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by Mary Anne Fleming

Following Failure to Success

Lafayette College in 1963, and his
M.S. and Ph.D. degrees in materials
science and engineering from Stan-
ford University in 1965 and 1967,
respectively. After receiving his Ph.D.,
he did his first major failure analysis
for his initial employer, United Tech-
nologies Corporation, where he work-
ed in the Pratt & Whitney Aircraft
Division. The project focused on a
ruptured gas turbine disk in the jet
engine powering Boeing 727 aircraft.

He described that analysis of more
than 30 years ago: “The component
involved was a wrought, nickel-based
superalloy compressor disk that
retains one stage of about 100
titanium compressors blades while

rotating at about 8,000 rpm in the
aircraft gas turbine. Disks in some
engines developed cracks, which
failure analysis and testing confirmed
to be fatigue cracks resulting from an
unexpectedly high order vibration
mode in the disk.

“Because the cracking occurred in
a commercial jet engine, it received
the attention of a team of in-house
technical specialists as well as govern-
ment regulators. The metallurgists
used optical and SEM fractography
and metallography to determine the
cracking mode in service and test
engines. We worked with non-
destructive testing specialists to detect
cracks in early stages of development
by in-service inspections. Vibration,
stress, and fracture mechanics analyses
were performed to assess cracking.
Instrumentation and testing of disks
was also performed to measure

vibration response and
corresponding crack
development.

“The failure analysis
team worked with gas

turbine designers to develop on-
ground-operating conditions that
were used to test for disk integrity
prior to plane takeoff until modi-
fied hardware was developed and
installed to eliminate the potential
failure mode.”

On the Path to Growth
In 1974, Rau became the first non-

founder employee of what was then
known as Failure Analysis Associates
(FaAA) and the first non-founder
principal. He had known the founders
since they were his Stanford Uni-
versity materials science and engi-
neering professors. Alan Tetelman,
FaAA president, hired Rau to develop

Dr. Charles Rau, Jr., Ph.D.,
 P.E., has par layed a
   childhood interest in fixing

things to a successful career as corp-
orate vice president and principal
engineer at Exponent, a leading engi-
neering and science consulting firm
providing domestic and international
businesses with solutions to a variety
of technical problems (see related
sidebar on page 19). Rau is based in
Exponent’s Phoenix, Ariz., Test and
Engineering Center.

He specializes in failure analysis, life
prediction, design, and testing, and
focuses on issues related to fatigue,
fracture, and corrosion of materials.
His research includes assessment of
structural and mechanical designs,
human performance, mechanical reli-
ability, and risk prediction, as well as
manufacturing technology, quality
control, nondestructive inspection,
and accident recon-
struction. His expertise
encompasses aircraft,
railroad, and automo-
tive equipment; explo-
sions; pressure vessels and tanks;
piping; boilers and steam generators;
tubing; firearms; turbines and rotat-
ing equipment; and welded steel
structures.

“Since I was a child, I was always
interested in fixing things,” Rau said.
“To do so, I first understood how the
item worked and then how it had
failed. Studying metallurgical
engineering was a step in improving
my ability to do so. In graduate school,
I chose to focus on fracture of
materials and chose a thesis dealing
with fracture of metals.”

A First Analysis
Rau received his B.S. degree in

metallurgical engineering from

An Interview with Charles Rau,
Ph.D., P.E., corporate vice

president, Exponent

“I am a metallurgical engineer who loves to determine what
went wrong and how to fix it. I joyfully work 18 hours a day on
failure analyses that are exciting to me and important to my clients.”
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“Even good engineers sometimes are not qualified to perform
the many complex aspects of a failure analysis they might attempt.
An array of technical disciplines, skills, and experience are often
required to avoid misinterpretations of incomplete evidence and
to identify the root cause of a failure.”

a full-time professional staff for the
company to perform both contract
research as well as failure analysis.
During its first seven years, FaAA was

operated as a part-time activity of the
founders (three metallurgists and two
mechanical engineers) and their
graduate students.

Rau said, “The initial development
of our firm was guided by the genius
of our first president, Dr. Alan
Tetelman, who died tragically in the
1978 crash of a PSA 727, while on
his way to perform a failure analysis
of another airplane crash. Over the
next 10 years, the firm grew steadily
by a combination of hiring the best
students of the founders and other top
technical specialists in related
disciplines, e.g. statistics, human
factors, civil engineering, and
biomechanics. This provided us with
the interdisciplinary expertise, well
beyond materials and mechanical
engineering, to address much larger
and more complex failure analyses and
engineering problems.”

