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and its surrounding areas. As information became available, it became obvious that
Sendal constituted a good model of a modern city in the United States such as San
Francisco or Seattle. The city has nodern, instrumented, steel and reinforced concre
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were falluresr of large tanks, oil spills, dikes and bridge failures, a gasholder
failure, disruption of utility service, and landslides. The reports compiled here
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PREFACE
by
John A, Blume
President, ETRI

This is a special reconnaissance report, published and dis*viktuted by EERI, on the June 12,
1978, Miyagi-Ken-cki, Japan earthquake. which caused considerible damage in the city of
Sendai and its surrounding areas. The earthquake daia fror U.S. Geological Su-vey (USGS)

sodrces are

" = 7.4

Time: 08:14:27.0 GMT (17:14 1acal)

Location: 8.2, 142.2%

Depth: 30 km

Approximate epicentral distance to Sendai: 100 «m

Fpproximate epicentral distance to fuhushima Nuclear Power Ptant: 120 km
(%5 noted in the report, some af the points where energy was released
were very likely much closer to Sendai than the hypocenter was to Scndai.)

The report consiscs of the tollected reports of individuals uinose participation in the
reconnaissance was made possible by their respective agencies and crganizations and by their
own great perscnal energy and hard work. Publication funds were provided by the National
Science Foundation. We have attempted to acknowledqe al) those whe were of assistance, but

there are no doubt some omissions, and for these we apologize.

No attempt is made to rrach conclusions or to find the reasons for what happened 2r did not

happen; that constitutes another phase of investigation, @ large part of which will no doubt
be well documented bty Japanese scientists and engineers and by others. For ciample, a more

detailed report will be published »- the Nationa! Bureau of Standards, under the auspices of
the United States-Japan Natural Resources Panel on Wind and Seismic Effects.

In general, the repail covers as we!i as possible within the limitations of time, scope, cost,
and space what happened to an arez of some million or so people in and about a core city that
has hundreds of modern buiidings up to 20 stories high, a harbor, oil refineries, power
stations, bridges, dikes, distribution systems, etc., under peak horizontal ground
a:celeratio.s in the range of 1/5g, 1/%, 1/3g. The Sendai arca provides an excellzat model

for tome Lnitod States comnunities.

All information provided Is the best available 1o us at this time. Some variations in dara

may be expected in more detailed future reports.
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ENTRODUCTION
by
John A, Blume
President, EERI and
URS/John A, Blune L Assoclistes, Englineers
San Franclsco, California

Each demaging earthquake is different from its predecessors, and the Investigation of ecach
als0 varier. There are many reasons for the latter, including the expertise already available
in the country in which the disaster occurs, the types of structures affected by the
earthquake, the geologic environment, the amount and typs aof damage, the possible engintering
and other lessons to be learned, the cost of irvestigation, political conditions, and, of
course, the availability of Funds and volunteers for fleld work.

When data on the Miyegi-Ken-oki earthquake of June 12, 1978, started to come In, our first
reactions were tha: Japan has experienced many earthquakes (including one of 6.7 magnitude
on February 20, 1978, which because of its location and deptn was not disastrous) and has
many experts In all aspects of seismology and earthquake englineering as well as ample funds
for sgrthquake Investigations of all types, Or the other hand, EERI funds for sucl Field
efforts had essentially been depleted and at that time did not appear likely to be replaced

in the immediate future. Furthermore, travel to and subsistence In Japan Is quite costly.

As more information became avaiichle, however, it became obvious thai. Sendai constituted a
good model of a modern clty in the United States such as San Francisco or Seattle. The clty
has modern, instrumented, steel and reinforced concrete buildings up to 20 stories high and
has an operating nuclesr powe! plart complex, consisting of six units, located nearby at
Fukushima. The areas surrounding the city were subjected to peak ground accelerations in the
renge of 1/5g, 1/kg, and 1/3g. There were failures of large tanks, oil spills, dike and
bridga failures, a gasholder fallure, disruption of utility service, and landslides. Given
all these conditions, we felt that, in spite of all the talent of the Japanese, we

should see this model city with our own eyes and with our own point of view. Along these
lines, | have previously noted that the Japanese, i1 one sense at least, learned more from
the 1906 San Francisco earthquake than we did: they put some static design codes into
effect ecarly while we procrastinated until 1933, two damaging earthquakes later.

It was clear that our company should finance a trip for EER!, but we could send only ons
engineer. | wanted to go to Japan myself but could not do so because of fixed commitments
here, including important EERI matters. The man we were able to spring loose and who had
the necessary background and was ready and eager to make the trip was Peter Yanev. He had
previously covered the menagua, Micaragua and Lice, Turkey quakes. But things were not
quite that simple. The U.S. Geclogical Survey (USCS) by then had decided to send a team;
we wanted to join them, snd USGS concurred, However, there were certaln agreements between
Japan and the United States that control such matters. Persons planning to go to the
affected areas had to be Individually epproved in advance and to be guided on the tour.
Various sor-s of approval were required for different matters. To make a lomg story short,
after some 20 or more telephone calls and through the courtesy of Dr. Edward 0. Pfrang of
the Nationa! Bureau of Standsrds (NBS) and Dr. Jerry Harbour of the Muclear Regulstory
Cormission (NRC), not to mention all those involved in USGS, the tesm, including Peter, was



cleared for rendezvous on June 22, 1978, in Tokyo. From there they would be escoited to
various places of interest, Including the Fukushima Huclear Power Plant complex. i armed
Peter Yanev with credentials, the EERI manusl, and s long checklist of things to 1wk for,
to do, and not to do. He did & great job, including taking 1,400 photographs and telephoning
back preliminary data that were published In the July, 1978, EER| Newsletter.

As Is c¢lear by now, this was not the viual, more direct procedure of sending an EER] recon-
nalssance team to a forelgn country. | am pleased to report, however, that in spite of the
many complications, and because of the cooperation of a grest many agencies and persoms, the
mission was & su-cess. Much valuabla material, documented in this report, Is being sent to
all EER) members. There are new lessons (0 be learned, and it was indeed a worthwhile effort.

The reports compliled here are of a reconngissance nature only and are not intended to any yze
or to reach conclusions about what was seen but rather to report by phatos, words, and numbers
what happened and what did not happen. No doubt there will be, and there should be, many other
more detasiled studies and reports by the Japanese and others. Among these 1s an in-depth
report being planned by NBS that will include contributions by members of the reconnsissance
team.

Tha funds for publishing this EENI report were :rovided by the National Science Foundation
(MSF) and, as the report shows, USGS, UJNR, NBS, FHA, HUD, and URS/John A, Blume § Associates,
Enginears contributed personnet and covered the costs of the trip. There is a sepsrate section
of the report for acknowledgement of others to whom we owe thanks for helping us all to learn
frum carthquakes. The team spirit among agencies, organizations, companies, and individuals
was most heartening, and it s that fact which makes progress possible [n this complex fleld.

