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Figure 1. Neotectonic
map of Osaka Bay region
(generalized from
Sangawa et al., 1983;
Tsukuda et al., 1982; and
Tsukuda et al., 1985).
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Figure 2. Generalized
geologic map of Kobe
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ABSTRACT

The January 17, 1995, earth-
quake that devastated Kobe, Japan,
caused about $100 billion in prop-
erty losses, making it the most
expensive earthquake ever to strike
an urban area. The earthquake Kkilled
5378 people, damaged or destroyed
about 152,000 buildings, and inciner-
ated the equivalent of 70 U.S. city
blocks. The earthquake confirms the
credibility of predictions of major
property losses when urban areas
in the United States are subjected to
local moderate earthquakes. It also
provides an unusual opportunity
to study the effects of near-source
ground shaking on both the build-
ings and infrastructure of a modern
city and to deduce implications for
the United States. Damage to build-
ings, which accounted for about
60% of the total property loss, was
greatest in buildings constructed
under older building codes. The con-
centration of damage in older build-
ings highlights the need to address
the seismic hazard from buildings
that do not conform to current code.
The infrastructure of Kobe, including
expressways, railways, port facilities,
and water, gas, electrical power, and
sewer systems, also sustained major
damage. The massive damage to
infrastructure highlights the need
to consider the seismic hazard to life-
lines; catastrophic failure of one of
these systems may undermine the
functionality of a city. The lessons
from Kobe for the earth sciences
are similar to those from the 1994
Northridge and 1989 Loma Prieta,
California, earthquakes. Areas subject
to either near-source ground shaking
or special site effects are at particular
risk from earthquakes. Earthquakes
become disasters when society is

unprepared; society is more likely
to prepare when earth scientists map
and quantify earthquake hazards.

INTRODUCTION

The January 17, 1995, Hanshin-
Awaji, Japan, earthquake, which
severely damaged Kobe, a modern city
with many engineered structures, is
the most expensive earthquake ever
to occur. Previous earthquakes such as
the 1976 Tangshan, China, earthquake,
which killed 650,000 people, have
forcefully demonstrated the potential
for great loss of life when buildings
are not earthquake resistant. The 1995
Hanshin-Awaji earthquake confirms
the credibility of predictions of major
property losses when urban areas in
the United States are subjected to near-
source ground shaking. This confirma-
tion should motivate additional efforts
to mitigate the earthquake hazard in
urban areas in the United States that
are underlain by active faults; these
areas include Los Angeles, Salt Lake
City, San Francisco-Oakland, San Diego,
and Seattle-Tacoma. This earthquake
also provides a special opportunity to
learn about the potential of near-source
ground shaking and liquefaction to
damage modern engineered structures
and urban infrastructure.

Kobe presents interesting direct
parallels with cities in the United
States. For example, the geology of
Oakland, California, which sits atop
the highly active Hayward fault, is
similar to that of Kobe. Both cities are
built on young alluvial deposits and
ground reclaimed from adjacent
drowned estuaries. Both estuaries
have thick accumulations of soft silt
and clay. Thus, the earthquake in Kobe
is a good analog for what may happen
in Oakland. Salt Lake City presents a
parallel in public perception of the
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Figure 3. Japan, showing seismicity from 1961 to 1994, location of the 1995 Hanshin-Awaiji
earthquake, and projected rupture areas of largest historical earthquakes to shake Kobe, which
were subduction-zone earthquakes in 1944 and 1946. (Figure prepared by Grant A. Marshall,

U.S. Geological Survey.)

hazard. Salt Lake City sits atop the
Wasatch fault system, which has been
documented by earth scientists to be
capable of generating moderate earth-
quakes. As in Kobe, the fault has had
only modest historical seismicity, and
the public perception of and level of
preparation for the earthquake hazard
are not as high as in more seismically
active areas.

The Earthquake

The Hanshin-Awaji earthquake
Mw = 6.9) occurred at 5:46 a.m. local
time on January 17, 1995. The epicen-
ter was located off the northeast tip of

Awaji Island in Osaka Bay (Fig. 1). The
earthquake ruptured bilaterally along a
35-50-km-long northeasterly trending
zone; the northeastern part of the rup-
ture zone passed beneath Kobe. The
focal mechanism shows strike-slip
motion on a nearly vertical fault. Sur-
face faulting was observed only above
the southwest end of the rupture zone,
where a 9-km-long segment of the
Nojima fault broke the land on the
northwest side of Awaji Island. Surface
faulting was primarily strike slip, with
a maximum horizontal displacement
of 1.7 m; locally, vertical offsets

Kobe continued on p. 154
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reached 1.0 m. Seismic profiles in
Osaka Bay revealed scarps off the
northeast end of Awaji Island with an
aggregate length of 7 km. The offshore
faults are offset about 5 km to the
southeast of the Nojima fault.