It was also during this time that the
leaders of FaAA recognized the need
for regional offices to service local
industries. Regional offices were
initially opened in Los Angeles and
Houston. During the next 10 years,
the company continued to grow,
both in the breadth of its technical
specialties and the number of
regional offices.

Rau described this growth: “As the
firm grew, we added business,
financial, and human resources pro-
fessionals to our management team of

technical leaders. In the 1980s, we
started looking at the acquisition of
small firms of technical specialists and
planning for our own management

succession.
This culmi-
nated in a
major mile-
stone, when
we became
a public
corporation

in 1990. As a public corporation, we
obtained the additional resources to
acquire firms with substantial
expertise in environmental services
and health services.

“Today, we remain a dynamic firm,
growing existing activities and
expanding into new technical practice
areas and geographical locations as the
need and opportunity arise.”

A Day in the Life of . . .
Rau directs the Phoenix office of

Exponent and, as an officer of the
firm, participates in corporate over-
sight activities and performs some
operations management. However, he
has organized and delegated much of
the management so that he can spend
75% of his time working directly
on technical projects, usually failure
analyses.

A typical day finds Rau working
with teams on three or four major
active projects, as well as commu-
nicating about the status of many
others. He performs testing, does
laboratory examinations, and eval-
uates results. Each day is as varied as
the individual failures being evaluated.
He added, “On average, I’m in the
field several days a week examining
physical evidence of a failure or
discussing issues in client meetings,
or reporting results in meetings or in
testimony in trial, deposition, or
mediation proceedings.”

About Exponent

“Analyzing failures and
accidents to determine their

causes and to understand
how to prevent them”

In April 1967, five Ph.D.-level
researchers with expertise in materials
science, engineering mechanics, and
structural analysis began a consulting
business. Failure Analysis Associates
(FaAA) gained national recognition by
the early 1970s for its work for the
energy industry in stress and fracture
mechanics. During the 1990s, FaAA
developed alliances with companies
offering services complementary to
those it already offered, acquiring
Environmental Health Strategies and
Performance Technologies, Inc. In
1998, to reflect this expansion of
services, the firm’s name was changed
to Exponent, meaning “one who
expounds or interprets.”

Headquartered in Menlo Park,
Calif., Exponent today offers more
than 70 scientific and engineering
disciplines through 18 offices and one
international location. The company
has a full-time staff of 650.

According to the company website,
www.exponent.com, Exponent, “com-
bines unparalleled technical expertise
with the ability, when necessary, to
focus this knowledge in extremely
short time frames. Our multi-
disciplinary team of scientists,
physicians, engineers, and business
consultants will perform either in-
depth scientific research and analysis,
or very rapid-response evaluations, to
provide our clients with the critical
information that both day-to-day and
strategic decisions can require.”

Despite the publicity Exponent has
received for investigations of major
disasters, most of its work is on day-
to-day technical issues with the
average consultation costing under
$20,000. In 33 years of practice,
Exponent has conducted more than
20,000 investigations.
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Asked what part of his job his enjoys
the most, he was quick to answer:
“Two hours of management, per-
sonnel, or business issues exhaust me.
However, I am a metallurgical engi-
neer who loves to determine what
went wrong and how to fix it. I
joyfully work 18 hours a day on failure
analyses that are exciting to me and
important to my clients.”

Worry about the potentialities of
being sued does not seem to be part
of Rau’s day. “Exponent has become
ISO 9001 certified and had imple-
mented a formal Quality Control
program of all work and commu-
nication for many years before ISO,”
he said. “Our QC program has many
facets, but several key components are
independent evaluation and signoff of

(continued)Following Failure to Success – an Interview with Charles Rau

 Case Study – Arizona Mine Ore Conveyor Bridge Collapse

A bridge supporting the main ore conveyor at the Arizona
Mine collapsed on 23 December 1997.

West transition joint: Brittle fracture

all work and communication before
it is released, and procedures to assure
this happens.”

