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Foreword

The expression Lessms Learned has been an important concept in NASA and aerospace indudries for many years. It
was mnceived asa tml to papeuateexpeience and keep from repeating costly mistakes. If this is to be done, the
lessons must not only be leamed - they must be remembered. Experience has shown that asmarmagement systems and
key people change the lessons are forgatten. The crudal messages generated from the review of the Challenger
acident must not be lost. We must keep them alive ard readly retrievable to:

e Help engineers build safety into their basic designs.

e Providecheck lists for trade sudies and for development testing.

e Hep dructure verification and validation plars ard procedures.

e Focusattention on highrisk areas in maragement systems.

e Providepurch lists for real-time risk asessment to be used in consideration of deviations and waivers.

e Identify ard develop dedailed remedial adions to correct weaknesses in maragement evidenced by
mistakes, failures, accidents, mishaps and safety problems.

e Assistin prioritizing maragement attention in areas paticulady vulneralle to critical oversights and
human errors.

e Hep evaluatesafety risk conditions.

If all of these objectives are to be acomplished effectively, the lessons leamed information must be entered in
computer files with insight into its mary eventual uses, ard once retrieved, it must be recast to fit the specific
application at hand. This tak is not easy, but it is pcssible with killed ard dedicated people. The usss d these
materials are limited only by the creativity and determination of the lessons leamed praditioner. The payoff - to keep
from repeating costly mistakes - is worth the effort.

George A. Rochey
Assaiate Administrata for

Safety, Rdliability, Maintainahlity and Quality Assurance
National Aeronautics and Spa@ Administration
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Preface

Results of this lessons leamed study of the Spae Shuttle Challenger accident is documented in two reports:  Lessons
Leamed From Challenger and Spae Station Lessons Leamed From Challenger. The first report records pioblems,
causes ard generic lessons leamed for paential application to all ongang ard future programsand will be used by the
Office of Safety, Reliahbility, Maintainaklity and Quality Assurance Cade Q, as pat of the lessms learned transfer
process. The second report extends the developed lessons leamed to specific recommended applications for the Spae
Station Program ar will be used in its ongaing program panning ard impementation.

This sudy was peformed for the Safety Division, Code QS, by a contractor team headed by Planning Research
Corporation. Suppating team menbers were 1.C Aerospace Carporation and Risk Management Assaiates, Inc. In
process sudy review was provided by both Code Q ard the Spae Station Program, @de S.

Successful transfer of lessons leamed necessitates joint gudy team dforts d this type but ecific continuing
emphags is required to asure that lessons are retained ard ayplied toall programs The format d the lessons leamed
portion of this report has been prepared to pamit incorporation in computer files for tradking and reporting of
amlications. These adive files with asociated checklists and peiodic reviews is a pimary meahod to asure
retention of lessons leamed.

Robet H. Thompson
Director, Sdety Division
Offi ce of
Safety, Reliability, Maintainakility and Quality Assuance
National Aeronautics and Spae Administration
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Section | - Introduction

1.1 Background

After the loss of the Spae Shuttle Challenger on January 28, 1986, extensive governmental investigations were
conduded, primarily by two groups The Presidential Commission on the Spae Shuttle Challenger Accident ard the
U. S. House of Representatives Science and Technology Committee. Their purpose was to identify the causes d the
acident and to make recommendatians regarding a sfer Space Shuttle and a moe effective NASA.

In late 1986 afer pubication of reports from these investigating groups it was recognized by both the Spae Station
Program management and the newly appdnted NASA Assaiate Administrata for Safety, Reliability, Maintainallity
and Quality Assurance (AA/SRM& QA), that future application of lessons leamed from the accident would be of
significant value to the agency and especially the Spae Station Program. This belief coincided with that of the House
Committee:

“ Although the Comittee'sconcen and evaluation irthis report are specifically relatedto
the effective functioning of NASApace ShuttlerBgram it should be undexood thatthe
larger objective and the gater respongbility are to insire that NASA, as the Nation's
civilian space agencymaintainsprogrammatic excellence aoss the boad.

“Whatwe asa Conmmittee, NASA asan agencyand the Nation aa whole, also mud realize
is that the lesonsleamed by the Challengexccidentare universally applicable,not just for
NASAbut for govenmentsand forsociety...NASA and Congess mug remember the lessons
learnedfromthe Challerger Accidernt.”

