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A Caltech engineer looks at the prospects for building-in protection

against earthquake damage in seismic regions.

From an individual point of view the most alarm-
ing aspect of earthquakes is the possibility that they
might kill or injure people, as in fact they often have
done. In September of 1967 an earthquake in
Iran killed more than 10,000 persons. In 1962 an
earthquake there killed nearly 12,000. In 1960
Morocco had an earthquake that killed 10,000 peo-
ple in the city of Agadir, whose population was only
30,000. In 1927, in China, over 200,000 were killed
by an earthquake; in 1908, Messina, Italy, was
struck by an earthquake in which more than 80,000
people died; in 1755, Lisbon, Portugal, had more
than 60,000 casualties; in 1730, an earthquake in
northern Japan killed more than 130,000. One schol-
ar of the subject has estimated that during the past
4,000 years approximately 74 million people have
been killed by earthquakes.

The danger to life and limb resulting from earth-
quakes is due primarily to poorly constructed build-
ings which have, as it were, built-in hazards. In
some earthquakes, it is true, numerous casualties
have resulted from tsunamis, the earthquake-pro-
duced ocean waves that sweep up on shore and
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wash away towns and people; and in other earth-
quakes people have been killed by the destructive
movement of soils. Fires resulting from earthquakes
have also killed many, but, in general, the major
part of the death toll is due to poor buildings. These
hazardous structures can be readily identified, but
in some places the economic development of the
country does not permit an improvement in the
quality of construction, and in other countries the
hazardous buildings are simply tolerated.

Buildings erected in southern California since
1933, when the earthquake provisions of the build-
ing code were adopted, are, in general, relatively
safe. The typical southern California wood frame
house with plaster walls, light in weight and rela-
tively stiff and strong, is also quite safe during earth-
quakes. Indeed, houses that are being built now
have certain earthquake-protective measures incor-
porated. The building department insists upon seis-
mic braces and other precautions, such as reinforc-
ing the chimney, to prevent injury and loss of life
and to minimize damage.

However, it has been estimated that something
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George W. Housner, Caltech professor of civil engi-
neering and applied mechanics.

on the order of 40,000 buildings in the metropolitan
area of southern California are pre-earthquake-
code, unreinforced masonry buildings.

Some of my colleagues and I are currently in-
volved in preparing a report for the National Acad-
emy of Engineering on the significance of the
earthquake problem to the public and on the
measures that should be taken to provide protec-
tion. In this report the overall point of view is taken
rather than the viewpoint of the individual, What
should the federal government, for instance, do
about earthquakes in this country? What an earth-
quake means to a nation or to a large, highly indus-
trialized community is quite different from what it
means to an individual.

At the time of the large 1857 earthquake in south-
ern California, the state was undeveloped, and Los
Angeles was just a village. The earthquake is re-
ported to have damaged a significant number of
houses, but it could not be called a disaster, and
from the point of view of the government it was not
a serious event. On the other hand, now, when there
are eight million people living in the area, a similar
earthquake has the potential for creating a disaster
if precautions are not taken to protect against it.

It appears that earthquake-protective measures

are not usually adopted until a country reaches a
certain stage of industrialization. For example, there
were very large earthquakes in California in 1857,
1868, 1872, and 1906, but none of these induced any
action to require that buildings be designed to re-
sist earthquakes. Only when the population and in-
dustrialization reached certain levels was action
taken—following the medium-sized Long Beach
earthquake of March 10, 1933,

In most underdeveloped countries of the world,
no earthquake precautions have been taken in the
past even though the countries were densely pop-
ulated. But when these countries began making
large investments in dams, power plants, bridges,
and factories, they began requiring earthquake-
resistant design. Because an essential element of an
industrialized economy is a skilled labor force, con-
sideration must also be given to providing protec-
tion for the population. It is clear that what moti-
vates society to spend money for protection against
earthquakes is basically a desire to protect its in-
dustrial investment.

In the United States, as a whole, about 70 billion
dollars a year are spent on construction. In the
more seismic regions of the country about 10 bil-
lion dollars a year are spent. Considering that the
average life of a structure is over 50 years, it is ob-
vious that an enormous investment will accrue,
and the desire to protect it is understandable. How-
ever, if everything were to be built so that it would
survive a very strong earthquake without any dam-
age, it might cost an additional 25 percent or more.
In the more seismic regions of the country such an
increase would mean $2.5 billion a year. From the
overall point of view, it would be improper to spend
that much money for this purpose.