General Perspective

The following map (Figure 1} may look a little odd at first glance, but it is quite inter-
esting. A reversad outline of California has been superimposed (by €. Arnold) over & mep
ct Japan of the same scale. If the total land area of Japan ware consolidated, it would be
a little less than that of California, yet the population of Japan is about 113 million,
compared with 21 miliion in California. Human density is a factor to be considered in
earthquake risk. Sendal and Tokyo are sbout as far spart as half the distance between

Los Aigeles and San francisco. The Japanese scale intensities (0 to 7) for the
Alyaki-Ken-oki earthguake are also shown on the map. Figure 2 compares the Japanese scale
with the Modifled Mercalli scale.

Fortunately, many of the severe Japanese earthquakes ariginate offshore and at some depth.

In general, California's major shocks tend to be cluse to shore or on the land snd are
ususlly shallower. One can not, however, judge exposurs, in the sense of proximity to the
source af the earthquake, on the basis of epicentral distance alone. The moving fault or
zone of energy release may, in fact, be much closer than the original hypocenter. For
example, the epicentral distance from Sendal is about 100 km, but as Carl Wentworth points out
in his report, the damsged tand area (Sendai, #ic.) lies in the down-dip direction of the
probable rupture plane, and the surface distance from Sendal to some of the energy release
could have been a5 short as 55 km,

Most Japanese strong-motion irstruments are somewhat different from ours in that their
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Figure | Miyagi-Ken-ok! earthquake in-
tensity (Japanese scale: 0-7).
A reversed outline of Califor-
nia is superimposed te indi-
cate scale, vith San Francisco
at the epicenter. The dis-
tance between Sendai and
Tokyo is about half the dis-
tance between Los Angeles
and San Francisco. The land
area of Japan is approximately
squivalent to that of Catlifor-
nia. Base map data: Building
Research Institute, Ninistry
of Construction, Japan.

Figure 2 Comparison of United
States {mh!) and Jepan
Heteorolugical Agenczy
(JMA) intensity scales

frequency-response recordings do not extend to as high a range as that recorded by United
States Instruments. Another difference is that, st the greater amplitudes, the Japanese
traces have an arc shape due to their being drawn by pens of constant radius

(see A, Gerald Brady, herein). The records can be reconciled for true comparisons of mation,

but care is needed.

General Statistics

It is estimatec that 27 people were killed by the earthquake: about half of them died because
of falling walls. This is, fortunately. a small number of fatalities for such a heavily
shaken, densely porulated asrea; however, more than 1,000 others were injured. Tsunami
effects were neg'igible, but there was some flooding, and many houses were destroyad. Fira
was contained locally, and in some places this must have represented heroic efforts. The
preliminary total estimated loss is wore than $830,000,000 {June, 1978, V.S. dollars). (See
tugh Fowler herain for more detalled statistics.)



Some Highlighes
Highlights of this sarthquake, in my opinion, include:

aood genaral performance of modern, angineered buildings up to 20
stories high {there were none higher: the early report on this,
in July, was in error)

fatlure of three out of mors than 30 oil storege tanks #nd the
consequent great ol) contamination In the sres

collapse of a typical telescaping gasholder and burning of 'ts
contents

loss of gas distribution for several weeks because the col lapsed
gasholder caused adjacent main gaslines to go out

fallure of dikes, and the many resulting landslides

fallure of the anchorage of precast exterior wall panels from a iow
building and crushing of automobiles by the falling units

damage to cartain types of steel frames

damage to electrical switchgear, breakers, transformers, etc., in
spite of earthquake bracing (the porcelain was very vuinerable)

darage and shutdowr of fossil-fucled bollers at the local power plant,
apparently caused by the fallure of minor secondary pipes

excellent perfu. vence of the Fukuthima Nuclsar Fower Plant, which
apparently did not shut down {the motiun was somewhat less than
that specified by the design criteria)

recording of 1.0g at the top of a building that survived without
heavy da~age in spite of the fact that a peak response acceleration
.1 0.59 hat p,>viously been recorded for It

the drappivg ¢ & whale section of a bridge deck
cantrot of fire

the abiTity of the Japanese people to recover rapidly, repair
important damage, and carry on.



SEISMICITY AND GEOLOGIC SETTING
by Cari M. Wentworth
U $. Geological Survey
#enlo Park, California

The off-Miyagi earthguake of June 12, 1978, occurred on the subduction -one that inclines
westward beneath Honshu, the main island of Japan. Here the western margin of the great Pa-
cific plate, which consists ot the oceanic lithosphere beneath the northera Paciflic Ocean, is
plunging slowly bzneath lapan. A great many earthquakes result from this deformation, includ-
ing many damaging ones (Figure 1). These differ from camaging carthquakes in California --
alang the San Anzireas fauit syctem at the sastern margin of the Pacific plate -- in being more
frequent and generaliy farther from the clties and engineering structures at risk.

The damaged area lies on the east coast of northern Honshu about 300 km north of Tokyo, in a
r2gion of low, flat alluviai plains, local alluvisl terraces, and steep bedrock terrain of

moderate relief.

fhis paper reports information galned largeiy From discussion with Japanese officials and
scientis.s (see acknowledgments) snd from unpublished materials provided by them. Original
obstrvat.ons made in the danaged region and some published materials are also used. The in-
formation is necessarily incomplete, because only two weeks had been available for study of
the earthquake by the Japanese at the time of the visit to Japan by the U.S, team, and time
for the discussion during the visit was brief. The more thorough accounts expected from the
Japanese studies should be consulted when the. become avallable,

Seismicity

The earthquaskes along the western margin of the Pacific occur in bands that follow the psfred
deep-sea trenches and edjacent fsland chains, The warthquakes, trenches, and Islands have a
comnon origin, the subduction of the westward-moving Pacific plate. The west-dipping subduc-
tion zones along which the plate plunges into the earth's mantle are delineated by the zarth-
quakes, which increase in depth westward. They range from shallow near the trench to greater
than 500 km In depth well behind the island arcs (Figure 2). Earthquakes zre most abundant 4t
depths less than 70 to 100 om.

bDamaging earthquakes are freguent [n this tectonic setting. The historic record of damaging
earthquakes of f northern Honshu includes tens of events In the psst 500 years, and Tarr (Fig-
.re 3} shows Flve great earthquekes In zhat region since 1B37. four of these occurred in the
firs: five years of that period, and one in 1933, slthough all of the earlier ones may not
have been as large as is shown (Tarr, orsl communication, “ugust 1978).