Looking Back, Looking
Ahead

As he looks back on his career, Rau
reflects, “It is ironic that I left a large
company, United Technologies Corp.,

(continued on page 22)

On 23 December 1997, a
portion of the main ore con-

veyor at a major mine collapsed
onto and closed a U.S. highway,
and also shut down mine opera-
tions. Exponent Failure Analysis
Associates (FaAA) was retained to
conduct an independent inves-
tigation as to the circumstances,
causes, and origins of this failure.

FaAA evaluated relevant docu-
mentation and all physical evi-
dence. Witnesses, staff, and
consultants were interviewed
regarding the design and manu-
facturing of the truss, as well as
operation, controls, and mainten-
ance. In order to reconstruct the
collapse, the overall truss and joint
details were modeled. We also
analyzed the truss structure and
joint stresses to determine the root
cause of the collapse.

The conveyor structure that
collapsed was supported by a steel
truss that spanned 185 feet. The
conveyor typically transported more
that 6,000 tons per hour (tph) and
regularly reached 8,500 tph. Prior
to collapse, the truss had been
subjected to conveyor ore loading
between 5,400 and 7,700 tph plus
its dead weight, a weekly accumu-

A Case Study from the files of Dr. Charles Rau

lation of ore spillage, and some carry-
back of wet ore fines onto the catch
plate. Truss failure occurred just as the
conveyor ore transport rate was
increased to 8,260 tph. Under this
total loading, which was only slightly
above the regular operating condition,
a poorly designed and fabricated
transition joint in the west lower

chord failed, thereby overloading
other key structural members
and causing the entire truss to
collapse.

The finite element model of the
bridge showed that:
• the lower chords support the

highest loads
• total load from ore and fines

was slightly higher than typical
• nominal member stresses were

well below the steel yield
strength

• analogous members were
stressed 15% higher in the west
truss than in the east

Local joint stresses were com-
puted by 3-D, elastic-plastic, finite
element modeling. The lower
chords were angle iron at both
ends and boxed I-beams in the
truss center.  The joint stress analy-
sis revealed that large local bend-
ing stresses across the transition

joint were caused by section change
(centroid offset) and fillet weld area
offset.

The truss collapse was due to a
poorly designed lower chord trans-
ition connection. Specifically, a
built-in eccentricity between lower
chord member centroids on either
side of the transition joint, from a
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Surface stresses:
Boxed I-beam side

Joint displace-
ments: Vertical
cross section
(displacements
scaled by 10X)

Surface stresses:
Angle iron side

West transition joint: Brittle fracture boxed
I-beam side

West transition plate: Close up of lamellar
tear fracture

Lamellar tear – cross section at 100×

standard angle section to a fabricated
boxed I-beam section, produced very
high local bending stresses. Thus,
under normal operating loads, local
stresses and strains were amplified
30 times. Another contributing
cause of the collapse was that the
transition joint welds, where the
fracture originated, were made with
undersized fillet welds, 20% smaller
than specified on the original
fabrication drawing.

Because of the poorly designed
joint detail and the deficient welds,
both of which concentrated stress
and strain in the low ductility
direction of the transition joint plate,
lamellar tearing of plate material
occurred at the boxed I-beam fillet
weld attachment. Brittle fracture of
this joint precipitated global collapse
of the truss structure.

0.30″

Inclusions
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to grow a small and more focused
failure analysis firm. Due to our
success, we have created a firm much
larger than I envisioned, but we have
done so preserving most of the values
and freedom of a small firm. The
major pro of being the largest
consulting firm specializing in the
analysis and prevention of failures is
that we have a breadth of technical
specialties and facilities to address
complex, interdisciplinary projects.
Our network of regional offices

enables us to efficiently handle
national problems. These are the most
challenging projects, and they can
only be effectively addressed with the
resources of a larger firm. The cons
are simply the additional organization
and formalism that is necessitated to
operate and work in a larger organi-
zation. A small price to pay.”

What would he change about the
failure analysis field today if he had
the chance? Rau said he would like to

see a “better way of assuring a basic
level of competence in teams or
individuals attempting to perform
failure analyses. Even good engineers
sometimes are not qualified to
perform the many complex aspects of
a failure analysis they might attempt.
An array of technical disciplines,
skills, and experience are often
required to avoid misinterpretations
of incomplete evidence and to identify
the root cause of a failure.” He added

(continued on page 24)

On 13 December 1994, two
massive detonations leveled

portions of an ammonium nitrate
plant near Sioux City owned by
Terra Industries. Four plant workers
were killed, 18 others suffered ser-
ious injury, and damage to the plant
and surrounding community was
estimated in the hundreds of mil-
lions of dollars. Following the
accident, Terra Industries sued
Mississippi Chemical Corporation
(MCC), alleging they had defect-
ively designed the sparger piping
inside the neutralizer (vessel) in
which the primary explosion had
occurred.