Damage was concentrated in a
narrow elongate zone (Fig. 2). The
earthquake killed 5378 people, injured
33,189 people, damaged 152,297
buildings, and incinerated an area
of 671,253 m?, the equivalent of 70
U.S. city blocks (Asahi Evening News,
1995). Total property losses were about
$100 billion.

GEOLOGIC SETTING

Japan is an island arc that has
formed on the east boundary of the
Eurasian tectonic plate (Fig. 3). The
geologic history of Japan is dominated
by subduction of the Philippine and
Pacific plates beneath the Furasian
plate. In southwestern Japan, subduc-
tion occurs along the Nankai Trough.
Although most of the seismic energy
associated with plate convergence is
released along the downgoing slab,
Japan also faces a significant onshore
earthquake hazard. About eight moder-
ate or larger earthquakes occur per cen-
tury onshore (Wesnousky et al., 1982).

Geologic mapping in Japan has re-
vealed many onshore or nearshore
faults that show evidence of Quater-
nary activity (Research Group for
Active Faults in Japan, 1991). The
Hanshin-Awaji earthquake of January
17, 1995, occurred on one of these
mapped faults. Kobe is about 250 km
northwest of the Nankai Trough and
about 50 km north of the Median Tec-
tonic Line (Fig. 3), a major geologic
boundary that divides southwestern
Japan into a northern “Inner Zone”
and southern “Outer Zone.” Basement
rocks of the Inner Zone consist chiefly
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Here is an excellent tool for educational use: a set of 35 mm
color slides compiled by author Thomas L. Holzer, USGS,
expanding on this article. These 30 slides, taken by several
investigators, document geologic conditions and damage
resulting from the January 17, 1995, M 6.9 Hanshin-Awaji
earthquake that devastated Kobe, Japan. Views illustrate
damage to buildings, transportation facilities, and lifelines.
The set includes pictures of liquefaction and ground settling
in areas of reclaimed ground, including the Port of Kobe, the
third busiest port in the world. Maps show surficial geology,
neotectonic setting, and liquefaction areas. Cross sections

Slide Set Available on Kobe Earthquake Damage

illustrate the Holocene history of Kobe. The set is supplied
with a printed text describing the views.

Order slide set SLIOO01, Kobe Earthquake Damage, from the
Geological Society of America, P.O. Box 9140, Boulder, CO
80301-9140, phone 800-472-1988 or (303) 447-2020.
Orders may be faxed to GSA at 303-447-1133; please include
complete credit card information. List price $47, postpaid by
surface mail; GSA members may claim their discount. This is a
limited, one-time offer. Orders must be received by Septem-
ber 15, 1995, and will be shipped about September 30.

About People

new chief.

GSA Member Alan V. Morgan, University of Waterloo, Waterloo,
Ontario, Canada, was awarded the 1995 John H. Moss Award for Excellence
in College Teaching by the Eastern Section of the National Association of
Geology Teachers. The 1994 NAGT Ralph Digman Award, for outstanding
contributions to earth science education outside the formal classroom, went
to Fellow Yngvar W. Isachsen, New York State Geological Survey.

The Illinois State Geological Survey has granted emeritus status to GSA
Member Philip C. Reed, who retired April 30, in recognition of his distin-
guished service. Reed also received a Groundwater Science Award from the
Illinois Groundwater Association this year. The Illinois Survey named Mem-
ber William W. Shilts, formerly of the Geological Survey of Canada, as its
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The Geological Society of America
is accepting applications for the Inter-
national Geological Congress (IGC)
Travel Grant Program.

This program was established as a
final act of the Organizing Committee
for the U.S.-hosted 28th IGC held in
Washington, D.C., in July 1989. Sur-
plus funds available at the conclusion
of the 28th IGC were transferred to the
GSA Foundation with the stipulation
that income from the fund be used to
support the attendance of young geo-
scientists at future IGCs, until such
time as the United States again hosts an

IGC. Travel grants will consist of econ-
omy airfare to and from China.

To be eligible, an applicant must be
a resident or citizen of the United
States (includes students); must have a
birth date after August 31, 1956; and
must have an abstract for inclusion in
the program of the 30th IGC.

Official application forms are avail-
able from the Grants Administrator,
GSA Headquarters, 3300 Penrose Place,
P.O. Box 9140, Boulder, CO 80301.
Along with the form, applicants must
include a copy of the abstract that was
submitted to the 30th IGC. Applica-
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C. Michael Scullin
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tions must be supported by two letters
from current or recent supervisors; stu-
dents may use faculty members. Quali-
fying applications and letters of
support must be postmarked no
later than September 15, 1995.
Applicants will be notified of results
early in 1996. =

What's new on the GSA home page on the World Wide Web? If you haven’t yet connected to the Web, the
Universal Resource Locator (URL) is http://www.aescon.com/geosociety/index.html.