Microearthquake studies more precisely define the upper part of the subducting plate and the
geometry and styles of the earthquakes. A selsmic network operated in northern Honshu by the
Obscrvation Center for Earthquake Prediction at Tohoku University in Sendai has produced ex-
tensive information about the teismic and tectonic setting of the off-Miyagl earthquake of

June 12 (Takagl, Hasegawa, and Umins, 1977; Hasegawa, Umino, end Takagl, 1978). The network
consists of 15 stations with a spacing of about 60 to 80 km, Hasegawa and others (1978) in-
dicate that hypocenters are located to within 2 to 3 km within the network but that iocations

are less accurate offshore to the ecast.
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Figure 2 Earthquake hypocenters beneath Japan for the period 1964-1974.
Epicenter symbols show depth of hypucenter, depth contours in km.
From Coordinating Commitiee on Earthquake Prediction, 1978,

Figure 1 Distribution of microearthquakes beneath northern Honshu, Japan,
In vertical, sast-wast section (shown by dots) and subducting
oceanlic lichosphere. Horizontal 1ine above section represants
lend, the upright triangle the volcanic front, and the overturned
triangle tha Japan Trench. Copied from Figure 6 of Takagi and
others, 1977.



Tha microsarthquakes clearly define the upper doundary of the subducting slab as dipping west-
ward at about 30° to a depth of about 150 km beneath the western side of northern Honshu (Fig-
ure 3). A second westward-dipping band of earthquakes 1ies about 40 km beneath the first and
within the subducting slab. A zone of sbundant activilty Is also shown that extends above the
slab from beneath the east coast of Honshu eastward toward the trench.

Analysis of the sense of first motions at the various sefsmometers in the network from groups
of carthquakes in these threc zones has been made by Hasegawe and others (1978) to determine
the style of faulting associted with their yeneration. These cumposite focal-mechanism solu-
tions indicate that thrust faulting, with compression nearly perpendicular to the trench, Is
under way at and above the upper boundary of the subducting slab, as would be expected. In con-

trast, the band of seismicity within the slab involves extension along its dip direction.

Seismic Gap and Precursors

The absence of both current seismiclty and recent large earthquskes in «n ares off northern
Honshu has suggested that an earthquake nesr magnitude (M) B could be eapected there. A gap
in the 10-ycar pattern of earthquakes shown in Flgure 27 coincides with 5 gap in the pattern of
source areas of major esrthquakes since 1923 (Figure &), in an area where the last major earth-
quake occurred in 1897. Strain resulting from continued deformation along the subduction zone
has been relleved along much of the zone In the major sarthquakes shown in Figure &4, but the
existence of the selsmic gap suggests an ares where this strain has yet to be relieved. The
off-Miyagl earthquake of June 12 occurred adjacent to, but not within, this gap, 3o that »
msjo: earthquake §s still anticipoted there.

Figure & Sourcs areas of recent major sarthquakes along the subduction
zone off Japon, with date and magnitude. From Coordinating Com=
sittes on Eartiquake Prediction, 1978,



Particutarly because of the seismic gap, other indications of an imminent large earthquake have
been of interest. Spirit leveling had demonstrated an eastward tilt of the land opposite the
glp..but no short-term precursors wera recognized prior to the June 12 earthquake. Abundant
data from the seismic network of Tohoku University showed no clear change in seismic veloc-
iries Similarly, no Indications of imminent earthquakes were evident from the extensometers

and tiltmeters that are part of each station in that network.

Comparisons along two east-west level lines that end at Sendai and Kamaisi, run by the Geo-
graphical Survey institute, show relative downward rilt to the cast of 2 to 5 zn Z2tween the
center of the island and the east coast in & 7-to-B-year period beginning in 1965, The tilt

is greater at Sendai than farther north, and an additional 3} centimeters of decline at Sendal
may be related to withdrawal of ground water. Detalled tidal records in the area showed no
evident changes within hours after the main shock of June 12, with a resolution of a few centl-
meters, so that Vittle or no coastal uplift .ccompanied the earthquake. As a result of the
earthquake, releveling of tne survey line. before year-end is now planned by the Geographica)
Survey Institute of Japan.

1978 Earthquakes

The main shock of June 12 resulted from thrusting In the deformation zone along or above the
upper boundary of the subducting slab oft the coast of northern Honshu. (t was preceded by
an M 6.7 sarthquake nearly four months ea-lier.

Earthquake of February 20. The M 6.7 carthquake occurred on February 20, 1978, at 1:37 P.A.
tocal time with a depth of 60 hm and epicenter at latitude 38.7° north, longitude 142.2° east
(National Research Center for Disaster Prevention, 1978a). This is about 65 km north of the

epicenter of the June 12 earthquake (Figure 5). According to a preliminsry repcrt of the
Building Research Institute, the focal mechanism involved failure on a near-vertical focal
plane. This suggests that the earthquake was assoclated with the zone of seismicity within
the subducting slab where extension in the dip direction [s occurring (Figure 3). The Febru-
ary eatthquake has 1ts own pattern of aftershocks, distinct from that of the June 12 carth-
quake, and therefore was not simply a foreshock of the larger earthquake.
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Figure 5 Epicenters of the earthquakes of Februsry 20 and June 12, 1978
and principal aftershocks. From Coordinating Comnittee on Earth-
quake Prediction, 197B.




Aff-Miyagi Earthquake of June 12, The off-Miyagl sarthquake (Figure §) occurred on June 12,
1978, at S:14 P.M. loca) time with Tts hypocentsr at a depth of 30 km at latitude 38.2°
north, longitude 142.2° east, according to the Promot Report (National Research Center for
Disaster Prevention, 1978b). 1t was precaded by one foreshock a few minutes eardier. Many
aftershocks were recorded by the seismic network of Tohoku University. Figure 6 shows the
hypocsnter of the main shock and aftershocks through the First seven hours (6a) and after~
shocks for the First 10 days following the main shock {(6b).

Figure 6 Hypocenters of June 12 main shock and aftershocks through Juna 22,
Block diagram shows projections of hypocenters in map view (epi-
centers), east-west vertical section; and north-south vertical
section. Figure 6a shows main shock (X} and aftershocks through
midnight of June 12 to 60-km depth {from Coordinating tommittes on
Esrthquake Prediction, 197B). Figure 6b shows aftershocks through
June 22 to 120-km depth (from vigure r-ovided by Observation Cen-
ter for Earthquaks Prediction. Tohoku Unlversity),

The June 12 esrthquake, in contrast to the February 20 sarthquake, was the result of thrust
faultirg alcng & west-dipping rupture a: scciated with the top of the subducting slab. The
two aftershock patterns of Figure & are nesrly identical and suggest main shock rupture on a
west-dioping piane extending from a shallow depth to nearly 60 km. The aftershock pattern of
Figure ‘b lies entirely within the equivalent pattern of Figure 3, at and sbove the top of the
subduct..ng slab sbove & depth of 60 km, and & focal mechanism solution .sing worldwide dets
{0tsuks and others, 1978) indicates that the main shock was asscciated with thrust movement
along » preferred plane dipping te the west northwest at 20°.

