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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




LessonsLearned From Chalenge February 1988

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



LessonsLearned From Chalenge February 1988

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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Control critical qualification testing.

SRM and SSMEqualification testing did not adequatéy cover conditions d peformarce and operations Pecified. In
addition, some specifications themselves were incomplete. SSP equirements and procedures documentation must be
developed ard mairtained to ensure comprehensive qualification testing to complete specifications. Integrated testing
should include dynamic considerations, environmental conditions, functions and time, duplicating those to be
encountered in mission operations to the maxmum extent feasble.

Control critical manufacturing and asembly processes.

Neither NASA or its contractors had adequae controls on the quality, consistency or critical marufaduring processes
associated with the SRM aft seal joint O-ringsard putty. The proprietary nature of these produds resulted not only in
alack of understanding of the basic properties, but al resulted in changes in ingredients without certification ard
approval. SSP nust provide a system to adequaely control mateials, marufaduring ard asembly processes for
critical components. Processes involving critical items should be prominently labeled critical to asure the proper
level of care amd a hghly disciplined review mechanism should be maintained to ensure compliance with
requirements. Proprietary mateials should be awided. Where this is infeasble, tight specifications must be
estallished toensure that all aitical properties an be controlled ard verified by nondestrudive evaluation and sampe
testing.

2.8 Transition

Define trangtion carefully.

NSTS transition from the development phase to the operations phase camesuddenly ard not enough time, oppartunity
or resources were programmael to complete the mary adivities necessary to make the transition succesful. Increasing
flight rate was gien priority over dreamlining the maragement and work processes through auomation,
standardizing ard centralizing maragement and carefully evaluating the impad of diminating quality inspections,
tests and verification procedures. Transition to operations annot be acomplished by edict, it must be plamed
meticulously and accomplished ddiberately step by step. SSP noust carefully ddine requirements and provide
sufficient time and resources to bring atlout anorderly transition.

Establish trangtion criteria.

There were no comprehensive criteria or conditions stated in NSTS to deermine the meit of the decision to go from
the ddiberate "fix-it-before fly" philosophy in the development phase to the operations phase that rormally reflects a
condition where the risks are accepable without any major concems for design impeifections or the adility to mest
plamed schedules. This transition cannot be made unless there is a yardgick of stated criteria to meadure the degree
of accanplishment which connotes accepable safety and mission succes risk conditions. SSP nust establish these
transition criteria for all maragement processes to asure that conditions or procedures essential to safety or mission
success are not madified or ddeted.

Trangtion program management and management systems.

There was ro visible effort in NSTS to provide an orderly transition of the maragement concepts and processes to
provide efficient maragement of the operations plas. All maragement processes including plans, procedures,
suppat systems, sandards and requirements mus be reviewed and revised to meet the change in concept and
increased tempo of adivities. SSPmust provide the policy, direcion and oversight to assue that the recessey
changes in the mamgement systems are implemented at the prope time and are functioning in a mamer which
promotesefficiency without incurring unduesafety risks.
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2.9 Operations

Maintain effective opaationsand maintenance doaumentation.

The NSTS OMIs were not current, there were numeous errors in procedures and there were improper deviations from
appoved technical gperating procedures during 51-L prelaunch operations, which resulted in sgnificant damageo a
SRM segment ard to an orbiter payload door. In addition, at lanch all OMRSD's were not met, waived or acceped.
SSP nust maintain an effective operations and mairtenance documentation system. There should be sufficient time
and resources to develop acurate basdline requirements and documentation and mairtain the system current. There
should be CDR's ard follow-on audits to asure compliance. In turn, opeations readness reviews must include
asurance that the requirements are correctly reflected in the appropriate OMI's ard other technical procedures. In
additian, there mug be an OMI review and updateprior to ary change or madification dose-out.

Control critical opeating condraints.

The launch constraints and commit ariteria were poorly ddined ard mary constraints were improperly removed prior
to the 51-L laurnch. The ambent and compment tempeaatures were outdde of the stated certification range of the
SRMs. Alsq there was alaunch constraint on the aft seal joint imposed by MSFC hat was removed without proper
amalysis and review of the amomalaus @nditions which were exhibited in previous fights. SSP nust ensure that
realistic operating performarce envelopes with reasonalde mamins and confidence levels are estaldished for critical
components. Constraints and limit criteria must be clearly ddined ard traceable to hardware/software specifications
and to environmental ard operational dress profiles. Constraints must not be removed without a thorough technical
amalysis ard approval o both the appropriate program am the independent asurance maragements.

Maintain quality work force paformance.

There were careless mistakes ard ather evidences of substandard workmarship at the time of the 51-L launch. Some
required quality verifications were not being mad and some inadvertent damag sudained during pre-launch
procesing went unreported because of a lack of confiderce in campany forgiveness pdicy and workers consequent
fear of losing their jobs. SSP nustmaintain coordinated pasonal ard team madivation programs A spirit of pride of
acomplishment, the need for excellence ard a ®nse of pesonal ard collective responsihility for all Shae Station
adivities are essential attributes for success. In addlition, a free flow of information, muual trus between
maragement ard the work force, well defined work sandards and stringent verification of work accomplishment will
be required.
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Section lll - Lessons Learned

3.1 Lessons Learned Organization

This section of the report provides 67 irdividual lessons leamed grouped within 29 patential problem/lesson leamed
areas and seven typical (generic) program dements, asillustrated in Figure 1-3. This lessons-learned argarization
was developed by first identifying problem areas from the source documents ard then categorizing them in a typical
program breakdown. The breakdown into program gimary dements not only indicates where problems occurred, but
als provides a mad map br development of program lessons leamed ajplications.

Asillustrated in Figure 1-3, the four program éements related to oversight, maragament, processes (or systems) ard
plans etend throughout the program,am corresponding lessons leamed end-to-end. The remaining program
edements of early plars (including Phase B ddinition), development, transition and operations are time-phasd; their
lessons leamed primarily applyin the phase indicated in Figure 1-3, however, appliations to other phass mug be
considered

Subsequent paragraphs of this section are organized by these program éements and the 29 problem/lesson leamed
aress. Within each areg problems and causes are defined from review of the surce dcuments, caresponding
lessons leamed ate identified ard paential applications to Spae Station are recommended. The numbering system
permits traceability from causes to lessons leamed to applications and can be used to createcomputer files for tradking
and gatusing during program imgementation.

3.2 Program Oversight

1. Safety Emphass
11. Problem

Safety considerations were de-emphasized and resources were reduced urrealistically. Prior to 51-L the
NASA SR& QA organizations, both at Hradquaters and at the field centers, had atrophied to a level which
serioudy limited their capability to paform dfectively.

1.2. Causss

121. Vacillating emphads on safety. NASA has ahistory of vacillating emphads on safety. Generally the
emphasis wanes during periods of mission success and pesks jud after a serious accident.  Prior to 51-L
there were a series of successes (24 SIS missions).

122. SR& QA functions were reduced to anineffectual level. The SR& QA work force at ©mefield centers was
decreased asthe flight rate increased, further degradng the ahlity to peform the already unsatisfactory
asurance function. The results of insufficient resources were evidenced in the following four critical
SR& QA functions:

122A. Problem reparting was inadequate Safety problem reporting was ot concise in forwarding critical risk
factors to the prope levels of maragement. (Ref. 42.1.C))

122B. Trend amalysis wes inadequate Very few trend aralyses were being peformed to identify, validate and
categgorize safety risks.

122.C. Safety risk asessments were diminished. The original Mission Safety Assessment Repart (MSAR) listed
and provided a measgure of risk asessment of identified hazads kased on safety related critical item list
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122D.

123.

13.
13.1.

131A.

13.18B.

13.1C.

13.1.D.

13.2.

132A.

13.2B.

132C.

(CIL) factors ard non-CIL causes with some traceability to the CIL factors. After the STS4 flight, the
resources to mairtain the MSAR were diminished. To compensate the ensuing MSARs hed the CIL
factors ard their traceability removed, considered only the differences between the lag flight ard the next
scheduled flight, and provided neither continuity between change pubications ror to the original MSAR.
Thus the MSAR was reduced to a mnimal, profunctory pubication with little substance or value,
providing maragemnt with no reason to heed it in decision making processes.

Audits were curtailed. SR&QA audits of suppat amd dement contractors were curtailed ater the
declaration of operational datus for the NSTS.

Cost ard schedule peformarce was the primary measure of maragement effectiveness. In one NASA
handbook for project managers, it was gatel that their effectiveness would be judgel on cost, schedules
and somerdliahility factors. No mention was mack of safety.

Lessons Learned

Commitment needed for safety emphags. A firm commitment must be maintained to emphasze the need
for safety during peaiods d success aswell as adversity. The resources to maintain this commitment must
not be diminished without judification to asure that sfety risks will not be unknowingly increased. The
commitment al needs @rtain tarngible evidence of the commitment. The following are essential to
prevent commitment ddiciencies of the pre-Challenger accident environment: (Ref. 4.)

Safety requires a \vital concern at all levels. A padicy must be maintained to asure there is a vital concern
for safety at all levels from top maragement to the workers at the processing level.

Career development programsshould be maintained. Career development programsshould be provided to
asure safety competency in the SRM&QA ard in program/groject engineering ard operations.  Specific
guiddines ard criteria should be maintained to asure that sfety is given proper emphads along with cost,
peformarce, schedule and mission success in the hazadous operations decision process.

Excdlence required for safety. The importance of following procedures and the need for technical
excellence ard its relationship to safety must be emphadzed by all levels of maragement.

Safety mdtivation programsneeded. Vigorous piogramsshould be ingtituted to improve individual and
organizational safety mativation. These maivation programs must emphadze the importance ard
relationship of self-discipline, following procedures and the need for technical excellence to the safe
achievement of program dojectives.

SRM& QA capahilities must be acquired and mairtained. Programsmust acqquire the capability to peform
the functions erly in the program, dvelop it with the program am adug it asthe program matues.
While the SRM&QA functions reed infusons d new peasonne from other disciplines to assure it
technical competence is mairtained, they alo must mairtain a minmum core of skilled professionals to
guide the marmagement of the functions. Adeguatepesonnd and other resources are required to peform
both the program in-line and the asurance functions. Although not all inclusve for an SRM& QA
program, the following four areas need special attention: (Ref. 4.3.1.A.)

Comprehensive safety problem resolution needed.  Effective problem reporting systems must be
maintained that identify all safety problems emamating from design deficiencies, ground and flight
aromalies ard adrerse trends These reporting systems must be capable of traking categorization of
problems, asignments d responsihilities and recommended remedial adions including verification ard
validation necesary to clea the problens.

Adequae trend analyses needed. Adeguae trend analyses muds be provided in suppat of problem
reporting systems.

Expanded Misson Sdety Assessnment Report needed. An expanded MSAR for NSTS slould be
maintained to reflect aggregaterisks including special emphags on safety effects d madifications, trends
mission amomalies ard failures ard critical magins. Where necessary, mission peatinent operations ard
maintenance aralyses sould be included to substartiate risk asessments. After a baseline document is
pulished, it is accegable to puldish misson unique supplements and change pages providing full
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13.2D.

133.

133A.

14.
141.

141A.

14.18B.

141C.

141D.

142

142A.

traceability is maintained. A similar reporting system should be developed for Expendable Launch
Vehicles (ELV) and other high resaurcelrisk programs throughout NASA.

SRM& QA peiodic audits must be mairtained. Audits should be mack peiodically throughout the life of a
program toverify safety maragement proficiency and compliance with pdicies and requirements in both
NASA internal and contractor organizations. Special auits should be mace to follow up on corrective
adions taken to resolve safety ddiciencies, problems armd adierse trends Special attention should be
focused on critical components and mission critical safety problem areas. In addition, frequent walk-
throughs in the processing ard opeations areas sould be mack to asess ompliance with safety
requirements.

Safety peaformarce should be linked with job effectiveness. Management instrudions and program
manage handbools should reflect that safety peformance will be a pime consideration of job
effeciveres.

Safety peaformarce evaluations reeded. Safety peaformarce should be made a prt of peformarce
evaluations and promotion criteria for maragers and supevisors.

Spae Station Applications

Commitment needed for safety emphags. A firm commitment must be maintained to emphasze the need
for sdety duiing peiods d SSP socess a well as adversity. Resaurces ékills, saffing, s/stems) to
maintain this commitment must not be diminished without jugification to asure that sfety risks will not
be unknowingly increased. The commitment als needs certain targible evidence of the commitment. The
following ate essential to prevent commitment ddiciencies d the pre-Challenger accident environment:
(Ref. 4)

Safety requires a \tal concern at all levels. An SSP plicy must be maintained to asure there is a \ital
concern for safety at all levels and throughout all phases d the program, fom top maragement to the
workers at the processing level and the crew on-orhit.

Caeer devedlopment plans sould be mairtained. Career development plans should be maintained to
asure safety competency in program/project engineering ard operations. Specific guiddines ard criteria
should be mairtained to asure that sfety is given proper emphads along with cost, peformarce, schedule
and mission success in the hazadous operations decision process.

Excdlence required for safety. The importance of following procedures and the need for technical
excellence and its relationship to safety must be emphaszed by all levels of maragement throughout SSP,
both on the ground and on orbit.

Safety mativation programsneeded. Vigorous piogramsshould be maintained to improve individual am
organizational safety mativation throughout the SSP. These motivation programs must emphasze the
importance and relationship of self-discipline, following procedures ard the need for technical excellence
to the safe achievement of program dojectives.

SRM&QA capabilities must be aqquired ard mairtained. SSP pograms must acquire the capability to
peform the functions early in the program, develop it with the program am adug it as the program
matues. While the SRM&QA functions reed infusons d new pesonnel from other disciplines to asure
it technical competence is mairtained, they alo must maintain a minmum oore of skilled professionalsto
guide the maragement of the functions. Adeguatepesonnd and other resources are required to peform
both the program in-line and the asurance functions. Although not all inclusve for an SRM&QA
program, the following four areas need special attention: (Ref. 4.3.1.A.)

Comprehensive sdety problem resdution needed. The established SSP poblem reparting system must be
effectively maintained to asure that it identifies all safety problems emarating from design ddiciencies,
ground and flight aromalies and adrerse trends Problem reporting must include tradking categorization
of problems, asignments d responsbilities and recommended remedial adions including verification and
validation necesary to clea the problens.
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142B.

142C.

142D.

143.

143A.

2.2.
221.

222

23.
23.1.

Adegude trend analyses needed. Adeguae trend analyses mug be provided in suppat of established
problem reporting systems.

An aggregatesafety risk asessment report should be maintained. Safety risk asessment reports should be
developed ard mairtained to document safety amalyses and aggregate risk asessments associated with
major mission and hazadous @erations events (e.g. bock and mission set changes, Orbital Maneuvering
Vehicle (OMV) activities, etc.). Ead reissue should provide special emphass on safety effects o
madifications, ongang trends mission anomalies and failures ard critical magins. After a lasdine
document is pulished, it is accefable to puldish mission unique supplements and change pages providing
full traceability is mairtained. The reports dould be formally dispositioned through each level of
management in both SSP n-line and indgpendent assuance management systems.

SRM& QA periodic audits must be mairtained. Audits should be mack peiodically throughout the life of
the SSP o verify sdety management proficiency and compliance with pdicy and requirements in both
NASA internal and contractor organizations. Special auits should be mack to follow up on corrective
adions taken to resolve safety ddficiencies, problems ard adierse trends Special attention should be
focused on critical components and mission critical safety problem areas. In addition, frequent walk-
throughs in the ground processing ard operations areas ould be made to assess compliance with safety
requirements. Since this will be mare difficult on orbit and since there will be limited crew, there should
be some structured SRM&QA training for each crew member to enhance recognition of the asurance
disciplines and awareness of unsafe adions ard procedures.

Sdety peformance should be linked with job effectiveness. SSP nanagement should ensure that sdety
peformarce is a gime consideration of job effectiveness at all levels and throughout the life of the
program, inaaordarce with estalished requirements.

Safety paformarce evaluations needed. SSP nanagement should ensure that sdety performance is a pat
of lineemaragers ard supavisors peformarce evaluations and promotion criteria.

Assu ance Reviews
Problem

There was a lak of independence in asurance reviews. The SRM joint-seal problem was not reviewed
independently by NASA SR&QA organizations and no adion was taken to identify the safety risks
inherent with the STS-program-dentified solutions to the problem.

Causss

Lack of independence of SR& QA organizations. The MSFC SR& QA organization was doser to the joint-
seal problem than any of the other NASA arganizations. They reported to the MSFC Director of Sdence
and Engineering who had the responsibility for developing Shuttle hardware. While in fact no attempt at
independent assessent was made by MSFC SR& QA, their "chain of commard" in itself would have mace
any such attempt suspect.

Deficient safety problem reporting criteria. Criteria prescribed by Level 11 for reporting flight safety
problems from Level 11l upward was restrictive to the pant that it resulted in no identification of open
problems from MSFC duing 1984 ad 1985. As aconsequence of this and other pertinent factors (Ref.
Problem 1 and 4), NASA assuance organizations aitdde of MSFC had no reason to undetake
independent asessment adion even though, in retrospect, trend data @ the progressive severity of the
problem was availade. "Even the most cursory examination of failure rate should have indicated that a
serious and patentially disastrous stuation was developing on all Solid Rocket Booder joints.”

Lessons Learned

Critical problems must have independent assessment.  Safety-critical problems and proposed corrective
adions shall be evaluated by the independent safety assessment organizations ard recommendations mace
which are consistent with overall risk criteria. Where necessary, independent reviews will be convened to
develop consensus assurance opinions, charaderize the safety risks, srudure and galvanze assurance
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23.2.

24.
24.1.

