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THE NEW NATIONAL CENTER FOR
EARTHQUAKE ENGINEERING RESEARCH

by Peter Gergely

The choice of New York State as the loca-
tion of the first national earthquake engi-
neering research center surprised many
people. The commonly held view is that
damaging earthquakes do not occur east of
the Rocky Mountains and therefore can
be ignored. Actually, however, major seis-
mic disturbances do occur in the East. In
fact, the highest-magnitude earthquakes in
the United States in recorded history were
centered in Missouri.

Cornell, which has been active in earth-
quake research for many years, is one of
several universities in New York State that
are part of the new center. The headquarters
are at the State University of New York at
Buffalo, and SUNY/Buffalo's Robert L.
Ketter is serving as director. The National
Science Foundation has allocated $5 mil-
lion a year for five years, provided that
matching funds are secured. Thus the total
potential funding is $50 million for the
five-year period.

CHANGING THE PERCEPTIONS
OF SEISMIC HAZARD
Earthquakes in the East have been both
intense and widespread. Those highest-
magnitude quakes centered at New

Madrid, Missouri, were part of a series
that occurred over a four-month period in
1811 and 1812; the three largest had
estimated magnitudes of 8.4, 8.6, and
8.7, and were felt all the way up the

EARTHQUAKE MAGNITUDE
AND INTENSITY

The commonly used Richter scale of
magnitude expresses the amount of
energy release in an earthquake; a
magnitude of 5 or more is considered
large. Because the scale is logar-
ithmic•, an increase of 1 in the mag-
nitude corresponds to a tenfold
increase in the amplitude of motion
near the epicenter, and approximately
a 32-fold increase in energy release.

Intensity, expressed in Roman
numerals, is an indication of the
amount of damage or shaking that
occurs at given distances from the
earthquake epicenter. An intensity of
VII or higher in the region sur-
rounding the epicenter is characteristic
of a major disturbance.

coast, stopping clocks in Washington,
shaking buildings in New York, and
ringing bells in Boston. Another large
earthquake, in 1886, was centered in
Charleston, South Carolina; that one was
felt as far away as Chicago.

Over the past two and one-half cen-
turies, major earthquakes have occurred in
three regions at moderate distances from
Cornell's location in Ithaca, New York.
These regions are along the St. Lawrence
River valley, in the Attica-Niagara area,
and in eastern New England. For ex-
ample, in 1732 an earthquake of magni-
tude 7.0 occurred near Montreal. The
town of Charlevoix, near the mouth of
the St. Lawrence, experienced quakes of
magnitude 6.0, 6.5, and 7.0 in 1860,
1870, and 1925. In 1944 a quake of
magnitude 6.0 was registered in Massena,
New York. And in Newfoundland a quake
of magnitude 7.0 broke twelve trans-
atlantic cables and created seismic sea
waves that caused loss of life.

Why, then, is earthquake hazard in the
East so little recognized? One reason is
that most Eastern faults are deep in the
Earth's crust, without visible features
such as those along California's San 2



Figure 1
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Andreas Fault. Also, people's memories
are short. In the eastern part of the coun-
try, about twenty-five years elapse be-
tween major earthquakes, and catastrophic
quakes occur on the average of once in at
least five hundred years, as compared with
California's rate of about one per century.

When large earthquakes do occur in the
East, however, the risk to life and prop-
erty is greater. For one thing, seismic
waves travel much farther in the East
than in the West; the affected region is
larger by a factor of ten to twenty, as evi-
denced by the New Madrid and Charleston
quakes (see Figure 1). Also, the large af-
fected area would include many densely
populated areas; a repeat of the 1811-12
events would be devastating. An addition-
al factor is that in the East the vast
majority of structures, including build-
ings, bridges, and pipelines, were not de-

signed to resist earthquake forces. The
matter is urgent, for some experts predict
that a quake of magnitude 6 will occur in
the eastern United States in the next few
years.

Investigators in the group of universi-
ties that make up the new National Cen-
ter for Earthquake Engineering Research
(NCEER) will focus their attention, at
least initially, on the Northeast. They in-
tend to study earthquakes from an engi-
neering point of view, assessing the
hazards and making recommendations for
design criteria. The main research areas
are ground motion; soil dynamics and
soil-structure interaction; system re-
sponse and unserviceability; laboratory
and field experiments; innovative comput-
ing and expert systems; issues related to
codified design; and societal and educa-
tional issues.

Figure 1. Earthquakes in the East and Mid-
west affect much larger geographic areas
than earthquakes of comparable magni-
tudes in California. The intensities of four
major earthquakes are indicated on the
map.

A very- widespread quake centered near
Lawrenceville, Illinois, occurred on June
10, while this magazine was in pro-
duction. The quake, of magnitude 5.0, was
felt in sixteen states and parts of Canada.
Shaking that lasted from 10 seconds to
almost a minute disrupted telephone ser-
vice in three counties and caused minor
damage such as broken windows over a
wide area. People were evacuated from a
swaying twelve-story apartment building
in Columbia, South Carolina, seven hun-
dred miles from the quake center.

Meaningful reduction in earthquake
hazard will require the solution of many
difficult and diverse problems, but al-
though the task is complex, the technical
aspects are fascinating and challenging.

In recent years, government funding
for the research has increased somewhat.
The United States Congress passed the
National Earthquake Hazard Reduction
Program (NEHRP) in 1977. The primary
source of funding for research at univer-
sities and other institutions has been the
National Science Foundation.

Other countries that have active re-
search programs include Japan, New Zea-
land, Italy, Canada, Mexico, Taiwan, the
People's Republic of China, and Yugo-
slavia. Frequent national and international
conferences in earthquake engineering
attract many participants, and interna-
tional cooperative research is growing.



(...the greatest hazard
is presented not

by new structures,
including tall

buildings, but by
old buildings."

COMPLEXITIES IN DESIGNING
FOR EARTHQUAKE RESISTANCE
How to make structures resistant to
earthquakes is one of the most interesting
and challenging problems facing struc-
tural and geotechnical engineers. It also
concerns building-code officials and insur-
ance companies, seismologists, geophysi-
cal researchers, and experts in many other
fields—a circumstance that is not surpris-
ing in view of the multitude of factors in-
volved in earthquake-resistant design. A
partial listing of these factors is:
• seismicity of a region;
• local soil effects;
• the probabilities of large earthquakes

at various distances from the site;
• dynamic properties of ground motion;
• calculations of dynamic response;
• the nonlinear cyclic response character-

istics of many types of structures and
structural components;

• costs entailed in building structures
for earthquake resistance;

• probabilistic risk assessment of vari-
ous kinds of structures;

• properties of structures already built;
• the formulation of design goals for

preventing loss of life, or for pre-
venting or limiting structural damage;

• problems associated with local soil
failures, fires, and pipeline ruptures.
Because of uncertainties about such fac-

tors as ground motion and the response of
structure-soil systems, the assessment of
risk must be explicitly or implicitly prob-
abilistic. The risk analysis is especially
difficult in regions, such as the eastern
United States, where large earthquakes are
possible but infrequent.

Another difficulty is that the greatest
hazard is presented not by new structures,
including tall buildings, but by old build-
ings; in the East these have rarely been

designed for earthquakes. Critical struc-
tures such as hospitals, fire stations, and
nuclear power plants must receive special
attention.

Lifelines—pipelines, bridges, and tun-
nels—are especially critical elements in
risk assessment. During earthquakes, the
rupture of gas pipelines initiates fires,
and fire-fighting is hampered by breaks in
water-distribution lines and by disrup-
tions in transportation. In some major
earthquakes—such as in the devastating
San Francisco quake of 1906—fire caused
more damage and loss of life than the
shaking and collapse of buildings. (In
some parts of the world, including the
United States, the second biggest cause of
earthquake-related deaths over the past one
hundred years has been tsunamis, or seis-
mic waves in the oceans.)

SEISMIC RISK IN
THE EASTERN UNITED STATES
Assessing the risk in the East is difficult:
good statistical models cannot be devel-
oped because major earthquakes occur so
infrequently. Instrumental data, in particu-
lar, are very scarce.

As a consequence, a major question fac-
ing engineers, property owners, public
officials, and insurance companies in the
East is whether it is necessary to design
structures to resist earthquakes and to
what extent. Should structures be de-
signed just to avoid collapse in the event
of a large earthquake? Or should the aim
also be to limit damage in moderate earth-
quakes? And what about existing build-
ings—should they be strengthened, and if
so, how?

Most experts are of the opinion that,
as a minimum, critical structures must be
designed or reinforced so that they would
remain operational even in a major earth- 4



FIRST-YEAR PROJECTS AT CORNELL

Topic

Evaluation of Seismic Performance of Existing Buildings

Effects of Grain Size Distribution on the Liquefaction
Potential of Gravels and Silts

Estimating Building Stocks for Earthquake Mitigation and
Protection of Historic Structures

Dynamic Analysis and Testing of Structures and Structural
Components under Seismic Loads

Seismic Response and Reliability Analysis of Lifeline
Systems

Seismic Nonlinear Analysis and Design of 3D Buildings
with Interactive Graphics and Supercomputing

Knowledge-Based System for Preliminary Architectural
and Structural Engineering in Earthquake-Resistant
Building Design

Cooperative U.S.-Japan Research on Liquefaction Effects
on Buried Pipelines

Workshop on Computers in Earthquake Engineering

Workshop on Expert Systems in Earthquake-Resistant
Design

Principal Investigators

Richard N. White,
Peter Gergely

Harry E. Stewart

Barclay G. Jones

Richard N. White,
Peter Gergely

Thomas D. O'Rourke,
Mircea Grigoriu

John F. Abel,
William McGuire

Peter Gergely,
John F. Abel

Thomas D. O'Rourke

William McGuire,
John F. Abel

Peter Gergely

quake. These structures include hospitals,
fire stations, major bridges, gas and water
pipelines, and, of course, power plants.
The Northeast is deficient in this regard
and much work needs to be done, not
only to assess the many technical prob-
lems, but also to increase awareness
among code officials, the engineering
community, and the public.

RESEARCH PLANS
AT THE NEW CENTER
The annual funding for the National Cen-

5 ter for Earthquake Engineering Research

is $10 million if federal funds are
matched, or more if non-federal funds ex-
ceed the amount from NSF. For the first
year, the matching $5 million was ob-
tained from New York State, and addi-
tional contributions came from industrial
sources and from the participating re-
search institutions.

The major participants, in addition to
Cornell and SUNY/Buffalo, are Colum-
bia University and Columbia's Lamont-
Doherty Geological Observatory. Other
institutions that are involved include the
City College of New York, Lehigh Uni-

versity, Princeton University, and Rensse-
laer Polytechnic Institute. In addition, re-
searchers from dozens of universities and
design offices will participate in coop-
erative research programs. Experts in
such diverse areas as structural dynamics,
artificial intelligence, seismotec tonics,
and information science are being brought
together by the center.

The management structure was, in
fact, a key aspect of the group's proposal
to NSF. Another feature was that the pro-
grams outlined were oriented toward speci-
fic goals and had a strong technology-
transfer component. The prospects for
continued matching funds for at least five
years were shown to be promising.

The combined resources of the partici-
pating institutions provide a superior
facility. SUNY/Buffalo, for instance, has
a medium-sized modern shaking table (12
by 12 feet) with five degrees of freedom.
Cornell, as one of the core experimental
facilities, will upgrade the equipment here
for research in structural dynamics and
soil dynamics. With a $500,000 allo-
cation to the university for the first year,
we will acquire modern dynamic loading
equipment and install or modernize data-
acquisition devices. The overall facilities
also include large- and small-scale simu-
lators and materials-testing equipment,
measuring devices, supercomputer and
computer-graphics systems, and a wide
range of digital and analog support
systems.

CORNELL'S PART
IN THE PROGRAM
The Department of Structural Engineer-
ing at Cornell is a major participant in
the center. A number of our members con-
tributed to the writing of the proposal; I
am one of the five co-principal investi-



gators and a member of the executive
committee; and seven of our faculty mem-
bers are taking part in the research this
first year.

The Cornell projects now underway
are listed in the table on the preceding
page. Heading them are John F. Abel,
Peter Gergely, Mircea Grigoriu, William
McGuire, Thomas D. O'Rourke, Harry
E. Stewart, and Richard N. White of the
structural engineering department, and
Barclay G. Jones of the Department of
City and Regional Planning. The
expertise of this group covers a wide
range of topics, from structural and
geotechnical engineering to societal and
economic issues. In the future we may be
joined by others in the College of
Engineering who are conducting earth-
quake research in other departments
—people in the geological sciences and
in theoretical and applied mechanics.

To cope with the large volume of
work, on top of an already active research
program, the center at Cornell will hire
about a dozen people, including two or
three postdoctoral researchers, six to eight
graduate research assistants, and support
staff. Christopher H. Conley, who is join-

ing us as a senior research associate, will
serve as a manager in addition to parti-
cipating in two or three projects.

The research undertaken by the Nation-
al Center for Earthquake Engineering
Research is important and interesting,
presenting large challenges and opportun-
ities, and we are excited about partici-
pating in the activities.

Peter Gergely is director of the School of
Civil and Environmental Engineering at
Cornell and chairman of the school's De-
partment of Structural Engineering, and he
is now heading the Cornell program that
is part of the new National Center for
Earthquake Engineering Research.

A specialist in structural mechanics and
dynamics, his research interests include
reinforced concrete and shell structures, as
well as earthquake engineering.

Gergely received his undergraduate
education at the Technical University of
Budapest and at McGill University in
Montreal. He worked as a draftsman and
structural engineer before and after
graduation from McGill, and joined the
Cornell faculty after completing doctoral
study at the University of Illinois in
1963. He has spent sabbatical leaves at
the Pittsburgh-Des Moines Steel Com-
pany (1969), the Hungarian Academy of
Sciences and the University of Toronto
(1976), and the Lawrence Livermore Na-
tional Laboratory and the University of
California at Berkeley (1983).

He is a fellow of the American Society
of Civil Engineers (ASCE) and is a fellow
and director of the American Concrete
Institute (ACl). He has received four
national awards, including the ACl's 1982
Distinguished Service Award.



SAFEGUARDING THE LIFELINES

by Thomas D. O'Rourke and Mircea D. Grigoriu
Our way of life depends on pipelines,
cables, and transportation facilities. Dam-
age to any of these systems can cause
injuries, threaten public sanitation and
health, and affect the economy of an en-
tire region.

A principal cause of such damage is
earthquakes. After the 1985 Chilean earth-
quake, for example, aqueduct failures dis-
rupted the water supplies to Valparaiso,
Vina del Mar, and San Antonio. The
1985 Guerrero-Michoacan quake caused
more than 7,200 breaks and serious leaks
in water transmission and distribution
pipelines in Mexico City, leaving some
4.5 million people without water.

One of the worst pipeline failures in
history occurred in March of this year in
Ecuador. More than sixteen miles of the
trans-Ecuadorian pipeline sustained dam-
age from massive ground failures accom-
panying a major earthquake. Since the
pipeline moved virtually all of Ecuador's
export oil, the failure has deprived the
country of 60 percent of its export rev-
enue—an estimated $5 million a day.

Even moderate earthquakes have caused
extensive damage to water, sewer, gas,

7 and electricity systems. In the 1971 quake

in San Fernando, California, for example,
more than 1,400 water and sewage
pipeline breaks resulted in nearly
complete loss of water in the city, and
disruption of service to about 27,000 gas
and 250,000 electricity customers.

Prompted by the difficulties in San
Fernando, the engineering community in
the United States, with assistance from
the National Science Foundation, devel-
oped a program to evaluate and reduce
seismic damage in complex service sys-
tems. This program has grown with inter-
national participation to become a dis-
tinct field, known as lifeline earthquake
engineering.

THE LIFELINES AND
THEIR VULNERABILITY
The Technical Council on Lifeline Earth-
quake Engineering has identified four
major types of lifelines: electric power
and telecommunications; gas and liquid
fuel; transportation; and water and sew-
age. A survey of the facilities associated
with these systems (see the table on the
following page) shows that they encom-
pass a wide range of services with many
complex features.

Because lifelines cover large areas,
they are subject to variations in earth-
quake intensity. Seismic energy attenu-
ates with distance and the amount of
seismic disturbance is affected by differ-
ences in soil, rock, and groundwater condi-
tions. In addition to variations in geotech-
nical site characteristics throughout a
region, there are often substantial differ-
ences in the mechanical and structural
characteristics of components in a single
lifeline system. Because of these varia-
tions, and because lifelines serve multiple
functions, it is necessary to have methods
of analysis and planning that optimize
the overall performance. In other words, a
systems engineering approach is needed.

Lifelines are interconnected; they are
parts of networks that involve different
pathways, components of variable
strength, and valving and switching mech-
anisms. Furthermore, lifelines are interde-
pendent; damage in one system can affect
the performance of another. For example,
the rupture of gas or liquid fuel lines may
be a source of fire, a contingency that
must be considered in the post-earthquake
use of water distribution networks. Other
examples of interdependence are simul-



taneous breakage of water and sewage
lines, which creates a health hazard; and
loss of electric power to pumping sta-
tions, which limits the supply of water
and places greater emphasis on the trans-
portation network for emergency repairs
and water distribution.

The systems performance of intercon-
nected and interdependent lifelines is a
principal focus of Cornell research in life-
line earthquake engineering. Another
aspect is the study of geotechnical condi-
tions that influence earthquake hazards.

CORNELL RESEARCH
ON GEOTECHNICAL HAZARDS
Among the principal geotechnical hazards
associated with earthquakes are permanent
ground movements, including active
faulting, soil liquefaction, landslides, and
vibration-induced soil settlement.

Soil liquefaction, which is discussed

in this issue in the article by Harry E.
Stewart, is the transformation of saturated
soil from a solid to a liquid phase as a
result of increased pore water pressure and
loss of shear strength. Under the appropri-
ate conditions, massive flow failures can
occur. For example, 98 million cubic
yards of sediment at Valdez liquefied dur-
ing the 1964 Alaska earthquake, destroy-
ing the port. The town had to be relocated
in a more stable area.

Illustrations of pipeline deformation
caused by permanent ground movements
are shown in Figures 1 and 2.