This Caongressional interest comhined with the fundamental benefit recognized by NASA to be deived from such an
effort, resulted in the initiation of a tak designed to amswer the question: "What adions are necessay in Space
Station development and operations to take advantage of the lessons leamed from the Spae Shuttle Challenger
acident?' Four basic gepswere identified asnecessary for tak completion:

1) Analyzethe Challenger accident. Using the results of work peformed by the Presidential Commission ard the
House Science and Technology Cammittee as primary source documents, aralyze the events surrounding the
accident. Where possble, use NASA internal reports and responses o the two primary group’s ovn reports to
supplement the lessons learned deselopment.

2) Develop aset of consolidated lessons leamed. Document results of this aralysis in the form of generic program
lessons leamed.

3) Determine Space Station pdential applications. Based upa an evaluation of Spae Sation development ard
operations plaming, derive meagures to apply the lessons leamed.

4) Condud follow-on implementation. When completed, the study would yield a basis for adual implementation
adions on a ddailed level showing traceability to specific lessons leamed. Spae Station Program mamgement
in conjunction with the AA/SRM&QA, would then decide appropriate follow-on adions.

Thefirst three steps of the agreed-upm task were combined into a Sngle sudy which is the subject of this report.
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1.2 Study Approach

Implementation of the lessons leamed application sudy was asigned to the AA/SRM&QA Safety Division; a
contractor study team was séected; and a NASA review team was established with representatives from both
SRM& QA and Spae Station. Study task descriptions and milestones were finalized ard work was initiated in June
1987. Primary source dacuments are listed in Figure 1-1. Related reference documents are listed in Figure 1-2.

As part of the first study tak, Problem and Cause Analysis, program éements were identified ard problem areas
grouped within the elements illustrated by Figure 1-4. This organzation provided the framevork for identification of
consolidated problems and their causes from which generic lessons leamed and Spae Station applications could be
developed. This Final Report documents study results under the fifth sudy task.

Problems, causes, lessons leamed ard appliations are provided in Section Il of this report asitems 1 through 29.
Numbered references are listed in Appendix A keyed to corresponding paragraphs by the paragraph numkbers.

Figure 1-1. Source Documents
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Figure 1-2. Related Reference Documents

Figure 1-3. Program Element Organization for Lessons Learned
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Section Il - Lessons Learned Discussion

2.1 General

A single undelying and pevasve problem, ard asa result some inescapable conclusions, emerge from discussion
items in this aralysis ard from investigations and testimonies reviewed in the reference dacuments.  While some
critical voidsin the overall maragement system existed at the time of the 51-L accident, the basic problem was not so
much ladk of maragement system ddinition asit was ladk of maragement system control. Some requirements in the
system were ignored by both maragement and the work force; a lreakdown in communications existed from top-level
maragement to workers a the floor; there was a willing atandonment of some critical maragement controls.
Manage's were pressuring the work force to break maragement rules in anattempt to mairtain flight schedules.

To put this condition in prope pespective, it should be noted that the United States gpace program was kuilt on
innovation and willin gness to circumvent or waive the rules to malke produdive things heppen. It is impossible to
conceive of a tight marmagement system that would offer complete control over unforeseen problems ard
contingencies. There will be times when rules have to be circumvented or waived to accommadate ugent demands of
the mament. Caonversdly, it should be recognized that this philosophy can promote ill-conceived judgements and
humanerrors if uncontrolled or taken to extremes.

The Spae Station Program should have a pdicy that maragement rules and requirements must be followed, unless to
do s0 would cause greate problems and risks. If the rules must be broken, it must be accomplished in a mamer
which ensures that all people ard organizations having critical inputs and oversight maragement responsibilities
know alout the deviations in time to make ddiberateand prudent decisions. When rules are circumvented or waived,
especially in a repetitive mamer, asessments of the existing maragement system must be mack to deermine if
changes to the system are required to diminate the need for those deviations in the future. Also, it should be
remembered that @mmunication with the work force is crudal to the entire process. For in the end, it is people -
down to those who are engaged in the most fundamaental taks - who ultimatdy control the success a failure of arny
complex endeavor.
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2.2 Program Elements

Lessons leamed ard Spae Station applications are summaized for discussion purposes unde the seven basic
program éements illustrated in Figure 1-3. A fundamental message for each dement has emerged from the amalysis.
These messages are axiomatic even philosophical, but need to be dacumented asa reminder of the 51-L acident ard
asa gimulus to prevent future occurrences.

