeller assembly. The failure of the propeller blade resulted from a fatigue crack which originated in the leading edge under the deicer boot. The crack had not been detected during an improperly performed overhaul.

Comparison of the NTSB with the ASRS and the Rule Violation Samples


Table 1 presents the top three maintenance error types across three samples: the ASRS reports (n=939), the rule violation cases (n=30), and the NTSB reports (n=14). The common error type across these samples is installation error. Inspection errors feature in the NTSB accident sample and the ASRS sample, but not in the rule violation sample. 

Table 1: Comparison of maintenance errors across three samples

	Sample
	Dominant Effect of Maintenance Error
	Types of Maintenance Error

	ASRS Reports (n=939)
	Unairworthy Dispatch (40% of Cases)
	Installation (37%)

	
	
	Documentation (28%)

	
	
	Inspection (8%)

	Rule Violation Cases (n=30)
	Unairworthy Dispatch (32% of Cases)
	Documentation (26%)

	
	
	Installation (19%)

	
	
	Sign-off of Work Not Performed (13%)

	NTSB Reports (n=14)
	Serious Accident (100%)
	Inspection (57%)

	
	
	Installation (36%)

	
	
	Servicing (7%)


The Choice of Error Mitigation Tools

Installation Errors


Installation errors include actions such as (a) forgetting to install a component, (b) installing a wrong component, (c) installing the correct component but in an incorrect orientation, and (d) forgetting to close the access panel or otherwise returning aircraft to its normal configuration. 

Case 4. December 14, 1994: Phoenix Air Group, Inc.


This is a classic case of organizational norm of using other aircraft as guides to how a particular maintenance action needs to be performed. It is unprofessional for a mechanic to assume that the repair done on one aircraft is correct and can be duplicated on other aircraft; however, in this case, it seems like the practice was not challenged by any of the mechanics or the inspector because everybody used the same procedure—they referenced everything to another aircraft that had been similarly modified. Consequently, because the first aircraft was modified incorrectly, all subsequent aircraft were also modified incorrectly. On further review of the chain of events, it seems like the installation error on the first aircraft occurred due to a communication problem between two mechanics. One mechanic pointed to a spot on the aircraft, which the other mechanic assumed to be the correct location for connecting the wires. 


In this case, the mechanics were comfortable in their working environment and worked well with each other. It is likely that there was a high level of trust among them, in areas of technical competency and safe practices. Even the inspector assumed that the original wiring modification was done according to the supporting documents.  Although Key Behaviors and CAP have the potential to identify such an error, the organizational norms seem so entrenched that a systemic post-event tool such as Round Table discussion or a Focus Group would have been more effective.

Case 5. March 1,1994: Northwest Airlines, Inc.


This accident represents several long-standing systemic deficiencies in the maintenance procedures including inconsistencies among the instructions on the CITEXT job cards and maintenance manuals, lack of general maintenance training, unstructured on-the-job training, general confusion regarding the use of OM-249 red tags to indicate, etc. Furthermore, Boeing was aware of the reports of migration of upper link fuse pins or diagonal brace fuse pins on five occasions by several airlines prior to this Northwest Airlines accident. 


Based on the knowledge of previous accidents, identification and resolution of systemic factors should have been possible. All the reactive error mitigation techniques are capable of identifying the appropriate contributory factors in such accidents. It is not known as to how Boeing concluded that a part number callout in the removal and installation steps would resolve the problem, but since that revision of the Service Bulletin, no such accident has occurred. 

Case 6. September 11, 1991: Continental Express, Inc.


This is clearly a case of communication problems across shifts and between inspectors, supervisors, and mechanics. Per the Key Behaviors approach, it would have been the second shift inspector’s responsibility to inform his supervisor of the work that he had performed. It is noted in the NTSB report that when the third shift supervisor saw the second shift inspector kneeling on the left stabilizer, he asked the second shift supervisor whether any work had been started on the left deicer boot. The second shift supervisor looked-up to the stabilizer and replied, “No.” From a CAP perspective, this situation presents a conflict of concepts because the third shift supervisor had observed the second shift inspector doing something on the left stabilizer, yet the second shift supervisor had responded negatively. At this point, the CAP approach calls for a third party validation. The second shift inspector would have been the perfect person to query. 