In research conducted by our group at
Cornell, we have catalogued permanent
deformations that occurred during historic
earthquakes and have summarized the
effects of ground movement on buried
pipelines. In addition, we have performed
full-scale experiments to quantify the
characteristics of interaction between soil

and buried piping. These findings on soil-
structure interaction have been incor-
porated in guidelines issued by the
American Society of Civil Engineers, and
in design methods used by several utility
companies.

We have also developed a sophisticated
computer program, UNIPIP, that can
model complex patterns of soil dis-
placement, elasto-plastic soil response,
and the performance of pipeline materials
well beyond yield stress. This capability
is important because the one-time, ex-
treme nature of earthquake-induced load-
ing makes it economically infeasible to
design buried pipelines for stresses that
might be experienced in the event of
ground failure. Instead, the design can
take advantage of pipeline ductility. With
the capabilities of the computer program,
engineers can evaluate the behavior of
high-pressure pipelines, even under the

Type of System

Electric Power and
Telecommunications

Gas and Liquid Fuel

Transportation

Water and Sewage

LIFELINES AND THEIR COMPONENTS
Based on categories used by the Technical Council on Lifeline Earthquake Engineering (1983)

Line Components

Overhead lines, buried cables,
offshore cables, and tunnels

Subsurface and elevated pipe-
lines, including continuous
welded, jointed, and bolted
pipelines

Highways, secondary roads,
railroads, rapid-transit lines
bridges, and tunnels

Subsurface and elevated pipe-
lines, including continuous
welded, jointed, and bolted
pipelines; irrigation culverts,
aqueducts, and tunnels

Support Facilities

Electric substations,
telephone equipment
buildings, radio transmission
towers, and computers

Pumping stations, regulator
stations, storage tanks, and
underground storage facilities

Railroad and rapid-transit
stations, retaining structures,
and embankments

Storage tanks, wells, and
pumping plants

Terminal Facilities

Power plants, including fossil-
fuel, nuclear, and hydroelectric
developments

Oil and gas fields, and port
facilities

Harbors and airports

Reservoirs, earth and concrete
dams, and wastewater-
treatment works



" ...lifelines are interdependent; damage in one
system can affect the performance of another.9'

Figure 2

Figure 1. Pipelines were ruptured and deformed near the San
Fernando fault after the 1971 earthquake. Surface faulting
contributed to the pipeline damage. Sewage (upper) and water
(middle) pipelines have pulled apart at the joints; the continuous,
welded gas pipeline (lower) has buckled. (Photo courtesy of the
Southern California Gas Company)

Figure 2. Beam buckling of a pipeline at a site in Taft, Cali-
fornia, on the Buena Vista Hills fault. Charles Trautmann, a Cor-
nell research associate, is inspecting a 16-inch-diameter oil-
gathering pipeline that has buckled out of the ground because of
compressive forces from ground movement.

This was an inactive reverse fault that was activated by the
removal of subsurface fluids. Cornell researchers investigated the
site to gain a better idea of pipeline deformation from ground
failure typical of actual earthquakes. (Photo by T. D. O'Rourke)



Cornell Team Surveys Damage
from the March 1987 Earthquakes in Ecuador
An earthquake reconnaissance team of
Cornell researchers made a comprehensive
engineering assessment of damage from
two disastrous earthquakes on March 5 in
Ecuador that killed an estimated one to
two thousand people. A major catastro-
phe was the damage to a crude-oil pipe-
line: virtually all oil exports have been
cut off, depriving the country of 60 per-
cent of its export revenue—an estimated
$5 million a day.

The Cornell team was organized by
Professor Thomas D. O'Rourke immedi-
ately after the earthquakes were recorded.
Team members Esteban Crespo (who is
from Ecuador) and Kenneth J. Nyman,
doctoral candidates in civil and environ-
mental engineering, were at the site by
March 19 (they had to wait for Nyman to
get the necessary shots). A briefing was
given by the three-man team to the
National Research Council's Committee
on Natural Disasters on April 17.

The mission was sponsored by the Na-
tional Center for Earthquake Engineering
Research and by the Technical Commit-
tee on Lifeline Earthquake Engineering of
the American Society of Civil Engineers.

According to the team report, the pipe-
line damage was caused by massive
ground failures, not by earthquake shak-
ing. Debris slides and river flooding,
rather than dynamic loads on the pipe,
were largely responsible. All the breaks
occurred in above-ground portions of the
pipeline, the researchers found; less dam-
age would have resulted if the line in
certain regions had been buried the stand-
ard three feet below ground. The 260-mile-
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1. The map shows locations of damage.
2. This section of oil pipeline was
severed by landslide and river scour. A
narrow oil slick within the river, at upper
left, indicates the previous location of
lost pipe. An undamaged pipeline segment
is visible to the right.

long line runs from oil fields east of the
Andes to the port of Esmeraldas on the
Pacific Ocean, and only the western part,
in the more inhabited areas, was built
underground. The 26-inch pipeline trans-
ported 250,000 barrels of oil a day. 10



11

The earthquakes, of magnitude 6.1 and
6.9, occurred in the northeastern part of
the country, near the active volcano El
Reventador. The area around the epicen-
ters had received 24 inches of rain in the
previous month and strong ground-shak-
ing triggered debris slides and avalanches
of loosened rock. The Cornell engineers,
who surveyed the area by helicopter and
truck, estimated that over 100 million
cubic yards of soil and rock had been dis-
placed. Flooding caused by the influx of
landslide material was responsible for
most of the loss of life. "Some villagers
were simply buried without a trace,"
O'Rourke said.

The survey showed that landslides had
torn sections of the pipeline from their
concrete supports, and bridges carrying
the pipe across rivers had been wrecked
by flood waters and debris. Six miles of
line were destroyed and breaks occurred in
at least eight places along another ten-
mile section. Other parts of the line were
displaced. The costs of rebuilding plus
the loss of oil revenues are expected to
amount to $1 to $1.5 billion, O'Rourke
said. This makes the Ecuador disaster the
largest single pipeline loss in history.

3. Oil and gas (white) pipelines were de-
formed and exposed near an eroded river
bank and a debris slide.
4. At the El Salado pump station the main
crude-oil storage tank was ruptured. Note
the distress of adjacent smaller tanks.
5. Esteban Crespo (at right) of the
Cornell team inspects damage to the water
tank (for fire protection) at the El Salado
pump station. Note the separation of line
from the emergency pump.
6. This collapsed building in Baeza was
constructed of masonry and unreinforced
concrete. The more modern concrete struc-
ture in the background was not damaged.



Figure 3 Figure 4

severe plastic deformations imposed by
earthquakes.

In other work we have focused on
jointed pipelines, which are commonly
used in water-distribution systems. Anal-
ytical models that have been developed
allow engineers to predict the probable
behavior of the joints. This kind of
modeling, which is based on stochastic
finite-difference formulations, can take
into account uncertainties in the mech-
anical characteristics of joints, as well as
the interaction between pipelines and the
surrounding soil.

THE SAN FRANCISCO
CASE STUDY
The systems approach to lifeline engi-
neering has been pursued in our research
by modeling and by studying the perform-
ance of actual water supply networks.
San Francisco was chosen for a special
case study, and the work is being carried
out with the cooperation of the city's fire
and the water departments. Dames &
Moore, consulting engineers in San Fran-
cisco, have made important contributions
by characterizing the fire hazards follow-
ing a severe earthquake.

San Francisco was the subject of a case
study by Cornell researchers investigating
the hazards caused by earthquake damage
to lifelines.

Figure 3. The San Francisco fire that
broke out after the 1906 earthquake de-
stroyed more than four square miles of the
city. This photograph was taken from
Duboce Park; the dome of the city hall is
in the background to the left. Fire-fight-
ing was severely hampered by ruptures in
water pipelines. (Photo courtesy of the
San Francisco Public Library)

Figure 4. Permanent ground deformation
was caused by the earthquake. This photo-
graph shows seven feet of lateral offset on
Valencia Street—the result of soil spread-
ing caused by the liquefaction of under-
lying sediments. Line B-B} marks the
original position of the trolley rail.

The ground movement ruptured two
large pipelines, emptying 14 million gal-
lons of water from the College Hill Reser-
voir and thereby depriving the city of a
critical fire-fighting resource. This single
event may well have been the most disas-
trous failure caused by the earthquake.
(Photograph from a report by H.
Schussler, chief engineer of the Spring
Valley Water Company)

* With major lines protected
V Y from damage

0.2 0.4 0.6

Breaks per mile of pipeline

Figure 5. Computer-simulation data for
San Francisco's auxiliary water system
show how damage to pipelines would
affect the supply of water available for fire-
fighting, and how protective measures
could improve the situation. The available
water flow, expressed as a percentage of
what would be needed for fire protection,
is plotted as a function of pipeline breaks
caused by seismic ground waves. The plot
shows the mean values obtained from
eighty computer runs. 12



San Francisco is well suited for such a
study. After the 1906 earthquake, ruptured
water pipelines and subsequent fires
resulted in the largest single earthquake-
related loss in United States history.
More than four square miles of the city
burned, destroying 490 city blocks and
causing partial destruction of thirty-two
additional blocks (see Figures 3 and 4).
The geotechnical hazards in San Fran-
cisco include soils susceptible to lique-
faction, landslides, and settlement. Ap-
proximately 85 percent of the water-
distribution network is composed of cast-
iron pipelines, and therefore is typical of
many midwestern and eastern cities where
earthquake damage should be an import-
ant aspect of planning for disaster relief,
although it is still relatively unstudied.

San Francisco is served by the Muni-
cipal Water Supply System and by the
Auxiliary Water Supply System, which
was established to protect those areas
most severely damaged by the 1906 earth-
quake. The auxiliary system comprises
115 miles of pipeline, two pump sta-
tions, and five manifolds that serve one
fire boat. This system is the backbone of
fire protection for San Francisco.

CORNELL-DEVELOPED
COMPUTER SIMULATION
Computer models developed at Cornell
simulate the post-earthquake operation of
both of the San Francisco water systems.
The model for the auxiliary system has
been checked successfully against special
fire-flow tests run by the fire department.

This computer model is built around a
hydraulic-pipeline-network program that
has been modified so as to allow the sim-
ulation of possible post-earthquake dam-
age states. Pipe breakage caused by travel-

13 ing ground waves is assumed to occur as

a Poisson process, and is calibrated accord-
ing to pipe-damage statistics from pre-
ious earthquakes. For permanent ground
movements, the likely locations of pipe-
line breaks are established by means of
subsurface surveys and studies of geo-
technical site characteristics. The com-
puter model assesses the water flow and
pressure at critical hydrants and compares
these with estimated demands in the event
of fire. These estimates are generated by a
probability-based program, developed by
Dames & Moore, for fire initiation and
spreading. The hydraulic-network model
can simulate pump stations and fire-boat
manifolds so that a full range of
emergency-response options can be
explored.

Figure 5 shows the results of a series
of computer simulations for the auxiliary
water-supply system, presented in the
form of a fragility curve. The total avail-
able flow after an earthquake is expressed
as a percentage of that needed to fight
fires, and plotted as a function of the pipe
breaks per mile of line. System improve-
ments were explored with the computer
model by incorporating special protective
measures in large-diameter mains near
reservoir locations. Although these mains
account for only 5 percent of the system,
the protection resulted in considerable
improvement, as shown in the figure.
For example, for a damage ratio of
approximately 0.3 breaks per mile, which
was observed for the 1906 earthquake, it
can be seen that protection focused on a
crucial 5 percent of the pipelines results
in a 50 to 75 percent improvement in
system performance.

Simulations and plots of this kind
help in the choice of maintenance
strategies and the planning of emergency
response. Given the rapid development in

"The systems
approach to lifeline
engineering has been
pursued in our
research by modeling
and by studying
the performance
of actual water
supply networks.9'
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computer technology, the simulation
approach holds promise as a major tool
for utility improvement. Moreover, the
combination of pipeline instrumentation
and computer simulations of damage
could help to create a "smart" system, in
which instrument feedback of flow and
pressure loss is checked against system
models to provide the most likely scen-
ario for dispatching engines and repair
crews immediately after an earthquake.

A BROAD EFFORT WITH
NATIONAL SIGNIFICANCE
Because of the complex and inter-
dependent nature of lifelines, research
should be multidisciplinary, drawing on
the expertise of specialists in areas in-
cluding systems, seismology, and geo-
technical, mechanical, and structural engi-
neering. The new National Center for
Earthquake Engineering Research will be
able to draw on and coordinate many
different disciplines for a comprehensive
program on lifeline systems. Cornell will
play a key role in these activities.
Cornell researchers are already involved in

cooperative projects with Japanese and
Mexican investigators as part of a broad
program sponsored by the center.

Of special national importance will be
an emphasis on the performance of life-
line systems typical of eastern and mid-
western cities in the United States. Many
of these cities are vulnerable to severe
earthquakes, yet their lifeline systems are
old and ill-suited for major seismic dis-
turbances. Ongoing Cornell work in this
field, carried out in conjunction with the
new research center, can make a substan-
tial national contribution by identifying
cost-effective programs of maintenance
and emergency response that will fit
naturally within the rehabilitation pro-
grams needed for older municipalities.

Professors Thomas D. O'Rourke and Mir-
cea D. Grigoriu are members of the Depart-
ment of Structural Engineering in the
School of Civil and Environmental Engi-
neering at Cornell.

O'Rourke came to Cornell in 1978 after

three years on the teaching and research
staff at the University of Illinois at
Urbana, where he received his doctorate.
He holds the B.S.C.E. degree from
Cornell. O'Rourke has extensive experi-
ence in underground construction, as well
as pipeline and foundation engineering.
He worked for the British Transport and
Road Research Laboratory in 1977-78,
and has been a consultant to government,
industry, and engineering firms. He re-
ceived the C. A. Hogentogler Award from
the American Society for Testing and
Materials for his work on field instrumen-
tation for large construction projects, and
the Collingwood Prize from the American
Society of Civil Engineers for an outstand-
ing paper.

Grigoriu came to Cornell in 1980 after
several years of professional practice and
research in Romania, Venezuela, Canada,
and the United States. He holds the
Dipl.Ing. from the Bucharest Institute of
Civil Engineering, the Dipl.Math. from
the University of Bucharest, and the Ph.D.
from the Massachusetts Institute of
Technology. His research interests are in
the fields of structural dynamics, structural
analysis, fatigue, wind loads, and offshore
platforms. 14



UNDERSTANDING THE SEISMIC
RESPONSE OF STRUCTURES
The Role of Experimental Research

by Richard N. White

The motion of the earth during an earth-
quake is transmitted to any structure
supported on layers of soil or rock. The
structure, with its appreciable mass and
stiffness, wants to remain stationary but
cannot: the entire structure and its con-
tents begin to move in a complex man-
ner, and the resulting accelerations pro-
duce forces that can exceed the strength of
the structure.

What happens depends upon the sever-
ity of the motion. The structural response
may be linear and elastic, with essentially
no stresses above the yield strength of the
primary structural material. Or it may be
highly inelastic and nonlinear, with con-
siderable overstressing of materials, crack-
ing and crushing (in concrete or ma-
sonry), and redistribution of load-resisting
paths.

The results are not necessarily all bad:
during the shaking process, the stiffness
of the structural system may decrease by
a factor of up to five or more, and this de-
creases the magnitude of seismic forces
on the structure.

How can structural engineers predict
what will happen to a structure as the

15 result of an earthquake?

One approach is mathematical model-
ing. But in spite of tremendous advances
in computer-based dynamic structural
analysis, mathematical modeling cannot
yet capture the exceedingly complex
behavior of a typical building or bridge as
it resists the motions and forces of a
sizable earthquake.

In a reinforced-concrete structure, for
example, the concrete will crack from
both bending and shear effects, the bond
action between steel reinforcing bars and
the concrete will degrade from the high-
intensity cyclic forces and permit internal
deformations to develop, the reinforcing
bar strains may reach many times the
yield strain capacity of the steel, and the
concrete may even crush in certain loca-
tions. Steel and timber structures do not
exhibit as many nonlinear phenomena,
but they do have their own complexities
(particularly in connections) that are diffi-
cult to model. The presence of masonry
walls, either plain or reinforced, greatly
complicates the overall system behavior
because of the cracking and changes in
stiffness of the walls.

The analysis problem is not merely
one of predicting stresses. Even more im-

portant is the ability to predict two other
parameters: displacements at selected loca-
tions over the height of the structure,
and the degree of ductility needed to main-
tain structural integrity at locations where
large inelastic strains are experienced.

The alternative to computer-based anal-
ysis is physical experiment; and at the
present time, experiments are essential
for assessing structural performance under
earthquake-induced forces. Some of the
results are directly useful in design, but
more often they are either generalized into
building-code format (in which highly
simplified models of structures are speci-
fied, with static lateral forces to represent
earthquake loads), or are used to help
develop, refine, and calibrate computer-
based dynamic analysis procedures.

An important report published in 1984
by the Earthquake Engineering Research
Institute (EERI)1 assesses the experi-
mental research that is needed to facilitate
improved design of earthquake-resistant
buildings.

The report identifies three categories to
be considered: new construction, the
strengthening of existing buildings, and
the repair of earthquake-damaged build-



Figure I

ings. The need for experimental research
is examined for a range of building types:
high-rise, intermediate-height, and low-
rise commercial, residential, and indust-
rial. The report calls for a massive new
effort to develop adequate understanding
of structural response to seismic forces,
and to develop design procedures that will
ensure a consistent and quantifiable level
of risk.

A major four-phase feasibility study of
a proposed National Earthquake Engineer-
ing Experimental Facility is currently be-
ing carried out by the National Research
Council. This study is addressing techni-
cal matters such as those I discuss here,
and also the fact that the United States is
far behind Japan and other countries in
the use of large-scale structural testing
facilities for studying seismic effects.

STRATEGIES IN SIMULATING
SEISMIC LOADINGS
Ground motion during an earthquake has
a random nature that is most often re-
solved into horizontal and vertical com-
ponents of acceleration, velocity, and
displacement. The other major parameters
are frequency content and duration of
shaking.

Not only is the characterization of po-
tential ground motion difficult in itself,
but decisions are further complicated by
the need to assess the hazard of various
kinds of motion. As the EERI report
expresses it, "we currently do not know
with certainty what earthquake ground
motion parameters cause what kind of
damage." Different types and sizes of
structures are sensitive to different param-
eters, and test engineers must be able to
capture the significant parameters when
they design testing equipment and
experiments.

