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collapsed in 1981, one of my neighbors asked me how such

a thing could happen. He wondered, did engineers not even
know enough to build so simple a structure as an elevated walk-
way? He also recited to me the Tacoma Narrows Bridge collapse,
the American Airlines DC-10 crash in Chicago, and other famous
failures, throwing in a few things he had heard about hypothetical
nuclear power plant accidents that were sure to exceed Three Mile
Island in radiation release, as if to present an open-and-shut case
that engineers did not quite have the world of their making under
control.

I told my neighbor that predicting the strength and behavior of
engineering structures is not always so simple and well-defined an
undertaking as it might at first seem, but I do not think that I
changed his mind about anything with my abstract generalizations
and vague apologies. As I left him tending his vegetable garden
and continued my walk toward home, I admitted to myself that
I had not answered his question because I had not conveyed to
him what engineering is. Without doing that I could not hope to
explain what could go wrong with the products of engineering. In
the years since the Hyatt Regency disaster I have thought a great
deal about how I might explain the next technological embarrass-
ment to an inquiring layman, and I have looked for examples not
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in the esoteric but in the commonplace. But I have also learned
that collections of examples, no matter how vivid, no more make
an explanation than do piles of beams and girders make a bridge.

Engineering has as its principal object not the given world but
the world that engineers themselves create. And that world does
not have the constancy of a honeycomb’s design, changeless
through countless generations of honeybees, for human structures
involve constant and rapid evolution. It is not simply that we like
change for the sake of change, though some may say that is reason
enough. It is that human tastes, resources, and ambitions do not
stay constant. We humans like our structures to be as fashionable
as our art; we like extravagance when we are well off, and we
grudgingly economize when times are not so good. And we like
bigger, taller, longer things in ways that honeybees do not or
cannot. All of these extra-engineering considerations make the
task of the engineer perhaps more exciting and certainly less rou-
tine than that of an insect. But this constant change also in-
troduces many more aspects to the design and analysis of engi-
neering structures than there are in the structures of unimproved
nature, and constant change means that there are many more
ways in which something can go wrong.

Engineering is a human endeavor and thus it is subject to error.
Some engineering errors are merely annoying, as when a new
concrete building develops cracks that blemish it as it settles; some

~ errors seem humanly unforgivable, as when a bridge collapses and

causes the death of those who had taken its soundness for granted.
Each age has had its share of technological annoyances and struc-
tural disasters, and one would think engineers might have learned
by now from their mistakes how to avoid them. But recent years
have seen some of the most costly structural accidents in terms of
human life, misery, and anxiety, so that the record presents a
confusing image of technological advancement that may cause
some to ask, ‘“Where is our progress?”

Any popular list of technological horror stories usually com-
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prises the latest examples of accidents, failures, and flawed pro-
ducts. This catalog changes constantly as new disasters displace
the old, but almost any list is representative of how varied the list
itself can be. In 1979, when accidents seemed to be occurring left
and right, anyone could rattle off a number of technological em-
barrassments that were fresh in everyone’s mind, and there was
no need to refer to old examples like the Tacoma Narrows Bridge
to make the point. It seemed technology was running amok, and
editorial pages across the country were anticipating the damage
that might occur as the orbiting eighty-five-ton Skylab made its
unplanned reentry. Many of the same newspapers also carried the
cartoonist Tony Auth’s solution to the problem. His cartoon
shows the falling Skylab striking a flying DC-10, itself loaded with
Ford Pintos fitted with Firestone 500 tires, with the entire wreck-
age falling on Three Mile Island, where the fire would be extin-
guished with asbestos hair dryers.

While such a variety may be unique to our times, the failure of
the products of engineering is not. Almost four thousand years ago
a number of Babylonian legal decisions were collected in what has
come to be known as the Code of Hammurabi, after the sixth ruler
of the First Dynasty of Babylon. There among nearly three hun-
dred ancient cuneiform inscriptions governing matters like the
status of women and drinking-house regulations are several that
relate directly to the construction of dwellings and the responsibil-
ity for their safety:

If a builder build a house for a man and do not make its
construction firm, and the house which he has built collapse
and cause the death of the owner of the house, that builder
shall be put to death.

