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Scawthorn et al.: What Happened in Kobe?

tunnels under Rokko Mountain. No information on the tunnels'per-
formance was immediately available. At the east portal of the tun-
nel, the line is carried on an elevated viaduct built in 1968. For a
length of 3 kilometers, this viaduct was severely damaged, with a
number of the longer spans collapsing. In general, these collapses
were caused by shear failure of the supporting concrete columns.

It was estimated that service on the Hankyu line and the Shinkansen
would be disrupted for six months. The JR and Hanshin lines were
expected to be interrupted for lesser periods. Within about a week
after the earthquake, rail service was restored to Kobe from Osaka
via a major detour, which resulted in a 2-hour trip versus the normal
half hour.

The damage to the elevated rail structures and to the stations was
predictable. Similar concrete structure damage has occurred in nu-
merous past earthquakes, most significantly during the L9TL San
Fernando earthquake near Los Angeles. In the port area, Rokko Is-
land and Port Island are served by elevated light rail systems, which
collapsed at several locations (downtown Kobe, on Rokko Island,
and on a major cable-stayed crossing to Rokko Island).

Kobe Subway System
Damage to underground facilities, such as mines, tunnels, or sub-
ways, is rare in earthquakes. An unusual example of severe damage
to this type of facility occurred in the Kobe subway system, a two-
track line running under central Kobe, which was generally built by
cut-and-cover methods in the mid-1960s. The double track is typi-
cally carried through a concrete tube 9 meters wide by 6.4 meters
high, which widens to L7 meters at the stations. The tube typically
has about 5 meters of overburden, which is supported by 0.4-meter-
thick walls and roof slabs. The walls and roof slab are supported
midspan (between the tracks) by a series of 5-meter-tall, 1.O-meter-
long by 0.4-meter-wide reinforced concrete columns.

At the Nagata and Daikai stations, and in the tube section between,
the between-track columns failed catastrophically in shear, dropping
the roof slab almost onto the tracks over about a 90-meter length.
More than 30 of the 35 piers supporting the platform and the ceiling
at the Daikai Station were badly damaged, causing a 3-meter-deep
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cave-in on the street above, National Route 28. At the Sannomiya
Station, 20 piers were damaged. Because the failed section is cenkal
to the entire Kobe system, most of the subway is out of service, with
repairs scheduled to be completed in the fourth quarter of 1995.

Failure of the columns was caused by excessive deflection of the roof
slab diaphragm combined with very light transverse (shear) rein-
forcement, relative to the main (bending) reinforcement. Excessive
deflection of the roof slab would normally be resisted by (1) dia-
phragm action of the slab, supported by the end walls of the station,
and (2) passive earth pressure of the surrounding soils, mobilized as
the tube racks. Diaphragm action was less than anticipated, how-
eve{, due to the length of the station.

Airports
Kansai International Airport was only recently completed (1994) on
a human-made island some 30 kilometers to the southeast of the
epicenter. Itami is the former international airport for Osaka and now
handles much of the domestic traffic. It lies about 10 kilometers east
of the heavily damaged area. Neither airport appears to have been
significantly damaged, but neither was located in an area that had
severe ground motion. More significant damage had occurred to the
Oakland and San Francisco airports in the Loma Prieta event.

Ports
The Port of Kobe, one of the largest container facilities in the world,
sustained major damage during the earthquake. In effect, the port
was practically destroyed. The total direct damage to the port will
easily exceed U.S. $11 billion. The port complex, constructed on three
human-made islands, Maya Container Terminal, Port Island (with
an area of 10 square kilometers), and Rokko Island (with an area of 6
square kilometers), accounts for approximately 30% (2.7 rrrlllion con-
tainers per year) of |apan's container shipping. At the time of the
earthquake, the three facilities included 27 active container berths
and various other wharves, fercy terminals, roll-on facilities, and
warehousing. In addition, the older parts of the port contain numer-
ous other facilities, such as an extensive shipyard. Also, at the time
of the earthquake, several new islands were under development,
and new berths were under construction to the east of Rokko Island.
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The port is owned and managed by the Port and Harbor Bureau of
the Kobe City Government, and the various berths are leased to more
than 50 major international shipping lines. The container port was
constructed in phases corrunencing with the Maya Container Termi-
nal, followed by Port Island and then Rokko Island, where construc-
tion started in 1972. A second development phase on Port Island,
including five container terminals and other berths, was under con-
struction and nearly complete when the earthquake struck.

Sixty-seven gantry cranes operated in the various berths. Fifty-five
were wide-gage (30.5 meters between the rails) andl2 were narrow-
gage (L6 meters between the rails). The cranes were fabricated by
different manufacturers including Paceco, Sumitomo, Kawasaki,
Mitsubishi, Mitsui, and IHI. These cranes have lift capacities rang-
ing from 30 to 40 tons, and their loading outreach ranges from 36 to
40 meters. At the time of the earthquake, most cranes were in their
stowed position with the pins engaged.

