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Columbia Accident Investigation
      Read and Sign Training 

Introduction

In many respects, the causes of most modern technological failures are more similar than
unique.  The loss of the Columbia Space Shuttle and the subsequent Columbia Accident
Investigation Board’s report, contain valuable lessons learned that transcend the aerospace
industry and can be used by others to improve the safety mission in their respective fields. 
Many parallels can be drawn between the organizational causes of the Columbia accident and
significant nuclear power plant events.  In particular, review of the Columbia report, highlights
the importance of maintaining a questioning attitude toward safety, and the possible negative
consequences that can occur when such a questioning attitude is lost or compromised.  

The complete Columbia Accident Investigation Board report is several hundred pages and
contains a wealth of valuable information and insights.  This training module attempts to extract
those portions of the report that are most pertinent to the NRC’s regulation and oversight of the
nuclear power industry.  For those individuals who wish to pursue a more in-depth reading of
the Columbia report it can be found at the following web address:
http://www.caib.us/news/report/default.html

Purpose of Training

The purpose of this training is to use the Columbia Accident Investigation Board report to: 

1. illustrate the importance of maintaining a questioning attitude toward safety and the
potential negative consequences that can occur when such a questioning attitude is lost
or compromised

2. provide examples of how issues concerning an organization’s safety culture can lead to
technological failures

3. provide insights into investigation techniques that can be used to assess safety
significant issues or events

4. illustrate the importance of a robust corrective action program and highlight the
corrective action program weaknesses that contributed to the shuttle accident.

Learning Objectives

Completion of this training should provide the reader with an understanding of:

• the primary organizational causes of the Columbia accident

• how working safety issues outside the established corrective action program contributed
to ineffective problem resolution with regard to the tank foam separation issue

• how uncertainties regarding the remaining life of the shuttle influenced decisions
regarding safety upgrades and corrective actions to previous issues
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• the importance of an independent safety oversight organization which pursues safety
issues

• how longstanding technical issues can transform from significant safety concerns to less
significant long-term study issues

• how an increasing backlog of corrective action items can create an unmonitored risk to
safety

• how NASA’s corrective action program’s categorization scheme (in-family/out of family)
may have hindered the evaluation and correction of the tank foam separation issue

• how NASA’s lack of effectiveness reviews for corrective actions allowed significant 
issues to go uncorrected for extended time periods 

• how NASA inappropriately used a flawed risk analysis to justify the continued violation of
the shuttle’s design basis

• how the individuals responsible for the space shuttle’s safety were conditioned by past
successes and were significantly influenced by schedule pressures

• how NASA’s focus on process got in the way of safety during critical decisions that were
made during the last flight of the Columbia

• the challenges involved with contracting out the responsibility for safety

• the importance of minority opinions with respect to safety conscious decision-making

• how fault tree analysis was effectively used by the Columbia Accident Investigation
Board to eliminate other theories regarding the causes of the Columbia accident

Practical Applications of This Training

For Inspectors

• Be alert to issues being worked by the licensee outside of their corrective action
program, particularly those issues that are repetitive or not well understood.

• Ensure proper focus is given to reviews of longstanding and/or repetitive issues that are
not being effectively addressed by the licensee (recurring problems) or can not be
logically explained due to inadequate root cause analysis

• During reviews of licensee root cause analyses, ensure both the technical and the
organizational causes of the issues are clearly articulated.

• Be alert to the effects of schedule pressure on the licensee’s willingness to identify and
correct issues, or the effects of schedule pressure on the licensee’s logic for addressing
issues in the corrective action program.



• Be alert to how licensee decisions regarding plant life extension can influence corrective
action determinations.

• Maintain cognizance of the limitations of risk analysis, including how the results of a risk
analysis can be manipulated by unsubstantiated assumptions.

• When expressing safety concerns to management, strive to do so in a clear and direct
manner.  Do not shy away from presenting minority opinions on safety issues.

• During discussion of safety issues with the licensee, the focus should be on why a
situation is safe, as opposed to why it is unsafe.

For NRC Managers

• Be sensitive to minority opinions during critical decision making and strive to create an
environment where minority opinions are encouraged and valued.

• Be cautious when making important decisions based upon a licensee presentation that
provides only a summary of the issues from the licensee’s perspective (“engineering by
viewgraphs”).  Ensure that appropriate NRC staff have reviewed the full basis for the
licensee’s conclusions and that ample opportunities are created to engage the NRC
staff regarding their opinions on the issues. 

• Do not let process get in the way of safety during important decision making.  While
following established processes and protocols are important, our number one focus
must always be on plant safety. 

• Use this example as a way of reinforcing to your staff the importance of maintaining a
questioning attitude and the negative consequences of what can happen when such a
questioning attitude is lost or compromised.

• During discussion of safety issues with the staff, be sensitive to challenging the staff to
prove why a situation is safe, as opposed to why it is unsafe.

 Time Estimate

It is estimated that this training will take between two and three hours to complete.  Time spent
on this training should be charged to training.

contact: Jeff Jacobson, NRR (301 415-2977)
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The following text is extracted from the
Columbia Accident Investigation Report,
Volume 1,  dated August 2003.  A brief
description of the technical causes of the
accident is contained in the Part 1 report
synopsis which begins on the following
page.  This is followed by the Part 2 report
synopsis which provides an introduction
to the organizational causes of the
accident.

Chapter 6.1 of the text explains in detail
the history of the foam anomalies and the 
inadequate corrective actions that
ultimately led to the accident.  Chapter 6.3
contains an analysis of the decision
making at NASA during the last flight of
Columbia, after it was discovered that
bipod foam had again likely impacted the
shuttle.  Chapter 6.2 of the text discusses
schedule pressures that may have
influenced decision making both prior to
and during the Columbia mission.

Chapter 5 of the text discusses issues
associated with cost reductions and
staffing that were seen as contributors. 
Sections 7.4 and 7.5 of the report discuss
issues concerning problem reporting and
analysis.  These sections of the report
also talk about a flawed safety culture and
its impact on decision-making.  

Excerpts from Chapter 4 are included to
provide insight into the methodology used
by the accident board to conduct its
investigation.  Lastly, a compilation of the
board’s recommendations is included for
information.

As an aid, the text that is most directly
related to the learning objectives has been
highlighted for the reader’s convenience. 
Particularly insightful passages are
highlighted in pink.

EXECUTIVE SUMMARY

The Columbia Accident Investigation Board�s
independent investigation into the February 1,
2003, loss of the Space Shuttle Columbia and its
seven-member crew lasted nearly seven
months. A staff of more than 120, along with
some 400 NASA engineers, supported the
Board�s 13 members. Investigators examined
more than 30,000 documents, conducted more
than 200 formal interviews, heard testimony from
dozens of expert witnesses, and reviewed more
than 3,000 inputs from the general public. In
addition, more than 25,000 searchers combed
vast stretches of the Western United States to
retrieve the spacecraft�s debris. In the process,
Columbia�s tragedy was compounded when two
debris searchers with the U.S. Forest Service
perished in a helicopter accident. 

Accordingly, the Board
broadened its mandate at the outset to include
an investigation of a wide range of historical and
organizational issues, including political and
budgetary considerations, compromises, and
changing priorities over the life of the Space
Shuttle Program. 

The physical cause of the loss of Columbia and
its crew was a breach in the Thermal Protection
System on the leading edge of the left wing,
caused by a piece of insulating foam which
separated from the left bipod ramp section of the
External Tank at 81.7 seconds after launch, and
struck the wing in the vicinity of the lower half of
Reinforced Carbon-Carbon panel number 8.
During re-entry this breach in the Thermal
Protection System allowed superheated air to
penetrate through the leading edge insulation
and progressively melt the aluminum structure of
the left wing, resulting in a weakening of the
structure until increasing aerodynamic forces
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caused loss of control, failure of the wing, and
break-up of the Orbiter. This breakup occurred in
a flight regime in which, given the current design
of the Orbiter, there was no possibility for the crew
to survive.

The organizational causes of this accident are
rooted in the Space Shuttle Program�s history and
culture, including the original compromises that
were required to gain approval for the Shuttle,
subsequent years of resource constraints,
fluctuating priorities, schedule pressures, mis-
characterization of the Shuttle as operational
rather than developmental, and lack of an agreed
national vision for human space flight. 

This report discusses the attributes of an
organization that could more safely and reliably
operate the inherently risky Space Shuttle, but
does not provide a detailed organizational
prescription. Among those attributes are: a robust
and independent program technical authority that
has complete control over specifications and
requirements, and waivers to them; an
independent safety assurance organization with
line authority over all levels of safety oversight;
and an organizational culture that reflects the best
characteristics of a learning organization. 