If it cause the death of the son of the owner of the house,
they shall put to death a son of that builder.

If it cause the death of a slave of the owner of the house,
he shall give to the owner of the house a slave of equal value.
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If it destroy property, he shall restore whatever it destroyed,
and because he did not make the house which he built firm
and it collapsed, he shall rebuild the house which collapsed
from his own property.

If a builder build a house for a man and do not make its
construction meet the requirements and a wall fall in, that
builder shall strengthen the wall at his own expense.

This is a far cry from what happened in the wake of the collapse
of the Hyatt Regency walkways, subsequently found to be far
weaker than the Kansas City Building Code required. Amid a
tangle of expert opinions, $3 billion in lawsuits were filed in the
months after the collapse of the skywalks. Persons in the hotel the
night of the accident were later offered $1,000 to sign on the dotted
line, waiving all subsequent claims against the builder, the hotel,
or anyone else they might have sued. And today opinions as to
guilt or innocence in the Hyatt accident remain far from unani-
mous. After twenty months of investigation, the U. S. attorney
and the Jackson County, Missouri, prosecutor jointly announced
that they had found no evidence that a crime had been committed
in connection with the accident. The attorney general of Missouri
saw it differently, however, and he charged the engineers with
“gross negligence.” The engineers involved stand to lose their
professional licenses but not their lives, but the verdict is still not
in as I write three years after the accident.

The Kansas City tragedy was front-page news because it repre-
sented the largest loss of life from a building collapse in the history
of the United States. The fact that it was news attests to the fact
that countless buildings and structures, many with designs no less
unique or daring than that of the hotel, are unremarkably safe.
Estimates of the probability that a particular reinforced concrete
or steel building in a technologically advanced country like the
United States or England will fail in a given year range from one
in a million to one in a hundred trillion, and the probability of
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death from a structural failure is approximately one in ten million
per year. This is equivalent to a total of about twenty-five deaths
per year in the United States, so that 114 persons killed in one
accident in Kansas City was indeed news.

Automobile accidents claim on the order of fifty thousand
American lives per year, but so many of these fatalities occur one
or two at a time that they fail to create a sensational impact on
the public. It seems to be only over holiday weekends, when the
cumulative number of individual auto deaths reaches into the
hundreds, that we acknowledge the severity of this chronic risk in
our society. Otherwise, if an auto accident makes the front page
or the evening news it is generally because an unusually large
number of people or a person of note is involved. While there may
be an exception if the dog is famous, the old saying that “dog bites
man” is not news but that “man bites dog” is, applies.

We are both fascinated by and uncomfortable with the unfamil-
iar. When it was a relatively new technology, many people es-
chewed air travel for fear of a crash. Even now, when aviation
relies on a well-established technology, many adults who do not
think twice about the risks of driving an automobile are apprehen-
sive about flying. They tell each other old jokes about white-
knuckle air travelers, but younger generations who have come to
use the airplane as naturally as their parents used the railroad and
the automobile do not get the joke. Theirs is the rational attitude,
for air travel is safe, the 1979 DC-10 crash in Chicago notwith-
standing. Two years after that accident, the Federal Aviation
Administration was able to announce that in the period covering
1980 and 1981, domestic airlines operated without a single fatal
accident involving a large passenger jet. During the period of
record, over half a billion passengers flew on ten million flights.
Experience has proven that the risks of technology are very con-
trollable.

However, as wars make clear, government administrations
value their fiscal and political health as well as the lives of their
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citizens, and sometimes these objectives can be in conflict. The
risks that engineered structures pose to human life and environ-
ments pose to society often conflict with the risks to the economy
that striving for absolute and perfect safety would bring. We all
know and daily make the trade-offs between our own lives and our
pocketbooks, such as when we drive economy-sized automobiles
that are incontrovertibly less safe than heavier-built ones. The
introduction of seat belts, impact-absorbing bumpers, and emis-
sion-control devices have contributed to reducing risks, but gains
like these have been achieved at a price to the consumer. Further
improvements will take more time to perfect and will add still
more to the price of a car, as the development of the air bag system
has demonstrated. Thus there is a constant tension between manu-
facturers and consumer advocates to produce safe cars at reason-
able prices.