Reactive error mitigation techniques would have identified the risks of off-schedule task assignment. The second shift supervisor was trying to help the third shift supervisor by providing him with a head-start on the deice replacement project; however, because the job cards remained assigned to the third shift, no record of partial task completion was made by the second shift mechanics.

Case 11. May 5, 1983: Eastern Air Lines, Inc.

The NTSB listed several factors that may have led to the mechanics installing the chip detectors without the O-rings. From the perspective of error mitigation tools, it appears that both active as well as reactive tools could have been used by the mechanics. Both Key Behaviors and CAP approaches would have prompted the mechanic to (a) question why the job card 7204 had the line item regarding installation of O-rings if everybody assumed/expected that when they received the chip detector from the foreman’s office, it had the O-ring installed and (b) as far as the leak test was concerned, since there was no specific engine-motoring time noted, the mechanics should have either sought a third opinion or experimented themselves to determine exactly how long it took for the oil to leak if the O-ring was not installed. 


As far as the reactive tools are concerned, all of them will identify a wide variety of routine tasks that are done with certain assumptions, ultimately developing into organizational norms. For example, the fact that the chip detector installation was routine made the complacency in this task grow over time. Simultaneously, the mechanics’ trust in the presumption that the O-ring was always installed was reinforced and the value of that line item on the task card specifying that the O-ring should be installed deteriorated. Perhaps, it is expected by the task-card writers that the mechanics sign-off each item as it is accomplished, but it is hardly ever practically possible to work in that manner. It is typical for mechanics to review the task card prior to beginning their work, perform the work and refer to the task card if required, finish the work, and sign-off all the items on the task card in one sitting. From a work design perspective, it is essential to note this actual pattern of work, and design the task such that unsafe acts are detectable, if not avoidable, within the scope of the actual work pattern.

Case 13. May 25, 1979: American Airlines


This is a case of an operator modifying the manufacturer’s recommended procedures. Although it is not uncommon for such customization of procedures, the fact that this procedure had damaged four American Airlines aircraft and two Continental Airlines aircraft due to the use of the exact same procedure, should have prompted systemic investigations, if not stopped the continued use of this risky procedure. 

From a Key Behaviors perspective, it is clear that if a maintenance action on one component results in damage to another, something is wrong. Either the procedures/tools are incorrect or the mechanics are using them incorrectly. In this particular case, it seems like the operators had chosen to modify the manufacturer’s recommended procedures in order to save time. Additionally, the modified procedures did not provide much physical clearance for the forklift operator, increasing the risk of the entire operation. 

The operators had at least six opportunities to apply reactive error mitigation tools. Any one of such tools discussed in this paper would have prompted either the modification or the discontinuation of the forklift-based procedure.

Inspection Errors


Inspection errors are typically associated with an individual’s inability to detect a flaw or malfunction. Some of the causal factors for such an inability include lack of training, lack of knowledge, poor environmental conditions, inaccessibility of parts to be inspected, defective or otherwise ineffective test equipment, inappropriate standards for tolerance of defects, complacency, and time pressures. 

Case 1. August 21, 1995: Atlantic Southeast Airlines, Inc.


From a proactive perspective, the Key Behavior strategy may not have been effective in preventing this accident because the Hamilton Standard (HS) technician seems to have practiced the prescribed behaviors. The CAP, on the other hand, would have enabled the technician to recognize that there was a conflict between the results of the on-wing inspection and his inspection. Under such a conflict, the procedure calls for a third opinion. If the HS technician were to seek the third opinion, the outcome may have been different. Moreover, according to the CAP protocol, the most conservative course of action would have been to reject the blade rather than pass it. 


From a reactive perspective, MRM awareness training would have alerted the HS technician to the facts that both (a) lack of knowledge or skill in performing a particular job as well as (b)  confusing or poorly written procedures have contributed toward errors in the past. A round-table session with appropriate parties would have identified the ambiguity of the repair procedures and perhaps also identified similarly ambiguous procedures in other repair tasks. The premise here is that if one procedure is ambiguous or difficult to interpret, there may be other at least equally flawed procedures. Thus, a round-table session would have been able to identify systemic deficiencies and solicit comprehensive and long-term solutions. A MEDA investigation may have identified the systemic deficiencies such as procedures and training.

Case 3. June 8, 1995: ValuJet Airlines, Inc.