The «picente: of the June 12 earthquake and its sftershock psttern (ie wast of the seimmic
gep, 3O that zhls rupture event did not encrosch upon the area of unrelieved strain sugoested

- 10 -



by the existence of the gap. This location of the June 12 earthquake and the nearby smaller
earthquake four months carlier raised the possibility that they were precursors of s larger
earthquake that would fill the gap. On June 16 several earthquakes as large as M 5.9 did oc-
cur In the gap area (Figure 5). The eitershock train of the June 12 earthquake decayed rap-
idly, however, perturbed only by one aftershock somewhat larger than M & and an sssociated In-
crease in activity on June 14 (Figure 7).

2004
1504
-— M223
—_ M212
00
sof 4 +
i
!
1}
‘\\/_/-\“
') — e TRy
2 11 u » W% P ' n

JUNE

Figure 7 Numbers of aftershocks of the June 12, 1978, earthquake through
time. Arrow shows time of largest aftershock. from Conrdinating
Comm| ttee on Earthquake Prediction.

Location of Source of Energy. The 1ocation of the source of energy is an Important parameter

in studies of the attenuation of seismic shaking. The earthquake epicenter is commonly used
s the point from which to wmeasure distances far this purpose. This practice can lead to
problems, however, as pointed out by Youd and Perkins {1378) in their discussion of the dis-
tence to which significant liquefaction occurs In sarthquakes, Strike-slip rupture car pass
close to » site of interest although the eplicenter is more distant. This is sasily accom-
modated by using the shortest disvance 10 the rupture trace, rather than the epicentral dis-
tance. in the reverse faulting st San Fernando, California, in 197V, the epicenter lay far to
tha north of the damaged area in che San Fernande Valley. The rupture surface extended up the
dip of the fault to the ground surface within the damaged area, however, so that distances to
the rupture surface could be measured.

The off-Miyagi earthquake is more corplicated, because the epicenter 1s offshore and the can-
aged ares on land lies in the down-dip direction. The epicenter [s about 115 km east >f the
city of Sendei. ‘The down-dip end of even the sarly aftershock pattern, however, lies 60 km
west of the epicentsr at a depth of 45 to 55 wm directly bensath the 0jiks peninsuta (Figure
6a). If these early aftershocks delineate the main-shock rupture plane, then the faulting
reached within about 75 km of Sendai in three dimensions and within 55 kilometers in plan

view,

Geology of the Damaged Region

The damaged region consists of three north-trending topographic zonss containing differant
kinds of geologic materials. Most of the damagzd bulldings and eng'neerad structures lay in



the central aliuvial lowland, which is flanked by hilly bedrock terrain of Cenozoic volcanic

and sedimentary rocks on the west and older slates on the east (Figure 8).
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Figure 8 Geology of the damaged area, earthquake of June 12, showing ved-
rock areas, surficial deposits, and death to rock in the coastal
area. Compilad from 1:200,000-scale topographic maps published
by the Geographical Survey inttitute of Japan, Geologic Map of
Miyagi Prefecture at 1:200,000, and Hydrogeologic Map of the
Coasta) Region of Bay of Sendai at 1:100,000 (Geclogical Survey

of Japan, 196€].

The eastern zone consists of rather intricate, steep-sided hills 200 to 300 m high. These
form a soutbuard=-pointing range about 20 km wide that terminates in the Ojiia Peninsula. Bed-
rock here is largely hard, fractured slate of Mesozoic age. Cursory views of quarry exposures
revealed little difference between rock near the ground surfice and deener fresh rock, and in-
tact rock on the ubiquitous steep slopes was overlain only by a thin root zone supporting

grass and trees.

Or the west, the central mountain crest of Honshu drops eastward to steep-sided foothills,
The hills flanking the city af Sendal cor:ist of a camplex Miocens and Pliocene section of

sandstone and shale with intarcalated volcanic layers.



The central lowland is about 40 km wide, and consists of extensive t1at alluvial plains con-
telning scattered steep-<ided hills locally as high as 200 m.  In the Matsushima area between
Sendai and Ishinomaki  these hills consist largely of Miocene volcarics that include much tuff
and agglomerate, These rocks stand in vertical natural c¢Vifis but are soft enough to have
cavities dug with hand tools,

Sendai Bay occupirs most of this Jowland zone south af Ishinomaki and is bordered on the west
by a delta plain that is a3 wide #s | km at the city of Sendai., Where not used For housing,
much of this delta plain and the plains west and north of lskinomaki are covered with rice pad-

dies.

The alluvial deposits were formed during the past 18,000 years as the continental ice sheets
of the last glaciation melted and sea level rose to its present position. Rivers dreining

the adjacent highland found their progress gradually blocked by the rising sea and deposited
sediment along their tower courses, particularly at times of flood. An inltricate assemblage
of sediment types s produced by rivers in an aggrading regime, her~ sccompanied by an adja-
cent rising shoreiine. Proad ribbons of channel sand and gravel are 1eft as the river changes
its position from cime to time; finer sand and silt are deposited in flanking natural levees
in times of flood; and organic silt and clay accumulate in the intervening back marsh areas.

Ridges of brach sand form along the shore.

The surface of the alluvial depacits is quite flat and is stlll crossed by the several rivers
responsible for depositing the sediment. Frequent flooding of these 1ivers ha: led to con-

struction of many dikes, o2 of which were damaged in the June 12 earthquake, The sediment
is soft and water saturated, because it 1s young and the water table is very shallow. Depth
below sea level of the base of the alluvial fill over Ledrock is shown for the coastal areas

in Figure 8.

A series of alluvial tercaces that extend in age back tn Pliocens occur in the Scndai area.
The old section of Serdai City s built on 3 Vate Pleistocene alluvial terrace some 10 to 20
m above the younger delta piain to the east. on which part of the new city is built, In con-
troast to the younger aliuvium, these terrace deposits undoubtedly are slightly cement:d and
therefore «re Firmer than the younger sediments.
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STRONG-MOT IOn EARTHQUAKE RECORDINGS
by A. Gerald Brady
U.$. Geological Survey
Mmenlo Park, California

Introduction

In Japan, Several government agencies gre responsibie for independent netwarks of strong-mocion
instruments located throughout the country, Among the targer of these accelerograph networks
are those operated by the following egencies:

Raiiway Technical Research Institute {RTRI), Japanese National Railways

Strm? Earthquake Mation Observation Center, Earthquake Research Insti-
tute (ERL), University of Tokyo

Port and Harbor Research Institue {PHR)), Ministry of Transport

® International lastitute of Seismology and Earthquake Engineering, Build-
ing Ressarch Institute (BR(), Ministry of Construction

® Public Works Research Institute (PWRI), Hinistry of Construction
Other organizations with interest in strong-motion recording include:

s MNational Research Institute of Agricultural Engineering, Ministry of
Agriculture and Forestry

o Nippon Telegraph and Telephone Public Corparation
Japan Buflding Center foundation (JBC)

The Strong-Motion Earthquake Observation Council was established In 1967 within the National
Research Center for Disaster Prevention (RACDP) of the Science and Technology Agency. Records
recovered from particular earthquakes by the various government agencles are made avalilable
to the public in the council's "Prompt Report" publication, which describes the records,

glves pedk accelsrations and epicentral distances, and contains copies of some of the more In-
teresting records, These and other earthquake recards are published in the ~ouncil's annual
report. The agencies responsible for the accelerograph retwo-ks also report on digitization
and analysis of the records collected by them that they consider sig-ificant.