For current information on the 1995 Annual Meeting
in New Orleans, go to Meetings and choose 1995 Annual
Meeting. This area contains a listing of Symposia and
Theme Sessions and has information about Field Trips,
Continuing Education, Exhibits, Travel, and Lodging.

If you want to know more about the GSA Employment
Service or about becoming a GSA Campus Representative,
check the Membership section, which also has information
on nominating a member to fellowship and on obtaining forms

for applying to become a GSA Member or Student Associate.

See the Geoscience Calendar section for a listing of
meetings of general geological interest.

The Publications section has a monthly table of
contents and abstracts of articles for the GSA Bulletin and
Geology. Also in this section is a guide for authors preparing
manuscripts for submission to GSA publications. GSA Today
issues are posted here for downloading and viewing.

For Congressional Contact Information, see the
Administration section. =
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of Paleozoic and Mesozoic sedimentary
rocks. In the Kobe region, these sedi-
mentary rocks are intruded by large
bodies of Late Cretaceous age granite
and granodiorite; these intrusive rocks
compose the mountainous region
north of Kobe.

Downwarping within the Inner
Zone during the Cenozoic created
sedimentary basins bounded by the
basement rocks. Kobe sits on the north-
western margin of one of these basins,
the Osaka Basin. This area has subsided
at a high rate throughout the Pliocene
and Pleistocene and has accumulated
a complexly interbedded sequence of
Quaternary marine and alluvial de-
posits; maximum thickness of these
deposits is more than 600 m.

Most of Kobe sits on a narrow
2-3-km-wide coastal plain. The land-
ward, or northern, margin of the
coastal plain is formed by the Rokko
Mountains, and the shoreward margin
by Osaka Bay. Surficial deposits of the
coastal plain can be divided into two
major groups, natural deposits and
artificial landfills (Fig. 2). The natural
deposits are of two types (Huzita and
Kasama, 1983). The inner part of the
Kobe Coastal Plain is underlain by an
approximately 2-km-wide zone of allu-
vial deposits. Near the modern stream
channels, most of the deposits are
coarse grained, in many places con-
taining gravel derived from the Rokko
Mountains. These gravelly deposits
range from 10 to 20 m in thickness.
Interchannel areas are underlain by
finer grained materials. The southern
margin of the alluvial deposits is a pre-
historic shoreline that approximately
parallels the modern shoreline. This
shoreline is marked by a 4-m-high ero-
sional scarp that was cut at the end of
the Jomon marine transgression into
Osaka Bay, about 6000 yr ago. An
approximately 1-km-wide flat plain
that is underlain by alternating layers
of littoral sand and lagoonal clay lies
bayward of this old shoreline. These
sand and clay deposits, which are
only a few meters thick, represent
post-Jomon deposition and prograda-
tion of the coastal plain.

More than 27 km? of land has
been reclaimed from Osaka Bay along
the Kobe shoreline. Artificial fill was
derived from several large quarries in
weathered granite and Cenozoic sedi-
ments east and west of Kobe. The first
major reclamation effort filled 529 ha
along the shoreline from 1953 to 1970.
After these reclamation efforts, two
large islands, Port and Rokko Islands,
were created. Reclamation of Port
Island started in 1966 and filled 826
ha. Rokko Island, which covers an area

of 580 ha, was reclaimed from 1973 to
1992. Fill was dumped into standing
water that had an average water depth
of 12 m. No significant effort was made
during reclamation to compact the
sandy fill to increase its liquefaction
resistance. Pre-earthquake standard
penetration test resistance typically
ranged from 5 to 10 blows/ft (Nakakita
and Watanabe, 1977).

GROUND SHAKING

Ground shaking in the epicentral
region of the earthquake was excep-
tionally well recorded (National Re-
search Institute for Earth Science and
Disaster Prevention, 1995). Recorded
accelerations equaled or exceeded 0.5 g
at ten sites. The maximum acceleration
was 0.818 g, recorded on the north-
south component of an accelerometer
at the Kobe Oceanic and Meteorologi-
cal Observatory. Ground velocities were
greater than 100 cm/s. Near-source
strong ground shaking lasted 10 to 15 s.
The amplitude of shaking was unusu-
ally high in the period range from
0.25t0 2.0s.