24.2.

actions and provide progress upddes of program carectve ations. Accuate recads of proceedngs shall
be documented ard submitted to both program am asurance maragements.

Critical problems must be mack visible for indegpendent asessment. A comprehensive safety problem
reporting system must be mairtained. There must be well defined reporting criteria ard requirements,
timely and acurate record keeping ard real-time visibility of problem disposition status for all levels of
program and asurance maragements. In turn, asurance organizations must aralyze flight and ground
processing datato identify adverse safety trends assess the validity of adions proposed to solve safety
problems and trad the efficacy of safety problem corrective adion.

Spae Station Applications

Critical problems must have indgpendent assessment.  Safety-critical problems ard proposed corrective
adions shall be evaluated by the independent safety asessment organizations and recommendatians made
which are consistent with overall risk criteria. Where necessary, independent reviews will be convened to
develop consensus asurance opinions, charaderize the safety risks, srucure and galvanize asurance
actions and provide progress (pdaes d SSP coecive ations. Accurate recads d proceedngs shall be
documented ard submitted to both program and asurance mamagements. SSP level I/l and Cade Q
requirements documentation including the Program Requirements Document (PRD) ard the Program
Definition ard Requirements Document (PDRD) should be reviewed ard revised where necesary to reflect
thes cacefs.

Critical problems must be mack visible for indegpendent asessment. A comprehensive safety problem
reporting system must be mairtained. There must be well defined reporting criteria ard requirements,
timely and acurate record keeping ard real-time visibility of problem disposition status for all levels of
SSP ad assuance managements. In turn, assuance organizations must amalyze flight and ground
processing datato identify adverse safety trends assess the validity of adions proposed to solve safety
problems and track the efficacy of sdety problem oorrective action. SSP level I/1l and Code Q
requirements daumentation including the PRD and PDRD should be reviewed and revised where
necesary to reflectthese caceps.

3.3 Program Management

3.2.
3.2.1.

3.2.1A.

3.2.1B.

Authority and Responsibility
Problem

Lines of auttority and responsibility and interfaces between SR& QA, programs center suppat offices and
contractors were poorly and sometimes improperly ddfined.

Causss

NASA assuance management deficiencies. Much of the NASA SR& QA requirements documentation,
including those ddining roles and responsihilities, was inconsistent and out o date the assurance
integration requirements were not clearly defined; armd the NASA assuance requirements which were
imposed on the contractors were not uniformly applied to the NASA internal organizations.

Integration asurance role changed with SPC. The Shuttle Processing Cantract (SPC) by intent removed
much of the NASA SR& QA integration asurance role from the NSTS program, towever, not all of the
responsibility redudion was asigned by contract to the SPC. In the handover process, some \tal interface
requirements were not accuratdy defined, or were inappropriate which left voidsin the interface functions
among NASA, the SPC ad the development contractors. (Ref. 2.1.)

Risk management inconsistencies. Inconsistencies tetween NASA center and contractor risk management
systems which existed prior to the SPC award were magified and became serious because now the
programrisk maragement system could not be accuratdy integrated. In adlition, there was a rious loss
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321C.

3.2.1D.

3.2.2.

322A.

3.22B.

322C.

3.2.2D.

3.3.
3.3.1.

3.3.2.

3.3.2A.

3.3.2B.

of "corparate knowledge' when the existing contractor SR& QA peasonnd departed for other assignments
and the NASA SR& QA functions were sa@led back. (Ref. 7.1 and 8.1.)

Safety panel review system poorly understood. Many of the Level IV contractors did not fully understand
the mechanics ard function of the safety panel review system resulting in poor communications and
inconsistencies in safety risk disposition records

Adverse trend manitoring inadequate There was o requirement to maonitor safety related adverse trends
in prelaunch and flight operations.

Inconsistenciesin SR& QA roles and responsihilities. There was a lak of consistency in the SR& QA roles
and responsibilities between NASA Headquaters and field centers which contributed to confusion in
resolving safety issues.

No Headquaters SR&QA commitment. There was no commitment for the Headquaters SR& QA
organizations to be involved in the resolution of safety problems a in an independent asurance
assessment during launch.

Independent assessment role inadequate Several of the field center assurance offices reported to program
offices which negated ary indegpendent asessment role. (Ref. 4.2.1.D)

Assuance function inadequae. There were many positions in SR& QA that required individuals to
perform an assurance function and then make a judgement on how well their own function had been dane.

Avenues of appeal not dearly deined. Avenues of appeal to contest changes and to woice independent
safety conocernsin risk assessments were na clearly ddfined.

Lessons Learned

Program and agency SRM&QA relationships must be ddined. Program am agncy SRM&QA
organizational ard functional relationships must be acuratdy defined and periodically reviewed to
provide the maost efficient methods d operating within the context of identifying safety risks, making
balarced schedule, peformarce ard risk decisons amd providing asurance oversight. Roles,
responsibilities, auhorities and interfaces between NASA organizations and their contractors must be
clearly ddined in the areas d hazad identification and controls; risk asessment processes; audit pdicy
and requirements; appeal for reversals of risk assessment judgements in the program review process and in
the deviation and waiver ard launch decision processes.

Organization must accommadateary revised roles ard responsibilities. The maragement of SRM&QA,
program dfices ard field centers dould be reorganized as necessary to efficiently carry out any
redefinition of roles, responsibilities and auhorities dicited from peiodic reviews. Where necesary,
organizational responsibilitie s should be changed; position descriptions sould be revised; the safety risk
review process reddined including the charters ard ground rules for operating safety review panels; basic
requirements for risk assessment and ciiteria for accegance a regjection or risks should be changed to
provide consistency in review and recad keepng.

Assuance decision flow process reeds identification. A decision flow diagam aml a matix of
responsibilities for assurance functions should be maintained to asure that the prope responsbility
asignments are mack and that each organization involved understandsits specific role in both the primary
and independent risk assessnent processes.

Independent safety asessment plan needed. An implementation plan should be mairtained for the
independent  safety asessment maragement system ddining the adivities, produds, informatian
requirements and criteria for asessments at each level of review (Level | through 1V). All events to be
suppated (uch as opeations or flight readiness reviews) that require indgpendent asessment mug be
identified, evaluation criteria ddined ard protocols estalished to resolve conflicting judgements.
Schedule milestones for implementation should be included to asure that the maragement system is in
place when neeced
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3.3.2.C. Dual asurance responsibilities must be ddfined. Memoranda d understanding should be mairtained for
organizations involved in furnishing mattixed suppat and for each individual involved in a matixed
function to asure that dual responsbilities are understood ard the concept o independent safety
assessirent is preserved.

3.32D. Avenues of gppeal mug be ddined. Clear avenues of appeal to contest changes and woice independent
safety concerns in risk asessments must be ddined including specific and unamhbguous $atements o
roles ard responsibilitie s for in-line asurance and matixed pasonnél.

34. Spae Station Applications

34.1. SSP ad agency SRVI& QA relationships must be ddfined. SSP ad agency SRM& QA organizational ard
functional relationships must be accuratdy defined ard periodically reviewed to provide the most efficient
methods d opeating within the context of identifying safety risks, making balarced schedule,
peformarce and risk decisions and providing asurance oversight. Roles, responsibilitie s, authorities ard
interfaces between SSP oganizations and their contractors must be dearly ddined in the areas d hazad
identification and controls; risk asessment processes; aulit policy and requirements; appeal for reversals
of risk asessment judgenents in the program review process ard in the deviation and waiver and on-orbit
hazadous @erations deision processes. The on-board asurance relationships ketween crew members,
flight operations and ground maragement should be ddfined al®. Special attention should be given to
oversight roles ard responsibilities.

34.2. Organizations must accommadateary revised roles ard responsibilities. The maragement of SRM&QA,
program dfices ard field centers dould be reorganized as necessary to efficiently carry out any
redefinition of roles, responshilities and auhorities illicited from peiodic reviews. Where necesary,
organizational responsibilities dould be changed; pasition descriptions should be revised, the safety risk
review process reddined including the charters ard ground rules for operating safety review panels, basic
requirements for risk assessment and ciiteria for accegance a rejection or risks should be changed to
provide consistency in review and recad keepng.

34.2.A. Assuance decision flow process reeded. A decision flow diagram and a matiix of responsibilities for the
SSP asuance function for both ground and flight should be maintained to asure that the proper
responsibility assignments are mack and that each organization involved understands its specific role in
both the primary ard independent risk asessment processes.

342B. Indgendent sdety assessnment needs. An SSP mplementation plan should be mairtained for the
independent  safety asessment maragement system ddining the adivities, produds, informatian
requirements, and criteria for assessments at each level of review (Leve | through IV). All events to be
suppated (such asground operations and an-orbit operations readiness reviews) that require independent
assessment must be identified, evaluation criteria defined ard protocols estalished to resolve conflicting
judgements. Schedule milestones for implementation should be included to asure that the mamgement
systemisin place when neeced

34.2.C. Dual asurance responsibilities must be defined. Memoranda d understanding should be maintained for
SSP oganizations involved in furnishing matixed suppat and for each individualinvolved in a matrixed
function to asure that dual responsibilities are understood ard the concept o independent safety
assessnent is preserved.

34.2D. Avenues of appeal mug be ddined. Clear avenues of appeal to contest changes and voice independent
safety concerns in risk asessments must be ddined including specific and unambguous gatements d
roles ard responsibilitie s for in-line asurance and matixed pasonnel.
SRM&Q A Resources

41. Problem

Neither NASA nor its contractor organizations had sufficient resources to peform ther SRM&QA
assurance fundions properly.
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4.2.
42.1.

421A.

42.1B.

42.1C.

422,

422A.
42.2.B.

423.

424,

4.3.
43.1.

43.1A.

43.2.

Causss

Management perception of diminished risk. Management peaceived that the safety risks for the STS hed
diminished ater the first four flights. It was peceived al® that the SR& QA community was not needed to
be adively engaged in safety critical problem resolution or the launch decision waiver process. (E.g., there
was no safety representative on the Misson Management Team that madekey decisions during 51-L
countdown; no SR& QA representative at tdeconference between MSFC and Thiokal on January 27,1986)

Reduced SR& QA participation in the program. The conclusion that the safety risks had diminished was
not based on an objective, factual asessment of the true dtuation (assessment of the aggragate of
anomalies, problems, close calls, trends ec.), but was based on the fact that a @atasrophic vehicle failure
had not occurred. This resulted in animprudent decision to reduce SR& QA participation in the program.
Such SR&QA taks astesting, amalysis and instrumentation were reduced or reasigned and SR& QA
research ard technology development was reduced ard facilitie s to accomplish this were shut down.

Pressure to reduce costs and turnaround time reduced SR& QA resources. Pressure to reduce costs ard
turnaround time diminated mardatay inspection requirements for the SRB and ET and resulted in further
redudion of quality control resources. (Ref. 17.2.1))

Safety critical problems rot identified. Safety critical problems were not identified asevidenced by the
ladk of visihility, resolution ard tracing. (Ref. 1.2.2.A.)

Lack of confidence in SR&QA functions. Management lacked confidence in the capability of SR& QA
functions to provide meaningful inputs in the engineering processes necessary to solve difficult problems
and evaluate launch ard flight risks. This ladk of confidence was due in pat, to a lak of silled
personnd assigned to the assurance fundions

Insufficient advice. The ST'S Program Manage receved insufficient advice fom the SR&QA functions.

Incorrect criticality categories. Critical components were incorrectly categorized ard tracked (eg., the
criticality category for the O-ring redundancy).

The "Silent Safety Program.” The paceptions in Causes 4.2.1 and 42.2 were heightened by and in turn
exacerbated the "Silent Safety Program.”

Inadequaterdiability analysis and record keeping. The SRM att joint seal asembly was ot recognized as
a sngle failure pant (criticality category 1) urder nominal operating conditions until 1982. While this
component was reclassified from categary 1R to category 1 at that time there were some irformatian
systems that ontinued the categary 1R dassification until five weeks after the 51-L accident.

Lessons Learned

Safety risk must not be diminished by decree. Decisions relating to SRM& QA resource allocations at ary
phase of a pogram (ncluding sills, gaffing ard systems) must be made based on objective, factud
assessments of the degree of safety risk and must not be skewed by schedule or operational expediency.
Consideration should be given to the number and severity of safety related problems, the satus d adverse
trends the effectiveness of controls of known hazadsand the residual am aggregaterisk asessments.

Basdline sugaining core of skills resources needed. There must be a lasdine sugaining core of skilled
SRM& QA professionals ard resources to marage an adive asurance effort throughout all phases of the
program and to provide for a "corporate knowledge' base for these functions. Augmentation of this
sugaining core should be provided based on a continual calculated assessment of safety risks and
maragement effectiveness. Adequatefacilities and resources alo mug be provided to suppat SRM&QA
testing, amalysis, instrumentation and research and development.

The SRM&QA work force must be competent ard be involved. To asure the dfectiveness d the
SRM&QA function there must be an infuson of technically skilled design, systems and operations
engineering pasonnd. The asigned SRM&QA work force must not only be skilled, it also must be
directly involved in programprocesses. Personnel must understand the issues, take well-founded technical
and maragerial positions an them and paticipatewith program mamgement in their timdy and effective
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resolution. In adlition, there should be a dructured career pathfor each of the asurance disciplines; a
rotation of people between the SRM& QA disciplines ard other disciplines; and structured professional ard
technical training programsto improve individual ar asurance maragement performarces.

433. Paiodic SRM& QA reviews reeded. Peiodic reviews d the SRM& QA work effectiveness (including
skills, gaffing ard systems) should be macde by the NASA Assaiate Administratas to asure that
resources provided for asurance functions at all levels are appropriate based on technical levels,
complexity and phase of programs and safety risk factors. The reviews dould alo dgermine if the
asurance maragement is acequatdy paforming itsin-line ard independent functions.

433.A. Effective sdety advisay pand needed. "NASA should establish an STS Sdety Advisay Panel reporting
to the STS Rogram Manager. The charter of this panel should include Shuttle operational issues, launch
commit aiteria, flight rules, flight readness armd risk marmagement. The pané should include
representation  from the safety organization, mission operations and the adronau office.”
(Recommendation from Ref.1 p. 199) Also, the pardl should peiodically evaluateefficacy of in-place
maragement systems critical to safety; review dose-out recommendations and other dispositions d safety
problems; ard recommend courses of adion to decrease safety risks ard to rectify any deiciencies noted.

434 Critical components must be analyzed to asure redundancy. Resources must be provided to asure that all
criticality category 1R components are amalyzed to deermine the failure modes which can result in loss of
redundancy dueto a single pacssible event, dueto a generic fault, dueto off-nominal coupling effects from
adacent systems and due to likely environmental o operating conditions. Specifications for the
eimination or control of these failure mades must be gipulated ard validated. The results of this process
must be accuratdy and consistently recorded throughout the program am asurance maragement systems.

44. Spae Station Applications

44.1. Safety risk must not be diminished by decree. Decisions relating to SRM&QA resource allocations at ary
phase of the SSP including sklls, gaffing amd systems) must be made based on objective, factud
assessments of the degree of safety risk and must not be skewed by schedule or operational expediency.
Consideration should be given to the number and severity of safety related problems, the satus d adverse
trends the effectiveness of controls of known hazads ard the residual ard agyregaterisk asessments.
There should be ecific evaluations d these principles duing plaming of SSP ase transitions ard a
documented affirmatian of any conclusions relating to changes in existing resources. SSP sbuld consider
the requirement for separate identification of SRM& QA resources in development of periodic Program
Operating Plan (POP)submittals

441A. Basdine sugaining core of kills and resources needed. There must be a kasgline sugaining core of skilled
SRM&QA professionals and resources to marage an adive asurance efort throughout all phases of the
SSP ad to provide for a "corporate knowledge' basefor these functions. Augmentation of this susaining
core should be provided based on a mntinual @laulated asessment of safety risks and maragement
effectiveness. Adequatefacilities and resources alo mug be provided to suppat SRM&QA testing,
analysis, instrumentation and research ard development. Code S ard Code Q dhould jointly evaluate the
basdine resaurce needs for each phase of the SSP.

442, The SRM&QA work force must be competent ard be involved. To asure the dfectiveness d the
SRM&QA function there must be an infuson of technically skilled design, systems and operations
engineering pasonnd. The asigned SRM&QA work force must not only be skilled, it also must be
directly involved in program processes. Personnel must understand the issues, take well-founded technical
and maragerial positions an them and paticipatewith program mamgement in their timdy and effective
resolution. In addition, there should be a sructured career path for each of the asurance disciplines, a
rotation of people between the SRM& QA disciplines and other disciplines; and structured professional ard
technical training programs to improve individud and assuance management peformances. SSP ad the
NASA centers should jointly develop a pln to implement these pdicies.

443. Paiodic SRM& QA reviews reeded. Peiodic reviews d the SRM& QA work effectiveness (including
skills, daffing ard systems) should be mace by the NASA Assaiate Administratas to asure that
resources provided for asurance functions at all levels are appropriate based on technical levels,
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443A.

444,

52.
521.

521A.

52.1B.

521C.

52.10D.

522.

53.
53.1.

complexity and phase of the SSP,and sdety risk factors. The review should aso dgermine if the
asurance maragement is acequatdy paforming itsin-line ard independent functions.

Effective sdety advisay panel needed. SSP shuld establish a sdety advisay pand reporting to the SSP
manager. The charter of this panel should include SSP perational issues, flight and hazadous gerations

commit aiteria, flight rules, flight readness armd risk marmagement. The pané should include
representation from the SRM&QA organization, mission operations, design engineering ard the Spae

Station crew. Also, the pandl should peiodically evaluate efficacy of in-place SSP nanagement systems,

both ground and on-board, critical to safety; review dose out recommendations ard other dispositions d

safety problems; and recommend courses d adion to decrease safety risks and to rectify any ddiciencies

noted.