If nothing at all were spent to protect against
earthquakes, we would indeed be courting disaster.
Each time there was moderate shaking, costly dam-
age would have to be repaired. Obviously prudence
dictates spending something to reduce the damage.
Suppose that, on the average, each dollar spent to
provide earthquake resistance would reduce future
damage costs by $4. This would certainly be worth
doing. If more protection were desired, each addi-
tional dollar spent would result in a saving of per-
haps $2. At some point, however, for every extra
dollar spent, only a dollar would be saved, and be-
yond that the value purchased would be less than
the expenditure. This would clearly be inappro-
priate. So a certain optimum amount should be

ENGINEERING AND SCIENCE



spent on protection against earthquakes, and, as a
corollary, there is a certain amount of non-hazard-
ous damage that should be expected and tolerated.

When an earthquake occurs, a building vibrates
back and forth, excited into vibration by the accel-
eration of the ground, and the amplitude of the de-
formations determines how much damage is done
to the building. Strong ground shaking might cause
the top of a 50-story building to sway back and
forth as much as five feet.

The severity of shaking depends on the magni-
tude of the earthquake and its distance from the
building. The magnitude of the earthquake can be
associated with the length of slip on the causative
fault (below). The 1906 San Francisco earthquake
of magnitude 8.2 resulted from a slip on the San
Andreas fault over a length of 250 miles, with a max-
imum relative fault displacement of about 20 feet,
so that the area that experienced destructive shak-
ing was at least 250 miles long. The 1964 Alaska
earthquake of magnitude 8.4 had a slip of about 450
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From charts like this, showing the idealized relation-
ship between the magnitude of an earthquake and the
length of slipped fault, engineers can estimate the area
of severe shaking that will result from an earthquake
of a given magnitude.
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The probability of experiencing ground shaking (with
maximum acceleration equal to or greater than a speci-
fied percent of gravity) can be predicted by plotting
a chart based on occurrence of earthquakes in Cali-
fornia, assuming them to occur at random in time and
space. This gives average values that are only indica-
tive of the general earthquake hazard in the state.

miles. On the other hand, the Long Beach earth-
quake of magnitude 6.2 had a slip of perhaps five or
six miles in length. The intensity of the shaking
on the surface of the ground varies relative to the
distance from the slipped fault.

Given this information, an idealized chart can
be plotted which shows the approximate areas af-
fected by earthquakes of different magnitudes, with
the intensity of shaking specified in terms of per-
cent of the acceleration of gravity. A magnitude 7
earthquake, for example, will cover an area of about
2,500 square miles with ground shaking having a
maximum acceleration of 20 percent of gravity or
greater.

With this data, computations can be made
(above) of the probability of experiencing ground
motions of certain intensities, assuming the occur-
rence of earthquakes in California to be random in
time and space. For example, in a 50-year period
there is about a 40 percent probability of getting
shaking of 20 percent of gravity or greater. The con-
clusion is clear; on economic grounds, when the
probability per hundred years is less than 10 per-



cent, it would be improper to design so that no dam-
age would result in the event of such very strong but
unlikely ground shaking. On the other hand, the
probability of weaker shaking, say 10 percent of
gravity, is large enough that buildings should be
designed to come through with little damage.

Earthquake hazard is much like an iceberg in
that a very large amount of the potential damage is
not visible, and the invisible part can be even more
serious and might constitute a greater disaster than
the visible part. Suppose a big earthquake were to
knock out our water supply. Most of the water for
southern California comes over the Colorado River
Aqueduct, which conceivably could be so damaged
by an earthquake that it might take several months
to put it back into shape. Of course, a portion of our
water comes from wells, but in some earthquakes
the movement of the ground has fractured the
water pipes and stopped the distribution of water.
Imagine the disaster that could result from pro-
longed interruption of our water supply.