The attenuation of peak ground
acceleration with distance from the
source zone is consistent with the
recently revised attenuation curves of
Boore et al. (1994) (Fig. 4). Near-source
values are lower than the near-source
values recorded during the 1994 North-
ridge, California, earthquake, possibly
reflecting the difference in source
mechanisms. Ruptures on reverse
faults, such as Northridge, seem to
produce higher levels of ground shak-
ing than do ruptures on strike-slip
faults (Heaton and Wald, 1994). Prelim-
inary comparison of the ground shak-
ing at sites underlain by soft soils with
that at nearby sites on either firmer
soils or rock indicates that shaking was
amplified by a factor of 2 at soft soil
sites (Borcherdt, 1995). Amplification
ratios are independent of the level of
shaking, suggesting that site amplifica-
tion was linear or independent of strain
level (Borcherdt, 1995).

GROUND FAILURE

Much of the artificial fill in areas
of reclaimed ground liquefied during
the earthquake and expelled large vol-
umes of both sand and water. About
17 km?2 of land area was covered by
vented materials. Splatter marks on
walls and other structures showed
that water fountains reached heights
of almost 2 m in a few places and
typically reached 0.5 m.

Lateral spreading was widespread
along the perimeters of the artificial
fills and generally involved failure of

Kobe continued on p. 156

Figure 4. Observed 1.0
peak horizontal accel-
eration vs. distance
from the surface pro-
jection of the seismic
rupture surface (mod-
ified from Borcherdt,
1995). Value plotted
is the maximum of
the two recorded
orthogonal horizontal
components. Attenu-
ation curve is based
on statistical corre-
lations of ground-
shaking recordings

15

N |

PEAK HORIZONTAL ACCELERATION (g)

Hanshin-Awaji Earthquake

from earthquakes Rl (LT ® .‘. s ® ®
in we;tern North 0.0 a 1 o %, 0 o |
America that were 0 50 100 150 200

observed at sites with
average shear-wave

HORIZONTAL DISTANCE (km)

velocities of 180 to 360 m/s in the upper 30 m beneath the site (Boore et al., 1994). Solid curve
shows median value; dashed curves are one standard deviation.

New from CHAPMAN & HALL

The complete reference
on minerals...

FREE 30 DAY TRIAL |

ON CD-ROAM!

MINSOURCE

MINERALOGICAL ABSTRACTS AND
HEY’S MINERAL INDEX ON CD-ROM

Mineralogical Society of Great Britain and Ireland and
the Natural History Museum, London, UK

MinSource on CD-ROM is the complete, practical reference
for all mineralogists. Twenty years worth of Mineralogical
Abstracrs and the complete Hey's Mineral Index are
combined on this new disk which provides immediate access
to years worth ol abstracts in the Neld as well as hyperext
links to mineral names. This CD-ROM cnables you to locate
information simply, generating searches by mineral locality,
formula, and key words in the text. In addition, material can
be quickly retrieved and downloaded to a printer or file. This
CD-ROM also fcatures the current issue of Mineralogical

Abstracts with the option to select new abstracts.

free 30 day trial allows you to completely assess the
product with no obligalion

four yearly releases ensure that your investment remains
up-to-date

1995 CD-Rom: 0 412 70830 2: #89223: 31499.00, [Can. 32000.00}

Special discount rates available for Mineralogical Abstracts
subscribers and academic institutions!

For more information please contact David Nazaruk at
Chapman & Hall at 212-780-6212

ORDERING INFORMATION

Please send orders to: D. Teahan, Chapman & Hall
115 Fifth Avenue, New York, NY 10003

fax: (212} 260-1730

e-mail for orders: order@chaphall.com

For orders/inquiries outside the U5/Canada, please contact:
Direct Response Supervisor, Chapman & Hall

UK telephone: 0264 342623 fax: 0264 364415

Overseas telephone: 44 264 342830 fax: 44 264 342761

GSA TODAY, August 1995




Figure 5. Differential
ground settlement in
artificial fill beneath the
Harbor Expressway near
Rokko Island. Postlique-
faction consolidation
caused ground to settle
between bridge
columns. Columns
extend through liquefied
zone. (Photograph by
Carol S. Prentice, U.S.
Geological Survey.)
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quay walls. Maximum permanent hori-
zontal ground deformation from lateral
spreading was about 2 m. Permanent
horizontal ground deformation dimin-
ished rapidly in severity inland from
the quay walls, although areas with
ground cracks extended as much as
100 m inland from some walls.

Postliquefaction consolidation and
expulsion of particulate matter caused
regionally extensive settlements that
ranged from 30 to 50 cm and locally
exceeded 100 cm. Settlements were
easy to detect and measure because
many structures built on reclaimed
ground are supported by piles or
columns that extend through the
liquefied zone (Fig. 5).