This report concludes with recommendations,
some of which are specifically identified and
prefaced as “before return to flight.” These
recommendations are largely related to the
physical cause of the accident, and include
preventing the loss of foam, improved imaging of
the Space Shuttle stack from liftoff through
separation of the External Tank, and on-orbit
inspection and repair of the Thermal Protection
System. The remaining recommendations, for the
most part, stem from the Board�s findings on

organizational cause factors. While they are not
“before return to flight” recommendations, they
can be viewed as “continuing to fly”
recommendations, as they capture the Board�s
thinking on what changes are necessary to
operate the Shuttle and future spacecraft safely
in the mid- to long-term.  

These recommendations reflect both the Board�s
strong support for return to flight at the earliest
date consistent with the overriding objective of
safety, and the Board�s conviction that operation
of the Space Shuttle, and all human spaceflight,
is a developmental activity with high inherent
risks.

REPORT SYNOPSIS

PART ONE:  THE ACCIDENT

Chapter 1 relates the history of the Space Shuttle
Program before the Challenger accident. With
the end looming for the Apollo moon exploration
program, NASA unsuccessfully attempted to get
approval for an equally ambitious (and
expensive) space exploration program. Most of
the proposed programs started with space
stations in low-Earth orbit and included a reliable,
economical, medium-lift vehicle to travel safely to
and from low-Earth orbit. After many failed
attempts, and finally agreeing to what would be
untenable compromises, NASA gained approval
from the Nixon Administration to develop, on a
fixed budget, only the transport vehicle. Because
the Administration did not approve a
low-Earth-orbit station, NASA had to create a
mission for the vehicle. To satisfy the
Administration�s requirement that the system be
economically justifiable, the vehicle had to
capture essentially all space launch business,
and to do that, it had to meet wide-ranging
requirements. These sometimes-competing
requirements resulted in a compromise vehicle
that was less than optimal for manned flights.
NASA designed and developed a remarkably
capable and resilient vehicle, consisting of an
Orbiter with three Main Engines, two Solid
Rocket Boosters, and an External Tank, but one
that has never met any of its original
requirements for reliability, cost, ease of
turnaround, maintainability, or, regrettably,
safety. 
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Chapter 2 documents the final flight of Columbia.
As a straightforward record of the event, it
contains no findings or recommendations.
Designated STS-107, this was the Space Shuttle
Program�s 113th flight and Columbia�s 28th. The
flight was close to trouble-free. Unfortunately,
there were no indications to either the crew
onboard Columbia or to engineers in Mission
Control that the mission was in trouble as a result
of a foam strike during ascent. Mission
management failed to detect weak signals that the
Orbiter was in trouble and take corrective action.

STS-107 was an intense science mission that
required the seven-member crew to form two
teams, enabling round-the-clock shifts. Because
the extensive science cargo and its extra power
sources required additional checkout time, the
launch sequence and countdown were about 24
hours longer than normal. Nevertheless, the
countdown proceeded as planned, and Columbia
was launched from Launch Complex 39-A on
January 16, 2003, at 10:39 a.m. Eastern Standard
Time (EST). 

At 81.7 seconds after launch, when the Shuttle
was at about 65,600 feet and traveling at Mach
2.46 (1,650 mph), a large piece of hand-crafted
insulating foam came off an area where the
Orbiter attaches to the External Tank. At 81.9
seconds, it struck the leading edge of Columbia�s
left wing. This event was not detected by the crew
on board or seen by ground support teams until
the next day, during detailed reviews of all launch
camera photography and videos. This foam strike
had no apparent effect on the daily conduct of the
16-day mission, which met all its objectives.

The de-orbit burn to slow Columbia down for
re-entry into Earth�s atmosphere was normal, and
the flight profile throughout re-entry was standard.
Time during re-entry is measured in seconds from
“Entry Interface,” an arbitrarily determined altitude
of 400,000 feet where the Orbiter begins to
experience the effects of Earth�s atmosphere.
Entry Interface for STS-107 occurred at 8:44:09
a.m. on February 1. Unknown to the crew or
ground personnel, because the data is recorded
and stored in the Orbiter instead of being
transmitted to Mission Control at Johnson Space
Center, the first abnormal indication occurred 270
seconds after Entry Interface. Chapter 2
reconstructs in detail the events leading to the

loss of Columbia and her crew, and refers to
more details in the appendices. 

In Chapter 3, the Board analyzes all the
information available to conclude that the direct,
physical action that initiated the chain of events
leading to the loss of Columbia and her crew was
the foam strike during ascent. This chapter
reviews five analytical paths, aerodynamic,
thermodynamic, sensor data timeline, debris
reconstruction, and imaging evidence  to show
that all five independently arrive at the same
conclusion. The subsequent impact testing
conducted by the Board is also discussed.

By the time Columbia passed over the coast of
California in the pre-dawn hours of February 1, at
Entry Interface plus 555 seconds, amateur
videos show that pieces of the Orbiter were
shedding. The Orbiter was captured on
videotape during most of its quick transit over the
Western United States. The Board correlated the
events seen in these videos to sensor readings
recorded during re-entry. Analysis indicates that
the Orbiter continued to fly its pre-planned flight
profile, although, still unknown to anyone on the
ground or aboard Columbia, her control systems
were working furiously to maintain that flight
profile. Finally, over Texas, just southwest of
Dallas-Fort Worth, the increasing aerodynamic
forces the Orbiter experienced in the denser
levels of the atmosphere overcame the
catastrophically damaged left wing, causing the
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Orbiter to fall out of control at speeds in excess of
10,000 mph.

. The chapter opens
with the methodology of the fault tree analysis,
which is an engineering tool for identifying every
conceivable fault, then determining whether that
fault could have caused the system in question to
fail. In all, more than 3,000 individual elements in
the Columbia accident fault tree were examined.

, including the impact of space
weather, collisions with micrometeoroids or
“space junk,” willful damage, flight crew
performance, and failure of some critical Shuttle
hardware. The Board concludes in Chapter 4 that
despite certain fault tree exceptions left “open”
because they cannot be conclusively disproved,
none of these factors caused or contributed to the
accident. This chapter also contains findings and
recommendations to make Space Shuttle
operations safer.

PART TWO: WHY THE ACCIDENT OCCURRED 

 

. 

Part Two of this report examines NASAs
organizational, historical, and cultural factors, as
well as how these factors contributed to the
accident. As in Part One, this part begins with
history. Chapter 5 examines the post-Challenger
history of NASA and its Human Space Flight
Program. This includes reviewing the budget as
well as organizational and management history,
such as shifting management systems and
locations. Chapter 6 documents management
performance related to Columbia to establish
events analyzed in later chapters. The chapter
reviews the foam strikes, intense schedule



-5-

pressure driven by an artificial requirement to
de-liver Node 2 to the International Space Station
by a certain date, and NASA managements
handling of concerns regarding Columbia during
the STS-107 mission. 

In Chapter 7, the Board presents its views of how
high-risk activities should be managed, and lists
the characteristics of institutions that emphasize
high-reliability results over economic efficiency or
strict adherence to a schedule. This chapter
measures the Space Shuttle Programs
organizational and management practices against
these principles and finds them wanting. Chapter
7 defines the organizational cause and offers
recommendations. Chapter 8 draws from the
previous chapters on history, budgets, culture,
organization, and safety practices, and analyzes
how all these factors contributed to this accident.
This chapter captures the Boards views of the
need to adjust management to enhance safety
margins in Shuttle operations, and reaffirms the
Boards position that without these changes, we
have no confidence that other “corrective actions”
will improve the safety of Shuttle operations. The
changes we recommend will be difficult to
accomplish and will be internally resisted. 
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Chapter 6 Decision Making At NASA

6.1 A HISTORY OF FOAM ANOMALIES

The Need for Foam Insulation

The External Tank contains liquid oxygen and
hydrogen propellants stored at minus 297 and
minus 423 degrees Fahrenheit. Were the
super-cold External Tank not sufficiently insulated
from the warm air, its liquid propellants would boil,
and atmospheric nitrogen and water vapor would
condense and form thick layers of ice on its
surface. Upon launch, the ice could break off and
damage the Orbiter. (See Chapter 3.)

To prevent this from happening, large areas of the
External Tank are machine-sprayed with one or
two inches of foam, while specific fixtures, such
as the bipod ramps, are hand-sculpted with
thicker coats. Most of these insulating materials
fall into a general category of “foam,” and are
outwardly similar to hardware store sprayable
foam insulation. The problem is that foam does
not always stay where the External Tank
manufacturer Lockheed Martin installs it. During
flight, popcorn- to briefcase-size chunks detach
from the External Tank. 

Original Design Requirements

.

.”
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Discussion of Foam Strikes
Prior to the Rogers Commission

Foam strikes were a topic of management
concern at the time of the Challenger accident. In
fact, during the Rogers Commission accident
investigation, Shuttle Program Manager Arnold
Aldrich cited a contractor�s concerns about foam
shedding to illustrate how well the Shuttle
Program manages risk:

On a series of four or five external tanks, the
thermal insulation around the inner tank … had
large divots of insulation coming off and impacting
the Orbiter. We found significant amount of
damage to one Orbiter after a flight and … on the
subsequent flight we had a camera in the
equivalent of the wheel well, which took a picture
of the tank after  separation, and we determined
that this was in fact the cause of the damage. At
that time, we wanted to be able to proceed with
the launch program if it was acceptable … so we
undertook discussions of what would be
acceptable in terms of potential field repairs, and
during those discussions, Rockwell was very
conservative because, rightly, damage to the
Orbiter TPS [Thermal Protection System] is
damage to the Orbiter system, and it has a very
stringent environment to experience during the
re-entry phase.