The data contained in Figures | and 2 and Tables 1 and 2 were obtaiuved from Reference 1 and
from the Prompt Report for this earthquake of June 12, 1978.7

Statlons and Recordings

Figure 1 shows the northern part of Japan and the locations of the strong-motion accelerograph
stations that provided records of the June 12, 1978, earthquake. The codes for the stations,
and their pertinent characteristics, appear in Reference | and are reproduced in Table ). In
agdition to the records shown on the map, there exist &% additiona) records taken at basement,
first-floor, or ground leve!, mostly In Tokyo or its vicinity, OFf these 81 records, the peak
acceleration is D459 at an eplcentral distance of 305 km. A 19th-Floor record had a peak
acceleration of 0.23g at a 422-km epicentral distance.

Two epicenters are shown, one provided by the Japan Metearological Agency (JMA} and published by
the National Research Center for Disaster Prevention,’ the other provided by the U.S. Geologicel
Survey on June 30, 1978, (n the sections of this report that discuss the epicenter and spl-
central distances, we have chosen to use the epicenter coordinatas given in Refarence 2,

-15-



™29 ’

{npchinohe-3)

— 4o*

™ok ! AL BH
1 “M!\\ >
THO0B
{Anive=5)
: pelil '
‘“‘Tmli i

wols [
[taiconter (1388, G20/ M)
wox | otglunur (llﬂ'_.' duty \T8)

Tyl
™ ‘

THOY)

Sendai

38

| FUKUSHIMA
ozt MUCLEAR
POWER !
PLANT
W 1]
(Onahame-5)
e KTO0
Ly
| I00kn
i
|
i
i o ‘ 3~.
_* 144
. 142¢
136 1380 140%

Figure | Locations of accelerograph sites providing significant recordings of June 12, 1978,
esrthquake.

- 16 -



Table

Station Details

vy

Nubar of Sierien

Sus Ne. Name Addrese lLai. 4 Lang. { o oeiaw e G. L.} Lecatien
™ 00. Alsin Proteciural Offuce Ssnse ¢ chome, Aliiis (4] anr
Cay
TH a0} Sendar Steam Paver Plast, Shichigohama Tows, /0 LI
Tehoku Elocire Pewsr Co. Muyag Prateciure
TH 00¢ On 1ha Premises of Adils Tasshisakimpate-Nighs |, 14009 E GCreund
Hertx ur Werks Ol e 1-chame, Akiis Cily 14N
T™ 00T qAye Bruge Memarhi=Oya , AR LAY raishm, weba Crest of plor No. 2.
Msywahomaisn Cily 37 round
TH 008 Kahahy Bridge Keksky Town, Yomagata 150°09' 1v041,10,. wbm Crost of plor Ne. 7,
Profectare N ground
TH 00% Senopihevse of Arage Medsie Nohasaiadonciu, Mopsks 'Y} S" Ll
Schoonl. Mipake Ciy Cuy LUR"
THoOU Daw Brags Sale Town, Fokuslume 1 o2l wela Crest of pior Ne. 2,
Fralfsciure el
THON Tr O Lhe premuses of 134% 59" Grovad
Mikarige stn NN
Ho) On U pimiges of 2nd Tatoumemmeiii, bwani a0t e Grouwd
Warf, Cushima Harbe.x Cuy 7
TH ole On the Premises of Con- WMsdtomechs, Miyane Cuy | Voot 50 Croem
SLAME LI0A SSCLIR Miyshe W
Harbsur Werks DHfice
THOVY Ywhu Bridge dumen)s Tewan, Akite 18028 Imd%m, webm Crost of plerNe. 8,
Prefocwurs bLAd FY nrweed
THO'e Kainghin Brigge sl lahmomeks Coty 1a1 18- (elbm, w-bm Crest of piar Na. 2,
M ground
THO'T Fraushim Alemic Power Ohues Towa, Fulushins (LRIt " A 1. o Garvel, BIF, \F,
Piant, Tohys Kivesric Prefeciere IV N sF
Fawer Ca.
TH OB Soatei Kahutetss Buskbing Ne. 28, Shimiawie)i. AFIILIe a1 BIF,&F
n Cuiy L ALY
TH OI9 Bl of O s, Ofunsls 141 %44 On Ihe Jeuy,
[t ) Chy 900" srowd
™ 020 On 1he promisen of Asment Hoache }-chems, Apmers 140" Creund
Hartous Besiy Offire Cuy aataw
TH 02 Tuirs Brage Torith-Kamads, sty 140" 44 1elt).0m, weitm Crest of abul; grovad
Cuy 703
™ 022 Hachinehe Sigm Pewsr Kawaragi, Hachinons 141 *30° T/0 1 4
Plant, Tohoku Ebpctric Ciy 0%
Power Cs.,
THEN Anseeas Claveted Brisge, Rokunohs Town, Asmer( Crevnd
.M. Frefeciare
™ oM Onigawa Aamis Pemar Oregaws Tomn, Miyagl 14134 Growmi , groesd
Plant, Teheks Dectrie Prelecinrs e
Powar Co,
TH 013 Royohaws Brisge atsuyses Town ., vao*or’ t=¥$1 . Bom, webm Crean of pior Ne. 5,
Yemageis Prefeciure b e 1 A greend
TH 0% Machiregaia Ablia Prefeciure Grousd
TH 82T rviwe Bridge wage Tewn, jwala 141"y’ 1=13%m, yeTm Crest of plar po. 3,
Pralecture 1ty arownd
™ e On the promisss of HarMashe | Kpnarugi, Hochinehe “l’- Ground
Factory. tuchinsts Hartayr | Civy
Werks Offiwe 4%
™ 0% Facolly of Engioeering, Aremeki. Sewsal City */o r
Tonean Univessity
™OoN Teugeru Bridge Nekanste Tewn, Asweri s=3%m . w b, Sm Crent of pier Ns. 9.
Prelectare greund
TH 032 Musehki Beidge Tare Tewvn, Mwate (TR 1 4 4 () 0m, w=Bm Creut of pler o V.
Prefechre MMM areund
TH O Or the promisse of Shisguus | Teisandort {-chome, ey Crovad
Horbwur Offiee Shinguwm City W e
THIN Zuinaji Bridge Yonnlse Town, Fokushime | 17074 tolgl.dm, wetOm Croat of piot ; groend
Prefscure biah T areuwd
TH 037 Asmert Chty Offies Ursmachi, Asmeri /e VW IR, P
Proteciure
™ 0 Sumitoms Sewiai Muilding Couedert, Seadai City 18/ RIT. OF, 1OY
TH T Akl Frefectaral Offics Senne d—chome, Aliln (14 rir
Cuy
TH %) Farulty of F A &i, Sendal City /o »w
Tokohs Universily
KT o0 Misatsiagical Laberatery. | Tobel Village. Merses 1e0"7 /o ¥
Jepen Alemic Enorgy Prolevwmre » 28