Provide continual, independent, program owersight and piogram review functions that
enphasze afety.

Ensure quality program and sfety nanagenent that have clea defintion of authority and
responsgbility and have esourcescommenaurate with requirements

Maintain conprehensve and effectiv@rogram processes and ystens that sippott the afety
risk managenent function.

Maintain realistic plansthat have povisons for flexihility, minimize outside pressures and
stress flight and gound sfety.

Control effectively thedevelpment of critical items wth respect to performance,
environments tolerances margins manufacturng proceses, teging and sifety.

Implenert the transtion from develpmert to opeations wth carefu attertion to criteria
egablishment, managenent gructure, managenent s/stens, enhancemantsand sfety.

Ensure quality performance & work force invaved in safety citical opeationsinduding
adheaence to required procedures and ongraints.

Subsequent paragraphs d this discussion expand these basic messages ard introduce the individual lessons leamed
contained in Section IlI.
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2.3 Program Oversight

Emphasize RM& QA atall leves.

SRM& QA efforts were curtailed ard marpower was reduced because of the perception that the NSTS had reached an
operations phase. It was not recognized that the very nature of any spae venture dictates a meadure of asurance
efforts that continue throughout program life to maintain a healthy balarce between safety, performarce, costs and
schedules. The Spae Station with its mary interfages between nations, organizations, R&D projects ard various
types d operations from ground operations to logistics, to fabrication in spae, to on-board expeimenting and to
spa-launch, will need consideralle SRM& QA resources to maintain accepable safety risks. Due b the dynamic
nature of the Spae Sation ard the continuing change in configuration and operations profiles, SRM& QA resources
will have to be continually asessed to ensure the proper levels of effort and efficacy of the asurance functions at all
program levels.

Provide independent SR& QA ovelsight.

The 1986 Shuttle accident and the 1967 Apdlo acident both have confirmed that without independent SRM& QA
oversight, sooner or later, the urgent damards d mesting costs and schedules will lead to imprudent decisions
affecting safety risks. This was recognized by the 51-L Presidential Commission ard Cangressional Canmittee ard is
now a pat of the NASA management pdicy expressal in the responsibilities d the Assaiate Administratar for
SRM&QA. With the advent of this new pdicy it was recognized al® that this indgpendence would be a dfficult
acomplishment in light of the workload recessary to carry out the primary SRM&QA responsihilities of the
programs ard the limited number of skilled asurance discipline people awilade. The complexity of the Spae
Station program will make this tak of mairtaining independent oversight a dfficult job. Oversight functions which
lead to indgpendent assessments for safety critical gperations will have to be factored into both on-board and ground
design and operations review processes. In turn, this will necessitate mary dualtole SRM&QA position
responsibilitie s both on orbit and ground.

Base séety risk deerminations on hard facts.

The decisions leading to go-ahead for 51-L laurch were not based an valid environmental and performarce amalyses
and test data. Instead, the decisions were mack to fit the expediency of launch schedules. Questions were constituted
in the form which dicited arswers fitting a why we should not launch rather than why we should launch philosophy.
The schedule type of pressures are indemic to space operations. There will be times in the Space Station Program
where dtuations smilar to the 51-L launch operations decision process will occur. Go-ahead for all hazadous
operations must be based on hard facts ard ddiberatearalyses. In turn, accegance d safety risks mug be deermined
formally and at the prope level of maragement.

Audit for compliance peiodically.

One of the consequences d peceiving the NSTS to be in an operations phas and the subsequent redudion of
SRM& QA resaurces was the drastic redudion of assurance audits by NASA and its contractors. In turn, thisled to an
inordinate reliance on pgper verifications d requirements ampliance rather than physical validation checks. Many
of the critical non-compliance ddiciencies panted aut by the 51-L investigation reports were the type that are
routinely highlighted and corrected asa result of SRM& QA audits. Spae Sation must mairtain a vigorous audit
program throughout its life to avoid the consequences of non-compliance.

Ensure effecive probemresoution.