In the inspection domain, process-sheets provide situational awareness regarding the status of the part. The lack of use of such process-sheets or other equivalent parts tracking systems is a systemic problem which is likely to espouse the feeling of “accident waiting to happen” among the users. Reason (1997) has described such factors as “housekeeping” issues. Both Key Behaviors as well as CAP approaches are likely to produce favorable results in such situations; however, since the entire maintenance or inspection system is likely to be contaminated, a reactive technique such as Round Table or Focus Group is likely to effect comprehensive and long-term changes.

Case 7. July 19, 1989: United Airlines, Inc.


This accident draws attention to the issue of probability of detection of a metallurgical fault using the prescribed inspection method. It is clear from the NTSB report that the particular fault that led to this accident was detectable at the last inspection prior (575 hours) to the accident. The general connotation that  “human factors” issues contributed to this lapse in inspection, points to the fact that the precise location of the defect was an unlikely one—the inspectors did not expect any flaws in that location. Also, the specific techniques used in applying the penetrant to the part may have prevented the penetrant from reaching the defect’s location. So, it is a case, in part of human reliability, and in part, of technical complexity. 


Proactively, whenever a test is to be administered or a measurement is to be taken, it is an essential professional and scientific practice to ensure that the measurement process itself does not influence the data. Additionally, it is a matter of sound professional practice to minimize personal bias in estimating the location of a defect. Both Key Behaviors as well as CAP approaches are likely to prevent such a error. From the perspective of Key Behaviors, it is simply a matter of professional practice; from the CAP perspective, it is a matter of practicing concept alignment within oneself. For example, a CAP practitioner described single-person concept alignment as a process where one “listens to the inner voice—the softer the voice, the more important the message!”


Reactively, it is important to examine testing and troubleshooting processes to determine their effectiveness, in the field, to identify the fault that they are expected to identify. Human factors issues such as fatigue, limited illumination, limited recurrent training, performance across shifts by multiple people, and the use of alternate test equipment should be studied.

Case 8. March 18, 1989: Evergreen International Airlines, Inc. and Case 9. February 24, 1989: United Airlines, Inc.


Both these cases involve the inflight opening of a cargo door. In the case of the Evergreen DC-9, the operator did not have any direct indication that the door was locked when he observed the door control panel. It was possible for the door to remain unlatched or partially latched and the lockpin not engaged with the latching hooks. This is a case for better work design. Special consideration should have been given to the fact that these doors were to be visually verified as closed by ground or flight personnel from outside, even under poor visibility conditions. If an operator has to walk-up close to the doors to ensure that the latching and locking sequence has been completed by observing the positions of the torque tube drive fitting and lockpin handle, then such an observation is not effective from a distance.


In the case of the United Airlines’ B-747, the NTSB report concludes that the cargo door may have had some pre-existing damage that may have resulted in the door appearing to be latched when, in fact, it was not.


The causal factors in these accidents point to design as well maintenance issues. From the design perspective, the fault indication system should not indicate a false negative. From the maintenance perspective, repair actions should not be delayed so much that they cause additional damage. 

Case 10. 
April 28, 1988: Aloha Airlines, Inc.

This accident was truly the wake-up call for the maintenance industry in terms of the impact of maintenance errors on aviation safety. Several work process planning issues as well as environmental and human performance issues exacerbated the problems of that aging, high-cycle airplane. In terms of risk management tools, it is clear that work design issues were critical in this case. The fact that major maintenance checks were scheduled in very small packages to accommodate the busy flight schedule created a recipe for disaster. The facts that heavy maintenance was often understaffed and had less experienced mechanics and inspectors, are also a work design issue. Once again, this case seems to draw one’s attention to the reliability and effectiveness of inspection processes in the operating environment.

Case 12. September 22, 1981: Air Florida Airlines, Inc.

The NTSB report clearly states that several pieces of foreign material, made of M-50 alloy steel, caused uncontained failure of the engine. Although it is stated that the quality control inspection after reassembly failed to detect the foreign materials, the precise reasons for such failure are not listed. Therefore, it is difficult to determine which error mitigation tool(s) could have been used in this case.

Case 14. February 8, 1976: Mercer Airlines, Inc.


