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p.1

202
p.2

...then...
113 The wider space between
clevis and tang increases the
probability of joint rotation under
the pressure of combustion.

If...

...and...

...and...

110 Morton-Thiokol
designs space shuttle
SRBs with a clevis-andtang segment connection.

111 The substantially increased
scale of the space shuttle
SRBs creates unanticipated fit
problems during assembly.

112 Morton-Thiokol
increases clevis-andtang tolerances to make
assembly easier.

...then...
...then...

If...

...and...

107 Space shuttle SRB
development is awarded
to Morton-Thiokol
through competitive bid.

...and...

108 MortonThiokol assumes
little difficulty in
up-scaling the
Titan III design.

109 Titan II
SRBs use a
clevis-and-tang
design to
connect rocket
motor segments.

...then...
...then...

If...

...and...

104 NASA awards
contracts to the
lowest bidder
whenever possible.

...and...
106 Morton-Thiokol’s
proposal for the SRBs is
lowest in cost but no
better than 4th-rated in
design, development,
and verification.

105 Morton-Thiokol
submits a bid
promising very low
cost.

...then...
...and...
101 The fiscal
environment in
the early 1970s is
austere.

If...

210
p.2

100 NASA leadership
makes cost a prime
consideration in design
and development.

If...
102 MortonThiokol has deep
experience in Titan
III solid rocket
boosters (SRB).

...and...
103 The cost economy
in the Morton-Thiokol
proposal is based on
scaling up the proven
Titan III SRB design.

(Critical Root Cause)
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302
p.3

409
p.4

608
p.6

214 Only the
secondary O-ring
remains to
contain internal
booster pressure.

213 NASA and Morton-Thiokol know that
shimming has not corrected the pressure leak
problem at the O-ring in the SRB aft field joint.

211 Shimming the
existing joints is the
selected solution.

p.2

212 In spite of shimming , heat erosion of a
primary O-ring is detected in a SRB after STS-5
(first operational mission) in December 1982.

210 Marshall Space Flight
Center (NASA) rejects a
redesign as too expensive.

207 The only realistic fix
options are shimming the
existing design or
redesigning the SRB case.

209 Redesigning
the SRBs from
scratch is
prohibitively
expensive.

208 A fix for the
pressure leakage
problem is required.

100 NASA
leadership makes
cost a prime
consideration in
design and
development.

(From p. 1 )
204 Hydrostatic pressure tests
on the SRB casing in 1977
reveal pressure leaking at only
half the pressure expected with
am ignited motor.

202 The O-rings fail to
provide a consistent,
reliable joint seal at the
aft field joint.

113 The wider space between
clevis and tang increases the
probability of joint rotation under
the pressure of combustion.

(From p. 1 )
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206 Critical flight hazards
(possible loss of life) are
unacceptable.

205 Combustion leakage
at the aft field joint
presents a critical hazard
to flight operations.

203 Joint rotation produces
a pressure leak at the aft
field joint (where the clevis
and tang connect).

200 The clevis-and-tang
joint is designed to be
sealed by two O-rings
(primary and secondary)
protected from combustion
heat by zinc chromate putty.

201 Joint rotation
compromises the sealing
characteristics of the Orings and putty.
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p.3

510
p.5

309 Nobody at Morton-Thiokol has the
information needed to pose a rational
objection to further launches.

308 Key propulsion engineers never find
out that redundancy has been lost
(primary O-ring integrity now critical).

307 Reclassification of the aft
field joint is not communicated
throughout Morton-Thiokol.

405
p.4

306 NASA policy now requires the
shuttle to be grounded if evidence
is subsequently detected indicating
primary O-ring failure.

304 Marshall Space
Flight Center reclassifies
the aft field joint from
redundant to critical.

302 The aft field joint, in
reality, no longer has
any redundancy.

214 Only the secondary Oring remains to contain
internal booster pressure.

(From p. 2 )
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300 The aft filed joint had
been originally classified
as redundant because of
the two O-rings.

305 Critical means
loss of life or vehicle
of the component
(primary O-ring)
fails.

303 NASA is
aware of the
persistent
problem.

301 The secondary O-ring
was never intended to
absorb the full pressure of
combustion (i.e., to substitute
for the primary O-ring).
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p.4

409 The space shuttle and crew
are at substantially increased risk
during all launches after 1982
[UNDESIRABLE EFFECT]
508
p.5

407 NASA continues operational
space shuttle launches from
1983 through 1985.

408 No further technical
actions will be taken to
correct the aft field joint
problem.

213 NASA and MortonThiokol know that
shimming has not
corrected the pressure leak
problem at the O-ring in
the SRB aft field joint.

(From p. 2 )

508
p.5

405 NASA shuttle managers begin to
routinely waive SRB discrepancies
related to SRB O-ring blow-by.

406 Marshall Space Flight Center’s
problem assessment report on the
aft field joint reads: “Remedial
action required: NONE.”

508
p.5

403 NASA has a strong public
relations motivation to avoid
suspending the program.

306 NASA policy now
requires the shuttle to be
grounded if evidence is
subsequently detected
indicating primary O-ring
failure.