The NSTS problem resolution system did not identify the SRB aft seal joint and other safety critical problems above
Level 11l maragement review. While this was not the total cause of the improper digpasitioning of the aft-seal joint
problem, it did leadto aladk of visibility and focus of top-level maragement in addressing ard resolving the problem.
To awid these migakes, Jpae Sation must maintain a omprehensive problem reporting ard corrective adion
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(PRACA) system which includes all critical sfety problems ard estaldishes aiteria for resolution of these problems at
each level of maragement review.

2.4 Program Management

Define clearly authority, responsbility and intafaces.

There were mary changes in the NSTS program, contractor and SR& QA organzations prior to the 51-L laurch. In
turn, auhorities, roles, responsihilities and interface relationships were changed ard transitioned to new operations
contractors from NASA internal organizations ard its development contractors. While reorganization was recesary
because of changing requirements, there were some responsibilities that were lost in the handover and other
responsibilitie s that lost their gpecific ddinition, especially in interface areas. In SSP he problems d evolving and
changing auhorities, responsibilities and interfaces will be continual ard will increase sgnificantly with first
integration, launch and on-orbit assembly of Station dements. The impads must be minimized by careful and
judicious plaming of changes at ron-critical points in the Program. In adlition, there must be a @nstart vigilance
and meticulous reconciliation of auhorities, responsibilities and interfaces to asure that aitical maragement
functions are covered during ary changein content or organizational dements throughout the program.

Include definition of dual responsbilities.

Many dual esponsibility roles for in-line program am asurance maragement systems are necesary due to
limitations in availahlity of technical o specialist personnel. Part of the confuson in responsibilities that existed
prior to 51-L was a result of these dud roles being inadequaely ddined. Personnel were required in some cases to
perform work and then were required to make judgements on how well it was dane. While thistask is not impossible,
it is one that is contrary to human natue. Meticulous attention must be given to the ddfinition of dual+ole
responsibilitie s to preserve indgpendence for both program ard technical review processes through various levels of
maragement and SRM& QA oversight.

Maintain adequate SRM& QA kills and resources.

NASA and its contractor SR& QA resaurces (both funding and pesonnel) atrophied over a peiod of years prior to the
51-L laurch. In additicn, mary professionals filling the limited pasitions did not understand the complex
engineering ard operations ddails necesary for effecive performance. Also, many of the nore expeienced
professionals left the agency ard its contractors during this time. While presently the budge for SRM& QA has been
aumented to restore needed fiscal resources, a ®rious poblem ill remains, that of aquiring all the skilled
professionals needed tofill the added pasitions availalle ard those plamed with the growth of Spae Station. Entry-
level and new hire training will be necessay by both SSP ad its contractors. In addition, there should be infuson of
program cesign ard operations engineers into the SRM& QA disciplines and cross training of experienced asurance
engineess in the rogram line-engineeiing disciplines Due D the present scarcity of aerospace assurance engineeling
talent, recruiting and training programsshould be continual ard rigorous

Manage dewation and wawer process décively.

The deviation and waiver process was not adejuatdy deined prior to the 51-L launch. Some pdlicies and decision
criteria for accegance were unclear and ambiguaus As a result, decsions leading to launch were made without
adequateconsideration of availade engineering data o the consequences d incomplete critical data e paformarce
and margins. Alsa no provisions were made for indgpendent assessnent in the decision process. The SSPmust
develop ard mairtain an effective ddinition of roles and responsibilities for organizations and personnel involved in
the deviation and waiver process. Rigorous methods must be provided for resolution of issues ard avenues d appeal
for higher-level managenent decsions.
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Ensure that program management is skilled and notivated.

At the time of the 51-L acident, NSTS maraganent had little understanding of the mechanics or principal
instruments of safety risk mamagement. Also, mary factors mntributed to a tired ard unmadtivated work force with
ladk of personal commitment to excellence. As a result, launch processing errors were not reported including failure
to follow procedures for critical goerations. SSP nuist establish and maintain effective safety risk maragement which
is understood ard pradiced by both program marmgement ard the work force. Criteria should be defined to reduee
risks and should be maonitored for compliance. The pursuit of excellence which charaderized NASA's exly space
ventures sould be revitalized ard a vgorous dfort mairtained to manitor and correct those conditions which lead to
demativation and lowered maale

Ensure that program critical knowledgeis maintained.