Land reclamation at all three main human-made islands and at nu-
merous other parts of the port was done by means of gravity-founded,
concrete caisson quay walls enclosing the perimeters of the islands.
Prior to installing the caissons, some of the native soils beneath were
dredged and replaced by u screeded sand and gravel base. The cais-
sons are rectangular in plan and have internal bulkhead walls, creat-
ing a cellular structure, which is designed to withstand the imposed
hydrostatic pressure while afloat. The caissons were lowered on the
prepared seabed by filling the caisson cells with sand ballast. Cais-
son dimensions vary, but in general, they were designed to accom-
modate water depths in the range of 1"3 to 1,4 meters.

Once the quay walls along the islands' perimeters were nearly com-
plete, granular fill, quarried from the nearby Rokko Mountain, was
transported and placed using bottom dump barges. In general, only
the upper few meters of fill above the mean sea level were com-
pacted in an engineered manner. A concrete cap beam was placed
over the caissons to support the waterside crane rails and to provide
some continuity among the quay wall caissons. Narrow-gagelandside
crane rails were mounted on top of pile-supported grade beams.
Wide-gage landside crane rails were mounted on grade beams sup-
ported by the fill. Storage yards were generally topped with asphalt
or concrete pavement.
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The predominant damage to the port facilities resulted from soil liq-
uefaction and lateral spreading. A large number of the gravrty-
founded quay wall caissons rotated and slid outward. Soil settle-
ments immediately behind the caissons were as much as 3 meters
and generally decreased toward the center of the islands. Pile-sup-
ported structures remained at their original elevations, while the
surrounding ground settled substantially. Significant quantities of
sand were ejected because of liquefaction and covered large portions
of the pavements. Most gantry cranes were damaged, and one col-
lapsed because the quay wall caissons were displaced.

Damage to the gantry cranes was in the form of leg and cross-beam
buckling, as well as rupture at the wheels. The extent of buckling
varied, depending primarily upon the relative horizontal displace-
ment resulting from the movement of the caissons. Relatively few
cranes jumped off the tracks, which can be attributed to most of the
cranes being in the stowed position with their pins engaged at the
time of the earthquake. Numerous other cranes throughout the port
were damaged because of foundation damage. Several cranes col-
lapsed; some collapsed because of structural damage caused by in-
ertial forces generated by the earthquake.

Severe damage to other types of piers and their quay walls was ob-
served throughout the port. In the older parts of the port, particu-
larly to the south of central Kobe, such as Hyogo Pier, large parts of
piers were submerged because of massive soil settlement. Settlements
in excess of 2 to 3 meters were observed. Numerous warehouses and
other facilities were also submerged and/or severely distorted and
damaged because of ground settlement. Severely damaged, partially
submerged, and collapsed cranes were observed throughout the older
parts of the port, the shipyards, and other facilities.

Container and other operations at the Port of Kobe were essentially
halted by the earthquake. Other ports, at nearby Osaka, and in
Nagoya and Yokohama, are being used to process container and other
traffic.

Other Lifel ines
Lifeline performance varied in this event, with electric power and
telecommunications quickly restoring most system functionality, and
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wate1, wastewate{, and gas basically losing service to most of Kobe.
All of these lifelines, howeve{, were extensively damaged.

Electric Power
The Kansai Electric transmission system includes a 500-kV system
that loops around the region, connecting to nuclear generation plants
in the north and neighboring utilities to the east and west, and loop-
ing around Osaka to the south. The earthquake's epicenter was lo-
cated in one of the few areas of the Kansai Electric service area that
would not significantly affect the 500-kV transmission system. The
earthquake's location also spared a cluster of fossil fuel plants to the
southeast from the high ground motion and did not affect the nuclear
power plants located more than 100 kilometers to the north. The
greatest damage occurred at I87- and 275-kV substations, a few of
the fossil plants, and a gas turbine plant. Details on distribution sys-
tem damage are not currently available.

Widespread blackouts such as those during the Northridge earth-
quake did not occur, in part because of the earthquake's location
relative to the 500-kV loop. All of the 500-kV substations continued
normal operation. Nevertheless, 1 million customers were without
power for a few hours following the event. More than 4,700 restora-
tion crews from Kansai Electric, contractors, and six other electric
utilities successfully restored the system within a few days.

Telecommun ications
Telecommunications systems did very well in the earthquake, with
very few service interruptions. Telephone service was available on a
limited basis in the most heavily damaged areas on January 18, al-
though a week after the earthquake, more than 25,000 telephone lines
were still disconnected in the L8 municipalities hardest hit. More than
2,000 telephones were installed for public use at shelters and public
offices.

Water
The Kobe area had a water system designed to be operable after
earthquakes. There are approximately 30 reservoirs supplying wa-
ter to the Kobe area through a gravity-fed system. Of these, 22 reser
voirs had automatic emergency shutdown valves and multiple stor-
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age tanks. In the event of an earthquake, these valves are designed
to automatically shut off water flow out of half of the reservoir tanks.
AIl22 valves tripped and worked correctly. This enabled 30,000 cu-
bic meters of water (B million gallons) to be stored in reserve in the
reservoirs equipped with automatic shutdown valves.