Exponent Failure Analysis Assoc-
iates (FaAA) was retained to
conduct an engineering and metal-
lurgical analysis of the accident. We
conducted extensive research and
testing regarding the properties,
decomposition kinetics, and explo-
sion of ammonium nitrate. We also
inspected and performed metal-
lurgical failure analysis of various
fragments of evidence from the
explosion site to determine the
detonation initiation location from

Case Study -
Explosion of the Terra Ammonium Nitrate Plant, Port, Neal, Iowa
A Case Study from the files of Dr. Charles Rau

the deformation and fracture charac-
teristics. We completed comprehen-
sive calculations and experimental
testing to determine the root cause of
the explosion.

Our investigation revealed that the
explosion occurred due to unsafe plant

The Terra Plant (a) before and (b) after
the explosion

a

b

operations and poor maintenance
procedures. Specifically, the ammo-
nium nitrate within the 18,000
gallon-capacity neutralizer vessel
had become contaminated and
made highly acidic. Furthermore,
the operators then injected super-
heated steam directly into the
ammonium nitrate in the neutralizer
vessel.

Exponent also established that the
detonation did not initiate inside the
sparger pipe designed by MCC.
Government agencies and a court-
appointed metallurgist confirmed
that finding. As a result, Terra
retracted its lawsuit against MCC
for its design and instead paid $18
million to MCC to settle the defam-
ation countersuit that had been filed
regarding that false claim.

Metallurgical Failure Analysis
and Reconstruction Details

In analyzing the Port Neal explo-
sion, we inspected the available
physical evidence, considered the
recovery locations of debris after the
explosion and performed indepen-

(continued)Following Failure to Success – an Interview with Charles Rau
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Failure analysis – Deformation sequence of
accident sparger

dent laboratory exami-
nations of physical evidence.
We also examined titanium
nitric acid spargers after
their removal from ammo-
nium nitrate (AN) neutral-
izer service.

Statements of fact, wit-
nesses, photographs, and
documents containing in-
formation on the plant oper-
ation and maintenance prior
to the explosion, observa-
tions made after the explo-
sion, and other reports and
supporting documents re-
garding the Port Neal explo-
sion were evaluated.

Full-scale testing of neu-
tralizers under simulated
shut down conditions were
performed as were small
scale decomposition rate
tests and explosion tests.

Based upon these evalu-
ations, the following con-
clusions were reached:

•  The Port Neal explosion
occurred in the following
sequence:

1. AN in the neutralizer
tank, which had been sensitized by
nitric acid, chloride, and other con-
taminants was steam heated contin-
uously for 9.5 hours during the shut
down.

2. Decomposition of the heated,
contaminated, and stagnant AN was
initiated within the neutralizer
external to the sparger.

3. A “boiling caldron” developed in
the neutralizer around and above the
sparger and was driven by energetic
decomposition of AN into gaseous
products.

4. AN foam formed in the “boiling
caldron,” filled the top of the neu-
tralizer, and forced AN foam

through the overflow piping into the
rundown tank (RDT).

5. Detonation initiated in the
bubble-ized region of AN in the
neutralizer.

6. Detonation pressure (waves)
propagated at high velocity through-
out the neutralizer and foam-filled
piping into the RDT, causing deto-
nation of the foamy and bubble-ized
regions of AN within.

7. Titanium spargers within the
neutralizer were flattened by detona-
tion pressure from above.

8. Bending fracture of the titanium
spargers occurred in the sharp crimps
created by flattening. (See Case Study, page 24)

Decomposition to explosion – Ammonium nitrate decomposition
and explosion in neutralizer