Despite the presence of dgnificant amaunts of information on the SRB aft field joint problems, both NASA and
Thiokol maragers failed tounderstand or accepl the riousness of the stuation. In retrospect, the data vas there but
it was not properly amalyzed ard pad&kagel to focusthe attention of uppe mamgement. SSPmustnot only gather and
retain critical informatin, it must also amalyze ard package the information so that it facilitates maragement decision
processes including safety risk asessments. The datalase must alo pamit recall for addressing repditive ard
generic problems. Previouslessons learned mud be included.

2.5 Program Processes

Maintain an dfective problemreporting and corective action gstem

The NSTS Level 1l Problem Reporting and Corrective Action (PRACA) System in place at the time of the 51-L
launch did not includeall of the asociated safety problems (eg., SRB aft field joint was not included). The criteria
for selection of reported items was limited to gecific categaries d failures, aromalies ard problems. The system was
not designed to report ard tradk corrective adions for all safety problems. SSP nustmaintain criteria for selection of
safety problem reporting that will include all problems involving hazadous @erations and mission critical
components. PRACA action items should idertify effecive management review requirements for acceped resolution
of each problem

Include rend analysis and sdety risk assessart.

There was no organized trend analysis and sfety risk assessment system prior to the 51-L launch. Adverse trends
indicating increases in safety risk were prevelant throughout the NSTS system. Also, there was no stated requirement
for a sfety risk asessment although much of the engineering review process, including the prelaunch operations
reviews, addressed some of the issues which might normally be covered in a formal sfety risk asessment. SSP nuist
estaldish ard mairtain an effective trend aralysis system ard provide an organized approach to safety risk assessment.
All of theincremental parts d the total risk asessment system must be carefully developed so that the inputs from all
the NASA and contractor organizations are compatible and facilitate an organized routine and accekerated real-time
safety risk dispositioning.

Maintain an effecive fight readiness revew systm

At the time of the 51-L laurch, the flight readiness review system had deeriorated to a quik review of those items
which were perceived to be new issues a amomalies from the previous launch. In some cases reviews were conduded
by tdleconference in the alsence of key personnel with presentations curtailed by time cnstraints. Often there was no
record made of other key prelaunch meetings SSP nuist provide a rigor in its flight readiness eviews o assue that
the consequences d all mdifications armd changes to Station dements, including processes and test/checkout
procedures, are adequatdy evaluated aquinst the basdine. All organizations ard peasonnd required to validate
readness deisions $ould ke identified ard their comments formally recorded.
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Maintain an dfective assurance information system.

Informatian necessary to amalyze risks ard validate the launch decision were dther not available or only accesible
with great difficulty at the time of the 51-L launch. Performarce marmgins ard factors of safety for critical compments
were not recallade in real time, and in the aftermath of the accident investigation, it was apparent that decisions were
mace on what was remembered of some critical test data. The SSP panned critical informatian system must include
all information needed to make risk decisions, such as environmental certification limits, operational constraints,
performarce maigins and safety factors. It is impeative that this informatian be recallade in real time to suppat
critical goerations reviews and decision processes.

Maintain an effecive emgineering change systm.

The NSTS change system was basically sound prior to 51-L, however, it was overloaded, ard asthe flight rate
increased, the ablity to evaluate test, certify and implement changes was serioudy curtailed. Configuration
maragement was inconsistent ard critical Shuttle madifications were backlogged. There were problems also in
asigning the prope priorities to complete changeitems SSP nust provide a system for engineering changes that can
keep up with the workload Provisions dould be mack to augment the system and personnel necessary to evaluate
test, certify amd impement peak dange traffic. Backlog trends $would be amalyzed ard the information made
availade for program €hedule and maragement review.

2.6 Plans

Maintain adequate cew safety planning.

The crew had no escape provisions for the 51-L failure mode even if gection seats which were removed ater the
R&D flights, had been retained. It is well known that no quick and easy solutions to this problem currently exist.
Any feasible crew escape system for the boos phase would belimited without a major Shuttle redesign. Spae Station
has mare paential options and some added crew safety risks. Crew emergency Stuations must be identified and a
concerted effort mace to provide safe havens in orbit or safe returns for likely emergencies. Those Stuations where
crew safety cannot be ensured should be described in detail and dispositioned through the safety risk maragement
process.

Maintain adeguate contractual safety requirements.