Critical components must be analyzed to asure redundancy. Resources must be provided to asure that all
Classification A mission critical asets are amalyzed to determine the failure modes which can result in loss
of redundancy dueto a single passible event, due to a generic fault, due to off-nominal coupling effects
from adacent systems ard dueto likely environmental a operating conditions. Specifications for the
elimination or control of these failure mades should be gipulated ard validated. The results of this process
should be accurately and consistently recorded throughout the SSP ad assurance management systems.

Deviation and Waiver Management
Problem

Deviation and waiver maragement, including the review amd decision process ard asociated risk
asessments at all levels, were inadequatefor flight critical components. The SRM joint seal waiver
violated existing marmagement requirements and panted to some serious déiciencies in the deviation ard
waiver system.

Causss

Management discipline breakdown. There were numeous volations d existing deviation ard waiver
requirements resulting from the compelling urge to preserve the launch schedule. This situation led to
inadequateconsideration of engineering concerns for launch conditions beyond those which were verified
by qualification tests and amalyses. It al® led to inadequate understanding of the measured effects o
temperature and case dimension tolerances an the SRM joint asembly.

Deviation and waiver maragement system not effectively defined. The deviation and waiver maragement
system was not effectively defined to allow adequatereview by NASA top management.

Relaxed maragement attitude Management at all levels failed to comprehend the seriousess of the
problem, particulady atLevel | and Level 1. There was a relaxed attitude in repeatedly waiving the joint-
seal problem at launch.

Ambiguaus decision criteria. There were ambguities in critical launch constraints ard the incremental
gano-go decision process, as evidenced by the technically unsuppatabe safety risk decision on ice
conditions.

No indgpendent asessment. There was no independent assessment of the safety-related problem analysis
conduded by the NSTS program. Adverse trends asevidenced by case joint "blow-by" in previous 'S
launches, wereignored. The increased risk imposed by the increased SRM case proof pressure testing was
not recognized.

NASA management pressue for a favorable launch decision. Thiokol management was pressued by the
SRB Project Manager to reverse their no-go pasition. The pasition reversal was not macde on a ound
technical besis.

Lessons Learned

Standards for consideration of deviations and waivers must be mairtained. Minimum dandards ard
requirements for presentation and consideration for waivers must be maintained, reviewed periodically and
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53.1A.

53.1B.

531C.

53.1D.

53.2.

53.2A.

54
541.

54.1A.

updatel, including required informatian ddining deviations from operational constraints, impad on safety
and mission peformarce; satus d prior amalyses and risk asessments; critical asumpions in modding
or test verifications; effects an dated safety mamins; critical history or pedigree of component; and ary
perceived uncertainties or unknowns in the informatian presented.

Deviation ard waiver maragement system must be effectively defined. The organizational maragement
system involved in the deviation and waiver process must be effectively ddined at all levels. The
organization should be formally constituted for the specific pumpaose of dispositioning deviations and
waivers and should address all interface requirements between programs NASA Headquaters, NASA
centers, dement contractors ard suppat contractors. Criteria, ground rules and informatian necesary for
critical decisions, including guiddines for resolution of issues ard awnues d appeal for higher
maragenent decision, should be ddined, peiodically reviewed armd updatd. Key roles ard
responsibilities of organizations and people involved in the deviation and waiver process must be clearly
defined. Principalsshould be identified by name

Deviation ard waiver process must be reviewed. The deviation and waiver process must be periodically
reviewed D idertify and carect ddicienciesin requirements and procedures from Level | through Level
IV. All previouslessons leamed relating to these ddficiencies must be addressed ard used asa deck list to
validate the revised system. Similarly, the SRM&QA maragement systems, requirements and
documentation must be reviewed periodically to asure that the independent safety assessment function is
acequate

Safety critical informatioan must be accessible at cecision pants. Information relating to factors of safety,
peformarce margins, safety problem satus ard resolutions, critical item gatus, residual fisk dispasitions,
launch and operational constraints including environmental limits and operational red-lines, sfety critical
trends ard hazad controls, must be readly accessible to both program aml independent assessment
organizations at cecision pantsin the deviation and waiver process.

Deviations and waivers must be independently evaluated. All deviations and waivers for launch or
hazadous @erations deisions must be independently evaluated by SRM&QA. Evaluations must be
recorded ard must be availalde for review in the decision process throughout all levels of maragement.

Violations d deviation and waiver requirements must be prevented. SRM& QA independent assessment
must ensure that violations donot occur. NASA must provide continud policy enforcement gating that
"schedules” shall never drive operational decisions where critical sfety issues are involved.

Technical decision criteria must be mairtained. NASA must provide continua pdicy enforcement stating
that o adions sall be taken by maragement which could be perceived asforcing a contractor into a
pasition which appears to have an unsound technical basis. Technical decision criteria, including those
relating to judification for risk accegance, mug be maintained, reviewed peiodically and update. For
the waiver decision process such criteria should be stated in terms d why the waiver should be acceped
rather than why the waiver should not be acceped.

Space Station Applications

Standards for consideration of deviations and waivers must be maintained. Minimum SSP stndards and
reguirements for presentation and consideration for waivers must be maintained, reviewed periodically and
update, including required information deiining deviations from operational constraints; impad on safety
and mission paformarce; satus d prior amalyses and risk asessments; critical asumptions in modding
or test verifications, effects an dated safety mamins; critical history or pedigree of component; ard ary
perceived uncertainties or unknowns in the information presented.

Deviation ard waiver maragement system must be efectively defined. The organizational maragement
system involved in the deviation and waiver process must be effectively ddiined at all levels. The
organization should be formally constituted for the specific pumpose of dispasitioning deviations and
waivers ard should address all interface requirements between SSP,NASA Headquaters, NASA centers,
SSP &ment contractors and SSP suppt contractors. Criteria, ground rules and informatian necesary
for critical decisions, including guiddines for resolution of issues and avenues of appeal for higher
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54.1B.

541C.

54.1D.

542.

542A.

6.2.
6.2.1.

6.2.2.

6.2.3.

6.24.

maragenent decision, should be ddined, peiodically reviewed amd updatd. Key roles ard
responsibilities of organizations and people involved in the deviation and waiver process must be clearly
defined. Principalsshould be identified by name

Deviation arnd waiver process must be reviewed. The SSP d@viation and waiver process must be
periodically reviewed to identify and correct ddiciencies in requirements from Level | through Level V.
All previous lessons leamed relating to these deficiencies must be addressed ard used asa deck list to
validate the revised system. Similarly, the SSP SIM& QA management systems, requirements and
documentation must be reviewed peiodically to asure that the independent safety assessment function is
adequate

Safety critical informatian must be accessble a decision pants. SSP nformatian relating to factors of
safety, performarce mamins, safety problem gsatus and resolutions, aitical item status, residual risk
dispasitions, launch and operational constraints including environmental limits and operational red-lines,
safety critical trends and hazad controls, must be readly accessible to both program aml independent
assessment organizations at cecision pants in the deviation and waiver process.

Deviations and waivers must be independently evaluated. All deviations and waivers for launch or
hazadous gerations desisions must be independently evaluated by SSP SIRI& QA. Evaluations must be
recorded and must be availabe for review in the decision process throughout all levels of maragement
including agency SRVI& QA.

Violations d deviation ard waiver requirements must be prevented. Agency and SSP SII& QA
independent asessment must ensure that violations donot occur. NASA must provide continud policy
enforcement stating that "schedules® shall never drive operational decisions where critical sfety issues are
involved.

Technical decision criteria must be mairtained. SSP nust provide continua palicy enforcement stating
that o adions sall be taken by maragement which could be perceived asforcing a contractor into a
pasition which appears to have an unsound technical basis. Technical decision criteria, including those
relating to judification for risk accegance, mug be maintained, reviewed peiodically and update. For
the waiver decision process such criteria should be stated in terms d why the waiver should be acceped
rather than why the waiver should not be acceped.

M anagement Perfor mance
Problem

Same NASA and contractor management lack motivation, experience and/or kills to manage the program
effectvely.

Causss

Deterioration of the pursuit of excellence. There was a lak of pesonal commitment to ard identification
with the NSTS program ty some asigned pasonnel. Some individualsworking on the NSTS program
lost their mdtivation for excellence.

Prematue phase transition. The maragement decision to transtion the Spae Shuttle from the
development phase to the operational phase was prematue. (Ref. 26.1.)

Flawed decisions in developing Shuttle Processing Contract. Problems associated with consolidating
fifteen development contractors into one Shuttle Processing Cantract and the mehod in which it was
aacomplished involved flawed maragement decisions. (Ref. 3.1 ard 261.)

Lack of excessive overtime pdicy. Field centers lacked enforceable pdicies relating to the amaunt of
overtime allowed. The application of excessive overtime leadng to pesonnel fatigue increased acident
risk. (Ref.291))
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6.2.5. Questionable work error forgiveness mwlicy. NASA has no work error forgiveness mlicy, and pdicies of
the cotractors vary. Therefore, the forgiveness pdicy is questionable as perceived by some tecmicians
who were hesitant to repart problems. (Ref. Problem 291.)

6.2.6. Failure to benefit from adronau experience in mamagement. NASA departed from the use of astronauts in
maragenent pasitions to the extent they previoudy had in the 19605 ard 19705, As a result, mamagenent
failed to benefit from the participation of responsible individualshaving consideralde flight experience ard
a geata appreciation of operation problems ard flight safety.

6.2.7. Confuson over safety mamagement. Some NSTS maragers are unversed in the mechanics a the principd
instruments of risk asessment used in safety maragement. Roles ard responsibilities d each
organizational dement regarding acomplishment of the total safety assurance effort is generally unclear
to NSTS maragement.

6.2.7.A. Insignificant safety input There was a feeing amag some marege's that sfety input to the program in
the past had been insignificant so there was no need to understand the function or the process.

6.2.7.B. Little incentive to understand safety. Center project maragers have little incentive to understand the safety
function or its principas. One Project Manager Handbook s$ates that project marage's will be judgel for
effectiveness an mary factors, none of which indicate the need for safety awareness or understanding of
safety principals

6.3. Lessons Learned

6.3.1. Management dedication is required. Agency ard program mamagement must ensure that anly highly
mdivated pasonnd who demonstrate a personal commitment are brought into key positions. Periodic
evaluations must be made and when personnel are found who lac dedication, they should ke re-dedicated
or moved to other pasitions. Management must alo ensure that cntinuing ard innovative mativation
programsare in plae for all program hases ard disciplines.

6.3.2. Effective transition plaming is required. The operational datus of a very complex, high-technology, high-
risk system that isbasically developmental in nature and objective, must be carefully defined and transition
carefully plamed to preclude operational complacency. Unique requirements, such as technology
transparency, long-duration operation and follow-on development, should be emphaszed. (Ref. 26.3.)

6.3.3. Effective contractor transition is required. When transitioning work between contractors, the transition
must be accomplished in an orderly and well planned mamer with close program supevision to ensure
that expertise, experience and technology are not lost in the process. (Ref. 7.3 and 263.)

6.34. Effective overtime pdicies must be mairtained. Program mamagement must maintain estalished pdicies
relating to the amaunt of overtime allowed where pasonnel fatigue decreases peformarce or increases
safety risk. Program RM& QA musts asure compliance with these pdicies.

6.3.5. Work eror forgiveness pdicies must be mairtained. Agency and program mamgement must
encourage/require contractors to devise pdicies for forgiving or mitigating truly accidental damage
Program RM& QA must asure that dfective pdicies are developed ard mairtained.

6.3.6. Management flight experience is encouraged. Expeienced adronaus who have demonstrated good
maragement capability and have an in-depth appreciation of the technical side of a program should be
encouraged by pdicy to move into agency ard program marmgement positions at some time during their
career.

6.3.7. Management safety commitment is mardatay. The commitment to safety must be mack a sated ard
integral part of each supevisor's amd marager's career development plan ard the safety peformarce of
each supevisor ard marager must be evaluated as pat of the amual apraisal process. Safety
commitments must be incorporated in all contract procurements in a smilar mamer.

64. Spae Station Applications

64.1. Management dedication is required. Agency and SSP nanagement mustensure that only highly motivated
personnd who demonstrate a personal commitment are brought into key pasitions. Periodic evaluations
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6.4.6.
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7.21.
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7.3.
7.3.1.

must be mack and when peasonnel are found who ladk dedication, they should be re-dedicated or moved to
other pasitions. Periodic audits of program am contractor adivities should includespecific examimation of
how the Spae Sation requirement for produd-oriented mdivation (awareness) adivity is being
implemented asan integral part of existing mdivational adivities. Management must also ensure that
continuing ard innovative maivation programsare in place for all program phases ard disciplines.

Effective transition plaming is required. The operational gatus d Spae Station must be carefully defined
and transition carefully plamed to preclude operational complacency. Unique requirements, such as
technology transparency, long-duration operation and follow-on development, should be emphaszed.
(Ref. 264.)

Effective contractor transition is required. When transitioning work between contractors, the transition
must be accomplished in an orderly and well planned mamer with close program supevision to ensure
that expertise, experience and technology are not lost in the process. (Ref. 7.4 and 264.)

Effective overtime pdicies must be maintained. SSP nanagement must maintain estallished pdicies
relating to the amaunt of overtime allowed where pasonnel fatigue decreases peformarce or increases
sdety risk. SSP eeds D be paticularly sensitive to excessive individual am crew overtime in the on-orbit
construdion, adivation and operation of the Spae Station. Planning must allow time for contingency
responses. SSP SI& QA mustassue compliance with these pdicies.

Work error forgiveness pdicies must be mairtained. SSP nanagement must encourage'require contractors
to devise pdicies for forgiving or mitigating truly acidental damag. SSP SRI& QA must assue that
effective pdicies are developed ard mairtained.

Management flight experience is encouraged. Expeienced adronaus who have demonstrated good
maragement capability and have an in-depth appreciation of the technical side of a program should be
encouraged to move into SSP nanagement pasitions.

Management safety commitment is mardatay. The commitment to safety must be made a dated ard
integral part of each SSP spevisor's and manage's career development plan and the sdety performance
of each supevisor ard marager must be evaluated as part of the amual appraisal process. Safety
commitments must be incorporated in all contract procurementsin a smilar mamer.

Program Crit ical Knowledge

Problem

Focusard maragement of critical knowledgeincluding previous lessons leamed were inadequate
Causes

Failure to understand or fully accep seriousmess of safety critical problem. Despite the presence of
significant amaunts of informatian and the occurrence of at lead one detailed briefing at Heladquaters on
the difficulties with the O-rings the NASA and Thiokol technical managers failed to understard or fully
acce the griousness of the problem

Poor technical decision-making. There has existed over a period of several years a yndrome of poor
technical decision-making by NASA and contractor pasonnel who failed to ad decisively to solve the
increasingly serious aromalies in the SRM joints. This dtuation has been considered the result of poor
communication and inadequateprocedures.

Previous lessons were forgatten. Although the system of coming to conclusions and recording lessons that
can be leamed appears to be adequate there is no effective system in plae to ensure that lessons leamed
are not forgatten.

Lessons Learned

Program citical knowledge must be retained. NASA and contractor management must recognize that a
key to awiding future mishaps is the solution to the problem of communicating critical knowledge
effectively. Inherent in the solution are complete and periodic reviews d decision-making processes. A
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comprehensive initial review should be accomplished before processes are estallished for the development
phas of a program.

7.3.2. Lessons learned assurance is required. The system for lessons learned development, retention and
dissemination should be peiodically reviewed to verify applicahlity ard effectivity. Features sould be
incarporated to srengthen the s/stem when ddficienciesare found. SRM& QA should ensure that lessons
are nat forgotten through independent oversight

74. Spae Station Applications

741. Program critical knowledge mug be retained. Program uppe maraganent should makean early ard
continuing effort to foster, throughout Spae Station and contractor maragement, the absolute necessity to
understand, tradk and retain critical knowledge asit is gained. Every effort must be mack to see that
critical knowledge is adequatdy reflected in decision-making processes ard that poor communication is
recognized ard diminated. SSPO shuld conside expansion of the "Design Knowledge Capture’
requirements documentation and program suppat tak to include lessons leamed ard aher program
critical knowledge

742. Lessas learned assuance is required. SSP nanagement, in conjunction with SSP SRI& QA, should
peiodically review the lessons leamed system for applicallity to requirements and processes. Agency
SRM&QA should peiodically ard independently review effectivity of the operating system including
specific lessons applied.

3.4 Program Processes

8. Sdfety Risk Management
8.1. Problem

Policies, criteria, requirements and maragement systems were inadequateto asure complete review and
asessment of safety risks. There were inconsistencies in all of these areas between NASA Headquaters,
field centers, prime contractors and suppat contractors.

8.2. Causss

8.2.1. Safety risk marmagement pdicies, criteria and requirements dhanged. Changes in pdicies, criteria ard
requirements were dictated by the various paent organizations to which Safety was asigned. This
deprived Safety of its independence, removed it from the program review process ard limited participation
in auit and review.

8.2.1.A. Headquaters safety maraganent sructure changed. During Shuttle development and operations phases,
there were numerous dianges in the NASA Headquaters sdety management structure.

8.2.1B. Changes confused field centers and contractors. The changes in safety management a Headquaters led
to confusion in the NASA centers and contractors. Their eforts © follow and dupicate the peceived
changes in basic safety pdicy were not possible, or in mary cases, undesirable due to contractud
commitments ard unaccepable peturbations to their maragement systems.