Rescarch Wstitese

-‘7-




The section on seismicity indicates that, aithcagh the epicentral distance to Sendai is about
115 km, it might be inferred from the attershock pattern that the mafn shock rupture plane ac-
tually reached a point within avout 75 hm of Scndzi, measured in three dimensiors, or within
an epicentral distance of 55 km, measured in plan. Such » conclusion would play a significant
part in studies of the attenuation of peak accelerationsy for this earthquake, particularly for
those stations within latitude 37.5° #nd 38.5° north thet lie spproximately due west of both
the epicenier and the closest point an the rupture plane, Other stations on Lhe east coast
would not be affacted because, for each of these, the epicentral distonce is approaimately
equal to the distance to the closest point of the inferred rupture surface.

Fijure 2 shows the northern part of Japan, with peak acceleration; recorded at ground level, or
#t the basement or firat-floor level in structures, at stations in the geogragh.c area shown ir
Figure |. In two instances more than one recording 1s made at a single locatinn. fach set of
the three rumbers shown gives the peak acceleration recordea in the two horizontal directions
and In turn that recorded in the vertical direction. For must ground-leve) ntations the two
horizontal directions referred to are north-south and east-west, in that order, whereas the
instruments at the lowest leve) of a structure are generally aligned In the longitudinal and
tronsverse directions of the structure and acceleration values are reported in that order.

The acceleration units used sre cm/sec/sec, commonly <alled & gal. Conversion to g units is
simply, if slightly insccurately, accomglished by dividing by 1,000, Epicentral distances ars
indicated from both estimated epicenters, An (F) following the acceleration levels indicates
that the recording could be considered a free-field recording, aithough it must be realized
that any fnstrumental housing disturbs the true free-field motion. Table Z contains a more
Complete list of peak accelerations, Including thase for significant uppar stories.

Figure 3 is a highly idealized isoseismal map constructed from the plotted Japan Meteorologi-
cal Agency intensities at specific locations, The boundary between JMA 4 and 5 is reasonably
well constrained to the north and west but less so to the south. The other isoseismals are
more arbitrarily chosen, {f & circular area were approximated to the JSA S reglion, its center
would lie close, in plan, to the westernmost down=dip end of the inferred rupture surface men-
tioned above This lends credence *o the congiusion that for this sarthquake the distance from
points on the ground surface to the nearest point of the rupture surface is the distance of im-
portance in attenvation and related studies.,

The SMAL Accelerograph

The SMAC ztrong-motion accelerograph in its various versioni has been the main Japanese strong-
motion recording instrument since its deveicpment between 1951 and 1953 by the Japanese Com-
mittee for the Standard Strong Motion Accelerograph. In its eartiest form (the SMAC-A), it
tonsisted of a set of three mechanicel oscillators which, through a series of linkages, scribed
analog traces on & waxed-paper record that wis driven past the recording pens at 1 cmfsec by &
hand-wound spring motor. The natural) period of the transducer w:s 0.1 sec (frequency, 10 crs),
and critical damping was provided with an air plston mechanism. A sensitivity of 25 gal/wm
{i.s., 25 cm/sec/sac per mm), corresponding to approximately & cm/r, was arranged for in the
mgchanical linkage and allowed recording of accelerstions of 1g amp ftude without the pens
moving of F-scale. Some of the models developed ufier the SMAC-A, are listed with their im-
portant characteristics in the folliowing table.
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mates range covered by MMI VI and VIII.)
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Oamping Natural Recording Approximate

(fraction period Sensiti «ley speed Number in

of critical) (sec) {cm/y, {em/sec) 1975
SMAC-A 1.0 0.1 k.o 1.0 33
SHAC-B 1.0 D.1 4.0 1.0 90
SMAC-B2 1.0 0.1k 8.0 1.0 240
SHAC-C 1.0 0.1 4.0 1.0 18
SMAC-D 1.0 0.05 1.0 0.5 n
SMAC-E2 0.60 3.05 1.0 0.25 &5
SMAC-Q 0.60 0.05% 0.5 0.5 1n

It is Important to note from this table that the majority of the instruments of the SMAC type
that are opecated in Japan at this time have frequency-response characteriscics that are dif-
ferunt from the most common, modern United States (nstruments that record on 70-mm or 6-In.
film. iIn particular, the SMAL response at frequencias higher than 7 cps (for the SMAC-B2) or
10 cps {for the SMAC-A, -8, and -C} has been designed to be much less than we are used to
seeing with United States instruments such as the SMA-1 or RFT-250. A glance at recordings
from these ear)ier SHAC Instruments conflirms this lack of high-frequency content.

Anothar featurs of the records mads by SMAC-typs Instruments is that the pens draw arc-shaped
curves that have constant radlus in the higher-amplitude motions, Although peak accelerstions
can be scaled off without requiring significant correction, it 1s evident that, after digitiz-
ing & record with high amplitudes, correction procedures must be adopted to handle this in-
strumental behavior bafore arriving at trus time histories.

Racent developments in Japanese instrumentation have included higher natural frequenciss {in
the SMAC-D, -E2, and -Q instruments), the use of moving-coll slectromagnetic transducars (in
the ERS accelerograph developed by the Earthquake Resistant Structures Laboratcry, Port and
Harbor Research institute), and recording on analog magnet - tape {(In the SMAC-M inszrument).
The two instruments in the Enginearing Building at Toholu University, which record 240 gal
(280 cm/sec/sec, or 0.2kg) and 980 gal (1g) st gruund l.vel and at the 9th floor, respectively,
are SMAC-M instruments operated by the Bullding Research Institute.

0 sec 10 sec 20 sac

o YR O e
»

G T VAP RS-

Figurs & Kalhoku Bridge: Ground-lavel! record, SMAC-82, peak accelerations: 0,209, 0.299.

Note: A SMAC-BZ sxemple. The vertical trace is legible on the original, The two horizontsl
traces clearly show arc-shaped curves.
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Records reproduced in thls report are copies of ariginal records, Digitization and prellimi-
nary corrections will be performed by the Jauanese agencies responsible vor the instruments.

Figure & Is & reproduction of the ground-leve) record at the Kalhoku 8ridge site (THO1E in
Figure 1). Tha instrument, an SMAC-82, is placed sufficiently far from tha bridge abutmen:
to be considered » fres-field Instrument. The vertical trace -- legible on the original and
on prints designed to raproduce that particular trace -- Is in the center of the record., The
arc-shaped curves on the visible horizontal traces confirm the statements made about concern-
ing the need for care in digitizing these records. Figure 5 shows & SMAC-E2 tracing.