Despite the rugged terrain of the
Rokko Mountains, only a few land-
slides were reported. Unpublished
reconnaissance maps provided by
the Geographical Survey of Japan,
although they provide limited areal
coverage of the mountain front near
Kobe, showed only 12 landslides. Most
of the landslides were on steep slopes
inland from Nishinomiya. The largest
and most damaging slope failure was
next to the Nikawa-Yurino Filtration
Plant (see Fig. 2 for location); this fail-
ure killed 34 people. Embankment fail-
ures also occurred along streams in the
coastal plain.

EFFECTS ON BUILDINGS

Both nonengineered homes and
engineered buildings were devastated.
About 152,000 buildings and homes
were destroyed or damaged. Approxi-

mately 60% of the total property loss
derived from this destruction. Nearly
90% of the fatalities were caused by
collapse of houses. The most compre-
hensive damage survey was by the
Disaster Prevention Research Institute
(DPRI), which inventoried damage in a
10 km? area of downtown Kobe. Much
of the following information is from
their report (Fujiwara et al., 1995).
Most of the destroyed homes were
nonengineered wood-frame residences
of traditional Japanese design that
were built between the late 1940s and
the 1970s. Single-family residential
construction in Kobe is not regulated
by a building code. Two principal styles
of residential construction, Shinkabe
and Okabe, were popular. These resi-
dences typically are either unbraced
or lightly braced, one- and two-story,
post-and-beam construction with
heavy ceramic-tile roofs to resist the
winds of typhoons. Most wood connec-
tions are by tenon-and-mortise rather
than with nails. Resistance to horizon-
tal shaking is further lowered by the
absence of interior shear walls and, in
cases of mixed use, by open storefronts
on the first story. Many collapsed resi-
dences so thoroughly disintegrated
that there was nothing to suggest that
they had ever been more than piles of
splintered wood and rubble (Fig. 6).
Many older reinforced concrete
buildings also were severely damaged.
The DPRI survey in downtown Kobe
documented that 1558 reinforced
concrete buildings were damaged, and
80 collapsed. A major revision of the
building code in 1981, which signifi-
cantly upgraded seismic resistance
requirements, appears to have signifi-

Figure 6. Collapsed Japanese wood-frame hom
Geological Survey.)

cantly lessened damage in newer build-
ings (Fig. 7). Many older reinforced-
concrete buildings collapsed in mid-
story (Fig. 8). Various design problems
contributed to this distinctive failure
mode, including abrupt decreases with
height in the horizontal stiffness of
buildings, as well as structural disconti-
nuities. Some discontinuities resulted
from a uniquely Japanese approach to
enhance the seismic resistance of build-
ings: encasement of a steel frame into a
reinforced-concrete frame. For reasons
of economy, steel frames were used
only in the lower part of buildings.
This is the first earthquake in which
midstory collapses at the top of embed-
ded steel frames were observed.
Damage to steel-frame buildings
was also worse in pre-1981 buildings.
The DPRI survey in downtown Kobe
documented 977 damaged and 55 col-
lapsed steel-frame buildings. Many of
these buildings were built in the 1960s,
when steel shortages and the high cost
of structural steel in Japan prompted
construction without much regard for

I SLIGHT OR NONE
1 MINOR

B MODERATE
B SEVERE (COLLAPSE)

seismic-shaking resistance; however,
some new steel buildings were dam-
aged. Although most of the damage
had been from expected ductile defor-
mation, brittle failures of some steel
sections and welds were also observed.

Fires associated with the earth-
quake incinerated 6913 buildings in
an aggregate area of 671,253 m2. About
10% of the loss of life was attributed to
fire. About two-thirds of the known
ignitions were attributed to either leak-
ing gas or electrical problems. Over-
turned Kkerosene heaters, candles, and
bonfires that were lit after the earth-
quake to provide warmth caused the
other ignitions.

EFFECTS ON
INFRASTRUCTURE

In addition to the extensive
damage to commercial and residential
buildings, the infrastructure of Kobe,
including highways, railways, port
facilities, waterlines, sewage-treatment
facilities, gas-supply lines, and electrical
power supply system was badly dam-
aged. The damage and the rate of
recovery of the urban infrastructure are
important aspects of the earthquake.