Test structure

Figure I. One method of testing the seis-
mic response of full-scale structures is to
measure the effects of underground
detonations.

Some understanding of geometric scal-
ing (similitude) is needed in discussing
alternate testing strategies. Galileo was
perhaps the first to recognize the subtle
relation between self-weight stresses and
size: that is, if the material density is
held constant, self-weight (or dead load)
stresses increase linearly with uniformly
increasing dimensions. For example, ex-
panding all the dimensions of a structure
by the factor of 10 will increase self-
weight stresses in all columns, beams,
etc. by the same factor of 10. This rela-
tionship means that reduced-scale struc-
tures will have a large "deficit" of mass,
and since earthquake forces are generated
as the product of mass and acceleration, it
becomes necessary to add mass to a
model structure built of the same material
as the full-scale (prototype) structure.
While it may appear at first glance that
increasing the acceleration would accom-
plish the same thing, actually it cannot
provide the correct combination of dead

load and seismic forces, nor can increased
acceleration necessarily be accomplished
from a technical standpoint, since the
time scale of motion is also compressed
in reduced-scale modeling.

Several loading strategies are presented
here for structures ranging in size from
full-scale to small-scale models. The
EERI report contains detailed treatments
of each of these strategies.

STRUCTURAL TESTING
AT FULL SCALE
Full-scale tests are attractive in that
similitude is satisfied automatically,
interaction with the base soil can be
provided, actual construction details (such
as connections) are used, and the effects
of partitions and other architectural com-
ponents can be evaluated. The obvious
problem is how to impose a sizable seis-
mic loading on the structure.

A method that taxes our patience, yet is
of critical importance, is to instrument
existing buildings and then measure
response during subsequent earthquakes.
More than four hundred buildings in the
United States are instrumented with accel-
erometers to determine seismic response.
In an area of strong seismicity, test struc-
tures can be used to address specific re-
search questions; in Japan, several types
of building framing (strong beam-weak
column, and strong column-weak beam)
have been incorporated into test structures
that have already experienced many
moderate earthquakes. In all these "natural
experiments", however, the waiting per-
iod for a large destructive earthquake is a
serious shortcoming.

Another full-scale testing method util-
izes high-explosive charges buried in the
ground adjacent to the structure (see Fig-
ure 1). Properly designed and sequenced 16
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explosive charges can produce ground mo-
tions with earthquake-like properties.
Furthermore, the method permits high-
intensity excitation of the structure, its
foundation, and the surrounding soil
mass. Although suitable techniques have
been developed only recently, and there-
fore applications have been quite limited,
this special loading method should be-
come more widely used.

Considerable information can be ob-
tained from full-scale testing even if the
loading is not intended to simulate seis-
mic motions. In this kind of experiment,
mechanical means are used to provide the
dynamic loading, which is usually either
harmonic or pulsed, and determinations
are made of the displacement-time his-
tory, the natural period of vibration, and
the damping characteristics.

In the procedure illustrated in Figure
2, a rotating dual-mass vibrator is at-

Figure 2. Another dynamic full-scale
testing method is to subject the structure
to mechanically produced vibrations, as in
this MK-I6 eccentric-mass vibrator at
ANCO Engineers of Culver City, Cali-
fornia. The figure near the center gives an
idea of the size of the machine, which has
a maximum force of 4 million pounds and
a frequency range of 0 to 10 hertz. In one
test it took an entire nuclear plant contain-
ment structure to I g.

tached to the structure and run at various
frequencies. Pulses can be applied in
several ways. For example, rockets, gas
pulsers, or mechanical metal-cutting
devices can be attached to the structure
and then activated. Alternatively, the
structure can be dynamically excited by
pulling it against another structure or a
dead-man anchor, and then releasing the
pulling force suddenly. The ambient vibra-

" ...at the present time,
experiments are
essential for assessing
structural performance
under earthquake-
induced forces"



Figure 3

Figure 3. This pseudo-dynamic testing sys-
tem at the Building Research Institute in
Japan applies cyclic, static forces to full-
scale buildings. Actuators between the
structure and a reaction wall apply revers-
ing horizontal forces at each story.

tions of wind loading are also useful in
measuring the dynamic properties of a
structure. These various nonseismic dy-
namic tests are particularly helpful in
developing analytical modeling methods.
They are useful too for studying
—through comparisons of "before" and
"after" measurements—the changes in a
structure's stiffness and vibrational period
caused by an earthquake.

Still another full-scale (or large-scale)
method involves the application of cy-
clic, static forces that are intended to repre-
sent earthquake action. Typically, large
hydraulic actuators are positioned between
a structure and a massive reaction wall.
An example is the test system at the
Building Research Institute in Tsukuba,
Japan (Figure 3). In this facility, several
full-scale six- and seven-story buildings
have been loaded to failure with reversing
horizontal forces applied at each story
level. In this type of testing, controlled
displacements (rather than forces) are
often imposed. In the more sophisticated
systems2, results are analyzed on-line and
the actual restoring force characteristics of
flic structure (rather than pretest predic-
tions) are used to decide how much dis-

Displacement
transducer

Controls and
data-acquisition
system

placement to impose at each floor. This
approach, called pseudo-dynamic testing,
is becoming increasingly popular, al-
though experimental errors and the analy-
tical extrapolation procedures have proven
to be more troublesome than expected.

Full-scale testing of structural com-
ponents, particularly beam-column con-
nections, is also carried out by using
hydraulic actuators to apply reversing
static forces or displacements comparable
to those expected during earthquakes. A
drawback is that the test of a component
often cannot capture the behavior of such
a component in a complete structure be-
cause the properties of the building
change during an earthquake. Tests of
components do have the advantage, how-
ever, of utilizing precisely known forces
and displacements. This greatly facilitates
the unambiguous use of results in devel-
oping computer analysis software, and it

helps in drawing up improved building-
code provisions.

Another consideration is that it gener-
ally costs less to test components than to
test full-scale structures, especially in
view of the lower initial expense of set-
ting up the laboratory.

THE EFFECTIVENESS OF
REDUCED-SCALE MODELS
Reaction-wall and component-testing me-
thods can also be used to great advantage
with reduced-scale models. Research con-
ducted in our Structural Models Labora-
tory has shown the excellent correlation
possible between full-scale and 1/10-scale
models. Figure 4, for example, summar-
izes a comparative study of the actual and
predicted behaviorofareinforced-concrete
beam-column joint under reversing cyclic
loads that go far beyond the yield strain
capacity of the reinforcing steel. 18
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Laboratory simulation of earthquakes

with hydraulically driven shaking tables
has been one of the most popular meth-
ods for dynamic testing of civil engi-
neering structures since about 1970.
Typical shake tables can be driven both
horizontally and vertically with motions
that duplicate the histories of actual (or
hypothetical) earthquake ground motion.
One of the most modern shake tables in
the world is the 12-by-12-foot table at the
State University of New York at Buffalo
(see the photograph on the inside front
cover). This table has capabilities for
rocking and torsional motions, as well as
vertical and horizontal motions.

Except for a 50-by-50-foot table in
Japan and an even larger one in the
Soviet Union, existing shake tables are
too small for full-scale testing; therefore,
reduced-scale testing is necessary. The
associated problems include mass scaling,
reproduction of detailed phenomena such
as cracking and bond in reinforced-con-
crete structures, connection fabrication,
and miniaturization of measuring devices.
In spite of these problems, we have
excellent data from the testing of model

19 structures on shake tables all over the

world. The technique has enabled research-
ers to make major advances in under-
standing the complex behavior of real
structural configurations subjected to seis-
mic motions.

EXPERIMENTAL RESEARCH
AT THE NEW CENTER
A number of projects in which structural
experiments are a major component are
part of the program of the new National
Center for Earthquake Engineering Re-
search (NCEER), which has been estab-
lished as a cooperative venture at several
locations in New York State. These pro-
jects include:
• Protective systems and retrofit of build-
ing structures for mitigation of earth-
quake hazard. Engineers from six univer-
sities are investigating passive and active
control devices to reduce the energy trans-
ferred from ground motion into the struc-
ture. The SUNY/Buffalo shake table will
be a central facility for many experiments
involving tuned mass dampers, earth-
quake barrier systems, friction- and
energy-dissipating systems, base isolat-
ors, and devices to apply forces counter to
those created by earthquake motion.

Figure 4. Scale-model testing can give
reliable results, as demonstrated by these
data obtained in Cornell's Structural
Models Laboratory. The black lines repre-
sent measurements of the moment-rotation
response of an actual joint connecting a
beam and a column, both made of rein-
forced concrete. The lines in color repre-
sent values predicted from measurements
of a II10-scale model.

• Seismic performance of secondary
systems. In a structure, a secondary sys-
tem is usually a relatively light append-
age that receives seismic motion from the
more massive primary system. Secondary
systems such as critical electrical and
mechanical equipment will be studied
experimentally and analytically.
• Viscoelastic dampers for seismic appli-
cations. This project involves investi-
gators from SUNY/Buffalo, the Univer-
sity of California at Berkeley, and the 3M
Company. Viscoelastic dampers will be
inserted into a 1/4-scale model of a proto-
type structure and tested on the
SUNY/Buffalo shake table, and a 1/3-
scale model steel structure will be simi-
larly modified and tested on the Berkeley
shake table.
• Dynamic analysis and testing of struc-
tures and structural components under
seismic loads. This project has three
phases. The one involving Cornell is dis-
cussed below. Another is a joint project
at SUNY/Buffalo and Lehigh University
on the seismic response of buildings with
flexible floor diaphragms. (Designers
often assume that a floor system is
infinitely rigid, but in reality it may have



Right: In Cornell's Structural Models Lab-
oratory, earthquake stress is simulated in
tests of this IllO-scale model of a three -
story, two-bay reinforced-concrete build-
ing frame. The model is subjected to grav-
ity loads and reversing lateral loads to
simulate seismic action.

enough flexibility to be important in the
building's resistance to seismic loads.)
The third investigation, at Rice Uni-
versity, will be a study of the strength
and load-deformation behavior of repaired
beam-column and slab-column connec-
tions in reinforced-concrete buildings.
Specimens that have been tested to nearly
total collapse under simulated seismic
loading will be repaired and retested to
gain a better understanding of how
repaired structures can carry subsequent
heavy loadings, including earthquakes.

CORNELL COMPONENTS
OF THE NCEER PROGRAM
At Cornell Peter Gergely and I are head-
ing a research group working on several
important problems that require experi-
ments on structures.

One of our projects, being carried out
jointly with SUNY/Buffalo and Lehigh
University, is concerned with the safety
of existing reinforced-concrete structures
in regions of moderate seismicity, such

Right: This shake table in the George
Winter Structural Research Laboratory at
Cornell is being upgraded for use in experi-
mental projects of the new National Cen-
ter for Earthquake Engineering Research.
Shown with the table is Professor Peter
Gergely. 20



as parts of the eastern United States. The
columns in these buildings tend to have
small amounts of both primary and sec-
ondary (transverse) reinforcement, with
reinforcing bar splices occurring directly
above floors in locations of potentially
high bending action during earthquakes.
We are embarking on a series of experi-
ments on 2/3-scale components to study
column strength and ductility under revers-
ing static loads of varying intensity.

As part of the same study, we will
select existing reinforced-concrete build-
ings for detailed study of safety factors.
Experiments will be conducted at various
scales on those building components that
are identified as being both critical to seis-
mic resistance and not yet well under-
stood. Test results will be used to help de-
velop formal damage-assessment models
and to improve the procedures for evalu-
ating existing buildings.

In the other major project, the behav-
ior of building models loaded on the
shake table will be studied. The initial
work will be on reinforced-concrete build-
ings, but we may also test small models
of steel buildings as part of a cooperative
program between NCEER and researchers
in China. We are now upgrading our
table in the George Winter Structural
Testing Laboratory, and are also develop-
ing improved modeling materials.

A PROGRAM WITH SCOPE
AND GLOBAL SIGNIFICANCE
The laboratory test programs of the
NCEER have a broad scope. They will
provide information about the safety of
structures during earthquakes and about
the levels of damage that might be caused
by various types of seismic motion
—information needed for developing
sophisticated dynamic analysis programs,

code improvements, and expert-system
tools (discussed in the article in this
issue on computer-aided earthquake engi-
neering). At the present stage of know-
ledge about earthquake hazard, experi-
ments are essential. And since such
experiments require sophisticated and ex-
pensive equipment, the pooling of re-
sources and funding makes possible an
ambitious research program.

The new center opens up opportunities
for research that will be pertinent not
only to New York State, where the center
is located, but to the Northeast, the
nation as a whole, and the world. Seismic
risk is a global problem.

At Cornell Richard N. White is a professor
of structural engineering in the School of
Civil and Environmental Engineering and,
beginning in July, the associate dean for
undergraduate programs at the College of
Engineering. He has served as director of
his school.

A specialist in model analysis and con-
crete structures, White is currently the lead
principal investigator in two programs of
the National Center for Earthquake Engi-
neer ng Research. He is a co-author of four
books on structural engineering, and is
senior co-editor (with Charles G. Salmon
of the University of Wisconsin) of the
1197-page Building Structural Design
Handbook, published this spring by
Wiley. He is a fellow of the American
Concrete Institute and of the American
Society of Civil Engineers, and a recipient
of the ASCE's Collingwood Prize.

White holds B.S., M.S., and PhD.
degrees from the University of Wisconsin.
Before joining the Cornell faculty in
1961, he worked for a firm of consulting
engineers in Madison, Wisconisn, and
served in the United States Army Corps of
Engineers. He is a registered professional
engineer in New York State.
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COMPUTER-AIDED
EARTHQUAKE ENGINEERING

by John F. Abel and William McGuire

There is no such thing as a linear struc-
ture. This is a maxim in structural engi-
neering that is sometimes demonstrated
with devastating results during earth-
quakes.

With a linear structure, the physical re-
sponse to a given load—such as a seis-
mic disturbance—would be elastic and
first-order (that is, the deflections would
be small enough to be neglected in the
mathematical expression for equilibrium)
and therefore its calculation would be
straightforward. Structures don't behave
strictly like that, however; nonlinear
effects may be significant. Second-order
elastic effects ("corrections" for large dis-
placements and rotations) contribute to
the response of tall buildings to wind,
and of long-span suspension bridges to
truck traffic, for example. More extreme
loadings also cause inelastic nonlinearity
such as yielding and fracturing. If the
force is an earthquake, the response of a
building could be collapse.

The need for consideration of nonlinear
behavior in seismic structural design is a
central concern of the new National Cen-
ter for Earthquake Engineering Research,
which is located at a group of institu-

tions, including Cornell, in New York
State. For complex structures such as
buildings, the estimation of nonlinear
effects requires high-level computing, and
so one of the center's main objects is to
explore and develop ways of applying the
latest computer technology to seismic
problems. Researchers at Cornell are
actively engaged in all phases of this
research.

THE THREE-PART
CORNELL PROGRAM
Computer-aided earthquake engineering
requires the integration of many new and
developing computer technologies. It in-
volves engineering workstations, super-
computing, and networking, and requires
such tools as interactive graphics, algor-
ithms, and numerical modeling. At Cor-
nell we have established a program in
this field with three interrelated areas of
study.

First and foremost is the design, rede-
sign, and/or evaluation of structural sys-
tems. This entails determining whether
structural schemes are safe (as well as
functional and economic) and, if they are
not, determining what changes are neces-

sary to make them appropriately strong
or stiff. The computer methods used are
both algorithmic (using a specific proced-
ure to carry out a specific calculation) and
advisory (relying on so-called expert sys-
tems, based on prior knowledge).

The second concern is the advancement
of computer-simulation techniques. Im-
proved methods will aid in analysis and
design, and support research into the be-
havior of structures.

The interplay among theory, exper-
iment, and field observation in the devel-
opment of new techniques and models is
the third subject of study. This interplay
is reciprocal; for example, experiments
and observations are needed to verify com-
puter models, while simulations can be
used to help design experiments

Our current efforts are concentrated
primarily on buildings in order to restrict
the work to a manageable scope. Because
of the geometric and behavioral complex-
ity of buildings and their components,
interactive computer graphics is essential
not only for visualization of simulations
and designs, but also as a medium of two-
way communication between the engineer
and the computer. The use of graphical 22



"Almost all structural failure is preceded
by substantial nonlinear behavior, a fact
that should be recognized in design"

tools is a common thread running
through the work we describe here, and
much of this work is being carried out
within Cornell's Program of Computer
Graphics, which is directed by Professor
Donald P. Greenberg, a co-investigator
on this project.

COMPUTER-AIDED ANALYSIS
AND ALGORITHMIC DESIGN
Nonlinear behavior of structures is not us-
ually obvious. Second-order elastic effects
are generally small, and therefore precise
observations are needed to detect them.
Furthermore, an elastic structure returns
to its original position after the cessation
of loading. Material nonlinearities, in the
form of inelasticity, result in permanent
deformation, but these too are impercep-
tible in well designed structures under nor-
mal service loading. Such structures last
for hundreds of years with no visible evi-
dence of permanent distortion.

What may be all too obvious is the
permanent deformation, including frac-
ture, that constitutes structural failure. Al-
most all structural failure is preceded by
substantial nonlinear behavior, a fact that

23 should be recognized in design. This is

particularly true in design for earthquake
resistance.

Because the forces generated by a ma-
jor earthquake may be so great that avoid-
ance of any permanent damage would be
enormously costly, a common approach
is to attempt to prevent all but very mi-
nor damage under moderate earthquakes,
and to ensure that the structure would not
collapse under a major earthquake. A
building, for example, might sustain sub-
stantial permanent damage, but the occu-
pants could still be safe. Seismic design
of this order requires some degree of non-
linear analysis, although in current prac-
tice it may be highly approximate—for
example, the designer may use a single
ductility factor to represent the energy
dissipation due to nonlinear material
properties.

Improving this design approach re-
quires extensive knowledge of material be-
havior and advanced analytical capability.
The problems are so complex that despite
many years of research, much more effort
is needed to achieve adequately realistic
modeling. Cornell research on the non-
linear analysis and design of steel-framed
buildings, sponsored by the National Sci-

ence Foundation over the past seven
years, provides an example. Although
significant progress has been made on the
development of practical, economical
methods for static and dynamic nonlinear
analysis and design through the medium
of interactive computer graphics, neither
we nor anyone else are yet able to
simulate fully, in three dimensions and in
all of its complexity, the response of
even a ten-story building to gravity,
wind, and earthquake. Figures 1 through
4 are glimpses of interactive simulations
that are currently possible with a
superminicomputer, but it should be
noted that various approximations have
been included in the modeling.