8.2.2. System sdety procurement directives fluduaed. One of the more significant changes in NASA
Headquaters direction is illustrated by the several iterations in the procurement directives which
alternatdy required system safety efforts in NASA contracts and then ddeted them. These flucuations
occurred several times in the 15 years prior to 51-L ard contributed to the deemphasis of safety. The
effort to keep up with the fluctuating pdicies was ineffective ard resulted in a backlog of documentation
changes ard sgnificant conflicts in ddinitions d risk categories, hazad closures and waiver/deviation
processes. (Ref. 152.1.B and 162.1))
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8.2.3.

823A.

8.2.3B.

8.23.C.

8.24.

8.3.
8.3.1.

8.3.2.

8.3.3.

8.33A.

8.3.3B.

8.3.3.C.

Safety risk asessment process was @nfused. Changes to organizational, sfety mamgement and
procurement directives added sgnificant confuson to the safety risk asessment process.

Headquaters safety role diminished. There was a diminshed asertion of the Headquaters safety
asessment role in all programs

Requirements daumented inconsistently. There was a ripple of inconsistencies throughout the
requirements daumentation which could not be dealt with adequatdy due to the atrophy of safety
resaurces throughout NASA and its contractors. (Ref. 1.1 and 4.1))

SR& QA failed to asess seal problem. The resulting confugon contributed to, but cannot fully explain, the
failure of safety maragement along with rdiability anmd quality control maragement to critique "the
engineering aralysis advanced asan explamation of the SRM seal problem.”

Tradking and verification of hazad controls were inadequate There was o system to track ard verify
that hazad controls were being mairtained.

Lessons Learned

Safety risk maragement policies, criteria requirements, and dructure must be maintained. Palicies,
criteria and requirements for safety risk maragement in both program aganizations and SRM&QA
organizations must be peiodically reviewed for inconsistencies in ddinition, purpose and effectiveness ard
weaknesses in suppating the aggregae safety risk assessments; priority mug be given to correcting
deficiencies and manitoring the corrected system to asure that inconsistencies are caught before they
cascadeinto the varioustiers of requirements documentation. A peiodic review ard updateof the entire
safety risk asessment capability must be paformed (including sills, gaffing ard systems). Structured
and well defined roles, authorities and responsibilities between the safety and program maragement
organizations must be mairtained (Ref. 3.3). Resources must be provided to asure an adequate lasdine
capability throughout NASA to suppat the sdety risk management function for all programs (Ref. 4.3).

System safety procurement emphass must be mairtained. The Safety Division, NASA Headquaters, must
periodically review procurement directives ard ddineate changes required to asure that the prope system
safety efforts and sufficient resources are provided in contract to suppat independents safety risk
assessment in accordarce with current pdicy. (Ref. 15.3.)

Effective safety risk asessment process must be maintained. The safety risk asessment process must
consider the impad of: safety related problems (loth identified by the program amd conceived by
independent asessment); gatus ard quality of hazad identification and controls; and safety related trends
in workmarship, schedule pressures, procedures integrity ard the gatus d the disposition of identified
safety risks. A discrete safety risk assessment must be provided for each operations event in which an
overall aggregaterisk asessment is required or a mision constraint is considered for waiver. Ead such
assessment, alang with any meetings where key decisions are macke leadng to these risk assessments, must
be propely recorded. Any conflict in fact or judgement between program and safety inputs should be
resolved through an independent risk asessment maragement system with meiculoudy documented
approval/disapproval decision procedures.

Headquaters risk management lead role is mandatory. NASA Headquaters nmust maintain pdicies and
requirements for safety risk maragement and take the lead role in its implementation.

SRM&QA requirement documents must be maintained. SRM& QA requirements da@umentation must be
reviewed peaiodically and changed asnecessary to provide consistent risk asessment criteria, risk category
definitions, hazad dosure criteria ard deviation/waiver criteria.

Safety risk assessment function must be objective ard in-depth.  There should be at lead one safety
professional working directly for each program mamger at each mapr review level and one for the
asurance marager taked to provide independent safety asessment. (i.e., whenever passible, the conflict
of interest combination of "daing” and "oversight” safety functions should be awided by not assigning both
functions to one pa'son.) Where this agproach is not possible dueto matixed responsibilities a shortage
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of qualified people there must be a dear ddfinition of the function so that the "dual+ole" person and both
maragers involved understand their individual ar collective roles and each can mairtain objectivity.

8.34. Tradking and verification of hazad controls must be mairtained. The risk maragement process must be
maintained to include tracking ard peaiodic reverification of hazad controls for safety critical systems,
components ard operations. Processing of changes to these critical items must include a review and
revalidation of the original hazad controls and a everification that the sipulated controls are being
maintained.

84. Space Station Applications

84.1. Safety risk maragement policies, criteria requirements, and dructure must be maintained. Palicies,
criteria ard requirements for safety risk maragement in all SSP oganizations must be peiodically
reviewed for inconsistencies in definition, purmpose and dfectiveness and weaknesses in suppating the
aggregate safety risk asessments; priority must be given to correcting ddiciencies and maitoring the
corrected system to asure that inconsistencies are caught before they cascade into the various tiers of
requirements documentation. A peiodic review and updateof the entire SSP stety risk assessnent
capability must be peformed (including skills, gaffing ard systems). Structured ard well defined roles,
auhorities and responsihilities between the safety and program mamgement organizations must be
maintained. (Ref. 8.4.) Resources must be provided to asure an adequate laseline capability throughout
the SSP o suppot the sdety risk management function (Ref. 44). Reviews stould be provided for al
documentation levels (I through 1V) including the PRD ard FDRD. NHB 1700 aml 5300 sries
documentation should be reviewed for inconsistencies.

84.2. System safety procurement emphads must be mairtained. SSP pocurement emphasis must be reviewed
peiodically ard changed as necessay to assue that the prope system sdety efforts and suficient
resources are provided in contracts to suppat independent safety risk assessment. (Ref. 154.)

84.3. Effective safety risk asessment process must be maintained. An effective SSP stety risk assessment
process must be maintained ard must consider the impad of: safety related problems (both identified by
the program aml conceived by independent asessment); datus and quality of hazad identification ard
contrals; and safety related trendsin workmarship, schedule pressures, procedures integrity and the status
of the dispasition of identified safety risks. A discrete safety risk assessment must be provided for each
operations event in which an overall agyregate risk asessment is required or a mission constraint is
considered for waiver. Ead such asessment, alang with any meetings where key decisions are madce
leading to these risk assessments, mug be properly recorded. Any conflict in fact or judgement between
programand safety inputs ould be resolved through anindependent risk asessment maragement system
with meiculoudy documented agproval/disapproval decision procedures.

843.A. Headquaters risk management lead role is mandatory. NASA Headquaters (Cale Q and SSP leve 1/11)
must maintain effective and comprehensive pdicies and requirements for safety risk maragement ard tale
the lead role in its implementation.

843B. Effective SRM&QA requirements daumentation must be mairtained. SSP SRI& QA requirements
documentation including applicale sections/paragaphs d the PDRD, must be reviewed periodically and
changed asnecessary to asure consistent risk asessment criteria, risk category definitions, hazad dosure
criteria ard deviation/waiver criteria.

843.C. Sdfety risk asessment function must be objective and in-depth. There should be at lead one safety
professonal working directly for each SSP nanager at each major review level and one for the SSP
asurance marager taked to provide independent safety asessment. (i.e., whenever passible, the conflict
of interest combination of "daing” and "oversight” safety functions should be awided by not assigning both
functions to one pa'son.) Where this approach is not possible dueto matixed responsibilities a shortage
of qualified people, there must be a clear ddinition of the function so that the "dual+ole” person ard both
maragers involved understand their individual ard collective roles and each can mairtain objectivity.
This pdicy should be included in appropriate SSP Stety documentation.
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844.

9.2.

9.2.1.

9.2.2.

9.2.3.

9.24.

9.25.

9.2.6.

9.3.

9.3.1.

9.3.2.

9.3.3.

9.34.

Tradking and verification of hazad controls must be mairtained. The risk maragement process must be
maintained to include tracking ard peiodic reverification of hazad controls for safety critical systems,
components ard operations. Processing of changes to these critical items must include a review ard
revalidation of the original hazad controls and a everification that the sipulated controls are being
maintained.

Problem Resolution
Problem

The problem resolution process including dedfinition and tradking, corrective adion, risk asessment and
asurance maragement were inadequatefor someflight critical components.

Causss

Erroneous criticality asessments. O-ringswere first asessed ascriticality category 1R ard reclassified to
catggory 1 in 1982. The problem asessment system failed to change from 1R, possibly resulting in
confugon and the eroneous closing of the ension problem

Lack of independent problem asessment. Potential "show stoppe™ problems (major impads to
budge/schedule) were assessed only by in-line pe'sonnel dependent on the program for their immediate
future career.

Inadequatetrend amalyses. Trend aralyses were not extensive enough to project adverse trends that in
hind sight appear obvious. (Ref. 10)

Ddiberatdy ignoring the problem. Flight Readness Reviews discouraged flagging repetitive problems
including criticality categary 1 problems.

Inconsistent handling of critical problems. The SSMEs had many critical problems resolved and plamed
the resolution of mary mare while others remained unresolved.

Lack of critical component qualification data. Qualification data @ficiencies such as safety magins,
failure rate and predicted life may have prevented engineers from reaching the best, mast
cost/safety/reliahbility effective solution for the expended resources.

Lessons Learned

Standard program-wide requirements, ddinitions and procedures needed. Program-wide procedures for
both hardware ard software must define minimal agproval atthority and required concurrences for risk
and criticality identification, change accepgance, dimination and dosure (temporary ard pemarent).
There should be program wide definitions and preparation ard use instructions for all Failure Modes ard
Effects Analyses (FMEAS), hazad armalyses, critical items list, citicality deerminations and problem
reporting ard dosure. Trading ard asuring compliance are necessay. The NASA Headquaters sdety
pdicy and requirements documents including NHB 1700 ad 5300 sries, mug be standardized in content
including ddfinitions.

Complete and indgpendent critical problem asessment needed. Dispasition of critical problems (hardware
and software) must not be mace urtil an independent asessment is conduded. Safety risk issues must be
clearly stated, impediments to problem resolution highlighted, realistic schedules ddined for dispasition of
problems, risks for meeting launch commitments dated ard progress towards resolution manitored by both
program arl asurance maragement.

Complete ard acuratetrend data reeded for problem resolution. A structured, dsciplined system for the
collection, sorage ard use of data intrend aralyses in the identification of problems and in their resolution
should be required for each program. Care mug be exercised to prevert the wse of erroneous or out-of-date
data inthe formulation of solutions. (Ref. 10.)

Priority consideration for critical problem resolution required. Criticality category 1 ard 1R problems
must have priority consideration for resolution and implementation of remedial adions. They should be
highlighted in Hight Readness Reviews (FRRs) ard program reviews at all levels of maragement.
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Criticality ground rules, maragement requirements and criteria for amalysis must be achered to rigidly.
Statuis and problem resolution records in all program am asurance maragement systems must be
consistent. Accepance d criticality category 1 ard 1R risks temporarly and pamarently must be
reviewed by senior safety pesonnel who are not responsible for/to the program.

9.35. Tightly controlled critical problem resolution procedures required. All critical problems (hardware and
software) must be resolved consistently udng tightly controlled procedures systematially prioritizing
problems for resolution based on risk, benefit to the program, aml other factors will help asure the maost
critical problems are worked first. If there is a deviation, a risk asessment with judification must be
included in the documentation of the problem.

9.3.6. Complete and accurate qualification data meded. Complete qualification data ircluding paformarce ard
environmental envelopes ard safety mamgins must be provided for critical problem resolution.

94. Spae Station Applications

94.1. Requirements dhould be reviewed for uniformity. Program wide definitions and asignments d auhority,

definitions d terms, preparmation armd use ingtrudions, reporting, tradking ard closure (including
accepance d risk) requirements, and the g/stem for assuring campliance with instrudions petaining to
safety problems ard SRM&QA adivities dould be continually reviewed to ensure they are clearly
ddineated (hardware and software).

94.2. Independent problem assessment needed. Disposition of critical problems (hardware and software) must
not be mace until an independent assessment is conduded. Safety risk issues must be dearly sated,
impediments to problem resolution highlighted, realistic schedules ddined for dispasition of problems,
risks for megting launch commitments dated ard progress towards resolution monitored by both program
and asurance maragement.

9.4.3. Complete ard acuratetrend data reeded for problem resolution. A structured, dsciplined system for the
collection, sorage ard use of data intrend aralyses in the identification of problems and in their resolution
should be required for each program. Care mug be exercised to prevert the wse of erroneous or out-of-date
in the formulation of solutions. The program sippat tak to identify and aralyze safety critical trends
should be closely monitored to ensure maragement awareness d adverse trends ® that timdy corrective
adion maybe taken. (Ref. 10.)

9.44. Management awareness d critical problems required. Criticality category 1 and 1R problems must have
priority consideration for resolution ard implementation of remedial adions. They should be highlighted
in Opeational Readness Reviews (ORRs) and other program reviews at all levels of maragement.
Criticality ground rules, maragement requirements and criteria for amalysis must be achered to rigidly.
Status and problem resolution records in all program am asurance maragement systems must be
consistent. Accepance d criticality category 1 ard 1R risks temporarly and pamarently must be
reviewed by senior safety pasonnel who are not responsible for/to the program.

9.4.5. Resolution of critical problems must be consistent. All critical problems (hardware and software) must be
resolved consistently usng tightly controlled procedures. Systematically prioritizing problems for
resolution based on risk, benefit to the program, am other factors will help asure the most critical
problems are worked first. If there is a ceviation, a risk asessment with judification must be included in
the document of the problem

9.4.6. Complete and aacurate qualification data meded. The Space Station requirement for complete
gualification dataincluding performarce and environmental envelopes and safety maigins must be closely
monitored during critical design and testing to ensure satisfactory problem resolution.

10. Trend Analysis

10.1. Problem

There was a failure to trend all critical performarce aromalies, understand existing trend data ad tale
timely maragement adion to resolve unfavoralde trends Little or no trend aralysis was peformed on O-
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10.2.
102.1.

102.1.A.

102.1.B.

102.1.C.

102.2.

103.
103.1.

103.2.

104.
104.1.

104.2.

11.
111.

ring eroson and blow-by problems, on datidics relating to human erors and on configuration
maragement and schedule related adrerse trends

Causss

Inconsistent nonconformarce trend araelysis.  Nonconformarce trend amalysis was inconsistently
performed within NASA.

Inadequaterequirements for trend amalysis. Requirements for the peaformarce of trend amalysis were
inadequatdy ddined.

Adverse trends rot identified. Trends for the O-ring thermal distress events, which appear obvious in
hindgght, were not identified. There was an increase in the frequency of O-ring incidents after several
changes were made on the SRB procesing procedures including an increase in leak check pesures. The
SR& QA program failed totrack ard discover the reason for the increased frequency of O-ring erosion and
blow-by events. Other adverse trends included an increase in workmarship errors ard an increasing
backlog of engineering mdlifications.

Trend analysisincomplete. The trend analysis d the temperature dependence of the O-ring incidents was
peformed incompletely ard failed toidentify the correlation.

Safety critical trend data vas ignored. There was insufficient follow up tocharaderize trendsin repeated
peformarce ammalies ard implement corrective adion. Some trend data pesented was insufficiently
communicated or misunderstood.

Lessons Learned

Trend amalysis is mardatay. Requirements for the paformarce of problem ard other adverse trend
amalyses must be sandard dements of program am SRM&QA maragement systems. Critical systems
(hardware and software) should be subjected to a mntinuing aralysis d peformarce and operating trends
to identify increased safety risks ard impending failures. In adlition, data eflecting sates d quality of
workmarship, status of madifications that are designed to decrease risks, satus d configuration controls
and other key data &ould be manitored ard araelyzed for adverse trends

Response to adverse trends required. When repeatability of flight/operations anomalies an critical systems
is demonstrated by trend analysis, limitations a constraints must be imposed to acommadate the
aromaly, ard testing ard amalysis dould be used to paositively charaderize it with recommendations for
eimination or mitigation of the dficiency. Prompt adion must be taken to correct the ddiciencies which
cause the adverse trends Proposed resolution of the attendart remedial adions must be independently
asseseal.

Spae Station Applications

Trend arelysis is mardatay. Requirements for the paformarce and reparting of trend aralyses must be
included in SSP equirements dbcumentation, ard in all appropriate contract data equirements aswell as
in agreements between SSP oganizations including Leve 1, Leve lll, the international patners and the
SRM&QA. Critical systems (hardware ard software) should be subjected to a @ntinuing amalysis of
peformarce and operating trends to identify increased safety risks ard impending failures. In adlition,
datareflecting states of quality of workmarship, status d madifications that ae designed to decrease risks,
status d configuration controls and other key data sould be monitored ard aralyzed for adverse trends

Response to adverse trends required. When repeatablity of flight/operations anomalies an critical systems
is danonstrated by trend aralysis, constraints should be imposed to accommadatethe anomaly and testing
and aralysis dould be usd to positively charaderize it with recommendatians for elimination or
mitigation of the ddiciency. Prompt adion must be taken to correct the ddiciencies which cause the
adverse trends Propased resolution of the attendart remedial adions must be independently asessed.

Flight Readiness Reviews
Problem
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There was a degradation of the Hight Readness Review process.
112. Causes
112.1. FRR procedures were ignored. Defined FRR procedures were not followed adequéadly.

112.1.A. FRRreducedimportance. FRRs had beenreduced n importance. Reviews in some cases were canduded
only by teeconference, incomplete attendarce of key pasonnel and presentations airtailed by time
constraints.

112.1.B. Requirementsfor readness statements not enforced. There was a failure to enforce a dear requirement for
definite readness satements.