Suppose an earthquake were to destroy the elec-
tric power-generating stations, What would we do
without electricity for several months? Last year
an earthquake in the south central part of India
damaged Koyna Dam, located about 150 miles
south of Bombay. It was not extremely serious dam-
age, but the dam provides water for a hydroelectric
power plant which is the source of much of the
electricity for the city of Bombay. The shaking

The ground story of this
university building in
Japan collapsed in a 1968
earthquake. Although no
one was killed, the cost of
repairing such basic
damage is prohibitive.
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damaged the power-generating station enough to
stop the generation of power. Although Bombay
felt only mild tremors, and no one was injured and
no damage occurred, suddenly, because of loss of
electricity, more than one million people were out
of work. This is an economic disaster.

What would happen if an earthquake were to
knock out all of the freeway overpasses, putting the
freeways out of action for several months? We de-
pend upon truck and rail transportation to bring in
our food and the raw materials for manufacturing,
and to take out the finished products. If those chan-
nels were cut off, the chaos that would result stag-
gers the imagination.

The Alaska earthquake knocked out many
bridges, and landslides took out the rail lines in
many places. Rail and highway traffic were im-
mobilized. The docks at Anchorage harbor col-
lapsed, and the control tower at the airport col-
lapsed. What would it be like in Los Angeles if this
were to happen?

Imagine what would happen if an earthquake
were to knock out our communications systems by
damaging radio and TV transmitters and telephone
relay stations. Or suppose the earthquake did ex-
tensive damage to manufacturing plants. What if
all of the water, gas, transportation, electricity,
communication, and manufacturing were out of
operation for a month or so? This would be an in-
conceivable disaster, even if there was no injury or
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loss of life caused by the earthquake.

This imaginary disaster wont happen because
people who are responsible are taking precautions
to make sure that it doesn’t. For example, electric
power companies design their generators to with-
stand earthquake forces larger than specified in the
building code just to be sure that the generators
will not be put out of operation by an earthquake.

There are other projects in which the potentiality
of an earthquake must be given very special con-
sideration. One of these is the nuclear reactor power
plant. Tt is estimated that during the next 25 years,
some $30 billion will be spent on nuclear power
plants. All of these will be very carefully designed
against earthquakes, not only in California but
everywhere in the country. To prevent any radio-
active materials from getting into the atmosphere,
these plants are designed to withstand, without
damage, the strongest earthquake likely to occur.
The cost is no object in making these facilities safe.
In California they will be built on the ocean shore,
so the possibility of tsunamis must be considered.
Although we haven’t had any major tsunamis in
southern California, there is a remote possibility
that we might. Because of this, the Southern Cali-
fornia Edison plant at San Onofre is protected
against tsunami action by a high wall.

A second example of projects that require special
consideration is the high-rise building. In San Fran-
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This eight-story building
in Mexico City telescoped
into a pyramid-shaped
structure as a result of

the 1957 earthquake.

cisco there is now a 52-story building; in Los An-
geles there are at least two 50-story buildings on the
drawing boards, and consideration is being given to
a 70-story building. A building of that size may well
have from 5,000 to 10,000 people working in it, and
its collapse might cause 5,000 deaths. Also, since
such buildings are very costly, extensive damage to
them would be a severe economic penalty for poor
design.

Some of these high-rise buildings are being given
very careful study. A digital computer is told the
dimensions of the building, the distribution of mass,
and the stiffness and strengths of the structural
members. The computer is then told how the base
of the building is shaken by an earthquake, and it
then calculates how the building will vibrate dur-
ing the earthquake and what forces will act on the
structural members.

At Caltech we are providing earthquake data for
the computer. Natural earthquakes of all sizes have
not been recorded, and we are particularly lacking
in records of big earthquakes. For example, a mag-
nitude 8 earthquake has never been recorded in the
region of strong shaking. To overcome this lack of
data, we have developed a method whereby the
digital computer generates simulated earthquake
ground shaking which has the characteristics of a
real earthquake. This can be generated for any de-
sired size of shock. Simulated earthquakes are pro-
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In the 1964 earthquake in Alaska, large areas of land
slipped into the ocean. The apex of the pyramid
shown here is the only remaining bit of lawn from a
front yard that slid away in the Turnagain landslide.

duced for design engineers, who then study their
effects on buildings.