As a result of extensive ground settlement and other failures, under-
ground water pipelines were severely damaged in the earthquake,
with approximately 2,000 breaks resulting in general lack of service
in Kobe, Ashiya, and Nishinomiya. The massive damage to the wa-
ter distribution system caused the tanks without automatic shutoff
valves to drain in the first 1 to 8 hours after the earthquake. By the
time the fires had started, much of the unreserved water had already
drained from the system. With the distribution lines destroyed, the
reserve water was also unavailable for fire fighting.

Nine days after the earthquake, 367,000 households in Kobe still had
their water supply cut, and 98% of Ashiya households and 85% of
Nishinomiya households were also lacking service. The population
in the heavily impacted areas was notified to plan for no water ser-
vice for about two months.

Emergency water distribution was very limited in the days after the
earthquake, with citizens resorting to buckets, tubs, and other make-
shift containers in order to haul limited quantities of water to their
homes from a relatively few tank trucks. In areas near the harbor,
private construction and shipping companies brought in tugboats
and other smaller vessels and set up water distribution centers for
nearby neighborhoods, supplied by condensers on the ships.

Gas
The gas system had at least 1.,400 breaks in its underground distri-
bution system, primarily at service lines, with general curtailment of
service by Osaka Gas Company to 834,000 households. ]apanese
buildings and homes have automatic gas shutoff systems, but many
failed to work because of building collapses, other building damage,

and broken pipes.
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Some Problems in the Assessment
of Earthquake Hazard in the
Eastern United States

S. Th eodo re AI ge rmissen
EQE International, I nc.

I ntroduction

Assessment of earthquake hazard in the eastern United States, par-
ticularly over the past 20 years, has proved to be a difficult, and to
some extent frustrating endeavor. Many users of the various hazard
assessments available for the eastern United States, and many
non-specialist users of the hazard data have difficulty understand-
ing the diversity of hazard assessments available. I would like to
discuss some of the problems of earthquake hazard assessment in
the eastern United States and why I believe many users may have
difficulty understanding or may be confused by the results avail-
able.

For the purpose of this discussion, I would like to divide the prob-
lems in earthquake hazard assessment in the eastern United States
into two categories: first, the problems that are associated with the
quality and quantity of the data available for the assessment, and
second, the problems associated with the use of the available data,
and the methods used to describe hazard.

Nature of the Data

A problem encountered by all who attempt earthquake hazard as-
sessment in the eastern United States is the modest amount of geo-
logical and seismological data available that is meaningful for haz-
ard assessment. This problem is known qualitatively by hazard as-
sessment users, but the extent and severity of the problems are still
not appreciated by many. First, except for the New Madrid seismic
zone, virtually no relationship between earthquake occurrence and
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geological structure is widely accepted for any part of the central
and eastern United States. This is true, even though very concen-
trated programs have been undertaken in some areas (for example,
the U. S. Geological Survey program in the Charleston, South Caro-
lina area) in an attempt to solve this problem.

Why is a relationship between geological structure and seismicity so
difficult to obtain? There are many reasons. The seismicity of the
eastern United States is low, and there have been only a few very
damaging earthquakes. If the seismic history of the eastern United
States began rn 1,887 , we would know virtually nothing of the poten-
tial for earthquake damage in Charleston, SC, Boston, MA, and the
Saint Lawrence Valley area. The New Madrid and Saint Lawrence
Valley areas are the only ones where current seismicity might sug-
gest some level of seismic hazard. The problem is that we know that
devastating earthquakes are possible in the New Madrid zone, and
very damaging shocks are possible in the Charleston and St. Lawrence
Valley areas (and possibly in a few other areas). We know virtually
nothing about the average recurrence intervals for these shocks,
whether the largest earthquake possible has already occurred in each
of these areas, or if large damaging shocks may be possible in
seismotectonic settings as yet unidentified.

It is interesting to compare the data available for hazard assessment
in the eastern United States with California. Many earthquakes in
California are associated with surface faulting, so that the relation-
ship between geological structure and earthquake occurrence is rea-
sonably well known in many areas of the state. This relationship
between earthquake occurrence and surface fault rupture in Califor-
nia has fostered the investigation of paleoseismicity, that is, the de-
tailed investigation of surface traces of faults and the mapping and
age dat ing of  ind iv idual  ruptures on faul ts .  In  Cal i forn ia,
paleoseismicity has provided an order of magnitude more informa-
tion than was previously available on the maximum earthquake likely
to occur on individual faults, the recurrence rates of large earthquakes,
and related data. With few exceptions, meaningful relationships
between the surface trace of faults and earthquake occurrence in the
eastern United States have not been established. Earthquake hazard
assessment in the eastern United States must proceed without this
very important type of data. Thble 1 makes a general comparison

National Center for Earthquake Engineering Research

































































































































































































































































































































































































































































ISBN 0-9b5bb82-0-7

II II
9 780965 668200

1I11I1111

NATIONAL
CENTER FOR
EARTHQlJ6J<E
ENGINEERING
RESEARCH

I/8adqlJart8r8d a/the State UrWetsity of New Yorl<at BuffakJ

State University of New York at Buffalo
Red Jacket Quadrangle
Buffalo, NY 14261
Phone: 716/645-3391
Fax: 716/645-3399