Aldrich described the pieces of foam as “… half a
foot square or a foot by half a foot, and some of
them much smaller and localized to a specific
area, but fairly high up on the tank. So they had a
good shot at the Orbiter underbelly, and this is
where we had the damage.”

Continuing Foam Loss

.  (The
Orbiters� lower surfaces have an average of 101
hits, 23 of which are larger than an inch in
diameter.) Though the Orbiter is also struck by
ice and pieces of launch-pad hardware during
launch, by micrometeoroids and orbital debris in
space, and by runway debris during landing, the
Board concludes that foam is likely responsible
for most debris hits.

. The distinction between foam
loss and debris events also appears to have
become blurred. NASA and contractor personnel
came to view foam strikes not as a safety of flight
issue, but rather a simple maintenance, or
“turnaround” issue. In Flight Readiness Review
documentation, Mission Management Team
minutes, In-Flight Anomaly disposition reports,
and elsewhere, 

DEFINITIONS

In Family: A reportable problem that was
previously experienced, analyzed, and
understood. Out of limits performance or
discrepancies that have been previously
experienced may be considered as in family
when specifically approved by the Space Shuttle
Program or design project.

Out of Family: Operation or performance outside
the expected performance range for a given
parameter or which has not previously been
experienced.

Accepted Risk: The threat associated with a
specific circumstance is known and understood,
cannot be completely eliminated, and the
circumstance(s) producing that threat is
considered unlikely to reoccur. Hence, the
circumstance is fully known and is considered a
tolerable threat to the conduct of a Shuttle
mission.
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No Safety-of-Flight-Issue: The threat associated
with a specific circumstance is known and
understood and does not pose a threat to the
crew and/or vehicle.

Bipod Ramp Foam Loss Events

Chunks of foam from the External Tank�s forward
bipod attachment, which connects the Orbiter to
the External Tank, are some of the largest pieces
of debris that have struck the Orbiter. To place the
foam loss from STS-107 in a broader context, the
Board examined every known instance of
foam-shedding from this area.

 

On the 66
flights that imagery was available for the right
bipod area, foam loss was never observed. NASA
could not explain why only the left bipod
experienced foam loss.

 

. A post-mission inspection
of the lower surface of the Orbiter revealed 111
hits, 13 of which were one inch or greater in one
dimension. An In-Flight Anomaly assigned to the
External Tank Project was closed out at the
Flight Readiness Review for the next mission,
STS-36, on the basis that there may have been
local voids in the foam bipod ramp where it
attached to the metal skin of the External Tank.

 As discussed in Chapter 3, 

Post-mission inspection revealed a 9-inch by
4.5-inch by 0.5-inch divot in the tile, the largest
area of tile damage in Shuttle history. The
External Tank Project at Marshall Space Flight
Center and the Integration Office at Johnson
Space Center cited separate In-Flight Anomalies.

 In Integration
Hazard Report 37, the Integration Office noted
that the impact damage was shallow, the tile loss
was not a result of excessive aerodynamic loads,
and the External Tank Thermal Protection
System failure was the result of “inadequate
venting.” The External Tank Project closed out its
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In-Flight Anomaly with the rationale that foam loss
during ascent was “not considered a flight or
safety issue.” Note the difference in how the each
program addressed the foam-shedding problem:
While the Integration Office deemed it an
“accepted risk,” the External Tank Project
considered it “not a safety-of-flight issue.” Hazard
Report 37 would figure in the STS-113 Flight
Readiness Review, where the crucial decision
was made to continue flying with the foam-loss
problem. This inconsistency would reappear 10
years later, after bipod foam-shedding during
STS-112. 

This review of imagery from
tracking cameras, the umbilical well camera, and
video and still images from flight crew hand held
cameras revealed bipod foam loss on STS-52
and STS-62, both of which were flown by
Columbia. Because these incidents of missing
bipod foam were not detected until after the
STS-107 accident, no In-Flight Anomalies had
been written. The Board concludes that NASA�s
failure to identify these bipod foam losses at the
time they occurred means the agency must
examine the adequacy of its film review,
post-flight inspection, and Program Requirements
Control Board processes. 

The post-launch review of photos
and video identified these debris events, but the
Mission Evaluation Room logs and Mission
Management Team minutes do not reflect any
discussions of them. 

STS-113 Flight Readiness Review: 
A Pivotal Decision

. Alternately, in the face of the increased
risk, STS-107 might not have flown at all.
However, at STS-113�s Flight Readiness
Review, managers formally accepted a flight
rationale that stated it was safe to fly with foam
losses. This decision enabled, and perhaps even
encouraged, Mission Management Team
members to use similar reasoning when
evaluating whether the foam strike on STS-107
posed a safety-of-flight issue. 
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STS-113 launched at night, and although it is
occasionally possible to image the Orbiter from
light given off by the Solid Rocket Motor plume, in
this instance no imagery was obtained and it is
possible that foam could have been shed.

The foam-loss issue was considered so
insignificant by some Shuttle Program engineers
and managers that the STS-107 Flight Readiness
Review documents include no discussion of the
still-unresolved STS-112 foam loss. According to
Program rules, this discussion was not a

requirement because the STS-112 incident was
only identified as an “action,” not an In-Flight
Anomaly. However, because the action was still
open, and the date of its resolution had slipped,
the Board believes that Shuttle Program
managers should have addressed it. Had the
foam issue been discussed in STS-107
pre-launch meetings, Mission managers may
have been more sensitive to the foam-shedding,
and may have taken more aggressive steps to
determine the extent of the damage. 

.

Other Foam/Debris Events

The number of debris strikes may be small, but a
single strike could damage several tiles.  
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After the STS-27R damage was evaluated during
a post-flight inspection, the Program
Requirements Control Board assigned In-Flight
Anomalies to the Orbiter and Solid Rocket
Booster Projects. Marshall Sprayable Ablator
(MSA-1) material found embedded in an
insulation blanket on the right Orbital
Maneuvering System pod confirmed that the
ablator on the right Solid Rocket Booster nose
cap was the most likely source of debris. Because
an improved ablator material (MSA-2) would now

be used on the Solid Rocket Booster nose cap,
the issue was considered “closed” by the time of
the next mission�s Flight Readiness Review. The
Orbiter Thermal Protection System review team
concurred with the use of the improved ablator
without reservation.

An STS-27R investigation team notation mirrors
a Columbia Accident Investigation Board finding.
The STS-27R investigation noted: “it is observed
that program emphasis and attention to tile
damage assessments varies with severity and
that detailed records could be augmented to
ease trend maintenance” (emphasis added).22 
In other words, Space Shuttle Program
personnel knew that the monitoring of tile
damage was inadequate and that clear trends
could be more readily identified if monitoring was
improved, but no such improvements were
made. The Board also noted that an STS-27R
investigation team recommendation correlated to
the Columbia accident 14 years later: “It is
recommended that the program actively solicit
design improvements directed toward eliminating
debris sources or minimizing damage potential.”

Making the Orbiter More Resistant To Debris
Strikes
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Impact Resistant Tile

NASA also evaluated the possibility of increasing
Thermal Protection System tile resistance to
debris hits, lowering the possibility of tile
debonding, and reducing tile production and
maintenance costs. Indeed, tiles with a “tough”
coating are currently used on the Orbiters. This
coating, known as Toughened Uni-piece Fibrous
Insulation (TUFI), was patented in 1992 and
developed for use on high-temperature rigid
insulation. TUFI is used on a tile material known
as Alumina Enhanced Thermal Barrier (AETB),
and has a debris impact resistance that is greater
than the current acreage tile�s resistance by a
factor of approximately 6-20. At least 772 of these
advanced tiles have been installed on the
Orbiters� base heat shields and upper body flaps.
However, due to its higher thermal conductivity,
TUFI-coated AETB cannot be used as a
replacement for the larger areas of tile coverage.
(Boeing, Lockheed Martin and NASA are
developing a lightweight, impact-resistant,
low-conductivity tile.) Because the impact
requirements for these next-generation tiles do
not appear to be based on resistance to specific
(and probable) damage sources, it is the Board�s
view that certification of the new tile will not
adequately address the threat posed by debris.