The airline out-sourced their propeller overhaul and failed to ensure that the contractor was using current and complete overhaul manuals. Even after 26 years since this accident, there are no direct means for the mechanic performing maintenance to independently and reliably verify that a given maintenance manual is the most current and complete version. The mechanic must trust that the management has provided him with the best possible manual and work in accordance with that manual. A reactive error mitigation tool would most likely identify multiple instances where correct/complete information was not available to the mechanics at the contractor’s facility. If the contractor’s system of verifying that the technical data are current and complete is ineffective, multiple instances of procedural violations are likely.

Servicing Errors

Case 2. January 7, 1996: ValuJet Airlines, Inc.


According to the NTSB report, one of the factors contributing to this accident was that the maintenance manuals did not provide guidance on cold weather servicing of nose gear shock strut. It is not uncommon for a mechanic to encounter situations where specific procedural guidance is not available through traditional references such as maintenance manuals, company policies, or FAA Advisory Circulars. The manner in which a person chooses to handle such situations is addressed by the notion of “management in the void” (Taylor and Felton, 1993). As far as the proactive error mitigation tools are concerned, the Key Behaviors approach is not likely to provide adequate assistance in such situations, but the CAP approach has been documented to be effective. From the reactive perspective, all the tools give the users an opportunity to identify systemic voids that may have led to the specific error. The organization may choose to, or may be forced to, rectify the error-producing condition by adding appropriate procedural guidance or providing specific training. However, in reality, since it is impossible to provide thorough guidance on every imaginable situational permutation, one must rely on the individual to make appropriate decisions. These decisions need to be consistent with the mechanic’s professional standards.  

Role of Trust in the Application of Error Mitigation Tools


All eight error mitigation tools discussed in this paper rely on high levels of interpersonal trust. Because the aviation industry has had a long history of blame culture where the objective of previous incident/accident investigations was to identify the person who committed the error, we can expect the lower levels of trust between management and workers to be endemic. Only in recent years, serious efforts have been made by the industry as well as the United States Government to identify systemic causal factors that led to the accident so that meaningful and comprehensive solutions may be implemented.

The Key Behaviors strategy is that of quid pro quo expectations: the mechanics will abide by the Key Behaviors and the management will support them in exercising those behaviors. When these Key Behaviors interfere with the production schedules, the mechanics trust that the management would allow them to continue to practice the Key Behaviors because they are in the interest of safety. Similarly, the management trusts that the labor union would not support mechanics who don’t practice Key Behaviors. 

All parties agreeing to practice the Concept Alignment Process trust that the process will be applied consistently across the mechanic as well as the management ranks, irrespective of the results. When so practiced, it has resulted in increased trust in the process as well as in the management (Patankar and Taylor, 1999). 

In reactive process such as the Roundtable Discussions, Focus Groups, Maintenance-ASAP, or MEDA Investigations, the person who committed the error has the most knowledge about the circumstances under which the error was committed. Therefore, that person’s willingness to trust the rest of the investigators is imperative to the success of such programs. 

Level of Trust Between Mechanics and Management

The MRM/TOQ survey data from the six samples were analyzed to determine the level of trust in one’s supervisor. Results for the entire dataset of six samples as well as individual samples are presented here. 

Inter-company Differences

Significant differences were found for “supervisor trust & safety.” Figure 1 shows mean scores for that trust scale among the six companies sampled.  A statistically significant ANOVA “F” score was found for the Supervisor Trust and Safety scale (F=44.41, p<.000).  
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Figure 1: Responses to “Supervisor trust and safety” 


Across the six companies, we find a high mean score of 4.06 (Co. D) and low of 3.34 (Co. F) for the scale “supervisor is trustworthy regarding safety issues.” 
Expressed in terms of percent agreeing versus those disagreeing with the statements about supervisors’ trustworthiness (and ignoring those who say they are “in between”) these differences among companies are dramatic.  Across the six companies, we find a high of 68 percent and low of 29 percent of all respondents say they agree or strongly agree that their supervisor is trustworthy regarding safety issues – Stated as the converse, 6 to 28 percent respondents either say they disagree or strongly disagree with this (see Figure 2).  
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Figure 2: All respondents, “Supervisor’s safety practices are trustworthy”

Occupational Differences

In general, there is a perceived difference between mechanics and managers in their interpretation of safety-trustworthiness of their supervisors.  Figure 3 shows the mean scores among occupations for all six companies combined for the scale “Supervisor’s Safety Practices are Trustworthy” are significant.   The ANOVA “F” score of 69.17 is significant p<.000).  Mechanics and inspectors tend not to trust their managers as much as one might want in this high-risk industry.  
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Figure 3: Responses to “Supervisor’s safety practices are trustworthy”
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Figure 4: Responses to “Supervisor’s safety practices are trustworthy”