Some of the most spectacular
images of damage involved the trans-
portation system, both highways and
railways. Kobe is serviced by two lim-
ited-access highways, the Hanshin and
Harbor expressways, both of which
are elevated structures. The Hanshin
Expressway in Kobe, which was built
in the 1960s, was the most heavily
damaged; it includes a 600-m-long
overturned section. Almost every col-
umn of this expressway, which rests
on single columns along most of its
length, was damaged. Columns of the
expressway were short and stiff, caus-
ing them to undergo large dynamic
forces. Steel reinforcing, particularly
the ties that confine the concrete in
columns, was inadequate (Comartin
et al., 1995).
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Figure 8. Collapsed sixth story in eight-story Kobe City Hall Annex, a reinforced-concrete build-

ing built in the 1960s. Behind it is the 16-story New City Hall, a 1980s steel-frame building that
was not damaged and remained functional after the earthquake. (Photograph by Christopher

Rojahn, Applied Technology Council.)
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Despite construction of the newer
Harbor Expressway to modern seismic-
design standards, many of its bridges
slipped off their bearings, and one even
collapsed (Fig. 9). Almost every expan-
sion joint along the elevated Harbor
Expressway was damaged. The heavy
damage to the expressway may be
partly explained by its location on
reclaimed ground. Soil as it liquefied
around the bridge columns was unable
to resist the lateral rocking motions of
the columns of the elevated roadway
(Comartin et al., 1995).

Kobe also relies heavily on three
major rail lines for ground transporta-
tion. As with the expressway system,
most of these rail lines are elevated
structures. Damage primarily derived
from failure of columns that were built
to older seismic-design standards.

The collapse of the underground
Daikai Railroad Station in western Kobe
(see Fig. 2 for location) is the first col-
lapse of an engineered tunnel from
seismic shaking ever reported. The sta-
tion and adjacent tunnel were built in
the 1960s by cut-and-cover techniques
in stiff sandy silt. Reinforced-concrete
columns in the station, which sup-
ported the roof of the station and
4.8 m of overlying soil, buckled, caus-
ing 1800 m? of land to settle in a 90-m-
long elongate depression. Maximum
settlement was 2.5 m. Collapse was
localized above the 17-m-wide under-
ground station and did not extend into
the narrower 9-m-wide running tun-
nels at either end of the station.

Maritime transportation was also
disrupted. The Port of Kobe was badly
damaged, and no containerized cargo
could be loaded or unloaded. Kobe is
the largest foreign-trade port in Japan
and the third busiest port in the world.
The port contains 152 berths, with an
aggregate wharf length of 27 km (Fair-
play, 1994). It operates 400 dockside
gantry cranes and derricks to load and
unload cargo. More than 95% of the
shipping berths were inoperable after
the earthquake. Approximately 24 km
of wharf was damaged.

Damage to quay walls, crane-rail
systems, and dockside gantry cranes
was caused by permanent ground
displacement associated with lateral
spreading at the margins of the fill
(Fig. 10). Quay walls were typically
displaced seaward about 1 to 2 m, and
a 2-3-m-deep graben formed on the
landward side of the wall. Damage to
the cranes was caused by differential
horizontal displacement between the
seaward and landward crane rails.

The seaward crane rail at Kobe typically
rests on the quay walls, which are of
caisson-type construction, and the
landward crane rail rests on either a
pile-supported wall or engineered fill.
Horizontal displacement, which was
greatest at the quay wall, pulled the
two crane rails apart, distorting the
steel moment frames of the cranes.

Approximately 650,000 customers
of the Kobe City Waterworks Bureau
lost water service. The disruption re-
sulted from more than 4000 leaks in
the main distribution lines and more
than 20,000 leaks on private lots. Leak-
age was so massive that the volume of
water in the distribution system dwin-
dled from 338,455 to 94,908 m3 in a
single day. Of the 119 water-distribu-
tion reservoirs in the system, 57 com-
pletely drained within six hours, and
29 more eventually drained dry. A total
of 21 of the distribution reservoirs are
dual reservoirs with emergency shutoff
valves on one of the reservoirs to en-
sure local sources of water in cases of
disaster. Operation of these valves
preserved 33,800 m3 of water.

Figure 9. Nishinomiya
Harbor Bridge where an
approach span collapsed.
Thomas D. O’Rourke of
Cornell University stands
astride ground crack
caused by liquefaction-
induced lateral spreading in
bridge foundation.

Most of the pipeline breaks were
in alluvial-soil areas and were not asso-
ciated with permanent ground move-
ments. Piping is primarily ductile iron.
The piping system on Rokko Island,
the newest area of fill, uses locking slip
joints to accommodate permanent hor-
izontal ground movement. No leaks in
this system were observed.

Restoration of water service, despite
outside assistance, was slow. It took 11
days to repair half the leaks, and only
80% of the leaks were repaired within
a month. Repairs were hampered by
damage to bureau offices. The bureau’s
headquarters was located on the col-
lapsed sixth floor of the City Hall
Annex (Fig. 8), and the two regional
offices were either badly damaged
or burned.