Conclusion
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Chapter 6.3 Decision Making During The Flight
of STS 107

Summary: Mission Management Decision
Making 

Discovery and Initial Analysis of Debris Strike

In the course of examining film and video images
of Columbia�s ascent, the Intercenter Photo

Working Group identified, on the day after
launch, a large debris strike to the leading edge
of Columbia�s left wing. Alarmed at seeing so
severe a hit so late in ascent, and at not having a
clear view of damage the strike might have
caused, Intercenter Photo Working Group
members alerted senior Program managers by
phone and sent a digitized clip of the strike to
hundreds of NASA personnel via e-mail. These
actions initiated a contingency plan that brought
together an interdisciplinary group of experts
from NASA, Boeing, and the United Space
Alliance to analyze the strike. 

Upon learning of the debris strike on Flight Day
Two, the responsible system area manager from
United Space Alliance and her NASA counterpart
formed a team to analyze the debris strike in
accordance with mission rules requiring the
careful examination of any “out-of-family” event.
Using film from the Intercenter Photo Working
Group, Boeing systems integration analysts
prepared a preliminary analysis that afternoon.
(Initial estimates of debris size and speed, origin
of debris, and point of impact would later prove
remarkably accurate.) 

As Flight Day Three and Four unfolded over the
Martin Luther King Jr. holiday weekend, en-
gineers began their analysis. 
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On Flight Day Five, impact assessment results for
tile and RCC were presented at an informal
meeting of the Debris Assessment Team, which
was operating without direct Shuttle Program or
Mission Management leadership. Mission
Control�s engineering support, the Mission Evalu-
ation Room, provided no direction for team
activities other than to request the team�s results
by January 24. As the problem was being worked,

 At this meeting, participants agreed
that an image of the area of the wing in question
was essential to refine their analysis and reduce
the uncertainties in their damage assessment. 

Rather, the “no” was in part a
response to requests for imagery initiated by the
Intercenter Photo Working Group at Kennedy on
Flight Day 2 in anticipation of analysts� needs that
had become by Flight Day 6 an actual

engineering request by the Debris Assessment
Team, made informally through Bob White to
Lambert Austin, and formally through Rodney
Rocha�s e-mail to Paul Shack. Even after
learning that the Shuttle Program was not going
to provide the team with imagery, some
members sought information on how to obtain it
anyway.

A Flawed Analysis

 Crater
was designed for “in-family” impact events and
was intended for day-of-launch analysis of debris
impacts. It was not intended for large projectiles
like those observed on STS-107. 

As a result of a transition of responsibility for
Crater analysis from the Boeing Huntington



-16-

Beach facility to the Houston-based Boeing office,
the team that conducted the Crater analyses had
been formed fairly recently, and therefore could
be considered less experienced when compared
with the more senior Huntington Beach analysts.
In fact, STS-107 was the first mission for which
they were solely responsible for providing analysis
with the Crater tool. Though post-accident
interviews suggested that the training for the
Houston Boeing analysts was of high quality and
adequate in substance and duration,
communications and theoretical understandings
of the Crater model among the Houston-based
team members had not yet developed to the
standard of a more senior team. Due in part to
contractual arrangements related to the transition,
the Houston-based team did not take full
advantage of the Huntington Beach engineers�
experience.

Shuttle Program Management�s Low Level of
Concern

While the debris strike was well outside the
activities covered by normal mission flight rules,
Mission Management Team members and Shuttle
Program managers did not treat the debris strike
as an issue that required operational action by
Mission Control. 

 
.

The opinions of Shuttle Program managers and
debris and photo analysts on the potential
severity of the debris strike diverged early in the
mission and continued to diverge as the mission
progressed, making it increasingly difficult for the
Debris Assessment Team to have their concerns
heard by those in a decision-making capacity. In
the face of Mission managers� low level of
concern and desire to get on with the mission,
Debris Assessment Team members had to prove
unequivocally that a safety-of-flight issue existed
before Shuttle Program management would
move to obtain images of the left wing. 

Other factors contributed to Mission
management�s ability to resist the Debris
Assessment Team�s concerns. A tile expert told
managers during frequent consultations that
strike damage was only a maintenance-level
concern and that on-orbit imaging of potential
wing damage was not necessary. 

Another factor that enabled Mission
management�s detachment from the concerns of
their own engineers is rooted in the culture of
NASA itself. The Board observed an unofficial
hierarchy among NASA programs and
directorates that hindered the flow of
communications. The effects of this unofficial
hierarchy are seen in the attitude that members
of the Debris Assessment Team held. Part of the
reason they chose the institutional route for their
imagery request was that without direction from
the Mission Evaluation Room and Mission
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Management Team, they felt more comfortable
with their own chain of command, which was
outside the Shuttle Program. 

A Lack of Clear Communication

Communication did not flow effectively up to or
down from Program managers. 

. Managers� ten-
dency to accept opinions that agree with their own
dams the flow of effective communications. 

The January 27 to January 31, phone and e-mail
exchanges, primarily between NASA engineers at
Langley and Johnson, illustrate another symptom
of the “cultural fence” that impairs open
communications between mission managers and
working engineers. These exchanges and the
reaction to them indicated that during the
evaluation of a mission contingency, 

. Issues raised by two
Langley and Johnson engineers led to the
development of “what-if” landing scenarios of the
potential outcome if the main landing gear door
sustained damaged. This led to behind-the-
scenes networking by these engineers to use

NASA facilities to make simulation runs of a
compromised landing configuration. These
engineers – who understood their systems and
related technology – saw the potential for a
problem on landing and ran it down in case the
unthinkable occurred. But their concerns never
reached the managers on the Mission
Management Team that had operational control
over Columbia.

A Lack of Effective Leadership

The Shuttle Program, the Mission Management
Team, and through it the Mission Evaluation
Room, were not actively directing the efforts of
the Debris Assessment Team. These manage-
ment teams were not engaged in scenario
selection or discussions of assumptions and did
not actively seek status, inputs, or even
preliminary results from the individuals charged
with analyzing the debris strike. They did not
investigate the value of imagery, did not
intervene to consult the more experienced Crater
analysts at Boeing�s Huntington Beach facility,
did not probe the assumptions of the Debris
Assessment Team�s analysis, and did not
consider actions to mitigate the effects of the
damage on re-entry. 

The Failure of Safety�s Role
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Summary

Management decisions made during Columbia�s
final flight reflect missed opportunities, blocked or
ineffective communications channels, flawed
analysis, and ineffective leadership. 

 
 Peoples� actions are

influenced by the organizations in which they
work, shaping their choices in directions that even
they may not realize.

6.2 SCHEDULE PRESSURE

Countdown to Space Station “Core
Complete:” A Workforce Under Pressure

During the course of this investigation, the Board
received several unsolicited comments from
NASA personnel regarding pressure to meet a
schedule. These comments all concerned a date,
more than a year after the launch of Columbia,
that seemed etched in stone: February 19, 2004,
the scheduled launch date of STS-120. This flight
was a milestone in the minds of NASA
management since it would carry a section of the
International Space Station called “Node 2.” This
would configure the International Space Station to
its “U.S. Core Complete” status.

At first glance, the Core Complete configuration
date seemed noteworthy but unrelated to the
Columbia accident. However, as the
investigation continued, it became apparent that
the complexity and political mandates
surrounding the International Space Station
Program, as well as Shuttle Program
management�s responses to them, resulted in
pressure to meet an increasingly ambitious
launch schedule.

In mid-2001, NASA adopted plans to make the
over-budget and behind-schedule International
Space Station credible to the White House and
Congress. The Space Station Program and
NASA were on probation, and had to prove they
could meet schedules and budgets. The plan to
regain credibility focused on the February 19,
2004, date for the launch of Node 2 and the
resultant Core Complete status. If this goal was
not met, NASA would risk losing support from the
White House and Congress for subsequent
Space Station growth.

By the late summer of 2002, a variety of
problems caused Space Station assembly work
and Shuttle flights to slip beyond their target
dates. With the Node 2 launch endpoint fixed,
these delays caused the schedule to become
ever more compressed. 

Meeting U.S. Core Complete by February 19,
2004, would require preparing and launching 10
flights in less than 16 months. With the focus on
retaining support for the Space Station program,
little attention was paid to the effects the
aggressive Node 2 launch date would have on
the Shuttle Program. After years of downsizing
and budget cuts (Chapter 5), this mandate and
events in the months leading up to STS-107
introduced elements of risk to the Program.
Columbia and the STS-107 crew, who had seen
numerous launch slips due to missions that were
deemed higher priorities, were further affected by
the mandatory Core Complete date. The
high-pressure environments created by NASA
Headquarters unquestionably affected Columbia,
even though it was not flying to the International
Space Station. 
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February 19, 2004  “A Line in the Sand”

Employees attributed the Node 2 launch date to
the new Administrator, Sean O�Keefe, who was
appointed to execute a Space Station
management plan he had proposed as Deputy
Director of the White House Office of
Management and Budget. They understood the
scrutiny that NASA, the new Administrator, and
the Space Station Program were under, but now it
seemed to some that budget and schedule were
of paramount concern. As one employee
reflected:

I guess my frustration was … I know the
importance of showing that you …
manage your budget and that�s an
important impression to make to
Congress so you can continue the future
of the agency, but to a lot of people,
February 19th just seemed like an
arbitrary date … It doesn�t make sense to
me why at all costs we were marching to
this date.