So it is with engineering and public safety. All bridges and
buildings could be built ten times as strong as they presently are,
but at a tremendous increase in cost, whether financed by taxes or
private investment. And, it would be argued, why ten times
stronger? Since so few bridges and buildings collapse now, surely
ten times stronger would be structural overkill. Such ultraconser-
vatism would strain our economy and make our built environment
so bulky and massive that architecture and style as we know them
would have to undergo radical change. No, it would be argued,
ten times is too much stronger. How about five? But five might
also arguably be considered too strong, and a haggling over num-
bers representing no change from the present specifications and
those representing five- or a thousand-percent improvement in
strength might go on for as long as Zeno imagined it would take
him to get from here to there. But less-developed countries may
not have the luxury to argue about risk or debate paradoxes, and
thus their buildings and boilers can be expected to collapse and
explode with what appears to us to be uncommon frequency.

Callous though it may seem, the effects of structural reliability
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can be measured not only in terms of cost in human lives but also
in material terms. This was done in a recent study conducted by
the National Bureau of Standards with the assistance of Battelle
Columbus Laboratories. The study found that fracture, which
included such diverse phenomena as the breaking of eyeglasses,
the cracking of highway pavement, the collapse of bridges, and the
breakdown of machinery, costs well over $100 billion annually,
not only for actual but also for anticipated replacement of broken
parts and for structural insurance against parts breaking in the
first place. Primarily associated with the transportation and con-
struction industries, many of these expenses arise through the
prevention of fracture by overdesign (making things heavier than
otherwise necessary) and maintenance (watching for cracks to
develop), and through the capital equipment investment costs
involved in keeping spare parts on hand in anticipation of failures.
The 1983 report further concludes that the costs associated with
fracture could be reduced by one half by our better utilizing
available technology and by improved techniques of fracture con-
trol expected from future research and development.

Recent studies of the condition of our infrastructure—the water
supply and sewer systems, and the networks of highways and
bridges that we by and large take for granted—conclude that it has
been so sorely neglected in many areas of the country that it would
take billions upon billions of dollars to put things back in shape.
(Some estimates put the total bill as high as $3 trillion.) This
condition resulted in part from maintenance being put off to save
money during years when energy and personnel costs were taking
ever-larger slices of municipal budget pies. Some water pipes in
large cities like New York are one hundred or more years old, and
they were neither designed nor expected to last forever. Ideally,
such pipes should be replaced on an ongoing basis to keep the
whole water supply system in a reasonably sound condition, so
that sudden water main breaks occur very infrequently. Such
breaks can have staggering consequences, as when a main installed
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in 1915 broke in 1983 in midtown Manhattan and flooded an
underground power station, causing a fire. The failure of six trans-
formers interrupted electrical service for several days. These hap-
pened to be the same days of the year that ten thousand buyers
from across the country visited New York’s garment district to
purchase the next season’s lines. The area covered by the blackout
just happened to be the blocks containing the showrooms of the
clothing industry, so that there was mayhem where there would
ordinarily have been only madness. Financial losses due to dis-
rupted business were put in the millions.

In order to understand how engineers endeavor to insure
against such structural, mechanical, and systems failures, and
thereby also to understand how mistakes can be made and acci-
dents with far-reaching consequences can occur, it is necessary to
understand, at least partly, the nature of engineering design. It is
the process of design, in which diverse parts of the “given-world”
of the scientist and the “‘made-world” of the engineer are re-
formed and assembled into something the likes of which Nature
had not dreamed, that divorces engineering from science and
marries it to art. While the practice of engineering may involve as
much technical experience as the poet brings to the blank page,
the painter to the empty canvas, or the composer to the silent
keyboard, the understanding and appreciation of the process and
products of engineering are no less accessible than a poem, a
painting, or a piece of music. Indeed, just as we all have ex-
perienced the rudiments of artistic creativity in the childhood
masterpieces our parents were so proud of, so we have all ex-
perienced the essence of structural engineering in our learning to
balance first our bodies and later our blocks in ever more ambi-
tious positions. We have learned to endure the most boring of
cocktail parties without the social accident of either our bodies or
our glasses succumbing to the force of gravity, having long ago
learned to crawl, sit up, and toddle among our tottering towers of
blocks. If we could remember those early efforts of ours to raise
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ourselves up among the towers of legs of our parents and their
friends, then we can begin to appreciate the task and the achieve-
ments of engineers, whether they be called builders in Babylon or
scientists in Los Alamos. For all of their efforts are to one end:
to make something stand that has not stood before, to reassemble
Nature into something new, and above all to obviate failure in the
effort.