404 NASA shuttle managers
come to consider O-ring
blow-by to be a normal
(acceptable) condition.

(From p. 3 )
400 NASA space shuttle
manager are under intense
pressure to improve the
public image of the program.

(Critical Root Cause)
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401 Subsequent space shuttle
flights (1983) are successful in
spite of gas pressure blowing
by the primary O-ring.

402 No serious consequences
of pressure leakage have yet
been observed on previous
launches.
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p.5

600
p.6

510 Morton-Thiokol vice-presidents
(participating on the conference
call) overrule their own engineers.

509 Morton-Thiokol engineers
have only their gut-feel to
substantiate their concerns.

508 NASA shuttle
managers “shout down”
the opposition of MortonThiokol engineers.

309 Nobody at Morton-Thiokol has the
information needed to pose a rational
objection to further launches.

(From p. 3 )
507 Morton-Thiokol engineers
vigorously express their opposition
to launching on January 28.
408 No further technical
actions will be taken to
correct the aft field joint
problem.

(From p. 4 )
505 Morton-Thiokol
engineers oppose launching
on January 28, 1986.

506 A conference call (35
participants) is convened to
discuss the O-ring and
temperature problem.

404 NASA shuttle
managers come to
consider O-ring blow-by
to be a normal
(acceptable) condition.

(From p. 4 )
503 Temperature at launch
time for the 51-L mission is
forecast to be 37o F.

504 Morton-Thiokol
engineers perceive danger in
low-temperature launches
(less than 53o F).

403 NASA has a strong public
relations motivation to avoid
suspending the program.

(From p. 4 )

500 Stiff O-rings take
longer to seat properly
(if they do so at all).
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501 O-rings are
known to be stiffer at
lower temperatures.

502 Morton-Thiokol engineers
notice a correlation between
severity of hot gas blowing by
O-rings and low air
temperatures at launch.
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p.6

704
p.7

613 Over the next 70 seconds, a
substantial amount of combustion gas
leaks out of the right SRB aft field joint.

612 The secondary Oring is burned through.

611 The secondary O-ring cannot
withstand the heat of the blow-by.
610 Seven-tenths of a second after
SRB ignition, an exceptional amount of
hot exhaust gas blows by the primary
O-ring on the right SRB aft field joint.

606 The last chance
to save the crew and
vehicle is gone.

609 Sealing of the aft field joint on
the right SRB fails along a
significant length of the O-ring.

607 Cold air temperatures for
the previous 12+ hours stiffen
the primary O-ring in the aft
field joint on the right SRB.

608 Aft field joint
rotation occurs
on the SRBs.

[UNDESIRABLE EFFECT]

604 Challenger lifts off.

602 Challenger’s main engines (liquidfueled) ignite and build to full thrust (7
seconds) before ignition of SRBs.

605 Combustion
pressure builds
rapidly within the
SRBs.

603 Challenger’s left and right
SRBs ignite seven seconds after
main engine ignition.

601 Launch sequence
commences at 11:38am EST.

600 NASA and Morton-Thiokol reach
consensus to go ahead with the launch
of STS-51-L on January 28, 1986.

213 Shimming has
not corrected the
pressure leak
problem at the O-ring
in the SRB aft field
joint.

(From p. 2 )

510 Morton-Thiokol vice-presidents
(participating on the conference
call) overrule their own engineers.
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(From p. 5 )
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p.7

718 The crew is killed.

719 The Challenger is destroyed.

[UNDESIRABLE EFFECT]

[UNDESIRABLE EFFECT]

716 The crew has no
means of escape.

717 Challenger’s main fuel tank
explodes 72 seconds into the flight.

714 The main fuel tank is ruptured.

712 The right SRB tears the lower
attachment loose from the main fuel tank.

715 Leaking
liquid fuel is
ignited.

713 Forcible
detachment fails
the structure of the
main fuel tank.

711 Asymmetric aerodynamic loads
at speeds in excess of Mach 1
exceed the structural strength of the
SRB attachment hardware.

708 Challenger
begins to roll
and yaw.

706 Asymmetric
thrust imposes
large roll and yaw
forces on the
entire vehicle.

709 Challenger’s autopilot
attempts to correct for the
increasing roll and yaw.

707 Challenger experiences
a significant asymmetric
thrust condition.

704 Any pressure
differential between SRBs
causes and immediate
asymmetric thrust condition.

700 The SRBs are
located on the
vehicle centerline.

710 At 70 seconds into
the flight, the roll/yaw
exceed the autopilot’s
capability to correct.

701 The SRBs are
designed to operate at
equal internal pressures.
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705 Challenger experiences a
significant , rapidly increasing
pressure differential between
the left and right SRBs.

703 The pressure
leak in the right
SRB continues to
worsen.

702 Pressure in
the left SRB
remains normal.

613 Over the next 70 seconds, a
substantial amount of combustion gas
leaks out of the right SRB aft field joint.

(From p. 6 )
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