CHAPTER 7.4   ORGANIZATIONAL CAUSES:
A BROKEN SAFETY CULTURE

Safety Information Systems 

Numerous reviews and independent
assessments have noted that NASA�s safety
system does not effectively manage risk. In
particular, these reviews have observed that the
processes in which NASA tracks and attempts to
mitigate the risks posed by components on its
Critical Items List is flawed. The Post Challenger
Evaluation of
Space Shuttle Risk Assessment and
Management Report (1988) concluded that:

The committee views NASA critical items
list (CIL) waiver decision-making process
as being subjective, with little in the way
of formal and consistent criteria for
approval or rejection of waivers. Waiver
decisions appear to be driven almost
exclusively by the design based Failure
Mode Effects Analysis (FMEA)/CIL
retention rationale, rather than being
based on an integrated assessment of all
inputs to risk management. The retention
rationales appear biased toward proving
that the design is “safe,” sometimes
ignoring significant evidence to the
contrary. 
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The report continues, “… the Committee has not
found an independent, detailed analysis or
assessment of the CIL retention rationale which
considers all inputs to the risk assessment
process.” Ten years later, the Shuttle Independent
Assessment Team reported “Risk Management
process erosion created by the desire to reduce
costs …”The Shuttle Independent Assessment
Team argued strongly that NASA Safety and
Mission Assurance should be restored to its
previous role of an independent oversight body,
and Safety and Mission Assurance not be simply
a “safety auditor.” 

The Board found similar problems with integrated
hazard analyses of debris strikes on the Orbiter.
In addition, the information systems supporting
the Shuttle intended to be tools for
decision-making are extremely cumbersome and
difficult to use at any level. 

The following addresses the hazard tracking tools
and major databases in the Shuttle Program that
promote risk management.

• Hazard Analysis: A fundamental element
of system safety is managing and
controlling hazards. NASA�s only
guidance on hazard analysis is outlined in
the Methodology for Conduct of Space
Shuttle Program Hazard Analysis, which
merely lists tools available. Therefore, it is
not surprising that hazard analysis
processes are applied inconsistently
across systems, sub-systems,
assemblies, and components. 

United Space Alliance, which is
responsible for both Orbiter integration
and Shuttle Safety Reliability and Quality
Assurance, delegates hazard analysis to
Boeing. However, as of 2001, the Shuttle
Program no longer requires  Boeing to
conduct integrated hazard analyses.
Instead, Boeing now performs hazard
analysis only at the sub-system level. In
other words, Boeing analyzes hazards to
components and elements, but is not
required to consider the Shuttle as a
whole. Since the current Failure Mode
Effects Analysis/Critical Item List process
is designed for bottom-up analysis at the
component level, it cannot effectively

support the kind of “top-down” hazard
analysis that is needed to inform
managers on risk trends and identify
potentially harmful interactions between
systems. 

The Critical Item List (CIL) tracks 5,396
individual Shuttle hazards, of which
4,222 are termed “Criticality 1/1R.” Of
those, 3,233 have waivers. CRIT 1/1R
component failures are defined as those
that will result in loss of the Orbiter and
crew. Waivers are granted whenever a
Critical Item List component cannot be
redesigned or replaced. 

It is worth noting that the Shuttle�s
Thermal Protection System is on the
Critical Item List, and an existing hazard
analysis and hazard report deals with
debris strikes. As discussed in Chapter
6, Hazard Report #37 is ineffectual as a
decision aid, yet the Shuttle Program
never challenged its validity at the pivotal
STS-113 Flight Readiness Review. 

• Hazard Reports: Hazard reports, written
either by the Space Shuttle Program or a
contractor, document conditions that
threaten the safe operation of the
Shuttle. Managers use these reports to
evaluate risk and justify flight. During
mission preparations, contractors and
Centers review all baseline hazard
reports to ensure they are current and
technically correct.
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Board investigators found that a large
number of hazard reports contained
subjective and qualitative judgments,
such as “believed” and “based on
experience from previous flights this
hazard is an �Accepted Risk.�” A critical
ingredient of a healthy safety program is
the rigorous implementation of technical
standards. These standards must include
more than hazard analysis or low-level
technical activities. Standards must
integrate project engineering and
management activities. Finally, a
mechanism for feedback on the
effectiveness of system safety
engineering and management needs to
be built into procedures to learn if safety
engineering and management methods
are weakening over time.

Dysfunctional Databases

In its investigation, the Board found that the
information systems that support the Shuttle
program are extremely cumbersome and difficult
to use in decision-making at any level. For
obvious reasons, these shortcomings imperil the
Shuttle Program�s ability to disseminate and
share critical information among its many layers.
This section explores the report databases that
are crucial to effective risk management.

•

 

• Lessons Learned Information System:
The Lessons Learned Information
System database is a much simpler
system to use, and it can assist with
hazard identification and risk
assessment. However, personnel
familiar with the Lessons Learned
Information System indicate that design
engineers and mission assurance
personnel use it only on an ad hoc basis,
thereby limiting its utility. The Board is
not the first to note such deficiencies.
Numerous reports, including most
recently a General Accounting Office
2001 report, highlighted fundamental
weaknesses in the collection and sharing
of lessons learned by program and
project managers.

Conclusions
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7.5 ORGANIZATIONAL CAUSES: IMPACT OF A
FLAWED SAFETY CULTURE ON STS-107

In this section, the Board examines how and why
an array of processes, groups, and individuals in
the Shuttle Program failed to appreciate the
severity and implications of the foam strike on
STS-107. The Board believes that the Shuttle
Program should have been able to detect the
foam trend and more fully appreciate the danger it
represented. Recall that “safety culture” refers to
the collection of characteristics and attitudes in an
organization  promoted by its leaders and
internalized by its members  that makes safety an
overriding priority. In the following analysis, the
Board outlines shortcomings in the Space Shuttle
Program, Debris Assessment Team, and Mission
Management Team that resulted from a flawed
safety culture. 

Shuttle Program Shortcomings

The flight readiness process, which involves
every organization affiliated with a Shuttle
mission, missed the danger signals in the history
of foam loss.

During the STS-113 Flight Readiness Review, the
bipod foam strike to STS-112 was rationalized by
simply restating earlier assessments of foam loss.
The question of why bipod foam would detach
and strike a Solid Rocket Booster spawned no
further analysis or heightened curiosity; nor did
anyone challenge the weakness of External Tank
Project Manager�s argument that backed
launching the next mission. After STS-113�s
successful flight, once again the STS-112 foam
event was not discussed at the STS-107 Flight

Readiness Review. The failure to mention an
outstanding technical anomaly, even if not
technically a violation of NASA�s own
procedures, desensitized the Shuttle Program to
the dangers of foam striking the Thermal
Protection System, and demonstrated just how
easily the flight preparation process can be
compromised. In short, the dangers of bipod
foam got “rolled-up,” which resulted in a missed
opportunity to make Shuttle managers aware
that the Shuttle required, and did not yet have a
fix for the problem.

The Flight Readiness process is supposed to be
shielded from outside influence, and is viewed as
both rigorous and systematic. Yet the Shuttle
Program is inevitably influenced by external
factors, including, in the case of the STS-107,
schedule demands. Collectively, such factors
shape how the Program establishes mission
schedules and sets budget priorities, which
affects safety oversight, workforce levels, facility
maintenance, and contractor workloads.
Ultimately, external expectations and pressures
impact even data collection, trend analysis,
information development, and the reporting and
disposition of anomalies. These realities
contradict NASA�s optimistic belief that pre-flight
reviews provide true safeguards against
unacceptable hazards. 
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Debris Assessment Team Shortcomings

Chapter Six details the Debris Assessment
Team�s efforts to obtain additional imagery of
Columbia.

Another crucial failure involves the Boeing
engineers who conducted the Crater analysis.
The Debris Assessment Team relied on the inputs
of these engineers along with many others to
assess the potential damage caused by the foam
strike. Prior to STS-107, Crater analysis was the
responsibility of a team at Boeing�s Huntington
Beach facility in California, but this responsibility
had recently been transferred to Boeing�s
Houston office. In October 2002, the Shuttle
Program completed a risk assessment that
predicted the move of Boeing functions from
Huntington Beach to Houston would increase risk
to Shuttle missions through the end of 2003,
because of the small number of experienced
engineers who werewilling to relocate. To mitigate
this risk, NASA and United Space Alliance
developed a transition plan to run through
January 2003. 

The Board has discovered that the
implementation of the transition plan was
incomplete and that training of replacement
personnel was not uniform. STS-107 was the first
mission during which Johnson-based Boeing
engineers conducted analysis without guidance

and oversight from engineers at Huntington
Beach.