9. Flash oxidation and
melting of the sparger wall
and fracture surfaces
occurred from the heat of
detonation.

10. Detonation fractured
and fragmented the neu-
tralizer walls, the overflow
piping, and the RDT.
11. Rapid cooling of the
neutralizer and RDT frag-
ments occurred by con-
vection as the fragments
blasted away.
12. Shrapnel fragments
created by the detonations in
the neutralizer, overflow
piping, and the RDT pene-
trated nearby plant com-
ponents.
13. Plant components were
deformed and fractured by
the blast waves of the
explosion.
•   The titanium sparger
fractured by intense bending
deformation of the tube wall
along sharp crimps; crimps
formed by flattening of the
sparger under external pres-
sure from detonation above

the sparger. The consistent sharp
angle between the fracture plane and
the outside tube surface shows that
fracture occurred after the crimp was
formed by flattening from external
pressure. The sharp angle between
the fracture plane and the outside
tube surface is inconsistent with
rupture initiated from internal
pressure. The two primary, longi-
tudinal (along the sparger axis) frac-
tures are 180º apart, in the crimps
formed by tube flattening under
pressure from the detonation above
the sparger. The top of the sparger
was forced down into its bottom,
effectively crimping the wall near
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Plant and process schematic

Case Study - Explosion of the Terra Ammonium Nitrate Plant, Port, Neal, Iowa (continued)

Following Failure to Success – an Interview with Charles Rau
that failure analyses presented in some
product liability matters have been
so bad that laws have been spe-
cifically enacted to deal with this
“junk science.”

What advice would Rau give to
someone who wants to start and
grow a failure analysis firm? He has
two major recommendations: “One,
prior to doing so, work with exper-

ienced failure analysts, who know
what is required and how to perform
effectively complex failure analyses.
Two, don’t overextend the scope of
projects you undertake. The better
smaller firms specialize in specific
areas of competence and do not stray
into areas beyond the in-depth capa-
bilities and experience of their staff.
The failure analysis firms that are our

strongest competition in specific areas
are those who have spun off from
Exponent after many years acquiring
knowledge and experience.”

Mary Anne Fleming, ASM Inter-
national, 9639 Kinsman Road,
Materials Park, OH, 44073, e-mail:
maflemin@asminternational.org

(continued on page 32)

the 10 and 4 o’clock positions.
Many sparger bottom pieces
retained their original tube
curvature. The lower portions
of the outer shell of the
neutralizer and the draft tube
were shielded partially during
detonation by the liquid AN
that did not detonate. The
external detonation above
collapsed the sparger top
downward before the sparger
bottom could move by
displacing liquid AN beneath
it (which did not detonate).

•   The sparger did not fracture from
an internal explosion or experience
an internal overpressure. The
sparger hole shape (elongated in the
longitudinal direction) is completely
inconsistent with the shape that
would have been produced by over-
pressure inside the sparger. Most
longitudinal strains were larger than
the hoop strains, as revealed by the
relative sparger hole spacings meas-
ured in the longitudinal and hoop
directions. Lack of reduction in the
sparger wall thickness confirms that
the consistently large tensile hoop
strain (stress) that would have been
produced by high internal pressure
within the sparger were not present.
There was a lack of fracture along

either of the longitudinal rows of
holes, which would be nominally
weakest under internal pressure
loading.
• The titanium sparger was exposed
to very high temperatures for a brief
time period until the surrounding
liquid AN, which did not detonate,
was displaced.  Flash oxidation and
melting occurred on surfaces that were
exposed to the heat of detonation.
However, the thickness of metal
removed from surfaces by detonation
was generally much less than the
amount of metal that had been
removed from the hole surfaces by
erosion flows resulting from the
unstable decomposition of AN just
prior to detonation of the neutralizer.

Layers of various titanium
oxides were observed on
titanium sparger surfaces.
Below the oxide layers, there
was a well-developed heat-
affected zone (HAZ). The
oxide layers, quench cracks in
the oxide, and observed micro-
structure in the HAZ, in-
cluding lack of alpha grain
growth in the parent metal,
indicate that the sparger
fragments were exposed to
high temperature gradients for
a very short time duration.

Similar surface oxides and micro-
structures were produced on the
inside surfaces, the outside surfaces,
and the fracture surfaces of the
sparger fragments.

• Rapid decomposition and
foaming of AN occurred in the
neutralizer and ran into the adjacent
RDT prior to the explosion.
Pressure increase in the RDT was
recorded by the digital control
system (DCS) for minutes before the
explosion. Craters beneath both the
neutralizer and RDT indicate that
detonations occurred in both tanks.
Fragments representing a large
percentage of the north/northeast
wall of the RDT were recovered

(continued)