Because man is fallible, so are his constructions, however. Thus
the history of structural engineering, indeed the history of engi-
neering in general, may be told in its failures as well as in its
triumphs. Success may be grand, but disappointment can often
teach us more. It is for this reason that hardly a history can be
written that does not include the classic blunders, which more
often than not signal new beginnings and new triumphs. The Code
of Hammurabi may have encouraged sound construction of re-
producible dwellings, but it could not have encouraged the evolu-
tion of the house, not to mention the skyscraper and the bridge,
for what builder would have found incentive in the code to build
what he believed to be a better but untried house? This is not to
say that engineers should be given license to experiment with
abandon, but rather to recognize that human nature appears to
want to go beyond the past, in building as in art, and that engineer-
ing is a human endeavor.

When I was a student of engineering I came to fear the responsi-
bility that I imagined might befall me after graduation. How, I
wondered, could I ever be perfectly sure that something I might
design would not break or collapse and kill a number of people?
I knew my understanding of my textbooks was less than total, my
homework was seldom without some sort of error, and my grades
were not straight As. This disturbed me for some time, and I
wondered why my classmates, both the 4 and C students, were
not immobilized by the same phobia. The topic never came to the
surface of our conversations, however, and I avoided confronting
the issue by going to graduate school instead of taking an engineer-
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ing job right away. Since then I have come to realize that my
concern was not unique among engineering students, and indeed
many if not all students have experienced self-doubts about suc-
cess and fears of failure. The medical student worries about losing
a patient, the lawyer about losing a crucial case. But if we all were
to retreat with our phobias from our respective jobs and profes-
sions, we could cause exactly what we wish to avoid. It is thus that
we practice whatever we do with as much assiduousness as we can
command, and we hope for the best. The rarity of structural
failures attests to the fact that engineering at least, even at its most
daring, is not inclined to take undue risks.

The question, then, should not only be why do structural acci-
dents occur but also why not more of them? Statistics show the
headline-grabbing failure to be as rare as its newsworthiness sug-
gests it to be, but to understand why the risk of structural failure
is not absolutely zero, we must understand the unique engineering
problem of designing what has not existed before. By understand-
ing this we will come to appreciate not only why the probability
of failure is so low but also how difficult it might be to make it
lower. While it is theoretically possible to make the number repre-
senting risk as close to zero as desired, human nature in its collec-
tive and individual manifestations seems to work against achieving
such a risk-free society.

2

FALLING DOWN IS
PART OF GROWING UP

of machines and structures in our bones. We have learned

to hold our bodies against the forces of nature as surely as
we have learned to walk. We calculate the paths of our arms and
legs with the computer of our brain, and we catch baseballs and
footballs with more dependability than the most advanced weap-
ons systems intercept missiles. We may wonder if human evolu-
tion may not have been the greatest engineering feat of all time.
And though many of us forget how much we once knew about the
principles and practice of engineering, the nursery rhymes and
fairy tales of our youth preserve the evidence that we did know
quite a bit.

We are born into a world swathed in trust and risk. And we
become accustomed from the instant of birth to living with the
simultaneous possibilities that there will be and that there will
not be catastrophic structural failure. The doctor who delivers
us and the nurses who carry us about the delivery room are
cavalier human cranes and forklifts who have moved myriad ba-
bies from delivery to holding upside down to showing to mother
to cleansing to footprinting to wristbanding to holding right-side
up to showing to father to taking to the nursery. I watched with
my heart in my mouth as my own children were so moved and

We are all engineers of sorts, for we all have the principles