Mission Management Team Shortcomings

 

.
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Safety Shortcomings

CHAPTER 5

FROM CHALLENGER TO COLUMBIA

The Board is convinced that the factors that led
to the Columbia accident go well beyond the
physical mechanisms discussed in Chapter 3.
The causal roots of the accident can also be
traced, in part, to the turbulent post-Cold War
policy environment in which NASA functioned
during most of the years between the destruction
of Challenger and the loss of Columbia. The end
of the Cold War in the late 1980s meant that the
most important political underpinning of NASAs
Human Space Flight Program, U.S.-Soviet space
competition  was lost, with no equally strong
political objective to replace it. No longer able to
justify its projects with the kind of urgency that
the superpower struggle had provided, the
agency could not obtain budget increases
through the 1990s. Rather than adjust its
ambitions to this new state of affairs, NASA
continued to push an ambitious agenda of space
science and exploration, including a costly Space
Station Program. 
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If NASA wanted to carry out that agenda, its only
recourse, given its budget allocation, was to
become more efficient, accomplishing more at
less cost.

, even as
the Program maintained a launch schedule in
which the Shuttle, a developmental vehicle, was
used in an operational mode.

The Space Shuttle Program has been
transformed since the late 1980s implementation
of post-Challenger management changes in ways
that raise questions, addressed here and in later
chapters of Part Two, about NASAs ability to
safely operate the Space Shuttle. While it would
be inaccurate to say that NASA managed the
Space Shuttle Program at the time of the
Columbia accident in the same manner it did prior
to Challenger, there are unfortunate similarities
between the agencys performance and safety
practices in both periods. 

5.1 THE CHALLENGER ACCIDENT AND ITS
AFTERMATH 

The inherently vulnerable design of the Space
Shuttle, described in Chapter 1, was a product of
policy and technological compromises made at
the time of its approval in 1972. That approval
process also produced unreasonable
expectations, even myths, about the Shuttles
future performance that NASA tried futilely to fulfill
as the Shuttle became “operational” in 1982. At
first, NASA was able to maintain the  image of the
Shuttle as an operational vehicle. During its early
years of operation, the Shuttle launched satellites,
performed on-orbit research, and even took
members of Congress into orbit. At the beginning
of 1986, the goal of “routine access to space”
established by President Ronald Reagan in 1982
was ostensibly being achieved. That appearance

soon proved illusory. On the cold morning of
January 28, 1986, the Shuttle Challenger broke
apart 73 seconds into its climb towards orbit. On
board were Francis R. Scobee, Michael J. Smith,
Ellison S. Onizuka, Judith A. Resnick, Ronald E.
McNair, Sharon Christa McAuliffe, and Gregory
B. Jarvis. All perished. 

Space Flight Operations Contract

By the middle of the decade (1990's), spurred on
by Vice President Al Gore�s “reinventing
government” initiative, the goal of balancing the
federal budget, and the views of a Republican
led House of Representatives, managers
throughout the government sought new ways of
making public sector programs more efficient
and less costly. One method considered was
transferring significant government operations
and responsibilities to the private sector, or
“privatization.” NASA led the way toward
privatization, serving as an example to other
government agencies.

In keeping with his philosophy that NASA should
focus on its research and development role,
Goldin wanted to remove NASA employees from
the repetitive operations of various systems,
including the Space Shuttle. Giving primary
responsibility for Space Shuttle operations to the
private sector was therefore consistent with
White House and congressional priorities and
attractive to Goldin on its own terms. Beginning
in 1994, NASA considered the feasibility of
consolidating many of the numerous Shuttle
operations contracts under a single prime
contractor. At that time, the Space Shuttle
Program was managing 86 separate contracts
held by 56 different firms. Top NASA managers
thought that consolidating these contracts could
reduce the amount of redundant overhead, both
for NASA and for the contractors themselves.
They also wanted to explore whether there were
functions being carried out by NASA that could
be more effectively and inexpensively carried out
by the private sector.
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 The
Panel also noted that “the report dismisses the
concerns of many credible sources by labeling
honest reservations and the people who have
made them as being partners in an unneeded
�safety shield� conspiracy. Since only one more
accident would kill the program and destroy far
more than the spacecraft, it is extremely callous”
to make such an accusation. 

NASA leaders accepted the advice of the Kraft
Report and in August 1995 solicited industry bids
for the assignment of Shuttle prime contractor. In
response, Lockheed Martin and Rockwell, the two
major Space Shuttle operations contractors,
formed a limited liability corporation, with each
firm a 50 percent owner, to compete for what was
called the Space Flight Operations Contract. The
new corporation would be known as United Space
Alliance. 

The company was responsible for 61 percent of
the Shuttle operations contracts. Some in
Congress were skeptical that safety could be
maintained under the new arrangement, which
transferred significant NASA responsibilities to the
private sector. Despite these concerns, Congress
ultimately accepted the reasoning behind the
contract. 

NASA and United Space Alliance formally signed
the Space Flight Operations Contract on October
1, 1996. Initially, only the major Lockheed Martin
and Rockwell Shuttle contracts and a smaller
Allied Signal Unisys contract were transferred to
United Space Alliance. The initial contractual
period was six years, from October 1996 to
September 2002. NASA exercised an option for
a two year extension in 2002, and another two
year option exists. The total value of the contract
through the current extension is estimated at 
$12.8 billion. United Space Alliance currently has
approximately 10,000 employees.

Workforce Transformation and the End of
Downsizing

Workforce reductions instituted by Administrator
Goldin as he attempted to redefine the agency�s
mission and its overall organization also added
to the turbulence of his reign. In the 1990s,

 NASA operated
under a hiring freeze for most of the decade,
making it difficult to bring in new or younger
people.

While the overall workforce at the NASA Centers
involved in human space flight was not as
radically reduced, the combination of the general
workforce reduction and the introduction of the
Space Flight Operations Contract significantly
impacted the Centers� Space Shuttle Program
civil service staff. Johnson Space Center went
from 1,330 in 1993 to 738 in 2002; Marshall
Space Flight Center, from 874 to 337; and
Kennedy Space Center from 1,373 to 615.
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Kennedy Director Roy Bridges argued that
personnel cuts were too deep, and threatened to
resign unless the downsizing of his civil service
workforce, particularly those involved with safety
issues, was reversed.

 needed to be
revitalized. These studies noted that “five years of
buyouts and downsizing have led to serious skill
imbalances and an overtaxed core workforce. 

5.5 WHEN TO REPLACE THE SPACE
SHUTTLE?

In addition to budget pressures, workforce
reductions, management changes, and the
transfer of government functions to the private
sector, the Space Shuttle Program was beset
during the past decade by uncertainty about when
the Shuttle might be replaced.

.

Even before the 1986 Challenger accident, when
and how to replace the Space Shuttle with a
second generation reusable launch vehicle was a
topic of discussion among space policy leaders. In
January 1986, the congressionally chartered
National Commission on Space expressed the
need for a Shuttle replacement, suggesting that
“the Shuttle fleet will become obsolescent by the
turn of the century.”  Shortly after the Challenger
accident (but not as a reaction to it), President
Reagan announced his approval of “the new
Orient Express”. This reusable launch vehicle,
later known as the National Aerospace Plane,
“could, by the end of the decade, take off from

Dulles Airport, accelerate up to 25 times the
speed of sound attaining low-Earth orbit, or fly to
Tokyo within two hours.”  This goal proved too
ambitious, particularly without substantial
funding. In 1992, after a $1.7 billion government
investment, the National Aerospace Plane
project was canceled.

This pattern, optimistic pronouncements about a
revolutionary Shuttle replacement followed by
insufficient government investment, and then
program cancellation due to technical difficulties 
was repeated again in the 1990s. 

In 1994, NASA listed alternatives for access to
space through 2030.

• Upgrade the Space Shuttle to enable
flights through 2030

• Develop a new expendable launcher
• Replace the Space Shuttle with a

“leapfrog” next-generation advanced
technology system that would achieve
order-of-magnitude improvements in the
cost effectiveness of space
transportation.

Reflecting its leadership�s preference for bold
initiatives, NASA chose the third alternative. With
White House support, NASA began the X-33
project in 1996 as a joint effort with Lockheed
Martin. NASA also initiated the less ambitious
X-34 project with Orbital Sciences Corporation.
At the time, the future of commercial space
launches was bright, and political sentiment in
the White House and Congress encouraged an
increasing reliance on private-sector solutions for
limiting government expenditures. In this context,
these unprecedented joint projects appeared
less risky than they actually were. The hope was
that NASA could replace the Shuttle through
private investments, without significant
government spending.

Both the X-33 and X-34 incorporated new
technologies. The X-33 was to demonstrate the
feasibility of an aerospike engine, new Thermal
Protection Systems, and composite rather than
metal propellant tanks. These radically new
technologies were in turn to become the basis for
a new orbital vehicle called VentureStar™ that
could replace the Space Shuttle by 2006. The
X-33 and X-34 ran into technical problems and
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never flew. In 2001, after spending $1.3 billion,
NASA abandoned both projects.