112.1.C. Key megtingsnot recorded. Review procedures and communications usd to asure flight readness were
systematic thorough and comprehensive ard provided ampe oppatunity for surfadng hardware problems
prior to flight. FRRs were usually recorded (audio); however there was dten no record mac of other key
prelaunch meetings

112.2.  Failure to commuricate critical concerns. The decision to launch 51-L was based on incomplete and at
times mideadng informatian.

112.2.A. Communication to responsible maragement. There was a failure to adequatdy communicate concerns to
the responsible Level | ard Level 11 mamagement within the FRR process.

112.2.B. Communication by ddta reviews aly. Coverage of critical issues was reduced to "ddta reviews," with
data pesented covering only eements on the previousflight that fell outdde of expected paformarce.

112.2.C. Tdeconference datanot reported. Results of a &nuary 27 tdeconference were not reported to Level |I.
This teleconference was tetween engineers rom MSFC and Thiokol who argued hours into the right
regarding the effect of temperature on the performarce of the seals Thiokol engineers concerns were not
conveyed b Lewve | during the FRR proces.

112.3. InadequateSR& QA representation. There was inadequateSR& QA representation at key meetings and in
same cases, none.

11.3. Lessons Learned

113.1. Flight readness review process must be mairtained. The FRR process must be maintained rigoroudy to
asure that all aitical issues relative to readness and safety are identified and reviewed. FRRs must
includeassurance that all grevious gerational aromalies have been reviewed ard propely dispositioned.
The importance of FRRs must be reinforced. Readness datements, including specific informatian on
concerns alout capability of the system dements to paform required functions safely, must be mardatay
from contractors and from organizations within NASA responsible for specific systems. NASA should
ensure that complete written records d critical meetings (eg., FRRs and asociated mestings) are
accuratdy maintained.

113.2. Clear ard acurate communications vital. Critical decisions surrounding hazadous fight operations must
be based on dear communications mnveyed through estaldlished chamels. All critical concerns must be
fully communicated to all appropriate levels of maragement so that aitical decisions can be mack based on
complete informatian.

113.3. Indegpendent SRM&QA participation needed. Indegpendent SRM&QA peasonne must be adive
participants and an effective integral part of the program gructure, review processes, ard key maragement
organizations responsible for degermining flight readness.

114. Spae Station Applications

1141. Rigorous mairtenance of flight readness review process required. The FRR process as defined in SSP
requirements documentation, must be maintained rigoroudy to asure that all aitical issues relative to
readness and safety are identified ard reviewed. FRRs must include asurance that all previous fight
anomalies have been reviewed ard propely dispasitioned. The importance of FRRs must be emphaszed.
Readness gatements, including specific informatian on concerns alout capability of the system elements
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122.1.A.
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122.2B.
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123.
123.1.
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to perform required functions safely, must be mardatay from contractors ard from organizations within
the Program responsible for specific systems. Assuance is required that complete written records d
critical mestings (e.g., FRRs and asociated meetings) are accuratdy mairtained.

Clear ard acuratecommunications vtal. SSP sgtems and documentation must be reviewed ard changed
asnecessary to asure that aitical decisions related to flight operations are based on dear communications
conveyed through estallished chamels. All critical concerns must be fully communicated to all
appropriate levels of maragement so that aitical decisions can be made based on complete informatian.

Independent SRM& QA participation required. The Spae Station Program requires that independent
SRM& QA personnd be adive participants and an effective integral part of the program grucure, review
processes, and key maragement organizations responsible for determining flight readness. The integrity
of this independent ard vital role must be mairtained.

Assurance Information System

Problem

Assurance informatian system criteria, requirements and maragement were inadequate
Causes

Lack of appiopriate datato suppat safety risk decisions. Critical data mcessary to suppat safety risk
decisions relative to the laurch of STS 51-L were ether not awailade, or accesible aly with grea
difficulty, efectively making it unavailale.

Environment, launch armd flight data. Environmental certification, launch constraints and flight
experience data vere not easily aaessible at the time of launch.

SRM peaformarce data. Informatian on test and peformarce which suppated safety margins on the SRM
field joint were not readly availade.

Inadequate ddinition of data requirements. The information needed to paform systems asurance,
problem tradking ard safety asessments was not defined.

Safety data. Requirements for data ad criteria to evaluate safety problem areas and adverse trends were
na deined.

Launch decision data. Information requirements for each level of review in the launch decision process
were na ddined.

Data rot ranked ard sorted to indicateimportance. Large amaunts of informatian were disseminated on a
routine basis, often with little or no indication of its importance to all recipients. Providing wide
distribution for informatian of minor importance contributed to an"informatian glut* with the net effect of
increasing the chance that important informatian would not receive adequate scrutiny.

Lessons Learned

Assuance information system required. An information system should be maintained to provide
environmental certification, launch and operational constraints ard flight experience data tosuppat the
launch or operations desision process ard to be readly awailabe to designers, plamers and operational
personnd on a real time basis, aswell as being awilalde for independent safety asessment. Exampges o
data irclude range of environments specified for each dement and subsystem, mehod of certification,
flight exposure, waivers granted ard their judification.

Information requirements mug be ddined. The basic information requirements needed to suppat
operational decison making ard SRM&QA asurance ard asessment functions must be ddined ard
maintained. The requirements should identify what the data reeds are, how the data isto be generated or
extraded from other data gstems, when the data isneeded ard in what form.
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123.3.  Priority informatian must be identified. Program mamgement must identify priority informatian. It alo
must estalish the criteria and procedures for processing priority information and male these criteria ard
procedures availae for SRM& QA review.

124. Spae Station Applications

124.1. Assuance informatian system required. SSP nformation systems should suppat operational decision
making by tracking ard makng acessible data sich as environmental certification limits, method of
certification, operational constraints, waivers granted ard their judification ard flight expeience. The
informatian should alo be readly awailabe to designers, plamers and SRM&QA for indgpendent safety
assessment.

124.2. Information requirements mug be ddined. The basic information requirements needed to suppat
operational decison makng amd SRM&QA asurance and asessment functions must be deined,
incorporated in SSP nformatian systems requirements daumentation ard mairtained throughout all SSP
phass. The requirements dould identify what the data reds are, how the data isto be generated or
extraded from other data gstems, when the data isneeded ard in what form. Attention should be given to
identifying data ttat must be collected during the current phase of the SSP vhich will be required during
later phases.

124.3.  Priority information must be identified. Priority informatian should be identified within the SSP. Level I
should estadish the criteria ard procedures for processing priority informatian and make these criteria and
procedures availale for SRM& QA review.

13. Engineering Change Roces
131. Problem

The mehod used to prioritize changes based on criticality was inadequatefor the engineering change
system.

132. Causss

132.1. Inadequatechange evaluation dueto schedule pressures. Schedule pressures from the increased flight rate
adversely affected the alility to implement, evaluate test ard certify changes in hardware design.

132.2. Inadequateprioritization of changes. Inadequateprioritization of changes contributed to pressures on the
engineering change system ard increased the paential that important changes to mission critical elements
recewed inadequae attention.

133. Lessons Learned

133.1.  Schedule pressures mug not impact the engineering change process. Schedule pressures mus not be
allowed to "short circuit” the change process. The process must ensure that important changes are given
high priority within the g/stem and receve adequate scrutiny and managenent attention. Caonsideration
should be given to procedures to reduce the number of minor changes requiring high level attention while
awiding the greate risk of inadvertently filtering important information from maragement attention.
(Ref. 173.1)

133.2.  Prioritization of engineering changes needed. Categaries d importance must be maintained ard applied
consistently to pamit highlighting of critical changes. The highest priority changes should be those which
involve sgnificant changes to mission critical dements crudal to flight safety. The criteria for prioritizing
changes should be maintained by the programs ard reviewed by program SRM&QA with independent
overview by agency SRM& QA.

134. Space Station Applications

134.1.  Schedule pressures mug not impact the engineering change process. Schedule pressures mug not be
allowed to "short circuit" the SSP bange process. The process nust ensure that important changes are
given high priority within the g/stem and receve adequae scrutiny and managenent attention.
Consideration should be given to procedures to reduce the number of minor changes requiring high level
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attention while awoiding the greate risk of inadvertently filtering important informatian from maragement
attention. Space Station requirements daumentation requires that program RM& QA review proposed
engineering changes for identification and resolution of hazads that maybe introduced into the system
and provide concurrence or non-concurrence based on each review. SSPmanagement should consider
expanding this change processing role to include aralysis to asure that proposed changes ard the change
system itself are not being adrersely impaded by schedule pressures.

134.2.  Prioritization of engineering changes needed. Categaries d importance must be maintained ard applied
consistently to permit highlighting of critical changes in the SSP. The highest priority changes should be
those which involve sgnificant changes to mission control elements crudal to flight safety. The criteria
for prioritizing changes should be mairtained by appropriate SSP oganizational dements ard reviewed by
SSP SRM&QA. Agency SRM& QA should review the change processing system indegpendently to assue
that asigned priorities are commensuratewith safety objectives.

3.5 Plans

14. Crew Safety

141. Problem
There were no crew escape options during Shuttle first sage operation.

142. Causss

142.1. Management decisions to exclude crew escape options duing first Sage operation. The Shuttle Program
maragement considered first sage abort options and crew escape options several times during the history
of the program but opted not to implement ary of the systems mnsidered despite the fact that first stage
operation is probably the mast hazadous phase of the mission.

142.1.A. Limited utility options. No one solution covered a wide range of alort and crew escape scenarios.

142.1.B. Limited program funds Funds were limited ard maragement was forced to make compromise decisions
regarding the best use of funds availade.

142.1.C. Potentially greate risks. Some technically feasble options were undesirable because the risk that would
have been introduced to the program was pdentially greate than having no alort capability. Other
options were not technically feasble.

142.1.D. Further scheduleddays. Implementation of feasble, desirable options would have further ddayed the first
Shuttle flight which was already far behind its original schedule.

14 3. Lessons Learned

143.1. Crew safety critical to program siccess. Requirements concepts and implementation plaming for mamed-
flight programsmust provide for adequatecrew safety in emergency Stuations, including early deection
(cauion and warning) and either awidance, safe haven made(s), escape or rescue o comhbinations
thereof. Limits and constraints must be developed for each category of emergency stuation.

143.1.A. Crew safety early plaming a must. Requirements implementation ard plars, including funds must be
estaldished early in mamed-flight programsto preclude latea schedule ard funding impads that prove to
be unfeasble.

143.1.B. Crew safety assurance required. SRM& QA mug provide periodic reviews over the life of the program to
asure that acquatecrew safety plaming ard implementation is maintained.

14 4. Spae Station Applications
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1441.

15.
151.

152.
1521.

152.1A.

152.1.B.

153
153.1.

153.1A.

153.1.B.

Periodic review of crew safety requirements essential. Current SSP @cumentation specifies a \eriety of
requirements levied to ensure crew safety, such as safing capabilities, safe haven concepts conservative
factors of safety related to pressurized dements, fire suppression capablility, extravehicular adivities safety
concerns, etc. These program am related documents should be periodically reviewed by SSP nanagement
and SRM& QA ard update to asure that requirements, concepts and implementation provide for all crew
emergency Stuations, and that aew safety is a reality which will remain throughout the life of the

program.

Contract Safety Requiremernts
Problem

Existing contract requirements and incentives used by NASA do not adequaely address @ promote sdety
and quality concerns.

Causss

Contracts emphasze schedule ard cost, little safety. Key Shuttle contracts provide greate incentives to
contractors for minimizing costs amd meeting schedules than for featuwes related to safety ard
peformarce. The Shuttle Processing Cantract (SPC) is cost-plus incentive/laward fee. The amaunt of
incertive fee b based on contract casts (lower cost yields alarger incertive fee) ad on safe and succesful
launch and recovery of the Orbiter. The award fee partion pamits focus on areas not sensitive to incentive
provisions, including the sfety recad of the contractor. However, the incertive feeportion is 14 percert
maxmum ard the award fee partion is one percent maximum. The SRM contract is cost-plus incentive-
fee since July 1983and is based strictly on costs, although penalties maybe invoked for ddays in ddivery
or for Shuttle accidents dueto SRM failure.

Safety incentives inconsistent and ddicient. Contracts vary in the extent of their safety incentives ard
such variances @n contribute to differences in system safety and operational safety. SPC was graded high
in the "Fair* range despite serious piocessing problems, especially with respect to the Orbiter. "Fair”
definition: "Effective peformarce; responsive to contract requirements; adequateresults. Reportade
deficiencies with identifiable, but not substantial, effects on peformarce.”

Safety requirements inconsistent and deficient. System safety plars are used primairily to fill an initial
contract ddiveralde requirement ard are not updatel or used in contract mamgement. Most contracts
require that a gstem safety plan be submitted ard agproved, but in at leag one case, this plan was the
primary output of the system safety program lecause the contract did not specify that the plan be
implemented. There was no evidence that ary system safety plans were used during contract maragement.
In addition, the plars mntained no specific informatian upa which the contractor could be evaluated for
award fee purposes. This ladk of emphass in propely specifying system safety contract requirements @an
be, to some degree, attibuted to changes and resulting ddetion of system safety requirements in
procurement regulations. (Ref. 8.2.2.)

Lessons Learned

Contract safety and quality emphass is mardatay. Agency and program pdicies, directives and processes
must be maintained to reflect appropriate ard continuing emphags, guidance ard direction on safety ard
quality content of procurement planning ard implementation, including procurement regulations and
award fee evaluation plars.

Balarced contract incentive structure required. Caontract incentive srudure must be carefully studied
during procurement planning to asure proper balarce between safety, performarce, cost and schedule
features. Meaningful amaunts of safety and quality incentive/award fee must be incorporated.

Contract incentives review required. Agency SRM&QA must mairtain a $ecific and continuing
independent review to assure that necessary pdicies, directives and processes related to contractual sfety
and quality incentive featues are in place, are efective, are being interpreted propely and are being
implemented properly, including procurement regulations and award fee evaluation plars.
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153.1.C.

153.1.D.

153.1E.

154.
154.1.

1541 A.

154.1.B.

1541.C.

154.1.D.

1541 E.

16.
161.

Contract incentivelaward fee training required. A required formal training system must be maintained to
asure that both government and contractor involved in incentive/award fee plaming and implementation
have an adequateunderstanding ard expertise.

Effective contractual sfety plars required. Program SR& QA must: 1) asure that adquateard effective
safety plars are included in ongoing ard plamed contracts, and 2) periodically review contractual safety
plans ard their implementation arnd asure corrective adion where ddiciencies are found. The
requirement for a System Safety Management Plan must be included in the plaming of all incentive/award
fee contracts. Ddliverales includdl in this plan shall be used to evaluate safety ard quality adivities ard
related fee paformarce. All safety plans must be included in the contractor configuration maragement
process to asure that change control and reporting is maintained.

SRM& QA involvement required. Program SRM& QA must be involved specifically and continually in the
incentive/award fee process, both to estalish reasonalle guiddines and rewards in new contract plaming
and to judgepeaformance of active contracts.

Spae Station Applications

Contract safety and quality emphads is mardatay. Spae Station Program policies, directives and
processes must be mairtained to reflect appropriate and continuing emphads, guidance and direction on
safety and quality content of procurement planning ard implementation.

Balarced contract incentive sructure required. Spae Station Program SRM& QA must review all ongaing
and planned SSP ontracts © assue that adequée sdety and quality content is provided. The emphass
and weighting of SRM&QA disciplines in development of evaluation criteria must be assessed for
consistency ard level of importance. The samebalarce of SRM&QA emphads ard weighting must be
incorporated in the re-assessment process for each evaluation peiod over the life of contracts.

Contract incentives review required. Agency SRM&QA must mairtain a Pecific and continuing
independert review of SSPongaing and planned catracts o assue that necessey pdicies, direcives ad
processes related to contractual sfety and quality incentive features are in place, are effective, are being
interpreted properly ard are being implemented properly, including procurement regulations arnd award fee
evaluation plars.

Contract incentive/award fee training required. Space Station Program must maintain/require a formal
training system for government ard contractor pesonnel involved in incentive/laward fee plaming and
implementation to asure adequateunderstanding ard expertise.

Effective contractual sfety plars required. Spae Station Program SRM&QA must: 1) assure that
adequateand effective safety plans are included in ongaing ard plamed contracts, and 2) peaiodically
review contractual ssfety plans ard their implementation and asure corrective adion where deficiencies
are found. The requirement for a System Safety Management Plan must be included in all ongang ard
plamed incentive/award fee contracts; ddiverades must be included to pemit evaluation of safety ard
quality adivities for fee deermination. All safety plans must be included in the contractor configuration
maragement process to asure that change control and reporting is effectively maintained.

SRM& QA involvement required. SSP SRI& QA must be involved specifically and continually in the
incentive/award fee process asit relates to the asurance disciplines, both to estalish reasonalle guiddines
and rewardsin new contract planning and to judgepeaformance of active contracts (Ref. 154.1.A.).

Content of adive Phase C/D contracts sould be reviewed to ensure that RM& QA requirements were
adequatdy estadished in view of the low emphads placd on some SRM&QA evaluation factors in
recenly concluded Phase OD Procuremerts. (Ref. 164.2.)

Contractor Selecion Emphass

Problem

Evaluation factors ard criteria for competitive contract award were not structured to provide adegquate
safety and technical consideration.
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162. Causss

162.1. Cost overrode all ather contract selection factors. Cost consideration overrode arny other objections in the
selection of Thiokol asthe Shuttle SRM contractor. As pat of the SRM proposal evaluation, suitahility
factors were used for gradng: 1) Design, Development and Verification; 2) Manufacturing, Refurbishment
and Quppat; and 3) Management. Cost was evaluated ssparately. (Ref. 8.2.2))

162.1.A. Thiokal low cost. Thiokol was first (lowest) under Cost. Thiokol was last (of four) under Factor One,
second urder Factor Two and first under Factor Three.