Figure & shows the central towsr of the 9-story Engineering Building at Tohoku University.

Two SHAC-M instrumants, at the ground-floor and ninth-ficor levels, are operated by the Buiid-
ing Ressarch instituve (THO30 in Figure |; the 9th-story instrument in THS03).

_

A7} A ien -
e e TR s
" r——'- - L W M - —— AT fan A e —— " it APy ty WA e g e ———r— v enT . c ——m e ——
1978 6.12.17:14
.. .-.N':‘.-,._._...._.. o e e o e s A Y — -
-m v o0 1.

Figurs § SAAL-E2 35mm film tracing.

Figure € Faculty of Engineering Bullding, Tohoku University. A 9-story reinforced concrate
bul iding, with Instruments at the flrst »nd ninth floors recording on magnatic tspe.
Motion at threshold of structural damage. Window glass broksn, bookshelves smptisd.
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Plots of both records, computed after analog-to-digital conversion, are shown in Figures 7 and
8, which were reproduced from a report in Japanese containing the results of analysis by the
BKR:.

Figuras 9 and 10 contain further results of BR) analysis of one horizontal component of motion
recorded at the first-floor lave). Corrected acce’: tion, velocity, and displacement were
ottained by procedures developed In Japan A pre - inary analysls of the high-amplitude (Tg)
oscillations in the north-south direction a- the upper lTevel indicates that the d¢isplacemants
involved are +10 Tn, {+25.4 cm). This appears to be consistent with the damage found in the
Interior of the building (bookcases, in particular) and also Indicates that the building was
approaching the structural damage state although tne only evidence nf external damage was some
broken glass from windows (Figure 5) and architectural brick veneer that had come loose from
the foyer wall,

Refarences

1. Naticnal Research Center for Bisaster Prevention; Science and Technology Agency [Japan],
March 19,5, Strong-motion earthquake records in Japan, 1974, vol. 19,

2. MNational Research Center for Disaster Prevention, July 1978, June 12, 1978, Miyagi-Ken-okl
Earthquake: WNational Research Center far Disaster Prevention; Sclence and Technology
Agancy [Japan], Prompt Report on Strong-Motion Accelerograms No. 15.
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(Damping values are 0%, 2%, 5%, 10%, and 20% of critical.)




LIGUEFACTION AND DAMAGE TO DIKES
by David K. Keefer
U.S. Geological Survey
Menlo Park, Californla

Introduct ion

The June 12, 1978, earthquake caused soils to liquefy at severs) sites on the coastal flood
plain bordering the Bay of Sendai. The engineering structures most extensively damaged by
liquefaction were flood-control dikes composed of earth fill. The damage consisted primarily
of cracking, settlement, and minor lateral spreading and slumping. Lbur:ng a trip to Miysgi
Prefecture on June 26-28, 1978, | was shown six sites where di'e damage had occurred (Figure
1}. Additional information on earthquake-induced dike damage was provided by officials of the
Public Works Research institute (PWRI), the Japanese government agency cliarged with bullding
and malntaining river works. Liquefaction-induced damage also occurred in an uncompacted sand
fil) in the port of Ishinomaki.

Summary of Dike Damage

Reported sites of damage are scattered In an arc extending from the Abukuma River on the
southwest to the mouth of the dew Kitakami River on the northeast (Figure 1). Within this
reglon, damage occurred slong parts of the Abukuma, Natorl, Hirose, Yoshida, Eal, Naruse, 01d
Kitakami, and New Kitakami rivers {Figure 1, Table 1). All sites are underlain by unconsoli-
dated Holocene coastal flood plain or alluvial fan deposits {Geological Survey of Japan, 1968;
Geologlc Map of Miyagl Prefecturs}. Many of the damaged dikes are founded on historically
active river channels. A total of 28 linear kilometers of dikes was damaged in this earth-
queke, and total repair costs of dikes and other river works amounted to 1,328,500,000 yen
{approximately $6,700,000) (M. Tekahashi, Mational Land Agency of Japsn, unpublished dats).
Host of this demage was caused by liquefaction.

The dikes are composed chisfly of compacted sand. They are built directly on alluvial fan or
flood plain sediments with little or no ground improvement. Most dikes are several meters
high, severa) meters wide at the crest, and have side slopes of 2 Horizontal : 1 Vertical or
less., At the time of my visit, repairs to the dikes were already well advanced. The repairs
consisted of regrading and filling cracks, placing sand bags, and driving steel-sheet pile
walls between severely damaged dike sections and the rivers in order to reduce seepage.

Geologic Setting

Must sites of damage are on the coastal plain bordering the Bay of Sendai; a few are on the
Natori River alluvial fan (Geclogical Survey of Japan, 1968; Guologic Map of Miyagi Prefec-
ture). The coastal plain sediments are unconsalidated Holocene gravels, sands, silts, and
clays primarily deposited by rivers; bencath most dikes these deposits are several tens of
meters thick (Hase, 1967). The river deposits are of three main types: <channel, n=tursl
levee, and back marsh deposits (Tohoku Reglonal Construction Bureau, PWRI, unpublished daza:
H. Makagawa, Tohoku Universlity, unpublished data). Structures including dikes founded on
channel o1 back marsh deposits performed relatively poorly during the June 12 earthquake.
Liquefaction occurred most commonly In channel deposits. Performance of structures founded
on natursl levee deposits varied from place to place. These deposits are generally thin, and
the performance of sngineciing structures wes therefore strongly Influenced by the materials
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TaBLE |
DIXKE DAMAGE IN MIYAG| PREFECTURE

Total length of dike
affected by cracking,
settlemeat, latecal

Number of spreading, or slumping

River Bank! damage sites {km)
Abukums Teft 2 0.38
right 5 0.68
Natori 1eft n 1.87
right 6 2.7

Hirose left 1 0
right [ 0.38
Yoshida left 9 0.51
right 12 5.50
Eai left? 5 2.90
right? & 0.
Haryse Teft 13 0.72
right 10 1,08
01d Kitakami left 3 0.15
right 9 6.23
New Kitakami left 16 7.13
right 17 413
TOTAL 129 18.17

Information furnished by the Tohoku Regional Construction Bureau.

IRight or lefr relative to an observer facing downsiream.

underlying the natural levees (H. Nakagswa, Tohoku University, cral communication). Near the
coast, there are beach ridge and dune deposits, and sand In these deposits is relatively flrm,
Structures founded on them sustained little damage in the June 12 earthquake. Natori Rivar
alluvial fan materials are rel-Lively coarse grained, consisting primarily of gravel dut aiso
containing a few thin layers of sand and silt (Hase, 1967).