Sewage collection and treatment
facilities were also damaged. The worst
damage was to the sewage-treatment
facility for Hagashi Nada, the eastern
ward of Kobe, which was crippled by
the earthquake. Damage forced dis-
charge of chlorinated but otherwise
untreated sewage into Osaka Bay. This
sewage-treatment facility was built on
reclaimed ground. Damage was caused
principally by liquefaction-induced
settlement and lateral spreading. Build-
ings and tanks of the facility are sup-
ported by piles that extend through
the liquefied zone. Settling ranging
from 0.5 to 1.0 m severed buried sewer
lines where they were connected to the
facility’s buildings and tanks.

The Osaka Gas Company sus-
pended service to 857,400 natural-gas
customers in Kobe four hours after
the earthquake after receiving many
reports of leaking gas and when the
scope of damage and fire hazard
became clear. Most of the damage was
to the low-pressure distribution system
and occurred primarily at screw joints
in this steel pipe system. Damage was
extensive in both areas of liquefaction
and areas without permanent ground
deformation. Only about 90 repairs
were necessary in the medium-pressure
lines, primarily in hilly areas where
repair crews reported ground cracking
and in liquefaction areas. The two
liquified natural-gas terminals and
the high-pressure piping system were
undamaged. Total losses were approxi-
mately $1.9 billion.

Restoration of gas service became
a major challenge for Kobe because
many residents depend on it for heat-
ing and cooking. A month after the
earthquake, service had been restored
to only about one-third of the gas cus-
tomers. Restoration was hampered by
the numerous leaks in the low-pressure
system and inflow of water and soil
into the gas pipes. Traffic congestion

and road-surface damage also interfered
with repair operations.

About 1 million customers were
without electrical power immediately
after the earthquake. The blackout
resulted primarily from shaking dam-
age to 58 substations and 38 transmis-
sion lines (77 to 275 kV). Service was
also disrupted by damage to about
900 power poles. Six power generation
plants were damaged. Damage to
power plants, most of which were
located on reclaimed ground, resulted
from both shaking and permanent
ground deformation. Kansai Electric
Power Co. estimated its losses at $2.3
billion, of which approximately 10%
was attributed to liquefaction.

Restoration of electrical power
was rapid. By one and three days after
the earthquake, power was restored
to 600,000 and 890,000 customers,
respectively. Restoration was completed
within a week, although some repairs
were only temporary.

CONCLUSIONS

The 1995 Hanshin-Awaji earth-
quake confirms that even moderate
events can cause major property losses
when they occur directly within a
modern urban area. Although the
engineering design practice and con-
struction in Kobe may differ in detail
from those in areas of high seismic
hazard in the United States, the con-
centration of damage in structures built
to older building codes should be a
particular cause for concern in the
United States. Each new earthquake
provides an opportunity to learn and
to improve the seismic provisions of
our building codes, but new codes are
not retroactive. This situation permits
buildings to remain in service that are
not resistant to collapse. Kobe confirms
that nonconforming older buildings
are a substantial part of the earthquake
hazard in the urban environment. If
we are to reduce earthquake risk in our
cities, we must address the problem
of nonconforming buildings.

The 1995 earthquake also high-
lights the need to consider standards
for each part of the infrastructure of a
city. Urban infrastructure generally is
subject to a lifeline-specific rather than
a general standard, including specifica-
tion of the design earthquake or ground
shaking. The disabling of the Port of
Kobe and the severe disruption to trans-
portation, water, sewer, gas, and power
systems demonstrate the need to en-
sure the integrity of the whole infra-
structure. The chain of postearthquake
functionality of a city may well rest on
its weakest link.

Earthquakes present a challenging
geologic hazard because their mitiga-
tion raises a complex range of issues

Figure 10. Damage to Maya Wharf caused
by liquefaction-induced lateral spreading. The
quay wall moved outward, causing formation
of a graben. The seaward rail for gantry cranes
is located on the quay wall, and the landward
rail is located on a pile-supported wall behind
a graben.

that extends well beyond the purview
of the earth sciences. In broad outline,
however, the lessons from Kobe for
the earth sciences are similar to those
from the 1994 Northridge and 1989
Loma Prieta, California, earthquakes.
Areas that either have a potential for
near-source ground shaking or are
susceptible to special site effects are at
particular risk in earthquakes (Holzer,
1994). Society is more inclined to miti-
gate earthquake hazards when the geo-
scientists are able to specify the degree
of hazard.
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Positions Open

INDIANA UNIVERSITY, BLOOMINGTON

The Department of Geological Sciences at Indiana
University, Bloomington, invites applications for a
tenure-track assistant professorship in geobiology
starting August, 1996. Research areas of particular
interest include biodiversity, global change, paleo-
ceanography, paleoclimatology, and evolutionary his-
tory. Candidates should have demonstrable potential
as an effective teacher and as a research scientist
capable of developing an externally funded research
program.