16.2.1.B. Technical deficiencies correctalde. The Source Evaluation Board (SEB) concluded that the main criticisms
of the Thiokol proposal were technical in nature, were readly correctade and the costs to correct did not
negate the sizeadle Thiokol cost advantage. Any sdlection other than Thiokol would give rise to an
additional cost of appreciable sze.

162.2. SRM&QA factors mot considered at @amelevel as other factors. Neither safety or quality was identified
uniqudy a alevel even comparable to "Suppat".

162.2.A. Safety subfactors. Logically, safety sub-factors (aiteria) were contained within the three main, graded
factors, however, safety was not considered at the samelevel asDesign, Refurbishment, ec.

16.2.2.B. Quality sub-factors. Quality relates to technical excellence which was graded lag (Fador One) and second
(Fador Two).

16.3. Lessons Learned

163.1. Emphass d SRM&QA evaluation factors in the contractor selection process is required. Appropriate
consideration of SRM&QA ard technical factors must be mairtained when evaluating patential contractors
as pat of the procurement process.

163.2. SRM& QA assuance of the contractor sdection process s required. The SRM& QA function must provide
asurance that necessary program plicies, directives, plans and procedures mntain adequate SRM& QA
evaluation factors and weighting of factors, that this documentation is being applied correctly to specific
procurements and that the SEB process accuratdy reflects mnsideration of SRM& QA evaluation results.
SRM& QA must also periodically review procurement regulations to deermine deficiencies in SRM& QA
coverage makerecommendatians for changes ard follow-up an corrective meaaures.

164. Spae Station Applications

164.1. Emphasis d SRM&QA factors in the contractor selection process is required. The Space Station Program
must maintain appropriate consideration of SRM&QA ard technical factors when evaluating paential
contractors as pat of the procurement proces.

164.2. SRM&QA assuance of the contractor sdection process b5 required. SSP SRM& QA must provide
assurance that necessary pdicies, directives, plans and procedures @mntain acdequate SRM& QA emphads,
evaluation factors and weighting of factors, that this documentation is being applied correctly to specific
procurements and that the process accuratdy reflects mnsideration of SRM& QA evaluation results.

Content of planned SSP Pase C/D procurements should be reviewed to ensue that SRM& QA
requirements are adequatdy estaldished in view of the low emphasgs placed on some SRM& QA evaluation
factors in recerly concluded Phase CD procurements. (Ref. 154.1.) This effort should include
involvement in the development of changes to procurement regulations airrently being considered to
assue adequae SRVI& QA emphasis.

17. Sdchedule Rressues

171. Problem
Schedule pressures deggraded safety through the overtaxing of resources, facilitie s, processes and pasonnel.

172. Causss
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1721.

172.1.A.

172.1.B.

172.2.

1722 A.

172.2B.

1722C.

172.2D.

1722 E.

173.
173.1.

173.2.

174.

Pressure to cut costs by flying mare frequently. The most pressing reason for compressing the flight
schedule to permit the maxmum number of launches pe year was the NASA promise made to Congress
and the White House to minimize the cost pea launch.

Striving to reduce launch unit costs. Annual sigaining program @sts were so much greate than the
addad cost of an individual lawnch that doubling the launches pe year would almast half the cost per
laund.

Overly optimistic schedules. The optimistic schedules would have been maost difficult to meet if all
endeavors were completely successful, which they were not.

Success aiented plaming ignored the real world. In the zeal to achieve the compressed flight schedule,
plamers failed to consider the impad of engineering changes, problems, ladk of spares, mission changes
and therefore failed to provide for contingencies. This plaming failure led in turn to other maragement
discipline failures and compromised the already weak risk maragement function. (Ref. 8.2.3 ard 182.1.)

Payload manfest changes. The payload marnfests were not frozen prior to the initiation of flight
preparation. Modifications to plaming, hardware, Operations and Maintenance Instructions (OMIs) and
software were required when complex payloads danged flights a adlitions were macde to the on-orbit
adivities. Though a aedit to the pasonnel working these changes that their work did not cause a
catagrophic failure, the personnel resource was hard pressed to the pant where safety of the missions was
in jeopardy.

Inadequatecontingency plaming. No plaming had been mack for madifications, problem resolution and
unscheduled mairtenance so that these functions had to be worked into the tight schedule, usually on
overtime, or deferred with no assessment of the increased risk involved.

Spares shortage. The shortage of spares forced the mare time- consuming ard risky pradice of
cannibalization.

Non-standard launch pals Pad A and Pad B of LC 39 were not identical, adding to pgperwork, training,
leaming curve and the spares problem. Switching people between the pads geatly increased the risk of
human error.

Planned landings at KSC. Planning identified mast Shuttle landings for KSC. However, weather ard
Orbiter steering and brake ddiciencies caused the landing to be switched to Edwards lengthening the
turnaround timeand tightening the schedule even mare.

Lessons Learned

Realistic and flexible schedules are mardatay. Realistic and flexible schedules must be maintained;
success-oriented schedules must not be pemitted. A variation of the Program Ewaluation Review
Technique (PERT) should serve as a garting pant for developing a ystem to exploit successes without
having a perturbation to the optimistic time appear asa goss failure in the schedule, i.e., have a best
possible, worse possible, and mast likely event time. Operations amd SRM&QA must have deailed
involvement in the preparation of mager flight schedules.

Real world plaming is mardatay. Program panning should use previous experience including lessons
learned to schedule and control tasks. Payload usrs mud define firm suppat and schedule requirements
prior to incluson in approved schedules. Egalished safety criteria must be enforced for overtime work;
any plans that exceed hes citeria mug be submitted for approval to Level 1/Il and assurance
maragement. Safety should consider excessive overtime as a judification to hault critical goerations.
Modifications, problem resolution and unscheduled mairtenance are tasks that ae difficult to define in a
long range plan but there must be schedule flexibility, such as designated contingency periods or non-
scheduled periods (off shifts, weekends holidays), that will allow these types of work to be completed
without impading the flight schedule. Either spares must be on hand or sufficient time must be allocated
to cannibalize ard restore a gstem to an operalde condition without impading the flight schedule
adversely (e.g., excessive overtime, unduepressure).

Spae Station Applications
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174.1.

174.2.

18.
181.

182.
182.1.

182.1.A.

182.1.B.

183.
183.1.

184.
184.1.

Realistic and flexible schedules are mardatay. Realistic and flexible schedules must be maintained;
success-oriented schedules must not be pamitted. SSP sbuld review and change as necessgy, currently
estallished schedule systems and schedules to ensure that realism ard flexibility is mairtained (including
Program/Roject Controlled Milestones and the Engineering Master Schedule). SSP Ogprations ard
SRM& QA must have deailed involvement in the preparation of mager flight schedules.

Real world planning is mandaory. SSP panning should use previous experience including lessms
learned to schedule and control tasks. Payload usrs mud deine firm suppat and schedule requirements
prior to incluson in approved schedules. Safety criteria must be maintained for overtime work; any plans
that exceed he= ciiteria mus be submitted for approval to Level 1/l and asurance maragement. Safety
should consider excessive overtime asa judification to halt critical operations. Modifications, problem
resolution and unscheduled mairtenance are tasks that ae difficult to ddine in a Iang range plan, but there
must be schedule flexibility, such asdesignated contingency periods or non-scheduled periods (off shifts,
weekends holidays), that will allow these types d work to be completed without impading the flight
schedule. Either spares must be on hand or sufficient time must be allocated to cannibalize ard restore a
system to an operalde condition without impading the flight schedule adversely (e.g., excessive overtime,
unduepressure).

Critical Redesign

Problem

Resources for some critical redesign efforts were inadequate
Causes

Poor plaming for patential design problems. Funds allocated for redesigns were inadequatefor design,
demonstration ard qualification of all SSMEand SRB ddficient critical items

Insufficient resources. High-technology, complex, advance stateof-the-art programs usually plan for
initial design problems ard some redesign effort, but the Shuttle Program's problems in developing the
Thermal Rotection System, SRBs, ET dsconnects and SSMEs were more costly than anticipated.

Incomplete redesign ard testing. Failure to adequatdy plan for and fund critical redesign problems
resulted in some selected redesigns, having incomplete qualification testing.

Lessons Learned

Effective contingency plaming is required. High-technology, advanced state-of-the-art programs must
provide mears in early plaming to acommadate uncertainties, design and qualification problems, and
operational problems that euld result in critical ard/or expensive redesign ard requalification. The
Agency must review and mairtain estadished pdicies and plaming to ensure adequate plaming for
program @ntingencies.

Spae Station Applications

Effective contingency planning is required. SSP nust provide means b accommodate uncertainties,
design and qualification problems ard operational problems that @uld result in critical and/or expensive
redesign and requalification. SSP sbuld review established program/agncy plaming mehods and
Program (perating Plans to ensure adequate consideration of contingencies related to paential critical
redesign and requalification.

3.6 Development

19.
191.

Environmental and Performance $ecifications
Problem
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192.
1921.

192.1A.

192.1.B.

1921.C.

192.1.D.

192.1E.

193.
193.1.

193.1A.

193.1.B.

193.1.C.

193.1.D.

193.1E.

Environmental ard paformarce ecifications for some critical flight components and GSE were not
propely ddined. The SRM att joint seal asembly, including the O-ring ard putty mateials, was not
compatible with the winter operations environment at KSC.

Causss

Failure to account for and explicitly define integrated environmental ard performarce criteria. Criteria for
design, performarce, launch ard other processes ard operations have used "ambent” asa reference base.

Quatrtification of ambent conditions. No quantification of "ambent" conditions expected to be
encountered was described asmeasured at pecific locations and interpreted in terms d effects d time of
day, wind velocity, temperature, humidity, period of exposure and other parameers.

Cdd soak amalysis. The integrated aralysis d the sadked vehicle did not account for induced
environments such asthe cold soak d the aft SRB joint from the ET Liquid Hydrogen (LH2) load

Winter peformarce specifications. In turn, the NASA performance specifications did not adequatdy
address the known Horida winter weather conditions or set use limits.

Joint assembly not qualified. The entire joint asembly including the O-rings and putty were not qualified
for the low temperature environment encountered an January 28, 1986 because of inadequde criteria
definition.

Failure to account for weather phenomena. The design of the SRB joint caused retention of rainwate.
There was no weather seal. There were sugicions after the 51-L aacident, based on observed aromalies on
other SRB gtack sets, that rainwater had intruded into the joint, frozen dueto the environment on 51-L and
thereby prevented the aft joint sealsfrom functioning properly.

Lessons Learned

Complete environmental ard paformarce ddinition required. Complete environmental envelopes d
ground and flight operations, including weather related conditions, must be developed ard mairtained for
safe flight. These requirements must be included in design and peformarce specifications, operations
commit aiteria, qualification ard certification testing ard Operations and Maintenance (O& M) procedures
for critical flight components.

Test data bould confirm aitical gperations aiteria. All critical goerations cmmit aiteria should have
direct-measurement data awilabe to confirm acherence to the specified criteria. Instrumentation and
sensors should ke installed asnecessary to measure paformarce and limits of critical components. Caution
and warning devices and damag control procedures sould be provided to asure that pasitive adion can
be taken in time to prevent dangerous coupling ard cascadng effects leadng to catasrophic acidents.

Interface functional aralysis essential to requirements development. Engineering and Safety should
condud an Element Interface Functional Analysis (HFA) as early as feasble in the design process to
identify normally expected conditions which result in changes aaoss the interface and result in a hazad
(i.e, venting, thermal sak, dynamic load and/or configuration changes, eic.). The results of the EHA
should be factored into the specification for peformarce of the mateials and components.

Critical testing ard certification needed. Criticality categaory 1 ard 1R components and mateials should
be tested ard certified over the entire operating range of environment (natural, induced ard comhbined).
Limitations must be dearly identified ard drictly achered to in processing, gerating, and mairtenance
documents and procedures.

Critical mateial properties must be verifiable. Criticality category 1 and 1R mateials must be specified in
a mamer which guaantees that mnstituency ard critical properties can be measured, tested or inspected to
verify accepability .

Identification of critical limitations necessary. Performarce specifications for criticality category 1 ard 1R
components ard mateials must include all known operating environment limitations plus adequate
margins for contingencies ard likely ammalaus @erations.
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194.
194.1.

1941 A.

194.1.B.

1941.C.

194.1.D.

1941 E.

20.
201.

202.
202.1.

202.1A.

202.1B.

Spae Station Applications

Complete environmental ard paformarce ddinition required. Camplete environmental envelopes o
ground and flight operations, including weather related conditions and on-orbit environmental dfects,
must be developed ard mairtained for safe flight. These requirements must be included in design and
peformarce specifications, operations mmmit aiteria, qualification and certification testing and O&M
procedures for critical mission components. Where passible, "off-limits" or over-stress testing should be
conduded to estadish margins and safety factors on mission critical asets.

Test data bould confirm aitical gperations aiteria. All critical goerations cmmit aiteria should have
direct-measurement data awilabe to confirm acherence to the specified criteria. Instrumentation, sensors
and built-in test features dould be installed as necessary to measure peformarce ard limits of critical
components; ard caution and warning devices anrd damag control procedures should be provided to asure
that positive adion can be taken in time to prevent dangerous @upling ard cascadng effects leadng to
catasrophic accidents.

Interface functional analysis essential to requirements development. SSP Hgineering and Sdety should
condud an Element Interface Functional Analysis (HFA) as early as feasble in the design process to
identify normally expected conditions which result in changes aaoss the interface and result in a hazad
(e.g., venting, thermal ak, on-orhit internal ard external environmental effects dynamic lcads and/or
configuration changes). The results of the EHA should be factored into the specification for peformarce
of the mateials and components.

Critical testing ard certification needed. Criticality categoy 1 and 1R components and other
Classification A mission critical asets should be tested ard certified over the entire operating range of
environment (natural, induced ard combined) for ground, flight and orbital operations. Limitations must
be clearly identified and strictly achered to in processing, goerating, and mairtenance documents ard
procedures.

Critical mateial propeties must be verifiable. Criticality catggoy 1 ard 1R mateials and other
Classification A mission critical asets must be specified in a mamer which guaantees that mnstituency
and critical properties can be measured, tested or inspected to verify its accepability .

Identification of critical limitations necessary. Performarce specifications for criticality category 1 ard 1R
components and other Classification A mission critical asets must include all known operating
environment limitations plus adequatemamins for contingencies ard likely aromalaus gerations.

Critical I1tem Tolerancesand Margins
Problem

Critical reuse flight hardware was inadequatdy designed to mairtain required tderances and magins
within its performarce envelope over its specified life cycle. The SRB segment O-ring asembly was ot
propely designed, including necessary tolerances ard magins, to sudain operational integrity under
adual flight loads, off nominal weather conditions a the degradation asociated with the reuse
requirements.

Causss

Failure to maintain tolerances ard magins over life cycle. Failure of the SRB aft segment O-ring
asembly to maintain its dimensional integrity was a magr contributor to the 5I-L aaident.

Unusually precise tolerances needed for asembly. To provide an efective seal, the O-ring seal asembly
on the SRM requires unusually precise tolerances and measurement aacuracies during asembly.

Tolerances routinely waived for launch. Some of the tolerances were routinely waived in launches prior to
51-L despite the fact that the environmental dfects and flight dynamic loads on these dimensional
tolerances were not adequatdy charaderized.
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202.1C.

202.2.

203.
203.1.

203.1A.

203.1B.

203.1C.

203.2.

203.3.

203.4.

204.

SRM case growth from reuse. Case growth brought about by reuse of case segments added to the difficulty
of mairtaining specified tderances.

Failure to deermine degradation of mamgins dueto criticality recategorization ard reuse. The loss of O-
ring redundancy in several flights resulted in the recategarization of the O-ring assembly from criticality
catggory 1R to categary 1. The recategarization should have dictated a ugorous dfort to more accuratdy
deermine the degradation due to reuse of components, determine the environmental ard operating
margins and impose appropriate launch congtraints. This did not happen.

Lessons Learned

Opeations aitical verification must include aralysis ard testing. The design verification process must
include effective amalysis and testing to charaderize the limits of safe peformarce armd operational
environment for all operations critical components. The charaderization should include degradation
limits over the entire life cycle for reuse items (Ref. 19.3.1.)

Design tolerances must be realistic. Design specifications must stipulate tderances which are compatible
with realistic requirements for expected process ntrols and operating conditions (produdbility amnd
operalhlity).

Deviation and waiver process must not be used toresolve tolerance and magin ddiciencies. The waiver
and deviation process must not be used asa substitute for solving those critical item tderance ard magins
deficiencies which relateto safety risk. Repeatad requests for deviations and waivers for the sameproblem
on a aitical item must be flagged asanadverse trend ard the deviations ard waivers dispositioned through
the independent safety assessment and program cecision maragement systems.

Original gecifications must aply to reused components. Any used critical components shall be
refurbished ard tested to the sameoperationg/flight worthiness specifications required for original mission
critical components, or charaderized by expected change such aswear, dimensional variation, fatigue life,
etc. versus usaage factors such asnumbers of times used, length of use, cycles ec.

Off-nominal limits for critical item tderances and magins must be specified. Precise tolerance ard
marmgin limits must be prescribed for both nominal ard likely off-nominal (or armomalaus) conditions
relating to hazadous @eations. These limits shall be dipulated in process @ntrols, red-line
specifications, operations commit criteria and operations rules. Limits must be verified ard validated by
test. Out o gpecification measurements must be highlighted in both in-line and asurance maragement
reviews. Any deviations in limits must be flagged, evaluated agpinst sandards for risk asessment and
dispasitioned through the independent safety asessment and program cecision maragement Systems.
Where necessary, amalytical modds including dynamic loads impads should be developed to mae
accuratdy predict wearout dharaderistics; instrumentation should be developed to asure measurement of
critical wearout tolerances, and trend criteria dipulated to flag items approaching dangerous @erating
conditions. Also, ary aromalaus or overstress condition should be reported ard dispositioned through a
formal sfety problem ard corrective adion system.