The NSTS contracts provide greate incentives to contractors for minimizing costs and meeting schedules than for
peformarce ard safety. Also, in mary contracts the factors relating to gradng of safety and safety ddiverales were
not propely defined. As a result, there was wery little incentive to exce in the safety taks. SSP nust assue that
safety is propely incentivized in its contracts, plamed contracts sould be sructured to provide realistic weighting
factors. Government and contractor pe'sonnel involved in incentive/award fee contract plaming ard implementation
should be trained to asure adequate understanding ard expertise in the methods of providing necessary safety
incertives. Recenly campleted SSP Phase 0D procurements should be reviewed D ersue adequae contractud
safety requirements.

Maintain adequate safety emphass in the contractor selection process.

In NSTS mary of the contract awards were macde with cost asthe paramaunt weighting factor. Generally, SR& QA
was evaluaed as a pat of each of the engineering, manufacturing, suppat and management factors. This resulted in
safety being a ron-discriminata or at kest a rearly indiscernable weighting factor in the contractor selection process.
SSP nust provide for prope consideration of SRM&QA when evaluating pdential contractors as pat of the
procurement process. Weighting factors sould be commensurate with the safety risks and patential accident costs
involved in completion of the contract.

10
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Maintain realistic program plansincluding aritical redesign provisions.

Inordinateschedule pressure brought alout by unrealistic plaming was probably the most pevasve cause of the 51-L
acident. In the zeal to achieve compressed flight schedules, maragers ignored the impad on safety risks dueto
backlog in engineering changes, shortages in gares, dimination of mardatay inspections, deleterious results of
worker fatigue ard violations d launch constraints. SSP nust provide pdicy and the management climate which
asures considered and prudent judgements in balarcing safety with schedules, peformarce and costs.  Schedules
must be realistically plamed to minimize safety risks.

2.7 Development

Control critical environmental and peformance specifications

The SRM aft seal joint asemby was ot propely qualified or certified for unusual weather and launch operations
environment at KSC. There were failures to ddine the integrated environmental ard peformarce criteria, to quantify
the ambent conditions, to design and test for all expected launch weather conditions ard to identify all SRM
peformarce limitations and safety mamgins. SSP nustassue that environmental ard paformarce envelopes for both
ground ard flight are acdequatdy developed, incorporated ard controlled in design and performarce specifications for
all critical itemsincluding distributed systems ard integrated station dements.

Control critical tolerances and margins.

The SRM O-ring asembly was ot designed with realistic tolerances and margins necessary to sugain operational
integrity unde adual flight loads, off nominal weather conditions a the degradation associated with reuse
requirements. The dmensiona tolerances of SRM cases were exceeadd with planned reuse; unusually precise
tolerances and measurement accuracies were required during asembly; tolerances were routinely waived in launches
without anunderstanding of the consequences d environmental ard flight loads; and the degradation effects dueto
reuse were not analyzed. SSP nust assue that the design verification process includes dfective amalysis ard testing
to charaderize the limits of safe paformarce and operational environments for all operations aitical components.
Design tolerances must be compatible with expected process controls and operating conditions including those
associated with reuse of these components.

Control critical test specifications

Parts and mateial peformarce and environmental test ecifications for the SRM aft field joint asembly were not
properly defined. The SRM O-ring specifications did not contain realistic paformarce or temperature requirements
for test and they did not specify certification tests to verify design mamin integrity with the expanded case dimensions
resulting from reuse. In adlition, the putty used in the SRM aft seal joint was ot properly specified ard certification
testing was inadequae. SSP nust provide a system to control test specifications for critical components. Operating
conditions including likely off-nominal conditions and resulting stress piofiles must be accuratdy transposed into test
specifications which will result in validation of all critical magins.

Control critical design characerization and \erification.

The parts and mateials used in the SRM aft seal joints were not properly charaderized ard their design margins were
not properly verified in qualification and certification testing. In adlition, the specifics ard extent of the test
verification could not be traced through the NSTS maragement syssem. SSP nust provide a system to assue that
critical components and mateials are accuratdy charaderized ard that critical properties are verified by test and
inspection. This must include meticulous aaccounting to ensure that qoerations, environmental ard peformarce
requirements have been realistically verified ard that traceability of data isprovided to allow ready acces for
engineeiing review and assurance oersight.
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