NEW CAPABILITIES THROUGH
COMPUTER SIMULATION
The basic goal of our research in com-
puter simulation is to develop unprece-
dented capabilities for modeling the
nonlinear behavior of three-dimensional
structures under seismic forces. For ex-
ample, the type of analysis illustrated in
Figures 1 through 4 is being extended to
skyscrapers while at the same time being
made more complete in terms of struc-
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tural elements and behavior. In addition
to being of direct use in design, the anal-
ytical tools and innovative computing
techniques we are seeking will be of use
in other analytical and experimental as-
pects of earthquake-engineering research.

Specifically, we are developing de-
tailed finite-element models for the geo-
metric and material nonlinear analysis of
components of three-dimensional steel

Opposite: Figures I through 4, photo-
graphed from superminicomputer displays,
are examples of simulations made in the
Cornell research program described here.
Illustrated are: (I) nonlinear static analy-
sis of a plane frame: (2) building-frame re-
design: (3) transmission-tower vibration:
and (4) nonlinear dynamic analysis of a
four-story building.

and concrete structures. For the modeling
of steel structures, we will develop repre-
sentations of the effects of residual stress,
initial imperfections, spread of plasticity,
nonuniform torsion, cross-sectional distor-
tion, local buckling, and joint deforma-
tion. For concrete structures, the major
questions to be addressed concern contin-
uum modeling, the cracking of members,
time-dependent effects, and interaction be-
tween steel and concrete.

On the basis of these detailed studies,
we hope to prepare useful models for over-
all buildings that will incorporate features
now generally excluded in even the most
advanced calculations. These features in-
clude, for example, the actual resistance
of surface cladding, interior partitions,
and other "nonstructural" elements.

Advanced supercomputing and graph-
ics facilities and capabilities are being

Above: Views from the nonlinear dynamic
analysis of a twenty-story building (Figure
5) and a forty-story building (Figure 6).

marshalled to carry out this research. We
are developing new algorithms, devising
innovative graphical techniques for inter-
active control and visualization, and mov-
ing from an initial use of attached pro-
cessors toward the eventual employment
of massively parallel computers. Figures
5 and 6 illustrate the results of some of
the early work in this direction. They are
views of twenty- and forty-story steel-
framed buildings that have been subjected
to a full geometrical and material non-
linear analysis on an FPS 264 attached
processor.



"EXPERT SYSTEMS" BASED
ON PRIOR KNOWLEDGE
Earthquake-resistant design of structures
is based to a large extent on experience
gained by observing the damage caused
by earthquakes. Some of this knowledge,
as well as information obtained from so-
phisticated dynamic analyses, is embedded
in building codes. Much of the informa-
tion, however, is not, and cannot be, in-
cluded in codes.

One of our projects will entail the de-
velopment of a knowledge-based expert
system (KBES) for the preliminary struc-
tural design of buildings; the principal
investigators are Professors Peter Gergely
and John F. Abel. A KBES is an inter-
active computer program incorporating
judgment, experience, rules of thumb,
intuition, and other expertise to provide
knowledgeable advice. Its two main
distinct components are a knowledge base

To make research results accessible to
practicing engineers, programs developed
at Cornell are being transferred to inter-
active graphics microcomputers such as
this MicroVAX II GPX workstation in
Hollister Hall.

(a collection of rules) and a control or
problem-solving technique (sometimes
referred to as an inference mechanism).

The knowledge base for the current
project is being collected primarily from
reconnaissance reports written by spec-
ialists who have visited damaged areas
after major earthquakes, and from recom-
mendations by experts in earthquake engi-
neering. During the first year, a preproto-
type system will be developed and several
expert-system "shells" (or programming
systems and inferencing mechanisms)
will be evaluated for their suitability.

This project is coordinated with a com-

panion investigation at Lehigh Univer-
sity (directed by Professors John Wilson
and Peter Mueller) which concentrates on
the architectural aspects of the prelimin-
ary design. The two expert systems will
complement each other and may event-
ually be combined.

The key feature of these expert sys-
tems is that the input and output will be
graphics-based; thus the programs will
rely heavily on the latest advances made
at Cornell in computer graphics for struc-
tural engineering. Furthermore, these ex-
pert systems will eventually be linked to
sophisticated dynamic design and analysis
programs, such as those described in the
previous sections.

A third, related, project is in progress
at Carnegie-Mellon University under the
direction of Professors Stephen Fenves
and Jacobo Bielak. Its purpose is to de-
velop an expert system for the evaluation
of existing buildings for earthquake
hazards.

These expert systems will allow archi-
tects, structural engineers, and code offi-
cials to take advantage of a large body of
expert opinion regarding the safety of var-
ious types of building.

TECHNOLOGY TRANSFER
AND DISSEMINATION
The ultimate goal of all this research is,
of course, to advance the state of earth-
quake-resistance design, enabling practic-
ing engineers to prevent failures such as
the collapse of buildings in the 1985
Mexico City earthquake. Although many
of the Mexico City buildings had unac-
ceptable characteristics such as poor con-
struction and patently inferior design,
some of the buildings that collapsed were
designed and constructed in full accord-
ance with accepted practice. 26



Abel McGuire

It is clear that if the same situation is
to be avoided in the future, the products
of "high-technology" advanced research
now underway must be transferred to prac-
tice. Several things are being done or are
contemplated to facilitate the dissemina-
tion of the Cornell research findings and
to make them more useful to design
engineers.

One of our intentions is to transfer as
much as possible of the directly applic-
able research for use with the advanced
interactive graphics microcomputer work-
stations that are becoming available.
These workstations are being used in rap-
idly increasing numbers by researchers,
students, and designers in engineering
firms. As a first step, we are transferring
the static and dynamic steel-frames pro-
grams that we developed in research over
the past seven years to MicroVAX II
GPX workstations. This coming August
we will hold a workshop on these pro-
grams for practitioners and researchers.

In addition, two workshops on expert
systems are planned. The first, also
scheduled for August of this year, will
provide the opportunity for participants
in the research projects mentioned above,
and a few invited engineers, to exchange
ideas and discuss plans. The second work-
shop, in 1988, will serve as a forum for
the presentation of the prototype pro-
grams and an opportunity for invited arch-
itects and structural engineers to begin
experimenting with the programs.

We are also initiating cooperative re-
search with other analytical and experi-
mental investigators associated with the
National Center for Earthquake Engineer-
ing Research. We hope in this way to
draw more people into this effort, and
through them to broaden the influence of

27 this line of research.

John F. Abel and William McGuire are
professors in the Department of Structural
Engineering at Cornell.

Abels research is concerned with the
development of numerical approaches to
problems in structural engineering and
structural mechanics. McGuire specializes
in research on the performance and design
of metal structures. The development of
methods using the supercomputer and
adanced computer-graphics equipment is
important in the research programs of
both men.

Abel holds a baccalaureate degree in
civil engineering from Cornell, a master1 s
degree from Stanford University, and a
doctorate from the University of Cali-
fornia at Berkeley, and he is registered as
a professional engineer. After completing
his graduate work, he served for two years
as a research engineer in the Army Corps
of Engineers, taught at Princeton Uni-
versity for four years, and then joined the
Cornell faculty in 1974. Currently he is a

member of the executive council of the
International Association of Shell and
Spatial Structures and is active also in the
American Concrete Institute and the Ameri-
can Society of Civil Engineers.

McGuire received the B.S. degree in
civil engineering from Bucknell Uni-
versity in 1942, served in the navy during
World War II, and earned a master s de-
gree from Cornell in 1947. Before joining
the Cornell faculty in 1949, he spent two
years in structural engineering design
practice, and is registered as a profes-
sional engineer in New York State.

He has written or co-authored two text-
books, lectured in New Zealand, Australia,
Thailand, and Japan, and he has served as
a consultant to a number of firms. At the
present time he is a member of the specifi-
cation committee of the American Institute
of Steel Construction. A fellow of the
American Society of Civil Engineers,
McGuire has received that organization's
Norman Medal, and also a Special Award
from the American Institute of Steel
Construction.



SOIL DYNAMICS
IN EARTHQUAKE ENGINEERING

by Harry E. Stewart

Collapsed buildings, buckled bridges, and
other evidence of structural damage are
what the news media usually focus on
when reporting earthquakes. The impres-
sion may be that the responses of timber,
steel, stone, and concrete are the only
considerations in earthquake analysis and
earthquake-resistant design.

Actually, earth materials are a major
factor. All constructed facilities are in
some way founded on or in earth mater-
ials, and sometimes the structures—such
as rock- and earth-fill dams—are con-
structed entirely of these materials. Since
the soil is always present, it is difficult
to separate earthquake damage, or preven-
tion of damage, into components that are
related entirely to a steel or concrete struc-
ture, or entirely to the supporting founda-
tion materials.

The study of how soil and rock behave
as engineering materials is known as
geotechnical engineering, and it is this
field of civil engineering that deals with
soil dynamics. In this article I will dis-
cuss the role of soil dynamics in earth-
quake engineering, and introduce some of
the concepts that relate to soil behavior
under dynamic loading conditions.

HOW SOILS RESPOND
TO EARTHQUAKE LOADING
The main source of earthquakes is relative
movement between adjacent rock plates
along fault lines, or the rupture of deep
rock masses. These movements release
energy and initiate a complex set of
vibrations which are transmitted as travel-
ing waves that spread throughout the rock
masses and upward toward the earth's
surface. The rate at which the waves
propagate can be related to the elastic
volumetric compressibility, the shear
stiffness, and the density of rock and soil
through which they travel. The motions
resulting from the waves are dependent on
the magnitude of the released energy and
the dynamic properties—such as stiffness
and damping—of the media.

As the traveling waves propagate up-
ward, cyclic shear stresses develop within
the soil. These cyclic stresses can lead to
dramatic changes in the soil stiffness,
which in turn can result in large ground
movements under transient earthquake
loading. For example, if the soil consists
primarily of saturated granular materials
such as sand, large soil movements are
apt to result from changes in the soil

strength brought about by repeated or
cyclic earthquake loading.

Cyclic loading produces some re-
sponses in soil that are similar to those
caused by static loading, but there are
some significant differences. The behav-
ior of saturated cohesionless sands pro-
vides an example.

When such sands are subjected to
steadily increasing shear stresses, and if
the drainage conditions are such that
water can flow into or from the inter-
particle voids, the way the particles are
packed tends to change, causing the soil
to either contract or dilate. How the vol-
ume changes depends on the overall con-
finement and the initial physical state or
density of the deposit. Generally, the
hydraulic conductivity of sands is high
enough so that the sand is said to be
sheared in a drained condition when sub-
jected to slow monotonic loading. The
static strength of the soil is defined in
terms of the maximum frictional resist-
ance that can be developed for a given
level of boundary normal stresses.

Earthquake loading produces a different
response. Although the hydraulic conduc-
tivity of sandy soils is relatively high, 28



the loading rate is also sufficiently high
to keep the water from escaping—and if
there is no drainage, there is no gross vol-
ume change. There is, however, a tend-
ency for contraction, which causes the
pore water pressure to increase. This
affects the soil strength because strength
derives primarily from frictional resist-
ance, which is proportional to effective
stress, and effective stress is the difference
between the total normal stress and the
pore water pressure. Since the total nor-
mal stress is not greatly affected by earth-
quake-induced cyclic shear stresses, the
increase in pore water pressure results in
a decrease in effective stress. In other
words, the train of events begins with a
transfer of gravity loading from the soil
skeleton to the pore water; this reduces
the effective stresses; and this increases
the deformability and reduces the strength
of the soil. It is a process that can lead to
large foundation movements.

FACTORS AFFECTING
THE STRENGTH OF SOIL
Cyclic soil strength, in comparison with
static strength, is defined by a com-
bination of the applied shear and the
number of load cycles. During undrained
cyclic loading, the applied stresses at each
load cycle are generally less than the
maximum shearing resistance, and the
soil builds up residual pore pressure with
each cycle. The rate at which the pore
pressures increase depends mainly on the
magnitude of the applied shear stresses.
When these are low, many cycles are
required to generate high pore water
pressures and significant strength reduc-
tion; when the shear stresses are high, a
small number of load cycles is enough. A
given soil type may have a low cyclic

29 strength under high applied cyclic

stresses, or a high strength if the applied
stresses are low.

A reduction in soil strength and conse-
quent loss of supporting capacity can
result in the dramatic and dangerous phe-
nomenon called soil liquefaction. A com-
monly used definition of liquefaction is
the soil state that results from the cyclic
buildup of water pressure until the pore
water pressure equals the total vertical
stress, so that the effective stress is zero.
At this point the soil would have no
shearing resistance and would flow as a
viscous fluid. This is not always possible
under sustained cyclic shear stresses, how-
ever, so a more general definition of lique-
faction, encompassing all the phenomena
related to increases in pore water pressure
and loss of strength, is often used.

Figure I. Approximate boundary curves
show the influence of particle size on the
tendency of soils to liquefy during earth-
quakes. The most sensitive soils are clean,
uniformly graded sands having a median
grain size of roughly 0.1 to 1.0 milli-
meter. (Source: Tsuchida, 1970.)

THE SUSCEPTIBILITY
OF A SOIL TO LIQUEFACTION
One of the most important factors con-
tributing to liquefaction susceptibility is
the soil type. Clean saturated cohesion-
less soils, such as sands, are the most
likely to liquefy during earthquakes.
Figure 1 shows the general particle-size
distributions of soils that are prone to
substantial buildup of excess pore water
pressures during earthquakes.

Uniformly graded sands, with median
grain sizes roughly between 0.1 and 1.0
millimeter, are the most likely to gener-
ate excess water pressures and undergo
substantial strength reduction. As the size
distribution tends toward gravels, the per-
meability of the deposit increases dramati-
cally, often by orders of magnitude. With
clean gravels and some coarse sands, the
excess pore pressures generated during
ground-shaking may dissipate enough so
that large changes in effective stress do
not occur. (There may be enough
volumetric distortion to cause unaccept-
able foundation settlement, however.)

Figure 1
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The potential for soil liquefaction is

also reduced as the grain-size distribution
shifts from sand-sized toward finer
particles. The behavior of fine-grained
soils is controlled more by the plasticity
of the fine fraction than by grain size,
however. Saturated, loose silts with non-
plastic fines have been known to liquefy,
but the precise combination of properties
that preclude liquefaction have not been
defined fully. Investigations are underway
at Cornell, through our participation in
the National Center for Earthquake Engi-
neering Research, to define the effects of
silt plasticity, among other factors, on
the undrained cyclic behavior of silts.

Another major consideration in the
assessment of soil liquefaction is the mag-
nitude of the earthquake, or the intensity
of the ground-shaking. Large (high-magni-
tude) earthquakes produce larger ground
accelerations and generally have a longer
duration than small earthquakes. As the
accelerations are increased, shearing
stresses are increased; longer duration is
reflected in the number of applied stress
cycles. As described earlier, soil lique-
faction is affected by the combination of
applied stress and number of load cycles.

Figure 2. Sand boils such as these (about a
meter in diameter) result from soil lique-
faction. Pore water pressure causes water
and suspended particles to be vented up-
ward, leaving surface deposits. (Photo-
graph courtesy of M. Kawamura, Toyo-
hashi University of Technology)

Number of Load Cycles
Representative of Earthquakes

of Different Magnitudes

Magnitude
(Richter scale)

5'A

6

6 3/4

7V2

81/2

Number
of Cycles

2 - 3

5 - 6

10

15
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The applied stresses are often com-
puted by analytical methods based on
either a theoretical maximum surface
acceleration, or a measured acceleration
history obtained from a previously re-
corded earthquake. The number of signifi-
cant load cycles may be computed analyti-
cally, given a design acceleration history,
or estimated on the basis of statistical
correlations developed from previous
earthquake data (see the table).

The confining stress within the de-
posit is another significant factor in
liquefaction resistance. This is generally
expressed in terms of the initial effective
stress prior to the application of any
cyclic shear stresses: the greater the ini-
tial effective confinement, the greater the
liquefaction resistance. The confinement
increases with depth because of the geo-
static overburden stresses. For situations 30



"A reduction in soil strength
...can result in the dramatic and dangerous
phenomenon called soil liquefaction"

involving level ground, liquefaction is
observed most frequently at depths less
than six to nine meters.

The initial physical state of the soil is
also critical. A reference often used to de-
scribe the physical state of granular
materials is relative density, a measure of
how closely packed the soil grains are
with respect to the loosest and the most
dense possible conditions. Sands that
have relative densities greater than 70
percent of the maximum seldom liquefy,
and then only under severe earthquakes.

Several other factors, many of which
are difficult to measure quantitatively,
contribute to liquefaction resistance. For
example, sand layers deposited during the
Pleistocene epoch (older than 10,000
years) are much more resistant than more
recent Holocene deposits.

Small changes in the particle fabric
and weak silaceous cementation may oc-
cur as soil deposits age, and may contrib-
ute to increased liquefaction resistance.

Old deposits may have been liquefied
during prior earthquakes, and in some
cases this can increase the resistance to
subsequent reliquefaction (although there

31 is evidence that prior earthquakes in an

area do not always prevent liquefaction
from recurring at the same location).

TYPICAL KINDS OF FAILURE
DUE TO LIQUEFACTION
Evidence of soil liquefaction includes not
only the failure of many types of struc-
tures, but characteristic surface features.
Figure 2 shows one of these features:
sand boils or sand volcanos, which form
when high excess pore water pressures
develop beneath an overlying soil layer,
and suspensions of water and soil parti-
cles are vented upward through cracks or
weak zones. These sand boils seldom
cause substantial damage and are often
useful, since they help indicate the areal
extent of liquefaction. They have also
been used to date the occurrence of prehis-
toric earthquakes.