In all three projects  National Aerospace Plane,
X-33, and X-34  national leaders had set
ambitious goals in response to NASA�s ambitious
proposals. These programs relied on the
invention of revolutionary technology, had run into
major technical problems, and had been denied
the funds needed to overcome these problems 
assuming they could be solved. NASA had spent
nearly 15 years and several billion dollars, and yet
had made no meaningful progress toward a
Space Shuttle replacement.

In 2000, as the agency ran into increasing
problems with the X-33, NASA initiated the Space
Launch Initiative, a $4.5 billion multi-year effort to
develop new space launch technologies. By 2002,
after spending nearly $800 million, NASA again
changed course. The Space Launch Initiative
failed to find technologies that could revolutionize
space launch, forcing NASA to shift its focus to an
Orbital Space Plane, developed with existing
technology, that would complement the Shuttle by
carrying crew, but not cargo, to and from orbit.
Under a new Integrated Space Transportation
Plan, the Shuttle might continue to fly until 2020
or beyond.

Safety Concerns and Upgrading the Space
Shuttle

In 1995, for instance, the Kraft Report embraced
the principle that NASA should “freeze the design”
of the Shuttle and defer upgrades due to the

vehicle�s “mature” status and the need for NASA
to “concentrate scarce resources on developing
potential replacements for the Shuttle.”  NASA
subsequently halted a number of planned
upgrades, only to reverse course a year later to
“take advantage of technologies to improve
Shuttle safety and the need for a robust Space
Shuttle to assemble the ISS.”
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•

The Shuttle Independent Assessment Team
report also stated that the Shuttle “clearly cannot
be thought of as �operational� in the usual sense.
Extensive maintenance, major amounts of �touch
labor� and a high degree of skill and expertise will
always be required.” However, “the workforce has
received a conflicting message due to the
emphasis on achieving cost and staff reductions,
and the pressures placed on increasing
scheduled flights as a result of the Space Station.”

Responding to NASA�s concern that the Shuttle
required safety-related upgrades, the President�s
proposed NASA budget for Fiscal Year 2001
proposed a “safety upgrades initiative.” That
initiative had a short life span. In its Fiscal Year
2002 budget request, NASA proposed to spend
$1.836 billion on Shuttle upgrades over five years.
A year later, the Fiscal Year 2003 request
contained a plan to spend $1.220 billion, a 34
percent reduction. The reductions were primarily a
response to rising Shuttle operating costs and the
need to stay within a fixed Shuttle budget. Cost
growth in Shuttle operations forced NASA to “use
funds intended for Space Shuttle safety upgrades
to address operational, supportability,
obsolescence, and infrastructure needs.” 

At its March 2001 meeting, NASA�s Space Flight
Advisory Committee advised that “the Space
Shuttle Program must make larger, more
substantial safety upgrades than currently
planned … a budget on the order of three times
the budget currently allotted for improving the
Shuttle systems” was needed. Later that year, five
Senators complained that “the Shuttle program is
being penalized, despite its outstanding
performance, in order to conform to a budget
strategy that is dangerously inadequate to ensure
safety in America�s human space flight program.” 

. 

•
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The Board observes that this is hardly an
environment in which those responsible for safe
operation of the Shuttle can function without being
influenced by external pressures. It is to the credit
of Space Shuttle managers and the Shuttle
workforce that the vehicle was able to achieve its
program objectives for as long as it did. 

An examination of the Shuttle Program�s history
from Challenger to Columbia raises the question:
Did the Space Shuttle Program budgets
constrained by the White House and Congress
threaten safe Shuttle operations? There is no
straightforward answer. In 1994, an analysis of
the Shuttle budget concluded that reductions
made in the early 1990s represented a “healthy
tightening up” of the program. Certainly those in
the Office of Management and Budget and in
NASA�s congressional authorization and
appropriations subcommittees thought they were
providing enough resources to operate the Shuttle
safely, while also taking into account the expected
Shuttle lifetime and the many other demands on
the Federal budget. NASA Headquarters agreed,
at least until Administrator Goldin declared a
“space launch crisis” in June 1999 and asked that
additional resources for safety upgrades be added
to the NASA budget. By 2001, however, one
experienced observer of the space program
described the Shuttle workforce as “The Few, the
Tired,” and suggested that “a decade of
downsizing and budget tightening has left NASA
exploring the universe with a less experienced
staff and older equipment.”

It is the Board�s view that this latter statement is
an accurate depiction of the Space Shuttle
Program at the time of STS-107. 

 The
Board also finds that recent modest increases in
the Shuttle Program�s budget are necessary and
overdue steps toward providing the resources to
sustain the program for its now extended lifetime.
Similarly, NASA has recently recognized that
providing an adequately sized and appropriately
trained workforce is critical to the agency�s future
success. 

An examination of the Program�s management
changes also leads to the question: Did turmoil in
the management structure contribute to the
accident? The Board found no evidence that the
transition from many Space Shuttle contractors to

a partial consolidation of contracts under a single
firm has by itself introduced additional technical
risk into the Space Shuttle Program. The transfer
of responsibilities that has accompanied the
Space Flight Operations Contract has, however,
complicated an already complex Program
structure and created barriers to effective
communication. Designating the Johnson Space
Center as the “lead center” for the Space Shuttle
Program did resurrect some of the Center
rivalries and communication difficulties that
existed before the Challenger accident. The
specific ways in which this complexity and lack of
an integrated approach to Shuttle management
impinged on NASA�s performance during and
before the flight of STS-107 are discussed in
Chapters 6 and 7.

As the 21st century began, NASA�s deeply
ingrained human space flight culture, one that
has evolved over 30 years as the basis for a
more conservative, less technically and
organizationally capable organization than the
Apollo-era NASA  remained strong enough to
resist external pressures for adaptation and
change. At the time of the launch of STS-107,
NASA retained too many negative (and also
many positive) aspects of its traditional culture:
“flawed decision making, self deception,
introversion and a diminished curiosity about the
world outside the perfect place.”  These
characteristics were reflected in NASA�s less
than stellar performance before and during the
STS-107 mission, which is described in the
following chapters.

CHAPTER 4
Other Factors Considered

Although deemed by the
Board as unlikely to have contributed to the
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accident, these are still open and are being
investigated further by NASA. In a few other
cases, there is insufficient evidence to completely
eliminate a factor, though most evidence indicates
that it did not play a role in the accident. In the
course of investigating these factors, the Board
identified several serious problems that were not
part of the accidents causal chain but nonetheless
have major implications for future missions. 

4.1 FAULT TREE 

NASA chartered six teams to develop fault trees,
one for each of the Shuttles major components:
the Orbiter, Space Shuttle Main Engine, Reusable
Solid Rocket Motor, Solid Rocket Booster,
External Tank, and Payload. A seventh “systems
integration” fault tree team analyzed failure
scenarios involving two or more Shuttle
components. These interdisciplinary teams
included NASA and contractor personnel, as well
as outside experts. 

Some of the fault trees are very large and
intricate. For in-stance, the Orbiter fault tree,
which only considers events on the Orbiter that
could have led to the accident, includes 234
elements. In contrast, the Systems Integration
fault tree, which deals with interactions among
parts of the Shuttle, includes 295 unique
multi-element integration faults, 128 Orbiter
multi-element faults, and 221 connections to the
other Shuttle components. These faults fall into
three categories: induced and natural
environments (such as structural inter-face loads

and electro-mechanical effects); integrated
vehicle mass properties; and external impacts
(such as debris from the External Tank).
Because the Systems Integration team
considered multi-element faults  that is,
scenarios involving several Shuttle components,
it frequently worked in tandem with the
Component teams. 

In the case of the Columbia accident, there could
be two plausible explanations for the
aerodynamic breakup of the Orbiter: (1) the
Orbiter sustained structural damage that
undermined attitude control during re-entry; or
(2) the Orbiter maneuvered to an attitude in
which it was not designed to fly. The former
explanation deals with structural damage
initiated before launch, during ascent, on orbit, or
during re-entry. The latter considers
aerodynamic breakup caused by improper
attitude or trajectory control by the Orbiter�s
Flight Control System. Telemetry and other data
strongly suggest that improper maneuvering was
not a factor. Therefore, most of the fault tree
analysis concentrated on structural damage that
could have impeded the Orbiter�s attitude
control, in spite of properly operating guidance,
navigation, and flight control systems. 

When investigators ruled out a potential cascade
of events, as represented by a branch on the
fault tree, it was deemed “closed.” When
evidence proved inconclusive, the item remained
“open.” Some elements could be dismissed at a
high level in the tree, but most required delving
into lower levels. An intact Shuttle component or
system (for example, a piece of Orbiter debris)
often provided the basis for closing an element.
Telemetry data can be equally persuasive: it
frequently demonstrated that a system operated
correctly until the loss of signal, providing strong
evidence that the system in question did not
contribute to the accident. The same holds true
for data obtained from the Modular Auxiliary Data
System recorder, which was recovered intact
after the accident.