Applicants should submit a vita, summary of inter-
ests in research and teaching, and names and
addresses (including phone, fax, and e-mail) of three
referees by 15 October to the Geobiology Search
Committee, Department of Geological Sciences, Indi-
ana University, Bloomington, IN 47405-1403; (812)
855-5581; fax: (812) 855-7899; e-mail: dodd@indi-
ana.edu.

Indiana University is an equal-opportunity, affirma-
tive-action employer. Women and minorities are
encouraged to apply.

RESEARCH PROGRAMMER
UNIVERSITY OF ILLINOIS, URBANA-CHAMPAIGN
The Department of Geology seeks to fill a regular
full-time position of Research Programmer. The suc-
cessful candidate will have the responsibility of
administering the workstations and microcomputers
in the Department; assisting in the maintenance of
the Geology Computing Network; and maintaining
the Geology WWW site. He/she will also assist in
developing teaching software for Geology courses,
especially at the introductory level; developing tools
for teaching and research in geosciences; assisting
in the preparation of proposals to upgrade and main-
tain the Geology Computing Facility; and conducting
training for faculty, staff, and students as needs
arise.

A B.S. degree in science or engineering with
experience in computer and network administration
and data retrieval through the World Wide Web is
required. Candidates with a background in geo-
sciences are preferred. Preference will be given to
candidates knowledgeable in the following computer
languages: UNIX scripts, C** or C, FORTRAN and
HTML. Having an extensive experience in using vari-
ous graphic packages will be an advantage.

The appointment will be a renewable, 12-month
academic professional position. The estimated start-
ing date is October 21, 1995. Salary is commensu-
rate with qualifications and experience.

To ensure full consideration, applicants should
send a résumé and the names of three references to:
Peter A. Michalove, Department of Geology, Univer-
sity of lllinois, 1301 West Green Street, Urbana, IL
61801; (217) 244-3190; fax (217) 244-4996;
e-mail: peterm@bhercules.geology.uiuc.edu before
September 30, 1995.
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THE WIENER LABORATORY
OF THE AMERICAN SCHOOL OF CLASSICAL
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Applications are invited for the position of Director of
The Wiener Laboratory of the American School of
Classical Studies at Athens, Greece. Applicants
should have an area of expertise in one of the pri-
mary areas of the Lab’s research programs (geoar-
chaeology, human skeletal analysis, zooarchaeol-
ogy) with an established publication record and
demonstrated administrative and fund-raising abili-
ties.A strong background in natural science, experi-
ence in collaborating with archaeological and Classi-
cal scholars, and a commitment to Aegean
archaeology is desired. Under the supervision of the
Director of the School, the Director of the Lab is
responsible for developing and administering the
research and workshop programs, collections, and
facilities of the Lab as well as maintaining and
enlarging established networks with other laborato-
ries and institutions. He/she chairs the local adminis-
trative committee and an international science advis-
tory committee. Salary ($30,000-$40,000)
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allowance; qualified for TIAA/CREF after two years if
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the Wiener Laboratory, a curriculum vitae, and the
names of three references that may be contacted.
Application materials should be sent to the search
committee chair: Professor George Rapp, Jr., Direc-
tor, Archaeometry Laboratory, University of Min-
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DIRECTOR
DIVISION OF EARTH SCIENCES
NATIONAL SCIENCE FOUNDATION
Arlington, VA 22230

NSF’s Directorate for Geosciences seeks qualified candidates
for the position of Director, Division of Earth Sciences. The
incumbent will provide management and direction to the
Division which is responsible for funding support of
fundamental research in most areas of the solid-earth
sciences including geology, geophysics, geochemistry,
hydrology, and related fields.

Appointment to this Senior Executive Service position
may be on a career or 2-t0-3 year limited term basis with a
$97,991 to $113,180 salary range. Alternatively, selectee may
be assigned under intergovernmental Personnel Act
provisions, retaining current salary and benefits. Applicants
must have a Ph.D. or professional experience in the earth
sciences, substantial research experience and strong
evidence of scholarship in earth sciences or recognized
leadership in research administration, and demonstrated
supervisory skKills.
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Public Service Announcement

USGS STAFF AVAILABILITY

The Geologic Division of the U.S. Geological Survey is undergoing a reduction-in-
force and reorganization that will release a large pool of well trained, experienced,
and productive staff including geologists, geophysicists, chemists, computer staff,
cartographic and graphics experts, and a variety of administrative and support staff.
Released employees will be available for employment in October 1995.

Potential employers are encouraged to contact regional offices of the Geologic Divi-
sion for information and resumes of available staff beginning September 1, 1995.
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