A much more critical form of liquefac-
tion-induced damage is the buoyant rise
of buried structures that hold materials
lighter than the surrounding soil-water
medium. Ordinarily the buoyant forces
are resisted by the shearing forces within
the overlying soil mass, but if the soil
liquefies or loses substantial shearing
resistance because of increased pore water

pressures, structures such as tanks or
large pipelines literally float to the sur-
face (see Figure 3). Failures of this kind
can disrupt important lifelines and service
utilities, and possibly release toxic sub-
stances into the groundwater system.

Extreme building settlements and dam-
age to marine and harbor facilities have
also been caused by soil liquefaction (see
Figures 4 and 5). Settlement may be
caused by shallow liquefaction directly
beneath a foundation, or by losses in soil
strength caused by the upward flow of
water from deeper liquefied-soil zones.

One of the most important areas of
concern for geotechnical engineers is the
stability of earth dams during earth-
quakes. The possible consequences were
brought dramatically into focus following
the 1971 earthquake of magnitude 6.6 in
San Fernando, California. As a result of
this earthquake, the upstream shell, the
dam crest, and a large portion of the down-
stream slope of the Lower San Fernando
Dam failed. Nearly eighty thousand
people living downstream were evacuated
because of the danger of flooding. The
vertical displacement at the top of the
dam was as much as nine meters, but



Figure 3
Structural damage caused by liquefaction of
soil is illustrated in Figures 3,4, and 5.

Figure 3. The fuel storage tank at this fil-
ling station floated upward due to lique-
faction of the surrounding soil during the
1983 Japan Sea earthquake. (Photograph
courtesy ofM. Kawamura)

Figure 4. Buildings in this apartment com-
plex tilted as much as 60° as a result of
soil liquefaction during a 1964 earthquake
in Niigata, Japan. High pore water pres-
sures developed beneath the foundation,
reducing the supporting capacity of the
soil. (Photograph courtesy of G. W.
Housner)

Figure 5. Quay walls and bulkhead facili-
ties have often been damaged during earth-
quakes. This retaining wall has been dis-
placed by a large outward movement into
the harbor and by substantial settlement
of the ground behind it. (Photograph cour-
tesy ofM. Kawamura)

Figure 4 Figure 5
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fortunately the water level behind the dam
was ten to eleven meters below the crest.

A flow failure, as this type is called,
is the result of a severe loss of strength
because of earthquake loading. All the
possible mechanisms for a flow failure
relate in some way to either the buildup
of large excess water pressures within the
soil, or the development of cyclic stresses
that exceed the shearing resistance of the
foundation material. Presently, there are
no completely reliable procedures for
predicting the displacements that could
occur in large dams containing saturated
sands susceptible to flow failure.

THE NEED FOR BASIC RESEARCH
IN SOIL DYNAMICS
Prior to 1964, there was little recognition
of the importance of soil liquefaction.
Since then, much progress has been made
in identifying the basic mechanisms in-
volved and in developing methods to min-
imize liquefaction damage, but there are
still several areas in which fundamental
research in soil dynamics is needed.

Clean sands, for example, have been
studied extensively with respect to lique-
faction resistance, but the behavior of

nonplastic and plastic silts—among the
most common earth construction materi-
als—is less understood. Also, although
field experience indicates that gravels and
gravelly soils can be susceptible to sig-
nificant volume changes as well as loss
of strength during earthquakes, no reliable
methods are available to evaluate the
strain potential and liquefaction resistance
of such soils. What is needed are reliable
methods to identify the situations in
which soil failure is likely, and predictive
methods to assess the expected ground
movements.

At Cornell this is an active area of
research. Our group is working on prob-
lems in soil dynamics as part of the pro-
gram of the National Center for Earth-
quake Engineering Research, and the
current modernization of our geotechnical
laboratory will facilitate the effort. Study
of the response of soils under earthquake
loading will continue to be an important
aspect of geotechnical engineering.

Harry E. Stewart is an assistant professor
of structural engineering at Cornell. After
receiving his Ph.D. at the University of
Massachusetts at Amherst in 1982, he
served on the teaching and research staffs
there and at the University of South
Carolina before coming to Cornell.

In addition to soil dynamics, his
research areas include railroad track per-
formance, instrumentation, and full-scale
field testing. He is a registered pro-
fessional engineer in New York and South
Carolina, and is active as a consultant and
on committees of several professional
societies.



REGISTER
Carlin Dalman

• Herbert J. Carlin, the J. Preston Levis
Professor of Engineering, is one of five
long-time faculty members who became
professors, emeritus, this year. He retired
in January.

Carlin came to Cornell in 1966 as
director of the School of Electrical Engi-
neering, a post he held until 1975.

A specialist in microwave circuits and
network theory, he received the Ph.D.
from the Polytechnic Institute of Brook-
lyn, where he later was chairman of the
electrophysics department. He holds both
B.S. and M.S. degrees from Columbia
University.

Carlin has been a visiting professor at
institutions in five countries: at the
Massachusetts Institute of Technology;
the Polytechnic Institutes of both Genoa
and Turin, Italy; Tianjin University,
China; University College, Dublin, Ire-
land; and the Technion, Israel. He has
held visiting research appointments in
France at the Ecole Normale Superieure
in Paris, and at the National Center for
Communications in Issy-les-Moulineaux.

He is a fellow of the Institute of Elec-
trical and Electronics Engineers (IEEE),
which awarded him the Centennial Medal

in 1985, and has held a National Science
Foundation senior research fellowship.

He plans to continue his research
through a joint program with the Poli-
tecnic Institute of Turin.

• G. Conrad Dalman, also a member of
the electrical engineering faculty, will re-
tire in July.

A graduate of the City College of New
York with a doctorate from the Poly-
technic Institute of Brooklyn, he came to
Cornell as full professor in 1956 to
establish a research program in micro-
wave electronics.

He had spent fourteen years in indus-
try, at RCA, Bell Laboratories, and the
Sperry Gyroscope Company. He also
taught at the Polytechnic Institute of
Brooklyn, which later awarded him its
Certificate of Distinction. At Cornell he
has served as director of his school and
has received its Excellence in Teaching
Award.

Since 1980, Dalman has been awarded
five United States patents in his specialty
fields of microwave and millimeter-wave
solid-state devices and circuits. He has
served as a consultant to six major indus-

trial firms and has spent leaves at TRW
and at Chiao Tung University in Taiwan,
where he was manager of the United
Nations' China Project. He is a fellow of
the IEEE and the American Association
for the Advancement of Science.

In the near future he plans to complete
a textbook on microwave devices and
circuits which he started during his last
sabbatical leave. He says that he and his
wife will remain in Ithaca except for the
winter months when they plan to visit
children living in California and Virginia.

• Arthur F. Kuckes of the School of
Applied and Engineering Physics will be-
come professor, emeritus, in July.

Following undergraduate study at the
Massachusetts Institute of Technology,
Kuckes spent a year in Gottingen, Ger-
many, as a Fulbright fellow and a year at
the University of Paris as a National
Science Foundation fellow. After receiv-
ing the Ph.D. from Harvard University in
1959, he conducted research in plasma
physics at Princeton University and the
Culham Laboratory in England. He came
to Cornell in 1968.

Since the early 1970s, Kuckes' re- 34
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search has been on electromagnetic appli-
cations in geophysics; his studies of in-
ternal electric currents and conductivity
have contributed to an understanding of
the geological evolution of the moon and
have provided information about the prop-
erties of the earth's lower crust.

He has also applied electromagnetic
methods of surveying for oil and gas to
the control of "blown-out" wells by direc-
tional drilling and to problems of petro-
leum exploration. In 1985 he organized
an Ithaca-based firm, Vector Magnetics,
that provides service of this kind, and he
will continue to work with the company.

• Floyd O. Slate, who will become pro-
fessor, emeritus, of civil and environ-
mental engineering in July, has been at
Cornell since 1949.

After earning B.S., M.S., and Ph.D.
degrees at Purdue University, he worked
on the Manhattan Project and then taught
at Purdue for three years.

A member of the Cornell Department
of Structural Engineering, he specializes
in the properties and failure of concrete,
in microcracking and internal structure of

35 concrete, and in high-strength concrete.

He has served as an industrial consultant
in these fields, and in the early 1960s he
was a founder of Geotechnics and Re-
sources, Inc., and served as director.

For many years he has worked in the
area of low-cost housing, particularly for
developing nations; he has researched and
implemented programs in seventy coun-
tries. His foreign service includes a year
(1955-56) as a housing adviser in Paki-
stan under the sponsorship of the United
States Foreign Service. In 1976 he was
awarded a senior fellowship by the East-
West Center.

Slate has been honored many times by
the American Concrete Society: he won
the Wason Research Medal three times,
received the Anderson Award, and most re-
cently, in 1986, was awarded the Wason
medal for the best paper published in the
society's journal. At Cornell he received
the 1976 Excellence in Engineering
Teaching Award.

He is the author of two books and
some eighty papers, and he plans to con-
tinue to write and publish research papers
on concrete. He also plans to travel
widely and work internationally on low-
cost housing for developing nations.

• Herbert Wiegandt will complete forty
years as a Cornell faculty member and be-
come an emeritus professor of chemical
engineering in July.

After earning a bachelor's degree and a
Ph.D. at Purdue University, Wiegandt
worked for six years in research and devel-
opment at Standard Oil of Indiana and at
the Armour Research Foundation. His
specialties are the hydraulics of porous
moving beds, petroleum processing, and
saline-water conversion.

For eleven years, beginning in 1973,
Wiegandt spent half of each year in
France at the Compagnie Francaise de
Raffinage; he retired from the French posi-
tion in 1982. He has been a Fulbright
fellow at the French Petroleum Institute
in Paris, and spent subsequent academic
leaves there and at the Monsanto chemi-
cal company.

He plans to divide his time principally
among Ithaca, Paris, and Geneva. In
August he will attend the third World
Congress on Desalination in Cannes,
France, where he will present a new
development in ice crystallization based
on the latest research on the Cornell
Freezing Process.



Johnson
• Herbert H. Johnson, professor of ma-
terials science and engineering, has been
elected to the National Academy of Engi-
neering. He was cited for "pioneering re-
search on hydrogen embrittlement of
metallic alloys and for leadership in the
management of interdisciplinary materials
research."

Election to the academy is generally
regarded as the highest professional honor
conferred on engineers. Selected this year
were eighty-two United States engineers
and seven foreign associates.

Johnson earned B.S., M.S., and Ph.D.
degrees from the Case Institute of Tech-
nology and then taught at Lehigh Uni-
versity before joining the Cornell faculty
in 1960. At Cornell he has served as
director of the Department of Materials
Science and Engineering and as director of
the interdisciplinary Materials Science
Center. He is a fellow of the American
Society for Metals.

• Both a Guggenheim fellowship and
the Alexander von Humboldt Founda-
tion's Humboldt Prize were awarded this
spring to Edward J. Kramer, professor of
materials science and engineering. He
plans to spend the 1987-88 academic year
conducting polymer-diffusion research at
the University of Mainz, West Germany,
which he described as the "hotbed of
polymer science in Europe."

Since joining the Cornell faculty in
1967, Kramer has been a visiting scien-
tist at the Argonne National Laboratory
and at institutions in West Germany and
Switzerland. He is a fellow of the Ameri-
can Physical Society and received its
High Polymer Physics Prize in 1985.

He received his undergraduate educa-
tion at Cornell and earned the Ph.D. at
Carnegie-Mellon University.

Mills
• Also awarded a Guggenheim fellow-
ship this year is Dennis M. Mills, staff
scientist at the Cornell High Energy
Synchrotron Source (CHESS). Mills is
believed to be the first non-faculty mem-
ber at Cornell to have received a Guggen-
heim. He plans to study new techniques
for synchrotron radiation research at
CHESS and other sources.

After earning a B.S. degree in physics
at Rensselaer Polytechnic Institute, Mills
earned the Ph.D. at Cornell in 1979. He
has been involved with CHESS since its
inception in 1978. 36
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• Edwin L. Resler, Jr., the Joseph New-
ton Pew, Jr. Professor of Mechanical and
Aerospace Engineering, was recognized
this spring by his undergraduate univer-
sity, Notre Dame, which presented him
its College of Engineering Honor Award.

The citation noted his "distinguished
achievements in engineering research,
teaching, management and service." Spe-
cifically mentioned were his leadership as
director of the former Graduate School of
Aerospace Engineering and as director of
the Sibley School of Mechanical and
Aerospace Engineering; his service as

chairman of the NASA Advisory Com-
mittee for Fluid Mechanics; and his funda-
mental and practical research in high-tem-
perature and chemical kinetic processes,
magnetohydrodynamics, ferrohydrody-
namics, sonic booms, combustion con-
trol, and engine design.

Also cited was his service to his
church and community, including work
with the Boy Scouts of America, and "the
abiding interest and caring he and his wife
Frances have developed for handicapped
children and the mentally retarded."

Resler received the B.S. degree from

Notre Dame in 1947 and the Ph.D. from
Cornell in 1951. After a year here as an
assistant professor, he taught at the Uni-
versity of Maryland and then rejoined the
Cornell faculty in 1956.

• Kuo-King Wang, the Sibley College
Professor of Mechanical Engineering, is
the recipient of the 1987 Frederick W.
Taylor Research Medal awarded by the
Society of Manufacturing Engineers.

The citation reads, "His brilliant re-
search, teaching, and writings have per-
fected a broad spectrum of manufacturing
technologies and processes [and] created a
superlative record of academic and
engineering achievements, benefitting
manufacturing worldwide."

Wang, a specialist in manufacturing
processes, numerical control, computer-
aided design and manufacturing, and poly-
mer processing, is the director of the
Cornell Injection Molding Program and
co-founder of the university's Manufac-
turing Engineering and Productivity
Program.

He holds a baccalaureate degree from
the National Central University in China,
and M.S. and Ph.D. degrees from the Uni-
versity of Wisconsin at Madison. Before
joining the Cornell faculty in 1970, he
had seventeen years of industrial experi-
ence in China, Japan, Germany, and the
United States and taught at the University
of Wisconsin.

Included among his honors are the
ASME Blackall Machine Tool and Gage
Award, the Adams Memorial Member-
ship Award of the American Welding
Society, and a TRW fellowship in manu-
facturing engineering.

He is a fellow of ASME and an active
member of the International Institution
for Production Engineering Research.
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• John W. Wells, emeritus professor of
geological sciences since 1973, has been
awarded the James Hall Medal by the
New York State Geological Survey. The
medal will be presented at a fall meeting
of the state Geological Association.

A paleontologist who specializes in
fossil corals, Wells carries on an active
research program from his home office in
Ithaca.

He did his graduate work at Cornell,
earning the M.A. in 1930 and the Ph.D.
in 1933. He joined the geology faculty in
1948 and was chairman from 1962 to
1965. He is a member of the National
Academy of Sciences.

• Jack E. Oliver, the Irving Porter
Church Professor of Engineering, has
been elected president of the Geological
Society of America.

The society, which will celebrate its
centennial in 1888, was formed at a
meeting of geologists and paleontologists
held at Cornell. Oliver is the first Cornell
professor to serve as president since
Heinrich Ries held the post in 1929.

Oliver, a specialist in the structure and
evolution of continents, came to Cornell

in 1971 as chairman of the Department of
Geological Sciences. Previously he was
on the faculty at Columbia University,
where he received his doctorate and was
associated with the Lamont-Doherty Geol-
ogical Observatory.

Currently he is director of the Cornell-
based Institute for the Study of the Conti-
nents, and of an associated program for in-
dustrial affiliates. He was a founder of the
federally funded Consortium for Continen-
tal Reflection Profiling, which is map-
ping the deep structure of the earth's crust
in parts of the United States.

• Harry D. Conway rounded out his
fortieth year on the Cornell engineering
faculty by accepting the college's 1987
Excellence in Teaching Award at a
presentation April 30 during the annual
Engineering Conference on campus.

The award, which carries a $1,500
prize, is sponsored by the Cornell Soci-
ety of Engineers (the alumni association
of the College of Engineering) and the
student honorary society Tau Beta Pi.
The recipient is chosen on the basis of
student nominations.

Conway, a professor of theoretical and
applied mechanics, is a specialist in
structural mechanics and lubrication. He
holds the degrees of B.Sc, Ph.D., and
D.Sc. from the University of London,
and the M.A. and Sc.D. from Cambridge
University.

He came to Cornell in 1947 from
Cambridge University, where he was
assistant director of studies at St. Cath-
arine's College.

His previous honors include a
Guggenheim fellowship and a National
Science Foundation senior postdoctoral
fellowship. Both leaves were spent at
Imperial College, London.

• John E. Hopcroft, the Joseph C. Ford
Professor of Computer Science, was
elected this spring as a fellow of the
American Association for the Advance-
ment of Science.

He is a specialist in theoretical com-
puter science, and has published exten-
sively in the fields of algorithms and data
structures. He has been on the Cornell
faculty since 1967.

Hopcroft is a fellow of the Institute of
Electrical and Electronic Engineers. Last
year he received the Turing Award of the
Association for Computing Machinery. 38
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• Both students and the teachers they
name as the most influential in their
undergraduate careers are honored in the
annual selection of Presidential Scholars
at Cornell. This year six engineering
students were among the thirty-four
scholars nominated by their deans and
recognized by President Frank H. T.
Rhodes at a luncheon ceremony in May.

Goeffrey C. Achilles named Raymond
G. Thorpe, professor of chemical engi-
neering. Peter E. DelVecchio named John
Be Una, assistant dean who also teaches
electrical engineering. Mark D. Doyle

Raymond G. Thorpe is the only Cornell
professor to have been chosen in all four
years of the Presidential Scholar program.
The student is Goeffrey C. Achilles.

named Mark S. Nelkin, professor of ap-
plied and engineering physics. Walter H.
Hartung named Hasan S. Padamsee, sen-
ior research associate in nuclear studies.
Terry J. Linsey named James S. Thorp,
professor of electrical engineering. Susan
M. Lord named Michael O. Thompson,
assistant professor of materials science
and engineering.

• The 1987 Dean's Prizes for Innovative
Teaching have been awarded to five
College of Engineering professors, it was
announced by Dean William B. Streett.

One of the three $1,500 prizes went to
John F. Abel of the Department of Struc-
tural Engineering; one was shared by
Dieter G. Ast and David T. Grubb of the
Department of Materials Science and
Engineering; and the third was shared by
Peter L. Jackson and John A. Muckstadt
of the School of Operations Research and
Industrial Engineering.