Mechanics & Leads only, Six Companies
Figure 4 shows that across the five companies, a high of 63 percent and low of 24 percent mechanics say they agree or strongly agree that their supervisor is trustworthy regarding safety issues – Stated as the converse, 7 to 31 percent mechanics say they disagree or strongly disagree with this statement. Nearly one-third of the mechanics in two companies studied (Co. C and Co. F) say they cannot trust the safety practices of their supervisors. 

DISCUSSION

Although the intent of MRM programs in the industry was to go beyond classroom instruction, such progress has not been achieved in a strategic and cohesive sense. Nonetheless, it is clear from the data presented in this paper that both proactive and reactive error mitigation tools are available to the maintenance community. The ASRS, rule violation, and NTSB accident data indicate that the control of installation errors and inspection errors should be top priority. 

When the available error mitigation tools were matched with the errors noted in the NTSB reports, the issue of trust—in a broad sense—emerged as a possible factor in influencing the degree to which error mitigation tools are effective. Trust between mechanic and management groups was further explored using the MRM/TOQ instrument. 
The scale “Supervisor trust and safety” measures a trust of one’s supervisor in regard to ethical behavior and safety practices involving their superior-subordinate relationship. Agreement with the five items identifying this factor implies a favorable opinion toward a superior’s trustworthiness in support of safety. The survey results do support the expectation that aviation maintenance people find interpersonal trust to be problematic in human factors.

We know from a past study (cf. Patankar & Taylor, 2001) that valuing assertiveness is independent of trusting others or their trustworthiness. Both such candor and honesty as well as trusting others are central concepts to maintenance personnel and are also important parts of human factors programs.  

A review of the posterior analysis study reported by Patankar and Taylor (In Press) indicates that causal factors such as lack of awareness (13%) and complacency (8.4%) are responsible for unairworthy dispatch of a revenue flight. Both these factors are within an individual’s span of control. On the other hand, causal factors such as poor procedures (11%), lack of training (1.3%), and maintenance management (3.5%), which are also responsible for unairworthy dispatches, are outside the individual’s span of control. They are organizational issues that may contribute toward reduction of mutual trust. For example, the authors have noted during their field observations that some companies have established a specific protocol for the communication of safety information; however, the effectiveness of that protocol is unclear. Continued use of such means is affected because the users do not receive a meaningful feedback. Over a period of time, such degradation of communication channels have led to lack of trust for the management’s safety priorities. Similarly, if the mechanic uses out-dated procedures because the incorrect procedures were not updated, that mechanic is likely to not believe that the management values quality and safety. Also, the ASRS data (Patankar and Taylor, In Press) indicate that there have been cases where the management personnel have signed-off work that was not performed. After such instances, the mechanics are not likely to trust the managers. As far as training is concerned, there are many ASRS reports that indicate that mechanics are forced into working on tasks that they are not trained to accomplish. Again, after such instances, the mechanics are not likely to trust their managers or the organization. Therefore, it is not surprising that the MRM/TOQ data indicate that, for some companies, as few as a third (31 %) of all maintenance employees trust their superiors—for mechanics alone, that trust sinks to less than a quarter (24 %). 

CONCLUSION


Both proactive and reactive error mitigation tools can be effective in minimizing the impact of current errors and minimizing the probability of future errors; however, the notion of trust plays a vital role in the maintenance process. The mechanics must trust that their maintenance manuals and associated documents are current and complete, the test or troubleshooting procedures are effective in detecting the defects that they are expected to detect, the spare parts that they use are of high quality and in appropriate configuration, and their managers will act in the interest of safety. The managers must trust that the mechanics have, in fact, performed their tasks to the best of their ability when they sign-off an item on the task card. The pilots as well as the general public must trust that the aircraft that are delivered to them are, in fact, legally airworthy as well as technically sound.


In conclusion, it does not seem like there is a lack of error mitigation tools. The data presented in this paper do suggest, however, that there is a lack of trust between mechanics and managers. If errors in installation, inspection, and service are to be minimized, the factors that dilute trust between the various constituencies of maintenance need to be addressed.
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