The closeout of particular chains of causation
was examined at various stages, culminating in
reviews by the NASA Orbiter Vehicle
Engineering Working Group and the NASA
Accident Investigation Team. After these groups
agreed to close an element, their findings were
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forwarded to the Board for review. At the time of
this report�s publication, the Board had closed
more than one thousand items.

The open elements are grouped by their potential
for contributing either directly or indirectly to the
accident. The first group contains elements that
may have in any way contributed to the accident.
Here, “contributed” means that the element may
have been an initiating event or a likely cause of
the accident. The second group contains
elements that could not be closed and may or
may not have contributed to the accident. These
elements are possible causes or factors in this
accident. The third group contains elements that
could not be closed, but are unlikely to have
contributed to the accident. Appendix D.3 lists all
the elements that were closed and thus eliminated
from consideration as a cause or factor of this
accident.

Some of the element closure efforts will continue
after this report is published. Some elements will
never be closed, because there is insufficient data
and analysis to unconditionally conclude that they
did not contribute to the accident. For instance,
heavy rain fell on Kennedy Space Center prior to
the launch of STS-107. Could this abnormally
heavy rainfall have compromised the External
Tank bipod foam? Experiments showed that the
foam did not tend to absorb rain, but the rain
could not be ruled out entirely as having
contributed to the accident. Fault tree elements
that were not closed as of publication are listed in
Appendix D.4.
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Recommendations 

It is the Board's opinion that good leadership can direct a culture to adapt to new realities.
NASA's culture must change, and the Board intends the following recommendations to be steps
toward effecting this change. Recommendations have been put forth in many of the chapters. In
this chapter, the recommendations are grouped by subject area with the Return-to-Flight [RTF]
tasks listed first within the subject area. Each Recommendation retains its number so the
reader can refer to the related section for additional details. These recommendations are not
listed in priority order. 

PART ONE  THE ACCIDENT 
Thermal Protection System 

R3.2-1 Initiate an aggressive program to eliminate all External Tank Thermal Protection System
debris-shedding at the source with particular emphasis on the region where the bipod struts
attach to the External Tank. [RTF] 

R3.3-2 Initiate a program designed to increase the Orbiter's ability to sustain minor debris
damage by measures such as improved impact-resistant Reinforced Carbon-Carbon and
acreage tiles. This program should determine the actual impact resistance of current materials
and the effect of likely debris strikes. [RTF] 

R3.3-1 Develop and implement a comprehensive inspection plan to determine the structural
integrity of all Reinforced Carbon-Carbon system components. This inspection plan should take
advantage of advanced non-destructive inspection technology. [RTF] 

R6.4-1 For missions to the International Space Station, develop a practicable capability to
inspect and effect emergency repairs to the widest possible range of damage to the Thermal
Protection System, including both tile and Reinforced Carbon-Carbon, taking advantage of the
additional capabilities available when near to or docked at the International Space Station. For
non-Station missions, develop a comprehensive autonomous (independent of Station)
inspection and repair capability to cover the widest possible range of damage scenarios.
Accomplish an on-orbit Thermal Protection System inspection, using appropriate assets and
capabilities, early in all missions. The ultimate objective should be a fully autonomous capability
for all missions to address the possibility that an International Space Station mission fails to
achieve the correct orbit, fails to dock successfully, or is damaged during or after undocking.
[RTF] 

R3.3-3 To the extent possible, increase the Orbiter's ability to successfully re-enter Earth's
atmosphere with minor leading edge structural sub-system damage. 

R3.3-4 In order to understand the true material characteristics of Reinforced Carbon-Carbon
components, develop a comprehensive database of flown Rein-forced Carbon-Carbon material
characteristics by destructive testing and evaluation. 

R3.3-5 Improve the maintenance of launch pad structures to minimize the leaching of zinc
primer onto Reinforced Carbon-Carbon components. 
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R3.8-1 Obtain sufficient spare Reinforced Carbon-Car-bon panel assemblies and associated
support components to ensure that decisions on Rein-forced Carbon-Carbon maintenance are
made on the basis of component specifications, free of external pressures relating to
schedules, costs, or other considerations. 

R3.8-2 Develop, validate, and maintain physics-based computer models to evaluate Thermal
Protection System damage from debris impacts. These tools should provide realistic and timely
estimates of any impact damage from possible debris from any source that may ultimately
impact the Orbiter. Establish impact damage thresholds that trigger responsive corrective
action, such as on-orbit inspection and repair, when indicated. 

Imaging 

R3.4-1 Upgrade the imaging system to be capable of providing a minimum of three useful views
of the Space Shuttle from liftoff to at least Solid Rocket Booster separation, along any expected
ascent azimuth. The operational status of these assets should be included in the Launch
Commit Criteria for future launches. Consider using ships or aircraft to provide additional views
of the Shuttle during ascent. [RTF] 

R3.4-2 Provide a capability to obtain and downlink high-resolution images of the External Tank
after it separates. [RTF]
 
R3.4-3 Provide a capability to obtain and downlink high-resolution images of the underside of
the Orbiter wing leading edge and forward section of both wings' Thermal Protection System.
[RTF] 

R6.3-2 Modify the Memorandum of Agreement with the National Imagery and Mapping Agency
to make the imaging of each Shuttle flight while on orbit a standard requirement. [RTF] 

Orbiter Sensor Data 

R3.6-1 The Modular Auxiliary Data System instrumentation and sensor suite on each Orbiter
should be maintained and updated to include current sensor and data acquisition technologies

R3.6-2 The Modular Auxiliary Data System should be redesigned to include engineering
performance and vehicle health information, and have the ability to be reconfigured during flight
in order to allow certain data to be recorded, telemetered, or both as needs change. 

Wiring 

R4.2-2 As part of the Shuttle Service Life Extension Program and potential 40-year service life,
develop a state-of-the-art means to inspect all Orbiter wiring, including that which is
inaccessible. 

Bolt Catchers 

R4.2-1 Test and qualify the flight hardware bolt catchers. [RTF] 
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Closeouts 

R4.2-3 Require that at least two employees attend all final closeouts and intertank area
hand-spraying procedures. [RTF] 

Micrometeoroid and Orbital Debris 

R4.2-4 Require the Space Shuttle to be operated with the same degree of safety for
micrometeoroid and orbital debris as the degree of safety calculated for the International Space
Station. Change the micrometeoroid and orbital debris safety criteria from guidelines to
requirements. 

Foreign Object Debris 

R4.2-5 Kennedy Space Center Quality Assurance and United Space Alliance must return to the
straightforward, industry-standard definition of “Foreign Object Debris” and eliminate any
al-ternate or statistically deceptive definitions like “processing debris.” [RTF] 

PART TWO – WHY THE ACCIDENT OCCURRED 

Scheduling 

R6.2-1 Adopt and maintain a Shuttle flight schedule that is consistent with available resources.
Although schedule deadlines are an important management tool, those deadlines must be
regularly evaluated to ensure that any additional risk incurred to meet the schedule is
recognized, understood, and acceptable. [RTF] 

Training 

R6.3-1 Implement an expanded training program in which the Mission Management Team
faces potential crew and vehicle safety contingencies beyond launch and ascent. These
contingencies should involve potential loss of Shuttle or crew, contain numerous uncertainties
and unknowns, and require the Mission Management Team to assemble and interact with
support organizations across NASA/Contractor lines and in various locations. [RTF] 

Organization 

R7.5-1 Establish an independent Technical Engineering Authority that is responsible for
technical requirements and all waivers to them, and will build a disciplined, systematic approach
to identifying, analyzing, and controlling hazards throughout the life cycle of the Shuttle System.
The independent technical authority does the following as a minimum: 

• Develop and maintain technical standards for all Space Shuttle Program projects and   
elements 
• Be the sole waiver-granting authority for all technical standards 
• Conduct trend and risk analysis at the sub-system, system, and enterprise levels 
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• Own the failure mode, effects analysis and hazard reporting systems 
• Conduct integrated hazard analysis 
• Decide what is and is not an anomalous event 
• Independently verify launch readiness 
• Approve the provisions of the recertification program called for in Recommendation R9.1-1. 
The Technical Engineering Authority should be funded directly from NASA Headquarters, and
should have no connection to or responsibility for schedule or program cost. 

R7.5-2 NASA Headquarters Office of Safety and Mission Assurance should have direct line
authority over the entire Space Shuttle Program safety organization and should be
independently resourced. 

R7.5-3 Reorganize the Space Shuttle Integration Office to make it capable of integrating all
elements of the Space Shuttle Program, including the Orbiter. 

PART THREE – A LOOK AHEAD 

Organization 

R9.1-1 Prepare a detailed plan for defining, establishing, transitioning, and implementing an
independent Technical Engineering Authority, independent safety program, and a reorganized
Space Shuttle Integration Office as described in R7.5-1, R7.5-2, and R7.5-3. In addition, NASA
should submit annual reports to Congress, as part of the budget review process, on its
implementation activities. [RTF]