The earthquake safety of the very tall buildings
now being constructed in California is a question of
much interest to the public. Actually, the very tall
buildings are, in general, safer than the shorter
buildings because the building code requirements
for them are relatively more stringent and because
special engineering attention is given to them.
There is also a natural law that ensures their rela-
tively greater safety. Buildings must be designed to
resist windstorms of an intensity specified by the
building code. The maximum wind force is directly
proportional to the height of the building, whereas
the maximum earthquake force is approximately
proportional to the square root of the height. Be-
cause of this, at a certain height the wind force be-
comes larger than the earthquake force. For most
buildings this is in the 40- to 50-story range. It fol-
lows that the skyscrapers in New York, which are
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designed for wind forces, will be relatively safe in
the event of an earthquake—more so than buildings
of 20 stories or less.

Some industrial plants are so sensitive to ground
shaking, however, that they are not built in Cali-
fornia or in other regions where ground shaking is
anticipated. An example is a special plate glass
manufacturing process. In recent years a new meth-
od of making windowpanes has been developed, in-
volving a large, elevated pool of molten glass which
discharges a continuous sheet of glass at one end.
We know that the water in swimming pools sloshed
out during the 1952 Tehachapi earthquake. This is
what would happen to the molten glass, a possibility
that has discouraged glass manufacturers from
building in seismic regions.

A final example of a special project sensitive to
earthquakes is the California State Water Project,
which will bring water from the Feather River to
southern California, a distance of some 400 miles, It
is essential that the water provided by this project
continues to be available without interruption. It
would be intolerable for a large community to be
dependent on a water supply and then to have it
shut down for half a year for repairs of earthquake
damage. Clarence Allen, Caltech professor of geol-
ogy and geophysics, and I are members of the
Earthquake Advisory Board of the State of Cali-
fornia Department of Water Resources, which sug-
gested the earthquake ground motions that needed
to be considered in designing the project. We also
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Simulated earthquakes, produced by the computer,
enable engineers to study the effects of an earthquake
of a specific magnitude on the buildings they are de-
signing. This chart shows a simulated earthquake of
magnitude 8.0. There is no recorded data from natural
sources for an earthquake of this magnitude.
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During the 1964 Alaska earthquake traffic was immobilized when many railways, highways, and bridges (such as

the one shown here) were knocked out. The lesson for engineers is that, in seismic regions, building design should
take into account the largest earthquake which might occur in that area.

recommended that the project should be so de-
signed that there would be no damage that could
not be repaired within a short enough time that
consumer services would not be interrupted. This
means that the dams which form the water reser-
voirs must not fail; the pumping plants which can’t
be repaired quickly must not fail—but the aqueduct
could be permitted to fail if it could be repaired
in a reasonable period of time.

The aqueduct crosses the San Andreas fault three
times, and where it crosses, its design was predi-
cated on occurrence of a fault slip of 20 feet. This
required that the aqueduct should not cross the
fault in a tunnel, because in case there should be an
offset, it might take too much time to dig a new tun-
nel. Therefore, the aqueduct crosses the fault on the
surface of the ground and is specially designed so
that, if the faulting occurs as anticipated, the 20
feet of displacement will be accommodated with-
out interrupting the flow of water, and, if faulting
occurs in an unanticipated way, the aqueduct will
be repairable in a short period of time.

The earthquake problem affects us all, not only
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through the possible loss of life or limb, but in the
effect it can have on our economy and our society.
Even if no earthquakes come during our lifetimes,
the problem still affects us because we are spending
money to provide earthquake protection. It is im-
portant to remember that strong earthquakes come
infrequently. Years may go by with no destructive
earthquakes, but this doesnt mean that none are
coming. There is a tendency on the part of the pub-
lic to forget this. Periodically there are misguided
attempts to have the legislature repeal the Field
Act, which requires school buildings to be designed
to resist earthquakes. But we do have an earthquake
problem, and it is important that we keep it in mind.
It is imperative that proper engineering be done on
all of the construction that is going up, especially
during a period of seismic quiescence. Otherwise
we will be building ourselves a disaster.

Just as forethought has provided arid southern
California with one of the most plentiful and reli-
able water supplies in the country, so can fore-
thought make California one of the safest regions
in the world for protection against earthquakes.
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