Tolerance ard magin verification process must be peiodically reviewed. Maodifications and
enhancements asa result of technology improvements, work experience ard special analyses (e.g., Non-
destrudive Evaluation (NDE) innovations, maintenance, life cycle madding) muwst be peiodically
evaluated for possible improvements in the tolerance ard maugin verification process, such improvements
must be incorporated where appropriate

Flightworthy certification test results must be evaluated. Hardware and software flightworthy certification
test results shall be routinely evaluated to verify that aitical components tolerances ard magins mest
operations requirements. In turn, operations procedures and peformarce profiles shall be reviewed to
asure that flight qualification and certification test specifications which verify critical item tolerances ard
margins reflect realistic operations stress and process requirements (including changes in requirements
since lag review) and articipated operations wnditions (including emergency operations).

Spae Station Applications
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204.1. Opeations aitical verification must include aralysis and testing. The design verification process
must include effective analysis and testing to charaderize the limits of safe peformarce ard operational
environment for all operations critical components. The charaderization should include degradation
limits over the entire life cycle for reuse items (Ref. 19.4.1))

204.1.A. Design tolerances must be realistic. Desigh specifications must stipulate tderances which are compatible
with realistic requirements for expected process ntrols and operating conditions (produdbility amnd
operalility). The pradicality of tolerance controls should be evaluated in design reviews ard verified in
comhbined-dements integrated system verification processes.

204.1B. Deviation and waiver process must not be used to resolve tolerance ard magin ddiciencies. The deviation
and waiver process must not be used asa substitute for solving those critical item tolerance and marmgins
deficiencies which relateto safety risk. Repeated requests for deviations and waivers for the sameproblem
on acritical item must be flagged asan adverse trend ard the deviations/'waivers dispasitioned through the
independent safety asessment and program decision maragement systems.

204.1.C. Original goecifications must apply to reused components.

Any used critical components shall be refurbished ard tested to the same operationg/flight worthiness
specifications required for original mission critical components, or charaderized by expected change such
aswear, dimensional variation, fatiguelif e, etc. versus usage factors such asnumbers of times used, length
of use, cyclesetc.

204.2.  Off-nominal limits for critical item tderances ard magins must be specified. Precise tolerance and
marmgin limits must be prescribed for both nominal ard likely off-nominal (or armomalaus) conditions
relating to ground and flight hazadous operations. These limits shall be gipulated in process antrals,
red-line gpecifications, operations ommit aiteria ard flight operations rules. Limits must be verified and
validated by test. Out o specification measurements must be highlighted in both SSP n-line and
asurance maragement reviews. Any deviations in limits must be flagged, evaluated against standards for
risk asessment ard dispositioned through the independent safety assessment and program decision
maragement systems. Where necessary, amalytical malds including dynamic loads impads should be
developed to more accuratdy predict critical item wearout charaderistics; instrumentation should be
developed to asure measurement of critical wearout tderances, an on-board inspection and measurement
capability should be developed and trend criteria dipulated to flag items approaching dangerous erating
conditions. Also, ary aromalaus or overstress condition should be reported ard dispasitioned through a
formal sfety problem ard corrective adion system.

204.3. Tolerance ard magin verification process must be peiodically reviewed. Modifications and
enhancements asa fesult of technology improvements, work experience and special amalyses (e.g., NDE
innovations, maintenance, life cycle madding) must be peiodically evaluated for possible improvements
in the tolerance and mamgin verification process, such improvements dall be incorporated where
appropriate

204.4.  Hightworthy certification test results must be evaluated. Hardware and software flightworthy certification
test results shall be routinely evaluated to verify that aitical components tolerances ard magins mest
operations requirements. In turn, operations procedures and peformarce profiles shall be reviewed to
asure that flight qualification and certification test specifications which verify critical item tolerances ard
margins reflect realistic operations stress and process requirements (including changes in requirements
since lag review) and articipated operations wnditions (including EVA, payload deployment, Station
reboog, Orbiter maneuvering and docking, OMV operations and contingency operations for each of these

adivities).
21. Test Specifications
21.1. Problem

Qualification, certification and other test specifications for some flight critical components were not
properly defined.
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212.
2121.

2121A.

212.1B.

2122.

213.
213.1.

213.1A.

213.1B.

213.2.

214.
214.1.

214.2.

22.

Causss

Inadequate peformarce amd verification specifications. Component and mateial peformarce
specifications were not acequateto asure required paformarce with an accefiable margin of safety.

InadequateO-ring specifications. The SRM O-ring pecification did not contain realistic performarce or
temperature requirements, nor did they require paformarce under all potential conditions d case out-of-
roundness ard dynamicloads.

Inadequateputty specifications. The proprietary putty ladked requirements for a specific mateial or for
defined accepahility. Procuring a poprietary produd forces NASA to: buy rights to proprietary data ad
even cantract for in-proces inspecton agreenerts; accep the manufacturer's cettification that the mateial
complies with specifications; or fully define the technical requirements ard means d verifying compliance.

Interaction between systems rot thoroughly asessed. Interaction between systems was not thoroughly
assessed for impad of the system, component ard pat specifications asthe total integration of the Shuttle
took plae. Therefore, comprehensive qualification test specifications were not prepared for the SRMs, O-
rings, puty or the SSMEs although no other method of qualification appears judifiable.

Lessons Learned

Comprehensive paformarce, process and mateial specifications needed. Every accepable peformance or
mateial specification must contain provisions for asuring that the peformarce or mateial will satisy all
required conditions. To assure this, the required peformarce must be ddined in detail and the operating
and non-operating environment specified. The quality asurance requirements must provide for
verification of the compliance with each requirement.

Critical items must be fully qualified. All critical items must be fully qualified by testing or other mears.
New mateials and new designs must require thorough testing to deermine all technical charaderistics,
environmental dfects, sress mamins, ard failure rates piior to introdudion into critical usage. Test
specifications must asure that testing will provide these data. (Ref. 19.3.1. ard 233.1.)

Proprietary produd specifications must be adequate  Proprietary critical produds must be described by
adequatepeformarce, process ard mateial secifications despite restricted data poblems. The use of
such produds should be awided where data isnot availalde. (Ref. 22.3.1.B.)

Interactions between systems must be acommadatal. As designs approach the critical design review
pant, the systems engineering function for the program inegrata must review all potential physical ard
functional interactions possible between systems, equipment, ard facilities, and initiate updatirg of the
affected specifications.

Spae Station Applications

Comprehensive peaformarce, process ard mateial specifications rneeded. Every accepable SSP
peformarce or mateial specification must contain provisons for asuring that the peformarce or
mateial will satify all required conditions. Even proprietary itemsand mateials must have specifications
ddiining peformarce, environmental ard testing (or other asurance) requirements. Proprietary
components ard mateials should be avoided if required data isnot availabde. Qualification testing must
not only asure the ablity to meet all performarce and environmental requirements, they should alo
furnish data @ design ard safety mamins, initial data o failure rates, most likely failure modes and
expeced ife.

Interactions between systems must be accommadateal. Interactions ketween systems/equipment must be
acommadatal. As SPae Station designs approach the critical design review pant, the systems
engineering function for the program integrata must review all paential physical and functional
interactions possible between systems, equipment, ard facilities, and initiate updatirg o the affected
specifications.

Design Characterization and Test Verification
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221.

222.
2221.

222 A.

223.
223.1.

223.1A.

223.1B.

223.1C.

224.
224.1.

2241A.

224.1B.

2241C.

23.
231.

Problem

Design charaderization and test verification of some critical flight components and mateials were
inadequate

Causss

Lack of traceability of paformarce ard environmental requirements. Sound program padice requires
peformarce and environmental requirements to be traceable from the program requirements da@uments
through system, equipment, componert, piece @rt and mateial specifications; this traceability with the
acomparying adlitional definitive deails was missing in critical areas required to assure succesful
verification/qualification testing. The SRM field joint design failed to consider all patential stress
combinations.

Incomplete test verification. Testing to verify adual requirements was incomplete. The requirements from
Design ard Quality Assurance sanetimes were not enforced during operations.

Lessons Learned

Program requirements must be traceable. Program requirements must be secifically ddined ard
controlled asearly aspossible in a program am must be continuoudy reflected throughout all levels of
specifications duing development ard operations.  Specifications for critical items must be so identified
and completely traceable to corresponding program requirements. (Ref. 19.)

Compliance verification is required. Campliance with each requirement under environmental extremes
must be verified. Verification of critical itemsis mardatay, preferaldy by testing. (Ref. 21.)

Proprietary items should be awided. Proprietary items should be awoided where pradical. If proprietary
items are sdected, requirements and verification must be ddinitive as necessary to asure that all
requirements are satified. (Ref. 24 ard 213.1.A))

OMRSD/OMI must meet original intent. OMRSD and OMI must meet the original intent. That is the
designer mug speciy in the OMRSD each requirement of the design to ensure proper performance and the
operata or maintainer must reflect in the OMI each OMRSD requirement ard specify, sep by step, the
process and tolerances of compliance and the verification of critical functions and charaderistics. (Ref.
27)

Spae Station Applications

Program requirements must be traceable. SSP shuld assue that program requirements cntained in the
PDRD amrd related dacuments are specifically defined, are controlled and are continuoudy reflected
throughout all levels of specifications. Specifications for critical items must be so identified and
completely traaeable to corresponding program requirements.

Compliance verification is required. Campliance with each SSP equirement under environmental
extremes must be verified. Verification of critical itemsis mardatay, preferady by testing.

Proprietary items should be avoided. SSP poprietary items should be avoided where practical. |If
proprietary items are sslected, requirements and verification must be ddinitive asnecessary to asure that
all requirements are satidied.

OMRSD/OMI must meet original intent. OMRSD and OMI must mezt the original intent. That is the
designer mug speciy in the OMRSD each requirement of the design to ensure proper performance and the
operata or mairtainer must reflect in the OMI, each OMRSD requirement and specify, step by step, the
process ard tderances d compliance ard the verification of critical functions and charaderistics.

Qualification Testing

Problem

Qualification testing to verify paformarce/operations including peformarce mamgins was inadequatefor
someflight critical components.
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232.

232.1.

232.1A.

232.1B.

233.
233.1.

234.
234.1.

24,
241.

24 2.

Causss

Tests did not duplicate flight environments. Specifications for parts, mateials and asemblies for both
propulsion systems were not adcequateto peform comprehensive qualification tests that would permit
certification by aralysis, sub-scaletests or smilarity.

SRM testing. The SRM datic test sand did mt duplicate flight attitude dynamic stresses,
minimum/maxmum ignition environments or flight temperature extremes.

SSMEtesting. The SSMEtests were not able to swccesdllly demonstrate reliability, safety mamins, ard
full performarce capability .

Lessons Learned

Comprehensive qualification testing needed. To asure a siccessful program asdated in the NASA
Engineering Expeience Bulletin No. 1 released in the 1977 timeframe

"Qualification testing on all systems over the full range of paossible environments shall be conduded in the
future to the maximum extent feasble. Operational procedure documentation must be complete and must
be checked for consistency with engineering ard test data. Qualification testing and/or preflight integrated
testing should include dynamic considerations and conditions d environment, functions, and time
duplicating those to be encountered in mission operations to the maxmum extent feasble.”

For sound decisions in handling unplamed or mamginal conditions, each marager should know the limits
of peformarce, reliability and environment; the remaining usful life; factors d design safety; ard the
confidence level for the combinations d these paameers for critical ystems and their components. This
informatian must be mack availale al to asurance maragement. When test plaming or test results are
deficient, these ddficiencies must be input to appropriate problem resolution systems. When qualification
testing does not duplicate the adual operational environment, extensive and careful aralysis must be
peformed before the item o system is certified. Additional testing or redesign must be undertaken when
any question arises relative to maminal test results before certifying ary critical item.

Spae Station Applications

Comprehensive qualification testing needed. SSP equirements and procedures documentation must be
reviewed ard mairtained to ensure comprehensive qualification testing, including the following
considerations. Ead critical system, equipment item ard component must be qualified to peform unde
all environments that maybe encountered during its plamed ussful life. Because tests are the most
objective and lead controversial mehod of qualification, they should be specified to the maxmum extent
feasble. Test specifications must be traaeable from program requirements through design ard verification
specifications. The tests swould be used to deermine all aitical parameers including peformarce
envelopes, safety maigins, environments limits, likely failure mades, failure rateand predicted life. When
test plaming or test results are ddficient, these deficiencies must be input to agpropriate pioblem resolution
systems. When qualification testing daes not duplicate the adual operational environment, extensive and
careful amalysis must be peformed before the item a system is certified. Additional testing or redesign
must be undertaken when any question arises relative to maminal test results before certifying ary critical
item.

Critical Proces Control

Problem

Not all citical processes are formally identified and controlled. Neither NASA nor its contractors @n
adequatdy control the quality or consistency of critical mateials which are marufadured with ingredients
known only to the marufadurer.

Causss
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2421.

242.1A.

242.1B.

242.1C.

24 3.
2431.

243.1A.

243.1B.

2431C.

24 4.
2441.

244.1A.

244.1B.

NASA lacked control of same critical processes. It is evident that there is inadequatereview by NASA to
ensure that all mamfaduring processes involving criticality category 1 and 1R components of all prime
and subcontradors are appropriatdy designated as"critical processes’.

Unknown putty behavior. Because original O-ring putty contained carcinogenic mateial (asbestos), it
becamenecessary to procure a rew putty when the original upplier sopped produdion. Performarce of
the new putty was highly unpredictalde. Because the new putty was proprietary, there was o control on
its process. Also, requalification testing was not adequatebecause charaderistics of the new putty changed
substartially asa function of humidity. It was difficult to apply in both the dry climate d Utah and
dampmess of Horida.

Unknown O-ring béhavior. The behavior of fluorocarbon dastomer O-Rings was something of a mystery
to NASA and its contractor because the mateial was "proprietary”.

Critical change without approval. Changes in ingredients d the O-Ring ard putty mateials could be
made without certification and approval, further compounding the problem of inadequateevaluation and
testing.

Lessons Learned

Control of critical processes required. Manufacturing processes involving criticality category 1 ard 1R
items of all NASA contractors and sibcontractors must be designated “critical” where appropriate and
incorporated in the change mamgement process. A highly disciplined review mechansm must be
maintained to ensure that the process d identifying ard controlling category 1 ard 1R processes is
effective. (Ref. 193.1.C))

Review and verification essential. The use of mateials in criticality category 1 ard 1R applications, whose
charaderistics and fabrication processes are not well understood, must not only be tested and certified, but
also provisions must be mace for in-depth independent reviews d the test ard certification results prior to
approval. All lots of mateials procured for use in category 1 ard 1R applications must be subjected to
sampe testing or other verification of accepability .

Change control required. Changes in critical mateials with respect to ingredients, proportions and
marufaduring processes must be considered "new" mateial and only be pamitted ater adequateretesting
and recetification including the specific approval o the project and other appropriate review functions.
(Ref. 133.2)

Criticality awareness important. Empgoyees d NASA contractors, including venders furnishing basic
mateials and marnufadurers working on critical processes, must be mack aware of the serious
consequences of failure or malfunctioning of criticality category 1 ard 1R components through formal
awareness programsor comparale adivity.

Spae Station Applications

Caontral of critical processes required. SSP sbuld review current mateials marufaduring/processing
reliability /control documentation to ensure that aitical process @ntrol is understood and that specific
guidance is included. Manufacturing processes involving criticality category 1 ard 1R items of all
contractors and subcontradors must be designated "critical” where appropriate and incorporated in the
change maragement process. A highly disciplined review mechanism must be maintained to ensure that
the process of identifying ard controllin g the category 1 ard 1R processes is effective. (Ref. 19.4.1.C)

Review ard verification essential. The use of mateials in criticality category 1 ard 1R applications, whose
charaderistics and fabrication processes are not well understood, should not only be tested ard certified,
but also provisions should be mace for in-depth independent reviews d the test ard certification results
prior to approval. All lots of mateials procured for use in catggoy 1 ard 1R applications must be
subjected to samge testing or other verification of accepability .

Change control required. Changes in critical mateials with respect to ingredients, proportions and
marufaduring processes must be considered "new" mateial and only be pemitted ater adequateretesting
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2441C.

25.
251.

252.

2521.
252.1A.

252.1B.

253.
253.1.

254.
254.1.

and recetification including the specific approval o the project and other appropriate review functions.
(Ref. 134.2)

Criticality awareness important. Empoyees d SSP contractors, including venders furnishing basic
mateials and marnufadurers working on critical processes, must be mack aware of the serious
consequences of failure or malfunctioning of criticality category 1 ard 1R components through formal
awareness programsor comparale adivity.

Monitorin g and Control of Critical Operations

Problem

Redundancy considerations for manitoring ard control of some critical gperations were inadequate
Causes

Lack of redundancy for manitoring ard control of critical goerations.

Loss of capability to deect paential propdlant leaks ard fire. Failure of a Hardware Interface Module
(HIM) suppating the Main Propulsion System (MPS) gound suppot equipment propdlant loadng
system caused a 2-hour, 20-minute dday while repairs were made, which resulted in the loss d all fire
detection and hazadous g& measurements in the MPS giound suppaot equipment with propdlant on
board during this time. Loss d this vital capability precluded adequatevisibility of patential propdlant
leaks ard fire.