The prizes were awarded April 30
during the college's fourth annual Engi-
neering Conference for alumni.

Abel's award was for the planning,
design, and development of graphical
instructional programs for several struc-
tural engineering courses.

Ast and Grubb were recognized for
establishing the Computer Simulation
Facility used for courses in materials
science and engineering, and for devel-
oping needed software.

Jackson and Muckstadt won their prize
for contributions to undergraduate teach-
ing, including the development of a
computer laboratory.



• The annual selection of outstanding
faculty members, teaching assistants, and
students has been reported by several
schools and departments.

In the Department of Agricultural En-
gineering, Stephen P. Etheridge, a visit-
ing professor, was chosen by the student
organization for the Outstanding Faculty
Award, which was presented at the annual
banquet of the student branch of the
American Society of Agricultural Engi-
neers. This award recognizes contribu-
tions to both the profession and the aca-
demic program. Roelof de Vries was
selected as the outstanding graduate teach-
ing assistant and honored at a College of
Agriculture and Life Sciences luncheon.

Winners of the Trevor R. Cuykendall
Memorial Awards were announced by the
School of Applied and Engineering
Physics. Mark David Doyle was chosen
as the outstanding senior, and Russell F.
Loane as the most outstanding teaching
assistant. They will each receive a cash
award and a certificate, and their names
will be added to plaques in the school
lounge. These awards are funded through
gifts from alumni and friends and are in
honor of the late Professor Cuykendall.

This year's outstanding teaching assis-
tants in the School of Chemical Engineer-
ing are J. Kent Carpenter and Cynthia D.
Holcomb. Undergraduates who received
honors include Geoffrey C. Achilles, the
American Institute of Chemists award;
Randall W. Verhoef, the American In-
stitute of Chemical Engineers prize;
Matthew M. Walsh, the Dow award for
the outstanding junior; John J. Schleuter,
the Procter and Gamble award for techni-
cal excellence; and Christopher J. Harris,
the Twin Tiers American Institute of
Chemical Engineers award for the out-
standing scholar.

Richard N. White was named 1987
Professor of the Year in the School of
Civil and Environmental Engineering.
Chi Epsilon announced the selection at
the commencement reception. Also recog-
nized were Stephen Paul Pessiki, winner
of the $500 John E. Perry Teaching
Assistant Prize, and three senior winners:
Christopher R. Tull, the $500 John E.
Perry Undergraduate Prize; Matthew A.
McHugh, the Moles Student Award; and
Phaik Choo Phuah, the gold Fuertes
Undergraduate Medal. Earlier in the spring
seniors Nicos Y. Constantinides and
Christopher R. Tull received the American
Society of Civil Engineers awards for merit
and service, respectively, and graduate
student Jerome F. Hajjar received the
$1,000 George Winter Fellowship.

Undergraduates in the School of Opera-
tions Research and Industrial Engineering
chose Peter Jackson as this year's most
outstanding professor, and Todd Whitlow
as the most outstanding teaching assist-
ant. Ballots were distributed and tabulated
by the student chapter of the Institute of
Industrial Engineers. The faculty selected
Jennifer Black as the most outstanding
senior, and C. J. Glynn as the most out-
standing student in the Master of Engi-
neering program.

• Three engineering students who won
special athletic honors this year are John
Bajusz, a senior in operations research
and industrial engineering; John Bayne, a
junior in mechanical engineering; and
Bruce Sonnenfeld, a senior in electrical
engineering.

Bajusz was named to the All-Ivy first
team in basketball for the third year in a
row; as a freshman he won honorable
mention and was rookie of the year. He is
enrolled in the six-year program in

Sonnenfeld

engineering and business administration,
and will be at Cornell next year as a
graduate student.

Bayne was named to the first team of
the Adidas Scholar-Athlete Soccer Ail-
American Team for the second year in a
row. The team is selected by the Inter-
collegiate Soccer Association of America
on the basis of both academic and athletic
achievement. A midfielder, he finished
the 1986 season as the most prolific
scorer both on the team and in the Ivy
League, and he also won first-team All-
Ivy honors. In addition to playing soccer,
he is a sprinter on the Cornell track team.
His grade-point average for the past five
terms was 4.18 (higher than an A).

Sonnenfeld, a record holder in several
gymnastics events, was chosen all-around
champion by both the North American
Gymnastics League and the Ivy League.
He is the first Cornellian ever to win
both titles. Sonnenfeld will enter the Cor-
nell Master of Engineering program next
fall and will serve as assistant coach. 40
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• A new building to house two engi-
neering departments and Cornell's super-
computer center will be built near
Grumman Hall, it was announced by
William B. Streett, dean of the College
of Engineering. The design concept has
been approved and construction is ex-
pected to begin this fall.

These developments are the first of a
proposed major building and renovation
project for the engineering campus,
Streett said. The Master Plan calls for
construction that would increase by 50
percent the floor space in buildings on
the college campus.

The supercomputer center, which is
officially the Center for Theory and
Simulation in Science and Engineering,
is a national facility located at Cornell.
The building in which it is to be housed
is included in the Master Plan because the
center is integrated functionally with the
College of Engineering, Streett said.
More than half the Cornell faculty
members working in the center are from
the college.

The proposed eight-story building will
be one of the largest at Cornell. The
$22-$25 million cost will be met partly

by a New York State grant and loan
totalling $10 million.

The architectural firm of Gwathmey
Siegel & Associates of New York City is
designing the building and also proposing
a concept for the overall Master Plan. In
general, the proposal is to construct new
buildings around the periphery of the
existing complex.

The next construction is expected to
be an enlarged facility for the School of
Electrical Engineering. This is likely to
be an L-shaped building that would
incorporate two wings of the present
Phillips Hall.

Right: Two views of the architects1 model
of the proposed new building.

The top view is from the northeast.
Cascadilla Gorge is to the left and the
main section of the building is on the
present Grumman Hall parking lot.
Grumman Hall is behind the new building
and Upson Hall is to the right.

The bottom view is from the south-
west, looking toward Hoy Field and the
football stadium. The adjacent building (at
left) is Grumman Hall.



• A large construction project that has
had little effect on the appearance of the
campus is a two-story addition to Upson
Hall. Designed by Perkins and Will, the
building's original architects, the exten-
sion adds to the height of the structure
but is similar in exterior design.

The addition has added 36,000 square
feet of space. The project also included
renovation of 4,800 square feet of space
in the original building.

The new quarters, dedicated April 30,
are occuped mainly by the Department of
Computer Science. Included are offices,
conference and seminar rooms, labora-
tories, a library, and a lounge.

• The National Research and Resource
Facility for Submicron Structures
(NRRFSS) has been awarded a five-year,
$10 million project-renewal grant from
the National Science Foundation and will
change its name to reflect a new research
focus. Beginning the first of October, the
laboratory will become the National
Nanofabrication Facility (NNF).

According to Gregory Galvin, deputy
director, Cornell has been a leader in sub-
micron technology since the founding of
NRRFSS in 1977, and the new concen-
tration on nanometer-scale devices should
enable the university to stay ahead. The
facility's director is Edward D. Wolf, who
has been on sabbatical leave this year.

A micron is 10"6 meter and a nano-
meter is 10~9 meter. The devices now
being worked on are in the range of 25
nanometers, about ten times smaller than
those previously studied. "Until now,"
Galvin said, "we have concentrated on
building devices down to approximately
one-quarter of a micron, about two hun-
dred times smaller than the diameter of a
human hair. But now there are several

labs around the country capable of mak-
ing such devices, so it's time for us to
set our sights iower'. We will be build-
ing devices with dimensions in the 25-
nanometer range, around two thousand
times smaller than a human hair."

Current projects include studying how
blood cells squeeze through small open-
ings in bone marrow; developing im-
proved ways to sculpt tiny lasers for opti-
cal communications systems; building
microscopic terrains to study plant fungi;
and creating superfast transistors.

The work is done with the facility's
thirty machines, housed in the "clean
room" environment of Knight Labora-
tory. The building is named for Lester B.
Knight, a Cornell benefactor who is chair-
man of an architectural engineering firm.

NRRFSS is available to visiting scien-
tists from other universities, government,

New equipment that will enable researchers
at the National Nanofabrication Facility to
work at smaller dimensions includes this
Hitachi S-800 scanning electron micro-
scope. It is capable of very-high-resolu-
tion (2-nanometer) imaging.

Other new equipment includes an elec-
tron-beam lithography system usable in
the nanometer range.

and industry—the only laboratory of its
kind in this country. This spring scien-
tists from thirty-three universities and
corporations were conducting research at
the facility.

The NSF grant will support approxi-
mately half the facility's operating ex-
penses for the next five years. A contin-
gency for $2 million of the total grant is
that $5 million be provided by industry
or New York State. The facility also
receives support from the university. 42



FACULTY
PUBLICATIONS

Current research activities at the Cornell University
College of Engineering are represented by the follow-
ing publications and conference papers that appeared
or were presented during the four-month period
August through November, 1986. (Earlier entries
omitted from previous Quarterly listings are included
here with the year of publication in parentheses.) The
names of Cornell personnel are in italics.

• AGRICULTURAL
ENGINEERING

Gebremedhin, K. G. 1986. A structures analyzer
program for wood systems on microcomputers. Paper
read at 4th National Conference on Microcomputers
in Civil Engineering, 5-7 November, in Orlando, FL.

Rehkugler, G. E., and / . A. Throop. 1986. Apple
sorting with machine vision. Transactions of the
American Society of Agricultural Engineers
29(5): 1388-97.

• APPLIED AND
ENGINEERING PHYSICS

Batrouni, C. G., A. Hansen, and M. Nelkin. 1986.
Fourier acceleration of relaxation processes in disor-
dered systems.Physical Review Letters 57( 11): 1336-
39.

Burns, M. L., and R. V. E. Lovelace. 1986. Theory of
electron-positron showers in double radio sources.
Astrophysical Journal 262:87-99.

Carmeli,C.,J. Y. Huang, DM. Mills, A. T.Jagendorf,
and A. Lewis. 1986. Extended x-ray absorption fine
structure of Mn2+-ATP complex bound to coupling
factor 1 of the H+-ATPase from chloroplasts. Journal

4 3 of Biological Chemistry 261:16969.

Gross, D., L. M. Loew, and W. W. Webb. 1986.
Optical imaging of cell membrane potential: Changes
induced by applied electric fields. Biophysical Jour-
nal 50:339-48.

Hansen, A., and M. Nelkin. 1986. The absence of
small scale structure in homogeneous superfluid
turbulence. Physical Review B 34(7):4894-96.

Harootunian, A., E. Betzig, M. Isaacson, and A.
Lewis. 1986. Super-resolution fluorescence near-
field scanning optical microscopy. Applied Physics
Utters 49:674-76.

Kasowski, R. V., M.-H. Tsai, T. N. Rhodin, and D. D.
Chambliss. 1986a. Pseudofunction method: Applica-
tion to a monolayer of CO and to the Si( 111) surface.
Physical Review B 34:2656-63.

. 1986ft. Structural and electronic properties of
a carbon monoxide monolayer. Solid State Communi-
cations 59:57'-60.

Kusse, B., C. W. Hartman, J. Hammer, and J. Eddie-
man. 1986. Experimental studies of plasma ring
acceleration. Bulletin of the American Physical Soci-
ety 31:1486.

Kusse, B., C. Peugnot, G. Randeau, and C. Struck-
man. 1986. B3 diode operations on the LION
accelerators. Bulletin of the American Physical Soci-
ety 31:1478.

Lovelace, R. V., C. Mehanian, C. M. Mobarry, and M.
E. Sulkanen. 1986. Theory of axisymmetric magne-
tohydrodynamic flows: Disks. Astrophysical Journal
Supplement Series 62:1-37.

Mobarry, C. and A. Lewis. 1986. Implementations of
neural networks using photoactivated biological
molecules. Proceedings, Society of Photo-Optical
Instrumentation Engineers 700:304.

Scott, H. A. and R. V. E. Lovelace. (1983.) Relativis-
tic magnetic loops in double radio sources. Astro-
physics and Space Science 92(2):417-23.

• CHEMICAL ENGINEERING
Aiduu, C. K., and P. H. Steen. 1986. The structures of
disturbances which lead from steady to oscillatory
convection in porous media. Paper read at annual
meeting, American Physical Society, Division of
Fluid Dynamics, 23-25 November 1986, in Colum-
bus, OH.

Ataai, M. M., and M. L. Shuler. 1986. Mathematical
model for the control of ColEl type plasmid
replication. Plasmid 16:204-12.

Audet, D. M., P. L.-F. Liu, and W. L. Olbricht. 1986.
The motion of freely suspended particles through
bifurcating conduits. Paper read at annual meeting,
American Institute of Chemical Engineers, 2-7 No-
vember 1986, in Miami, FL.

Calado, J. C. G., L. P. N. Rebelo, W. B. Streett, and/.
A. Zollweg. 1986. Thermodynamics of liquid (di-
methyl ether and xenon.) Journal of Chemical
Thermodynamics 18:931-38.

Chapman, W. G., K. E. Gubbins, C. G. Joslin, and C.
G. Gray. 1986. Theory and simulation of associating
mixtures. Fluid Phase Equilibria 29:337-46.

Georgiou, G., J. N. Telford, M. L. Shuler, and D. B.
Wilson. 1986. Localization of inclusion bodies in
Escherichia coli overproducing (3-lactamase or alka-
line phosphatase. AppliedandEnvironmentalMicro-
biology 52:1157-61.

Groele, R. J., F. Rodriguez, and P. D. Krasicky.
(1986.) Hydrodynamic effects on resist development.
Paper read at 16th American Chemical Society North-
east Regional Meeting, 22-25 June 1986, in Bing-
hamton, NY.

Hallsby, G. A., and M. L Shuler. 1986. Altering fluid
flow patterns changes pattern of cellular associations
in immobilized tobacco tissue cultures. Biotechnol-
ogy and Bioengineering Symposium Series 17:741—
46.



Harriott, P., and M. Kinzey. 1986. Modeling the gas
and liquid-phase resistances in the dry scrubbing
process for SO2 removal. In Proceedings, 3rd Annual
Pittsburgh Coal Conference, pp. 220-36. Washington,
DC: U.S. Department of Energy.

Krasicky, P. D.r R. J. Groele, and F. Rodriguez.
(1986.) Dissolution of thin polymer films. Paper read
at PlasTech*86 Exposition and Conference, 18-19
June 1986, in Atlantic City, NJ.

Lee, S. S., and M. L. Shuler. 1986. Carbon dioxide
evolution rate as a method to monitor and control an
aerobic biological waste treatment system. In Con-
trolled ecological life support systems, ed. R. D.
MacElroy, N. V. Martello, and D. T. Smernoff, pp.
354—91. Washington, DC: National Aeronautics and
Space Administration.

Mohring, R. O., and F. Rodriguez. 1986. The optimi-
zation of the mechanical properties of reinforced
collagen films. In Renewable—resource materials,
ed. C. E. Carraher, Jr., and L. H. Sperling, pp. 207-23.
New York: Plenum.

Nunes da Ponte, M.,D. Chokappa, J. C. G. Calado, J.
Zollweg, and W. B. Streett. (1986.) Vapor-liquid
equilibrium in the xenon and ethene system. Journal
of Physical Chemistry 90:1147-52.

Olbricht, W. L. 1986. Time-dependent cell distribu-
tions in small capillary networks. Paper read at annual
meeting, American Institute of Chemical Engineers,
2-7 November 1986, in Miami, FL.

Peterson, B. K., J. P. R. B. Walton, and K. E. Gubbins.
1986. Fluid behaviour in narrow pores. Journal of the
Chemical Society, Faraday Transactions II82:1789—
1800.

Rodriguez, F. (1986.) Polymer topics in the chemical
engineering curriculum. Polymer Preprints
27(l):402-03.

Rodriguez, F., C. A. May, and L. L. Walker. (1986.)
Redox-initiated polymerization of acrylamide with an
organic peroxide. Paper read at 16th American
Chemical Society Northeast Regional Meeting, 22-
25 June 1986, in Binghamton, NY.
Russo, M. J., and P. H. Steen. 1986. Instability of
rotund capillary bridges to general disturbances:
Experiment and theory. Journal of Colloid and Inter-
face Science 113(1): 154-433.

Shreve, A. P., J. P. R. B. Walton, and K. E. Gubbins.
1986. Liquid drops of polar molecules. Journal of
Chemical Physics 85:2178-86.

Shuler, M. L. 1986a. On the use of genetically engi-
netredEscherichia coli.. Paper read at conference of
American Chemical Society, 7-12 September 1986,
in Anaheim, CA.

. 19866. Plant tissue culture using membranes.
In Membrane separations in biotechnology, ed. W. C.
McGregor, pp. 119-31. New York: Marcel Dekker.

. 1986c. Production of secondary metabolites
by immobilized plant cells. Paper read at 14th Interna-
tional Congress of Microbiology, 7-13 September
1986, in Manchester, England.

Shuler, M. L., J. J. Chalmers, G. Georgiou, A. P.
Togna, andD. B. Wilson. 1986. Effect of environment
on genetic stability and protein excretion in E. coli.
Paper read at annual meeting, American Institute of
Chemical Engineers, 2-7 November 1986, in Miami,
FL.

Steen, P. H. 1986. Hydrodynamical aspects of the
melt-spinning process. Paper read at Alcoa Laborato-
ries Centennial Technical Symposia, 24—28 August
1986, in Nemacolin Woodlands, PA.

Telo da Gama, M. M., and K. E. Gubbins. 1986.
Adsorption and orientation of amphiphilic molecules
at a liquid-liquid interface. Molecular Physics 59:
227-39.

Tipnis, P. R., and P. Harriott. 1986. Thermal regenera-
tion of activated carbons. Chemical Engineering
Communications 46:11-28.

• CIVIL AND ENVIRONMENTAL
ENGINEERING

Brutsaert, W. 1986. Catchment-scale evaporation and
the atmospheric boundary layer. Water Resources
Research22:395-455.

Brutsaert, W., and Y. Toba. 1986. A quasi-similarity
between wind waves and solid surfaces in their rough-
ness characteristics. Journal of the Oceanographical
Society of Japan 42:166-73.

Chou, G. K., andK. C. Hover. 1986. Factors influenc-
ing the design of cathodic protection for prestressing
steel. Concrete International 9( 1 ):26-30.

Cox, R. G., and M. A. Turnquist. 1986. Scheduling
truck shipments of hazardous materials in the pres-
ence of curfews. Transportation Research Record
1063:21-26.

Dworsky, L. B. 1986a. Changes in management:
International Great Lakes. In Proceedings, Water
Forum 86: World Water Issues in Evolution, vol. 2,
pp. 2158-72. New York: American Society of Civil
Engineers.

. 19866. The Great Lakes: 1955-85. Natural
Resources Journal 26:291-336.

_, ed. 1986c. The Great Lakes of the United
States and Canada: An ecosystem perspective. De-
partment of Environmental Engineering report. Ith-
aca, NY: Cornell University.

El-Kadi, A. I., and W. Brutsaert. 1986. Can unsatu-
rated flow during gravity drainage be represented by
Boulton's formulation? Water Resources Research
22:1361-66.

Gergely, P., R. N. White, and G. R. Fuller. 1986.
Seismic performance of existing buildings. In Pro-
ceedings, 3rd U.S. National Conference on Earth-
quake Engineering, pp. 871-82. Berkeley, CA: Earth-
quake Engineering Research Institute.

Kulhawy, F. H. 1986. Foundation engineering: A
viewpoint. Foundation Drilling 25(8):24-26.

Liu, P. L.-F. 1986a. Hydrodynamic pressures on rigid
dams during earthquakes. ASCE Journal of Fluid
Mechanics 165:131^*5.

. 1986ft. Parabolic wave equation for surface
water waves. Department of the Army, Waterways
Experiment Station, report no. CERC-86-11. Wash-
ington, DC: U.S. Army.

Liu, P. L.F., P. L. Boissvian, B. A. Ebersale, and N.
Kraus. 1986. Annotated bibliography on combined
wave refraction and diffraction. Department of the
Army, Waterways Experiment Station, report no.
CERC-86-10. Washington, DC: U.S. Army.

Liu, P. L.F., S. B. Yoon, and R. A. Dalrymple. 1986.
Wave reflection from energy dissipation region.
ASCE Journal of Waterway, Port, Coastal and Ocean
Engineering 112:632-44.

Longo, V. J., F. H. Kulhawy, C. H. Trautmann, R. A.
Bragg, A. M. DiGioia, Jr., and E. J. Goodwin. 1986.
Recent advances in transmission line foundation
analysis and design. In Proceedings, International
Conference on Large High Voltage Electric Systems,
paper no. 22-10, pp. 1-6. Paris: CIGRE.

Martinez, S., A. H. Nilson, and F. O. Slate. 1986.
Mechanical properties of high strength lightweight
concrete. American Concrete Institute Journal
V83(4):606-13.

Najjar, N. S., H. C. Aderhold, and K. C. Hover. 1986.
The application of neutron radiography to the study of
microcracking in concrete. Cement, Concrete, and
Aggregates 8(2): 103-9.

Sansalone, M., and R. N. White. 1986. End-grain
dowel connections for laminated timber. Journal of
Structural Engineering 112(9):2093-108.

Stedinger, J. R., and G. D. Tasker. 1986. Regional
hydrologic analysis. 2. Model error estimators, esti-
mation of sigma, and log-Pearson type 3 distributions.
Water Resources Research 22:1487-99.

Taigbenu, A., and / . A. Liggett. 1986. An integral
solution for the diffusion-advection equation. Water
Resources Research 22(8): 1237-46.

Thomas, C. O., R. C. Thomas, and tf. C. Hover. 1986.
Waste paper fibers in cementitious composites.
ASCE Journal of Environmental Engineering
113(1)1631

Trautmann, C. H., and F. H. Kulhawy. 1986a. Ad-
vances in foundation design for transmission lines: A
survey of recent research. In Proceedings, Founda-
tions of Overhead Supports, paper no. C6, pp. 1-5.
Paris: French Power Authority.

. 1986ft. Engineering geologic planning for
transmission structures. In Proceedings, 5th Interna-
tional Congress, International Association of Engi-
neering Geology, vol. 3, pp. 1539-45. Rotterdam:
Balkema.

Turnquist, M.A.,andW. C. Jordan. 1986. Fleet sizing
under production cycles and uncertain travel times.
Transportation Science 20:227-36.

Vandebona, U., and A. J. Richardson. 1986. Effect of 4 4



checkpoint control strategies in a simulated transit
operation. Transportation Research 20A:42936.

White, R. N. 1986a. Diaphragm action in aluminum-
clad timberframed buildings. In Proceedings, Interna-
tional Association for Bridge and Structural Engi-
neering Colloquium on Thin-Walled Metal Structures
in Buildings, pp. 247-54. Stockholm, Sweden:
IABSE.

. 1986ft. Seven weeks in China. Engineering:
Cornell Quarterly 21(l):15-25.

• COMPUTER GRAPHICS
Baum, D. R., J. R. Wallace, M. F. Cohen, and D. P.
Greenberg. 1986. The back buffer algorithm: An
extension of the radiosity method to dynamic environ-
ments. In The visual computer, vol. 2, pp. 298-306.
Heidelberg: Springer-Verlag.

Brock, P. J., A. J. Poliski, R. Slivka, and D. P.
Greenberg. 1986. A unified interactive geometric
modeling system for simulating highly complex envi-
ronments. In Proceedings, Computer Aided Design
86. London: Butterworth.

Greenberg, D. P. 1986. Global illumination ray trac-
ing and radiosity. Paper read at SIGGRAPH 86 con-
ference, 18-22 August 1986, in Dallas, TX.

Greenberg, D. P., J. F. Cohen, and K. E. Torrance.
1986. Radiosity: A method for computing global
illumination. In The visual computer, vol. 2, pp. 291-
97. Heidelberg: Springer-Verlag.

Haines, E.A., and D. P. Greenberg. 1986. The light
buffer: A ray tracer shadow-testing accelerator. IEEE
Computer Graphics and Applications 6(9):6-16.

Immel, D. S.,M. F. Cohen, andD. P. Greenberg. 1986.
A radiosity method for non-diffuse environments.
Paper read at SIGGRAPH 86 conference, 18-22
August 1986, in Dallas, TX.

Meyer, G. W. 1986. Wavelength selection for syn-
thetic image generation. Computer Graphics and
Image Processing 11 (supplement):39-44.

Meyer, G. W., H. E. Rushmeier, M. F. Cohen, D. P.
Greenberg, and K. E. Torrance. (1986.) An experi-
mental assessment of computer graphics images.
ACM Transactions on Graphics 5(l):3O-50.

• COMPUTER SCIENCE
Alpem, B., F. B. Schneider, and A. J. Demers. 1986.
Safety without stuttering. Information Processing
Letters 23(4): 177-80.

Gries, D. 1986. The 1984-85 Taulbee survey. Com-
munications of the ACM 29:972-77.

Gries, D., R. Miller, R. Ritchie, and P. Young. 1986.
Imbalance between growth and funding in academic
computer science: Two trends colliding. Communica-

45 tions of the ACM 29:870-78.

Hopcroft, J. E., and C. Hoffmann. 1986. Quadratic
blending surfaces. Computer-Aided Design
18(6):301-06.

Hopcroft, J. E., and D. B. Krafft. 1986. The challenge
of robotics for computer science. In Algorithmic and
Geometric Aspects of Robotics, ed. C. Yap and J.
Schwartz, pp. 7-42. Advances in Robotics, vol. 1.
New York: Lawrence Erlbaum.

Horowitz, S., and T. Teitelbaum. 1986. Generating
editing environments based on relations and
attributes. ACM Transactions on Programming Lan-
guages and Systems. 8(4):577-608.

Kosaraju, S. R., M. J. Fischer, and D. Gries. 1986.
Meeting the basic research needs of computer science.
Report, National Science Foundation Advisory
Committee for Computer Research. Washington, DC:
National Science Foundation.

Salton, G. 1986a. Recent trends in automatic informa-
tion retrieval. In Proceedings, 1986 ACM Conference
on Research and Development in Information Re-
trieval, ed. F. Rabitti, pp. 1-10. New York: Associa-
tion for Computing Machinery.

. 1986ft. Some notes about information retrieval
in automated office environments. Sprache undDat-
enverarbeitung 10(l):5-9.

. 1986c. On the use of term associations in
automatic information retrieval. Paper read at
COLING 86 (11th International Conference on
Computational Linguistics), 25-29 August 1986, in
Bonn, West Germany.

Schneider, F. B. 1986. Abstractions for fault-toler-
ance in distributed systems. In Proceedings, 10th
International Federation for Information Processing
World Computer Congress, pp. 727-33. Amsterdam:
Noth-Holland.

Widom, J., D. Gries, and F. Schneider. 1986. Com-
pleteness and incompleteness of trace-based network
proof systems. In Principles of Programming Lan-
guages, pp. 27-38. New York: Association for Com-
puting Machinery.

• ELECTRICAL ENGINEERING

Acosta,R.D.,J. Kjelstrup, and//. C.Torng. 1986. An
instruction issuing approach to enhancing perform-
ance in multiple functional unit processors. IEEE
Transactions on Computers 35:815-28.

Anantharam, V. 1986. Two problems on point proc-
esses. Paper read at Workshop on Specific Problems
in Communication, 3-5 September 1986, in Palo
Alto, CA.

Berger, T. 1986a. A decomposition theorem for ran-
dom fields. Paper read at Probability Seminar, 15
September 1986, in Ithaca, NY.

. 1986b. Information theory in random fields.
Paper read at Trois Journe*es sur le Codage, 24-26
November 1986, in Paris, France.

. 1986c. Random field theory applied to com-
munication and computing. Paper read at Wiskundige
Statistiche en Informatietheoretiische Aspecten van
VLSI, 3 December 1986, in Leuven, Belgium.

Berger, T., and C.-X. Ye. 1986. Some results on error
probability and free distance bounds for two-user tree
and trellis codes on multiple access channels. Paper
read at IEEE International Symposium on Informa-
tion Theory, 6-10 October 1986, in Ann Arbor, MI.

Brown, A. S., T. Itoh, G. Wicks, and L. F. Eastman.
1986. Si diffusion in GalnAs-AlInAs high-electron-
mobility transistor structures. Jouranl of Applied
Physics 60(10):3495-98.

Calderbank, A. R., C. Heegard, and T-A. Lee. 1986.
Binary convolutional codes with application to mag-
netic recording. IEEE Transactions on Information
Theory 32(6):797-815.

Chang, Y. H., B. D. McCombe, / . Ralston, and G.
Wicks. 1986. Optically pumped cyclotron resonance
and resonant electron-LO phonon interaction in
GaAs/AlGaAs multiple quantum wells. Paper read at
International Conference on the Physics of Semicon-
ductors, August 1986, in Stockholm, Sweden.

Chen, X., and T. W. Parks. 1986. Analytic design of
FIR narrow-band filters using Zolotarev polynomials.
IEEE Transactions on Circuits and Systems
CAS33:1065-71.

Chen, Y.K., D. C. Radulescu, P. J. Tasker, G. W.
Wang, and L. F. Eastman. 1986. DC and RF charac-
terization of a planar-doped double heterojunction
MODFET. Paper read at International Symposium on
GaAs and Related Compounds, 28 September-1
October 1986, in Las Vega, NV.

Duel-Hallen, A., and C. Heegard. 1986. Signal proc-
essing indigital recording: The delayed decision-
feedback sequence estimation algorithm. Paper read
at conference of Society of Photo-Optical Instrumen-
tation Engineers, 18-22 August 1986, in San Diego,
CA.

Eastman, L. F. 1986. The physical electronics of high
performance MODFETs. Paper read at NATO work-
shop, 22-25 September 1986, in Harwich Port, MA.

Enquist, P. M., L. P. Ramberg, F. E. Najjar, W. J.
Schaff, G. W. Wicks, andL. F. Eastman. 1986. Use of
pseudomorphic GalnAs in heterojunction bipolar
transistors. Paper read at 4th International Conference
on Molecular Beam Epitaxy, 7-10 September 1986,
in York, England.

Fuja, T., and C. Heegard. 1986. Row/column replace-
ment for the control of hard defects in semiconductor
RAMs. IEEE Transactions on Computers
35(ll):996-1000.
Fuja, T., C. Heegard, and M. Blaum. 1986. Cross
parity check convolutional codes for magnetic tape.
Paper read at IEEE International Symposium on In-
formation Theory, 6-9 October 1986, in Ann Arbor,
MI.

Griem, H. T., K. H. Hsieh, I. J. D'Haenens, M. J.
Delaney, J. A. Henige, G. W. Wicks, and A. S. Brown.



1986. Characterization of strained GalnAs/AlInAs
quantum well TEGFETs grown by molecular beam
expitaxy. Paper read at 4th International Conference
on Molecular Beam Epitaxy, 7-10 September 1986,
in York, England.

Holzworth, R. H., K. W. Norville, P. M. Kintner, and
S. P. Powell. 1986. Stratospheric variations over
thunderstorms. Journal of Geophysical Research
91:13,257-63.

Huang, J. C, and T. Berger. 1986. Delay analysis of
modified 0.487 contention resolution algorithms.
IEEE Transactions on Communications 34:916—26.

Johnson, C. R., Jr., and R. R. Bitmead. 1986.
ADPCM: An object lesson in adaptive systems the-
ory. In Proceedings, 1986 IEEE Digital Signal Proc-
essing Workshop, pp. 2.3.1-2. New York: Institute of
Electrical and Electronics Engineers.

Jones, D. L., and T. W. Parks. 1986a. Matched win-
dows in the short-time Fourier transform. Paper read
at 1986 Digital Signal Processing Workshop, 20-22
October 1986, in Chatham, MA.

19866. Time scale modification of signals
using a synchronous Gabov technique. Paper read at
1986 IEEE Workshop on Applications of Signal
Processing to Audio and Acoustics, 15-17 September
1986, in New Paltz, NY.

Kelley, M. C. (1986.) Intense shear flow as the origin
of large scale undulations of the edge of the diffuse

Jouranl of Geophysical Research 91:3225-30.

Kelley, M. C, and R. F. Pfaff. 1986. Electric field
measurements during the Condor critical velocity
experiment. Journal of Geophysical Research
91:9939-46.

Kintner, P. M., J. LaBelle, W. Scales, A. W. Yau, and
B. A. Whalen. 1986. Observations of plasma waves
within regions of perpendicular ion acceleration.
Geophysical Research Letters 13:1113-16.

Ksendzov, A., P. Parayanthal, F. H. Pollak, D. Welch,
G. W. Wicks, andL. F. Eastman. 1986. Raman spec-
troscopy and photoluminescence study of
AlO4gInO52As/InP. Paper read at 7th International Con-
ference on Ternary and Multinary Compounds, 10-12
September 1986, in Snowmass, CO.

LaBelle, J., P. M. Kintner, and M. C. Kelley. (1986.)
Interferometric phase velocity measurements in the
auroral electrojet. Planetary Space Science 12:1285-
97.

Linke, S., ed. 1986. Future Directions in Electrical
Engineering: Microelectronics. Proceedings of the
Cornell Electrical Engineering Symposium, vol. 1.
Ithaca, NY: Promethean.

McCaslin, S. R., and T. W. Parks. 1986. Bandwidth,
stationarity, and extrapolation. Paper read at 1986
Digital Signal Processing Workshop, 20-22 October
1986, in Chatham, MA.

Nowicki, S., and R. R. Capranica. 1986. Bilateral
syringeal interaction in vocal production of an oscine
bird sound. Science 231:1297-99.

Palmateer, L. F., P. J. Tasker, T. Itoh, A. S. Brown, T.
Griem, L. Poll, W. J. Schaff, G. W. Wicks, and L. F.
Eastman. 1986. Characterization of Al04gIn052As/
Ga In As/InP MODFETs and a comparison to
AlGa, As/GaAs and strained layer Al Gaog5As/
Gax

O85In
x As MODFETs. Paper read at NATO work-

shop, 22-25 September 1986, in Harwich Port, MA.

Petrou, A., G. Waytena, X. Liu, J. Ralston, and G.
Wicks. 1986. Photoluminescence study of a dilute
two-dimensional electron gas in GaAs-Al Ga, xAs
quantum wells. Physical Review B 34(10):7^36-x39.

Pinto, J. F., E. Georgiou, and C. R. Pollock. 1986.
Stable color center laser in OH-doped NaCl operating
in the 1.41 to 1.81 \lmm region. Optics Letters
11:519-21.

Radulescu, D. C, G. W. Wicks, W. J. Schaff, and L.
F. Eastman. 1986. Anisotropic transport in modula-
tion doped quantum well structures. Paper read at 4th
International Conference on Molecular Beam Epi-
taxy, 7-10 September 1986, in York, England.

Ralston, J. D., L. H. Camnitz, G. W. Wicks, and L. F.
Eastman. 1986. GaAs/AlGaAs waveguide with grat-
ing coupler fabricated by selective superlattice inter-
mixing. Paper read at International Symposium on
GaAs and Related Compounds, 28 September-1
October, in Las Vegas, NV.

Ramberg, L. P., P. M. Enquist, Y.-K. Chen, F. E.
Najjar, L. F. Eastman, and K. L. Kavanagh. 1986.
Lattice strained double heterojunction GalnAs/GaAs
bipolar transistors. Paper read at High Speed Elec-
tronics Conference, 7-9 August 1986, in Stockholm,
Sweden.

Ramberg, L. P., D. C. Radulescu, Y.-K. Chen, and L.
F. Eastman. 1986. Asymmetric strained layer super-
lattices: A device application. Paper read at 2nd Inter-
national Conference on Superlattics and Microstruc-
tures and Microdevices, 18-20 August 1986, in
Gothenburg, Sweden.

Riggin, D., W. E. Swartz, J. Providakes, and D. T.
Farley. (1986.) Radar studies of long wavelength
waves associated with mid-latitude sproadic-E layers.
Journal of Geophysical Research 91:5487-5503.

Schaff, W. J. 1986. Structures for high frequency
compound semiconductor devices. Paper read at
U.S.-Korea Joint Seminar on Physics of Semiconduc-
tor Materials and Applications, 27-30 August 1986,
in Seoul, Korea.

Sethares, W. A., D. A. Lawrence, C. R. Johnson, Jr.,
and R. R. Bitmead. 1986. Parameter drift in the LMS
adaptive filter. IEEE Transactions on Acoustics,
Speech, and Signal Processing 34:868-79.