Lack of Mission Caontrol Center backup. A smilar dtuation existed at Mission Control Center, Houson
(MCC-H) althoughit was not a mnsideration in the 51-L incident. It was not considered necessary to have
real time backup for MCC-H. There was some facility ard equipment backup cpalility at GSFC It it
would have taken days to bring the GSFC Catrol Center on line. Presumably this was not considered to
be a sgnificant risk dueto the redundancies in the critical informatian, monitoring, control and power
systems at MCC-H. Nevertheless a recen incident a8 MCC-H demonstrates its vulnerahlity. A failure
because of a mptured wate line makes the decision not to have real time backup for STS missions
questionable.

Lessons Learned

Monitoring ard control of critical gperations required. Baseline manitoring ard control systems and safety
devices ugd to provide warning ard control of critical functions during hazardous and mission operations
must be reviewed peiodically to verify acceped safety risks attedart with loss d function. Where it is
determined that the safety risks @ the down-time necesary to replace o repar the g/stens (or provide
suitalde backup) ae no longer accepable, redundant systems mug be installed.

Spae Station Applications

Monitoring ard control of critical goerations required. Spae Sation Program requirements
documentation requires subsystem design which will provide redundancy verification, redundancy
maragement, failure propagation awidance, separation of redundant paths and safe untended operations
for long periods of time without monitoring. Baseline manitoring ard control systems and safety devices
used to providewarning ard control of critical functions duing hazadous and mission operations must be
reviewed peiodically to verify acceped safety risks attendart with loss of function. Where it is deermined
that the safety risks a the down-time necessary to replace or repair the systems (o provide suitade
backup) ae no longe accepable, additional redundant systems must be installed.

3.7 Transition

26.

Operations Transition
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26.1.

262.
262.1.

263.
263.1.

263.1A.

263.1B.

264.

264.1.

264.1A.

264.1B.

Problem

The scheduled flight ratedid not accuratdy reflect the capabilitie s and resources. "...the system was trying
to develop its capahilities to meet an opeational shedule but was mot given the time, oppatunity or
resources to doit.”

Causss

The ladk of capdbilities and resources to transition to operational datus. The transition from the
development phase to the operations phase came suddenly, ard in some cases, there was not enough
preparation to become operational. Preparation for operational gatus involved mary plamed adivities to
acomplish the transition, including sreamlining the processes through auomatian, standardizing
components ard centralizing maragement, all without compromising safety and quality. However,
increasing flight rate had priority, only the time and resources left after suppating the flight schedule
could be directed towvardsthe preparation adivities. Leftover time and resources were inadequate

Lessons Learned

Opeations transition must be carefully ddined. The operational datus d high-technology, complex
agospace systems must be carefully dedined, plamed ard impemented to asure that ary "residual R&D
natue' of the system is considered ard that adquatetime and resources are macke availalde for transition.
(See173)

Specific transition criteria must be estallished. Systems a programs must have specific criteria
estallished, reviewed, approved ard mairtained for adiieving operational datus. SRM&QA must be
involved in criteria development and asurance that aiteria are being satidfied.

Management ard its processes must be transitioned. Management processes, systems and procedures
which were madified in writing or by pradice in transitioning from the NSTS R&D phas to the
operations phase should be reviewed to deermine the safety risk effects considering 51-L lessons leamed.
Program plans, procedures and requirements da@umentation should be revised to incorporate necesary
changes.

Spae Station Applications

Operations transition must be carefully ddined. Space Station operational gatus must be carefully defined,
plamed ard impemented to asure that ary "residual R&D natur€" of the systems are considered and that
adequatetime and resources are macde availale for transition.

Specific transition criteria must be estadished. Specific criteria must be estaldished, reviewed, approved
and mairtained for acieving Spae Sation opeational datus. SSP SRI& QA must be involved in
criteria development and asurance that aiteria are being satidied.

Management and its processes must be transitioned. Space Station maragement processes including plars,
procedures and requirements must be reviewed for transition impad, including increased user
requirements, parallel growth development, long-term O&M ard logistics requirements, system technology
improvements and restructuring of contractor involvement.

3.8 Operations

27.
271.

272.

Operations and Maintenance
Problem

Compliance with the operations and mairtenance documentation was inadequatefor some flight critical
systems.

Causss
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2721.

2722.

273.

273.1.

273.2.

274.
274.1.

274.2.

28.
281.

282.
282.1.

282.1A.

282.1B.

282.2.

Errorsin technical goerating procedures. The SSMEMPS abiter pgper work contained a lage number of
errors. OMIs werein nexd of review and updde.

Improper deviations from approved technical gperating procedures. Failure to follow OMIs contributed to
dama@ to a SRM segment ard to dgnificant damag to an orbiter payload bay door. At launch all
OMRSDs were not met, waived o acceped.

Lessons Learned

OMD requirements review and updae necessay. Requirements placed by the designer (OMRSDSs) nust
be correctly reflected in the petinent OMIs (o other technical gperating procedures) with responsibilities
asigned for verification of compliance. Safety must review ard approve all OMIs containing critical ard
hazadous operations. OMRSDs, manufacturer's cata aml other petinent information must be part of the
review. OMI review and updatemust be completed prior to any change or madification dose-out.

OMD compliance essential. All critical requirements, regardless d source, must be readly traceable
through to compliance or non-compliance. All critical goen items must be satidfied prior to exposure of
personnd or critical flight hardware to risk. Close-out of all open items must require adion by Quality or
the \erifier.

Spae Station Applications

OMD requirements review and updae necessary. Eary in Spae Station development of orbital el ements
and GSE there must be concerted effortto develop OMRSDs lased on saund engineering principds
through critical design reviews ard follow-on audits. Subsequent Operational Readness Reviews must
include assurance hat these requirements are carecly reflecied n the caresponding OMIs or other
technical gperating procedures with responsihilities asigned for verification of compliance. During or
subsequent to these reviews RM&QA must approve all OMIs wntaining critical and hazadous
operations. OMRSDs, manufacturer's data aml other petinent information must be pat of the review.
OMI review ard updatemust be completed prior to any change or madification dose-out.

OMD compliance essential. All SSP citical requirements, regardliess d source, must be readly traceable
through to compliance or non-compliance. All critical goen items must be satidfied prior to exposure of
personnd or critical flight hardware to risk. Close-out of all open items must require adion by Quality or
the \erifier.

Operational Constr aints
Problem

Some launch constraints were poorly ddined ard maragement of them was ddicient. Challenger
launched outsde of SRM qualification temperatures. The launch of Challenger was allowed to proceed
despite the fact the ambent and component temperatures at timeof launch were outsde the qualification
rangeof the solid rocket mators (i.e., 40 degrees F to 90 degrees F). The coldest point on the right aft field
joint was 28 dgrees + ar - 5 degrees F, at the 300 deree pasition.

Causss

Inadequatelaunch commit criteria. Launch commit aiteria dd not properly address mld temperature
impads upa SRM performarce.

SRM not acequatdy certified. The environment was autsde the paformarce envelope because the SRM
had not been adequatdy certified to meet the induced environmental conditions that ae stated in NASA
design gandards

Lack of understanding design paformarce limitations. The NASA and contractor management who
paticipated in the decision to launch 51-L did not understand or ignored specific design performance
limitations and proceecd b launch without waiving limitations based on a ©und technical basis.

Contractor forced into illogical position. NASA and contractor management failed to ensure drict
conformarce to SRM design and prelaunch temperature specifications. Thiokol management reversed its

54



LessonsLearned From Chalenge February 1988

282.3.

283.
2831

283.1A.

283.1B.

283.2.

283.3.

284.
284.1.

284.1A.

284.1B.

284.2.

284.3.

29.
291.

pasition and recommended launching at tre urging of MSFC and contrary to the view of its own engineers
in orde to accommadatea magpr cugomer.

Failure to identify hazads d extreme environments. NASA and contractor analyses failed to identify the
hazadswhich would be created on the launch pad because of extreme cold weather. Thus onstraints ard
other mitigation measures were not identified via contingency plarns and implemented.

Lessons Learned

Opeational constraints ard limit criteria must be dearly estaldished. Impaosed constraints and limit
criteria (e.g., lainch commit aiteria) must be cdearly ddined ard traceable to hardware/software
specifications ensuring conformarce to operational parameers for that hardware/software.

Cetification testing must consder mamins. To estadish the operating peformarce envelopes with
reaonalde margins and confidence levels, design qualification/certification should require testing to limits
beyond estallished design limits. Limits should be specific for environmental conditions and stress loads
that @n be encountered during processing, vehicle build up ard mission operations.

Design peaformarce limits must be recognized. When considering the accepability of technical
requirements for tests, launch or operations, NASA and contractor management must understand the basis
for specific design peformarce limitations and must ether conform to the limitations a have a sund
technical basis for any deviation or waiver.

Preconceived management decisions must be avoided. NASA and contractor management must avoid
even the appearance of forcing the technical community into preconceived maragement positions.

Extreme environmental hazads must be identified. NASA and contractor analyses d pdential hazads
must include the effects d extreme environments, both nominal and off-nominal. Necessary constraints
and other mitigating measures when can be identified ard impemented through approved plaming.

Spae Station Applications

Opeational oonstraints and limit criteria must be dearly estallished. SSP nust ensure that imposed
congtraints and limit criteria ar dearly ddined ard tracable to hardware/software specifications
requiring conformarce to operational parameers for that hardware/software.

Cetification testing must consder mamins. To estadish the operating performarce envelopes with
reasonable margins and confidence levels, SSPdocumentation should be reviewed ard updatd to require,
whenever feasble, that design qualification/certification testing to limits be done beyond estadished
design limits. Limits should be specific for environmental conditions and dress loads that can be
encountered during preparations for launch of Station dements, on-orbit assembly and mission operations.

Design peaformarce limits must be recognized. When considering the accepability of technical
requirements for tests a on-orbit operations, Spae Station Program aml contractor maragement must
understand the basis for specific design performarce limitations and must @ther conform to the limitations
or have a ound technical basis for any deviation or waiver.

Preconceived management decisions must be avoided. SSP plicy guidance must be maintained to
ensure that program and contractor maragement awid even the appearance of forcing the technical
community into preconceived maragement positions. Current ard plamed SSP @cumentation should be
reviewed for this guidance ad any ddicienciescarecied

Extreme environmental hazads must be identified early in the program. To ensure that g/stem ard
component design is compatible with the articipated environment early in the Spae Station program,
requirements documents must be carefully prepared to include complete and acurate environmental
operating parameers.

Work Force Performance
Problem
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292.
2921.

292.1A.

292.1B.

292.1C.

292.1D.

292.1E.

293
293.1.

293.1A.

293.1B.

294.
294.1.

294.1A.

Performarce of some of the work force was substandard ard unmativated.
Causss

Management failure to mdivate pasonal commitment. A ladk of peasonal commitment to amnd
identification with the NSTS Rogram was found during interviews. Management failed to maintain a
high degree of mativation for excellence with mary individualsworking on the NSTS Program.

Lack of confidence in forgiveness pdicy. Orbiter technicians dted examgdes d employees being punished
after adknowledging they had acidentally caused some damag@. Inconsistent reparting occurred because
of ladk of confidence in the company's forgiveness pdicy and technicians consequent fear of losing their
jobs

Assambly procedure violation. An SRB segment was ugd in violation of the asembly procedure, which
might have, but was judged not to have, directly contributed tothe failure.

Caeless migakes and qualityinspections. There is evidence that areless nistakes are gill being mack in
workmarship in NSTS processing ard not all required quality checks are being mace.

Lack of program team ®irit. Personnd involved with the NSTS piimarily identify with their own
organization, dement, project or function rather thanwith the program asa whole.

Frudrated safety pesonne. Many safety peasonne involved with the NSTS are frudrated ard ladk
madtivation for srong, dedicated commitment to the mission.

Lessons Learned

Work force mativation required. NASA and its contractors must maintain emphads on well- coordinated
personal and team mdtivation programs A team irit and pride of accomplishment must be infused in
the programsby whatever extraadinary mears is necessary.

Work eror forgiveness pdicies must be mairtained. The fear that punishment will result from an
employee reparting a problem, as well as all other obstades to prope problem reporting, must be
minimized. NASA must encourage its contractors to devise effective pdicies for forgiving or mitigating
truly accidental damag@. All operations and asurance pa'sonnel must understand that their contributions
are vital to a sfe and successful program. Problem reporting and good procedural discipline mug be
rewarded.

Close monitoring and control of critical gperations required. NASA and contractor quality ard safety
pesonnd must oversee and manitor opeations dosely to ensure that procedures are not violated.
Procedures pertaining to critical hardware operations must be followed or appropriate procedures a
asembly operations must be officially changed. Stringent surveillance/verification over critical goerations
must be maintained. Personnel charged with the responsibility to accomplish critical operations must be
provided sufficient information to be abe to understand the pdential consequences d deviations from
procedural safeguards

Spae Station Applications

Work force mativation is required. SSP equirements documentation specifies that produd-oriented
madivation (awareness) adivity shall be implemented asan integral part of ard makng maxmum use of
existing mativational adivities, the objective being to prevent human error by ingtillin g in pasonnel an
awareness d pasonal responsibility for Spae Station mission success. SSP nanagement and contractors
must mairtain this emphads on pesonal ard team madivation programs A team spirit and pride of
acomplishment must be mairtained. SRM& QA must includethis important agect of work peformarce
during safety audits.

Work eror forgiveness pdicies must be mairtained. The fear that punishment will result from an
employee reparting a problem, as well as all other obstades to prope problem reporting, must be
minimized. SSP nanagement must encourage’require contractors o deviseeffective pdicies for forgiving
or mitigating truly accidental dama@. All operations and asurance pasonnel must understand that their
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contributions are vital to a @fe and successful program. Problem reporting and gaod procedural discipline
mug be rewarded.

294.1B. Close manitoring ard control of critical gperations required. Program and contractor quality and safety
pesonnd must oversee and manitor opeations dosely to ensure that procedures are not violated.
Procedures pertaining to critical hardware operations must be followed or appropriate procedures a
asembly operations e officially changed. Stringent surveillance/verification over critical goerations must
be maintained. Personnel charged with the responsihility to accomplish critical goerations must be
provided sufficient information to be alde to understand the paential consequences d deviations from
procedural safeguards
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Appendix A — References

Suppating references are keyed to corresponding paragraph numbers in the text. Primary document references are

listed below.

Study Source Documents from Figure 1-1

Ref. 1

Ref. 2

Ref. 3
Ref. 4

Report of the Presidential Cammission on the Space Shuttle Challenger Accident, June 6, 1987,Volume
l.

Investigation of the Challenger Accident, Report of the Cammittee on Science and Technology, House of
Representatives, Ninety-ninth Congress, October 29, 1987.

Lessons Leamed Report, STS 51-L Data aml Design Analysis Tak Force, NASA, Jure 1986.
Final Report of the STS Sdety Risk Assessnment Ad Hoc Cammittes, SRM& QA, NASA, August1987.

Related Reference Documents from Figure 1-2
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A-1



February 1988

LessonsLearned Fom Challenger

422A. Ref. 1, p 152
422B. Ref. 1, p 156
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Appendix B — Reference Matrices

Matrices are provided in this apendix to show interrelationships tetween lessons leamed of this report and
traceability to sudy source documents:

0 Figure B-1. Lessons Learned Cross Reference Matrix
0 Figure B-2. Study Source Reference Matrix
0 Figure B-3. Canmission Report Recommendatian Matrix
0 Figure B-4. House Report Recommendatian Matrix
0 Figure B-5. Crippen Repart Recommendatian Matrix
0 Figure B-6. McDevitt Repart Recommendatian Matrix
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B-5

B-6

B-7

B-8

B-9

B-10

B-11

B-12

B-13
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ASAP
CDR
CIL
CadeS
CadeQ
CadeQS
EIFA
ELV

ET

EVA

FMEA
FRR
GSE
GSFC
HIM
JSC
KSC
LC
LH2
MCC-H
MPS
MSAR
MSFC
NASA
NDE
NHB
NMI
NSTS
O&M
OMD
OMI
OMRSD
oMV
ORR
PDRD
PERT
POP
PRACA
PRD
R&D
SEB

SR&QA
SRB

SRM
SRM&QA
SSME

SSPO

Appendix C — Acronyms

Assaiate Administratar

Aerospace Sdety Advisay Pand

Critical Design Review

Critical Items List

Office of Spae Station, NASA Headquaters
Office of SRM& QA, NASA Headquaters
Sdety Division, NASA Headquaters
Element Interface Functional Analysis
Expendalle Launch Vehicle

External Tark

Extravehicular Activity

Fahrenhat

Failure Modes ard Effects Analysis

Flight Readness Review

Ground Quppat Equipment

Goddad Space Flight Center

Hardware Interface Module

Lyndon B. Jdhnson Space Center

Jahn F. Kennedy Space Center

Launch Camplex

Liquid Hydrogen

Mission Control Center-Hougon

Main Propulsion System

Mission Sdety Assessirent Report

George C. Marshall Spae Fight Center
National Aeronautics and Spae Administration
Non-destrudive Evaluation

NASA Handbook

NASA Management Instruction

National Spaee Transportation System
Operations and Maintenance

Operations and Maintenance Documentation
Operations and Maintenance Instrudion
O&M Requirements ard Specification Documentation
Orbital Maneuvering Vehicle

Operational Readness Review

Program Definition and Requirements Document (Level I SSP)
Program E\aluation Review Technique
Program Qperating Plan

Problem Reparting ard Carrective Action
Program Requirements Dacument (Level | SSP)
Reseach and Developmert

Source Evaluation Board

Shuttle Processing Contract

Safety, Reliability and Quality Assurance
Solid Rodket Booder

Solid Rocket Motor

Safety, Reliability, Maintainaklity and Quality Assuance
Space Shuttle Main Engine

Spae Station Program

Space Station Program Cfice
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STS Space Transpartation System
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