Shealy, J. R., K. Kavanagh, P. M. Enquist, and W. J.
Schaff. 1986. Characterization of simultaneous dif-
fusions of zinc and indium into GaAs and
(AlAs)n(GaAs)n superlattice surfaces and its device
applications. Paper read at International Symposium
on GaAs and Related Compounds, 28 September-1
October 1986, in Las Vegas, NV.

Shum, K., P. P. Ho, R. R. Alfano, D. F. Welch, G. W.

Wicks, and L. F. Eastman. 1986. Dependence of
electron temperature on well width in the Al04gIiv 52As/
Ga In As single-quantum well. Journal of Quan-
tum Electronics 22(9):1811-15.

Tang, C. L., F. W. Wise, and M. J. Rosker. 1986.
Interband relaxation dynamics of photo-excited carri-
ers in GaAs and related compounds. Paper read at 18th
International Conference on Solid State Devices and
Materials, 20-22 August 1986, in Tokyo, Japan.

Vickrey, J. F., R. C. Livingston, N. B. Walker, T. A.
Potemra, R. A. Heelis, M. C. Kelley, and F. J. Rich.
(1986.) On the current-voltage relationship of the
magnetospheric generator at intermediate spatial
scales. Geophysical Research Letters 13:495-98.

Wicks, G. W., D. P. Bour, J. R. Shealy, and / . T.
Bradshaw. 1986. Characterization by Raman spec-
troscopy of GalnP, AllnP and GaAs single layers and
superlattices. Paper read at International Symposium
on GaAs and Related Compounds, 28 September-1
October 1986, in Las Vegas, NV.

• GEOLOGICAL SCIENCES
Altegre, C. J., and D. L. Turcotte, 1986. Implications
of a two-component marblecake mantle. Nature
323:123-27.

Allemendinger, R. W. 1986. Tectonic development,
southeastern border of the Puna Plateau, northwestern
Argentine Andes. Geological Society of America
Bulletin 97:1070-82.

Cisne, J. L. 1986. Earthquakes recorded stratigraphi-
cally on carbonate platforms. Nature 323:32(J-22.

Karig,D. E. 1986. Physical properties and mechanical
state of accreted sediments in the Nankai Trough,
S.W. Japan Arc. In Structural fabrics in DSDP from
forearcs, pp. 117-33. Geological Society of America
Memoir, vol. 166. Boulder, CO: GSA.

Karig, D. E., and L. T. Elkins. 1986. Geological
summary of the Cayuga region. In Field Trip Guide-
book, pp. 1-2. Proceedings, 58th Annual Meeting,
New York State Geological Association. Ithaca, NY:
Cornell University.

Karig, D. E., D. R. Sarewitz, and G. D. Haeck. 1986.
Role of strike-slip faulting in the evolution of alloch-
thonous terranes in the Philippines. Geology 14:852-
55.

Kay, R. W., and S. Mahlburg Kay. 1986. Petrology
and geochemistry of the lower continental crust: An
overview. In The nature of the lower continental crust,
ed. J. B. Dawson, D. A. Carswell, J. Hall, and K. H.
Wedepohl, pp. 147-59. Geological Society of Lon-
don Special Publication no. 24. London: GSL.

Kay, R. W., J. L. Rubenstone, and 5. Mahlburg Kay.
1986. Aleutian terranes from Nd isotopes. Nature
322:605-09.

Ni, J., D. B. Snyder, and M. Barazangi. 1986. Deep 4 6



crustal structure and seismotechtonics of the Zagros
collision zone and a comparison with the Himalayas.
Paper read at annual meeting, Geological Society of
America, 10-13 November 1986, in San Antonio,
TX.

Ramos, V. A., T. E. Jordan, R. W. Allmendinger, C.
Mpodozis, 5. M. Kay, J. M Cortes, and M. Palma.
1986. Paleozoic terranes of the Central Argentine-
Chilean Andes. Techtonics 5:855-80.

Sarewitz, D. R. 1986. Geologic evolution of western
Mindoro Island and the Mindoro suture zone,
Phillipines. Journal of Southeast Asian Earth Sci-
ences 1:117-41.

Sarewitz, D. R., and D. E. Karig. 1986. Processes of
allochthonous terrane evolution. Techtonics 5:525-
52.

Turcotte, D. L. 1986. A fractal approach to the rela-
tionship between ore grade and tonnage. Economic
Geology 81:1528-32.

Zhu, T., and L. Brown. 1986. Consortium for Conti-
nental Reflection Profiling, Michigan surveys: Re-
processing and results. Journal of Geophysical
Research 91M411-96.

• MATERIALS SCIENCE
AND ENGINEERING

Batson, P. E., K. L. Kavanagh, J. M. Woodall, and / .
W. Mayer. 1986. Electron-energy-loss scattering near
a single misfit dislocation at the GaAs/GalnAs
interface. Physical Review Letters 57:2729-32.

Brister, K. E., Y K. Vohra, and A. L. Ruoff. 1986.
New micro-collimated energy-dispersive x-ray dif-
fraction apparatus for studies at megabar pressures at
the Cornell High Energy Synchrotron Source. Review
of Scientific Instruments 57:2560-63.

Colgan, E. G., and / . W. Mayer. 1986. Diffusion
markers in thin-film VA13, Co2Al9, CrAl7, MoAl12, and
Ni Al formation. Journal of Materials Research
1:786-91.
Composto, R.J.J.W. Mayer, and E. J. Kramer. 1986.
Fast mutual diffusion in polymer blends. Physical
Review Letters 57:1312-5.

Cooper, R. F., and D. L. Kohlstedt. 1986. Rheology
and structure of olivine-basalt partial melts. Journal of
Geophysical Research 91:9315-23.

Donneaud, V. 1986. Ellipsometric investigation of
the oxidation ofBe(1120). Materials Science Center
report no. 5855. Ithaca, NY: Cornell University.

Eastman, J.A., and 5. L. Sass. 1986. The influence of
Fe solute on the structure of (001) twist boundaries in
MgO. Journal of the American Ceramics Society
64:753-66.
Eastman, J. A., K. E. Sickafus, and S. L. Sass. 1986.
Grain boundary structural transformations induced by
solute segregation. Transactions of the Japan Institute

4 7 of Metals, Supplement 27:145-55.

Green, P. F., P. J. Mills, and E. J. Kramer. 1986.
Diffusion studies in polymer melts by ion beam depth
profiling of hydrogen. Polymer 27:1063-66.

Hirvonen, J.P., M. Nastasi, and/. W. Mayer. 1986a.
Effect of ion beam mixing on water and friction of Fe-
Ti multilayered structure on AISI304 stainless steel.
Applied Physics Letters 49:1345-47.

. 1986fc. Microstructure of ion-bombarded Fe-
Ti and Fe-Ti-C multilayered films. Journal of Applied
Physics 60:980-84.

Hirvonen, J.-P., M. Nastasi, J. R. Phillips, and / . W.
Mayer. 1986. Wear and friction measurements of ion
beam induced Fe-Ti surface alloys on AISI 304 stain-
less steel. Journal of Vacuum Science and Technol-
ogy A 4:2997-3001.

Lad, R. J., and J. M. Blakely. 1986a. Breakup up of
oxide films on a Ni-Fe(lOO) surface by S2
impingement. Applied Surface Science 27:318-28.

. 19866. Initial oxidation and sulfidation of a
Ni FcMONe(lOO) alloy surface. Surface Science
179:467-82.

Mackwell, S. J., and D. L. Kohlstedt. 1986. High-
temperature deformation of forsterite single crystals
doped with vanadium. Physics and Chemistry of
M inerals 13:351-56.

McClelland, R. 1986. Oxidation of carbon on a sap-
phire-supported Ni film. Materials Science Center
report no. 5990. Ithaca, NY: Cornell University.

Milkove, K. R., and S. L. Sass. 1986. An ultrahigh
vacuum apparatus for the preparation of thin metal
bicrystals containing grain boundaries. Review of
Scientific Instruments 57:2812-16.

Mills, P. J., and E. J. Kramer. 1986. The effect of
molecular size on non-Fickian sorption in glassy
polymers. Journal of Materials Science 21:4151—56.

Ober, C. K., and K. P. Lok. 1986. Dispersion polym-
erization process for toner compositions. U.S. patent
no. 4,617,249.

Ober, C. K., K. P. Lok, M. L. Hair, and R. Branston.
1986. Process for coloured toner compositions with
controlled charges thereon. U.S. patent no. 4,613,559.

Ober, C. K., F. Van Grunsven, M. McGrath, and M. L.
Hair. (1986.) Partitioning of monomer during disper-
sion polymerisation. Colloids and Surfaces 21:347-
54.

Sura, V. M., and D. L. Kohlstedt. 1986. Inelastic
deformation of (Ti,V)C alloys. 1. Hot-pressing kinet-
ics. 2. Load relaxation studies. Journal of Materials
Science 21:2347-55, 56-64.

Ricoult, D. L., and D. L. Kohlstedt. 1986. Creep
behavior of single crystals of vanadium-doped
forsterite. Journal of the American Ceramics Society
69:770-74.

Yang, A. CM., and E. J. Kramer. 1986. Craze mi-
crostructure characterization by low-angle electron
diffraction and Fourier transforms of craze images.
Journal of Materials Science 21:3601-10.

• MECHANICAL AND
AEROSPACE ENGINEERING

Burrows, C. R., M. N. Sahinkaya, N. C. Kucuk, andD.
L. Taylor. 1986. Dynamic performance of squeeze
film dampers. In Rotor dynamic instability problems
in high performance turbo machinery, pp. 365—72.
National Aeronautics and Space Administration
Conference Publication 2443. Washington, DC:
NASA.

Eggert, G. M., and P. R. Dawson. 1986. Assessment
of a thermoviscoplastic model of upset welding by
comparison to experiment. International Journal of
Mechanical Science 28(9):563-89.

Gouldin, F. C, and R. M. Halthore. 1986. Rayleigh
scattering for density measurements in premixed
flames. Experiments in Fluids 4:269-78.

Hebbale, K., and D. L. Taylor. (1986a.) Dynamics of
a ferromagnetic suspension system. In Proceedings,
1986 Joint Automatic Control Conference, vol. 1, pp.
216-23. Green Valley, AZ: American Automatic
Control Council.

. 1986&. Nonlinear dynamics of attractive
magnetic bearings. In Rotor dynamic instability prob-
lems in high performance turbo machinery, pp. 397—
418. National Aeronautics and Space Administration
Conference Publication 2443. Washington, DC:
NASA.

Hollis, P., and D. L. Taylor. (1986.) Poincart maps of
a journal bearing. Paper read at 4th Army Conference
on Applied Mathematics and Computing, 27-30 May
1986, in Ithaca, NY.

Jaluria, Y., and/T. E. Torrance. 1986. Computational
heat transfer. Computational Methods in Mechanics
and Thermal Sciences, ed., W. J. Minkowycz and E.
M. Sparrow. Washington, DC: Hemisphere.

Koplik, J., and M. C. Leu. 1986. Computer generation
of robot dynamics equations and the related issues.
Journal of Robotic Systems 3(3):301-19.

Lif X., and D. L. Taylor. 1986. Perturbation solutions
for eccentric operation of squeeze film dampers.
Journal of Engineering for Gas Turbines and Power
l(4):619-23.

Lumley, J. L. (1985.) Strange attractors, coherent
structures and statistical approaches. In Theoretical
approaches to turbulence, ed. D. L. Dwoyer, M. Y.
Hussaini, and R. G. Voigt, pp. 359-64. New York:
Springer-Verlag.
Ma,B.-K.,mdZ. Warhaft. 1986. Some aspects of the
thermal mixing layer in grid turbulence. Physics of
Fluids. 29(\0):3l 14-20.

Meyer, G. W., H. E. Rushmeier, M. F. Cohen, D. P.
Greenberg, and K. E. Torrance. (1986.) An experi-
mental evaluation of computer graphics imagery.
ACM Transactions on Graphics 5(l):3O-5O.

Rossignac, J. R., and H. B. Voelcker. 1986. Active
zones in constructive solid geometry for redundancey
and interference detection. IBM report no. 11991
(53914). Yorktown Heights, NY: IBM.



Winter Simulation Conference, ed. J. R. Wilson, J.
Henriksen, and S. Roberts, pp. 366-69. New York:
Institute of Electrical and Electronics Engineers.

Torrance, K. E. 1986. Phase-change heat transfer in
porous media. In Proceedings, 8th International Heat
Transfer Conference, ed. C. L. Tien, V. P. Carey, and
J. K. Ferrell, vol. 1, pp. 181-88. Washington, DC:
Hemisphere.
Voelcker, H. B., A. A. G. Requicha, N. L. Laurance,
E. E. Hartquist, and/?. / . Marisa. 1986. CNC machin-
ing: Simulation, verification, programming, commu-
nication, and control. In Manufacturing Processes,
Machines, and Systems, pp. 243-52. Proceedings,
13th Conference on Production Research and Tech-
nology. Dearborn, MI: Society of Manufacturing En-
gineers.

• OPERATIONS RESEARCH AND
INDUSTRIAL ENGINEERING

Bechhofer, R. E., and C. W. Dunnett. 1986. Two-
stage selection of the best factor-level combination in
multi-factor experiments: Common unknown vari-
ance. In Statistical design: Theory and practice, ed. C.
E. McCulloch, S. J. Schwager, G. Casella, and S. R.
Searle, pp. 3-15. Ithaca, NY: Cornell University.

Duersch, R. R., andL. Schruben. 1986. An interactive
run length control for simulation on PC's. In Proceed-
ings, 1986 Winter Simulation Conference, ed. J. R.
Wilson, J. Henriksen, and S. Roberts, pp. 866-70.
New York: Institute of Electrical and Electronics
Engineers.

Roundy, R. 1986. A 98%-effective lot-sizing rule for
a multi-product, multi-stage production/inventory
system. Mathematics of Operations Research
11:699-727.

Santner, T. J., and D. E. Duffy. 1986. A note on A.
Albert and J. Anderson's conditions for the existence
of maximum likelihood estimates in logistic regres-
sion models. Biometrika 73:755-58.

Schruben, L. 1986. Simulation optimization using
frequencey domain methods. In Proceedings, 1986

• PLASMA STUDIES
Ishida, A., R. N. Sudan, M. N. Rosenbluth, and M. G.
Engquist. 1986. Kink stability of a field-reversed ion
layer in a background plasma. Physics of Fluids
29:2580-87.

Litwin, C, and R. N. Sudan. 1986. Steady state
whistler turbulence and stability of thermal barriers in
tandem mirrors. Physics of Fluids 29:3760-68.

Maron, Y., M. D. Coleman,D. A. Hammer, and//.-S.
Peng. 1986. Measurements of the electric field distri-
bution in high-power diodes. Physical Review Letters
57:699-702.

Rosenbluth, M. N., and R. N. Sudan. 1986. Almost
two-dimensional strong turbulence in a magnetized
plasma. Physics of Fluids 29:2347-50.

• THEORETICAL AND
APPLIED MECHANICS

Aubry, N., P. J. Holmes, J. Lumley, and E. Stone.
1986. The dynamics of coherent structures in a turbu-
lent boundary layer. Paper read at Pennsylvania State
Dynamical Systems Conference, 23-26 September
1986, in University Park, PA.

Burns, J. A. 1986a. The evolution of satellite orbits. In
Satellites, ed. J. A. Bums and M. S. Mathews, pp. 117-
58. Tucson, AZ: University of Arizona Press.

. 1986&. Some background on satellites. In
Satellites, ed. J. A. Burns and M. S. Mathews, pp. 1-
38. Tucson, AZ: University of Arizona Press.

Burns, J. A., and J. N. Cuzzi. 1986. Phantoms of
Saturn's F-ring. Paper read at annual meeting, Ameri-
can Astronomical Society, Division for Planetary
Sciences, 3-7 November 1986, in Paris, France.

Burns, J. A., and M. S. Mathews, eds. 1986. Satellites.
Tucson, AZ: University of Arizona Press.

Conway,H.D., andH. A. Knoll. 1986. Further studies
of contact lens motion during blinking. American
Journal of Optometry and Physiological Optics
63:824-29.

Homes, P. J. 1986. Spatial structure of time periodic
solutions of the Ginzburg-Landau equation. Physica
D 23:84-90.

Schaffer, L. E., and / . A. Burns. 1986. Dynamics of
weakly-charged dust grains passing through Lorentz
resonances. Paper read at annual meeting, American
Astronomical Society, Division for Planetary Sci-
ences, 3-7 November 1986, in Paris, France.

ENGINEERING
Cornell Quarterly

Published by the College of Engineering
Cornell University

Editor: Gladys McConkey

Associate Editor: David Price

Editorial Assistant: Lindy Costello

Graphic Artist: Francis Russell

Printing: Davis Press
Worcester, Massachusetts

Photography credits:
Charles Harrington: 1 (top), 20 (bottom)
Claude Levet: 39
Kenneth Nyman: 10, 11
Jon Reis: 1 (third from top), 14 (right), 35, 37 (top),

38,41
David Ruether: 1 (except top and third from top),

6, 14 (left), 21, 26, 27, 33, 36, 37 (bottom),
inside back cover

Please address any correspondence, including notifi-
cation of change of address, to Engineering: Cornell
Quarterly, Carpenter Hall, Ithaca, NY 14853-2201.

Opposite: The end-of-classesparty on the engi-
neering quadrangle featured music, dancing,
and refreshments. 48






	VOLUME 21 NUMBER 3 SPRING 1987 RESEARCH IN EARTHQUAKE ENGINEERING
	IN THIS ISSUE
	THE NEW NATIONAL CENTER FOR EARTHQUAKE ENGINEERING RESEARCH
	SAFEGUARDING THE LIFELINES
	Cornell Team Surveys Damage from the March 1987 Earthquakes in Ecuador
	UNDERSTANDING THE SEISMIC RESPONSE OF STRUCTURES The Role of Experimental Research
	COMPUTER-AIDED EARTHQUAKE ENGINEERING
	SOIL DYNAMICS IN EARTHQUAKE ENGINEERING
	REGISTER
	VANTAGE Watching the Plans Take Shape
	FACULTY PUBLICATIONS