Natori River [Sites | and 2) . Lateral spreads, fissures, and sand boils were apparently wide-

spread along the Matori River for 3 km upstream from its mouth (T. Tazaki, PURI, oral communi-
cation). There the flood plain is underlain mainly by fluvial sa.1d 1hat exiends to a depth of
1§ m or greater (Hase, 19€7). | visited two damaged dikes in this area 1Figure 1),

At Site 1, liquefaction affected a 160-m-long section of dike, The configuration (Figure 2}
and compasition of this dike are typical of those | saw throughout 1.yagl Prefecturs. The
dike is composed primarily of compacted, fine-to-medium sand. It ri.es 2 m above the high
water level of the river and is & m wide at Its crest. Its riverward flank has a slope of
2H:1V. The opposite flank descends as a series of slopes (again 2M:1V) and benches to the
syricultural land beyond the dike.



Pre-earthqurke outiine of dike

Post-earthquake outline of dike

Figure 2 Site !, Natori River: Cracking, settlament, slumping, and latera)l spreading
induced by liquefaction. (From Tohoku Regional Construction Bureau, PWAS,
unpubl ithed data}

As a result of the sarthquaks, slumping, lateral spreadirg, and settiements of up to 1.5 m
occurred (Figure 3). Longitudinal fissures severs] tens of meters long opened in the cike
creit. Detween the dike ¥nd the river. fissures striking obliguely to the dike Formed, and
sand was ejected from ther (Figure 3b). Other fissures trending parallel to the dike and tha
river formed near the river tank, more than 100 m from the base of the dike. The occurrence
of fissures and sand boils in ground away from the dike indicates that liquefaction took place
primarily in material benecath the dike and not in the dike materfial itself.

The damaged section is buiit on a fo'mer channe) abandoned by the river less than 500 yvears
ago. Geneath the dike, fluvial sand extends to a depth of at least 60 m (Hase, 1967), and
much of the top 15 m of sand is fine gra'ned, loose, and well sorted (poorly graded} (Totoku
Regional Construction Bureau, PARI, unpublished data). Because of the proximity of this site
(and alV other sites of dike damage) to a river, the weter table is close 1o the ground sur-
face at all times.

Liquefaction previously took place at this site during a magnitude (N) 6.7 earthquake in
february 1978 (T. Tazaki, PWRI, oral commurication). The same section of dike was affected,
and the same materials liquefied Ir both the February and June earthquakes. !

At Site 2 [Figure 1), the dike is contained by & concrete retaining wail (Figures & apd §).

A section of the retaining wall se-eral hundred meters long moved about 30 cm toward the river.
Longitudinal fissures opened in the dike behind the retaining wal! and in g concrete pavement
along part of the dike {Figure Sc). The dike also settled by as much as 30 em. This sits,
which is at the mouth of the river, Is underlain by at teast 20 m of sand (Have, 1967).

Yoshida River (Site 3). This was one of the most severely damaged scctions of dike in Miyagi

Prefecture. Scttlements of up to | m occurred over a distance of 5§ km, longitudinal fissures
opaned (Flgure 6), bulges appeared Tn some of the lower slopes, and sand bolls were sssociated
with fissures In some places. The fissures and bulges Indicate that tateral spreading and
slumping took place. The damaged section rests on the Fan-delta of & small streani, end 8 dor-
ing near this slite penetrated 15 m of slic, 2 = of fine sand, and § & of coarse tand (Tohoke
Ragional Construction Bureau, PWRI, unpublished data; Hese 1967}. Bedrock lies at sn aversge
depth of 35 m,



Figure 3 Site 1, Mator River

wn @y -

3a View downstrram (southeast) along repaired portion of dike. Dlke
is made of compacted sand. |t rises Z m above the high water level
of the river and has side siopes of 2H:1V. MNatori River In center-
left background,

3b Liquefactlion-induced
cracks and sand bolls in
ground between ¢lver and
dike indicate that lique-
faction took place in
materials beneath the
dike. 3and in centar
distanca to left of crack
is from sand boil. Sand
bags on dike were placed
after the earthquake as
& repair measurs., View
south. (Photo courtesy
£. L. Harp)
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Figure 3 S§ite 1, Matorl River

3c Liquefaction-induced slumping of dike on flank away from river.
Yiew north. {(Photo courtesy Tohoku Regional Construction Bureau)
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Figure 3 Site 1, Natori River
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3d Cracking and settlement of dike crest caused by latera) spreading.
View southeast. {Photo courtesy Tohoku Regiunal Construction Buresu)
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Figure 3 Site 1, Natorl River

3e Cracking of roadway on dike caused by slumping or latera) spreading.
View southesst. (Photo courtesy Tohoku Regiunal Construction Sursau)
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Figure & Site 2, Natori River: Hetaining wall moved
laterally, and dike crest settled. {From
Tohoku Regional Construction Bureasu, PWRI,
unpublished data)

Eal River (Site &). Sand bolls were common In en old river channel at Site 4, on the right
bank of the Eal River {Figure 7). A concrete block feace near this channel was cracked by
tateral spreading toward the old channe) bank (Figure 8). Damage to the dike on this side of
the river was minor. Across the river from Site A, cracks up to B0 cm deep and 10 cm wide
affected & 2-Ym-Yong section of the dike. 1In this area, the foundation materisl apparently
contains much soft clay. Some layers of ailt and send mey also be present. The Jlike was built
realatively slowly, and significant settlement took place during constructlon (K. Kawashima,
PYRI, oral communication).

01d Kitakami River [SIte 5). Sand boils occurred 11 the rice Tlsld adjacent to the dike (Fig-
ure 9), but damage to the dlka [tself was apparently minor. Subsurface material at Site § con-
sists of alternating layers of silty sand and clay to & depth of 15 m (V. Tazeki, PWHI, oral
communication).

New Kitakam! Rivar (Site 6). The dike and paved roadway at Site 6 settied a maximum of 1.5 =
and cracked over & distance of & km (Figure 10), and sand bolls formsd on both flanks of tha
dike. This dike, too, is bullt over an old rlver channel. According to deta from borings
complated by the Tohoku Ragional Construction Buresu, PWRI, the soil under the demaged part of
the dike I3 similar to the so0l! undar an adjacent, undamaged ssctlion. The solls consist of
gravels, sands, and silts with & few thin layers of clay to a depth of spproximetely 8 m.

N-values {blows/ft from s standard penstration trest) for most soil layers under both sections
are less than 10. Reasons for the differences In behavior between the damsged and undamaged
sections are currantly under study by lapanese engineers.

Liquefaction in the Port of Ilhlnon-ltl*

In the port of Ishinomak], & 111 composed of fine sand liqueflied, causing severe demsge to
anchored steal sheet plla bulkheads. The fill materia) had been dredged from the seafloor snd
placed hydraulically with no compaction. It was placed next tc old beach deposits, and the
boundary of the liguafaction demage followad the contact vary clossly; the natural materlal
was not Involved in the liquefaction.

*Dou kindly provided by Mr. Hajime Tsuchids, Chief, Earthquaka Resistant Structures Labors-
tory, Port and Harbor Research Institute, Hinistry of Construction.
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Figure 5 Site 2, Matarl River

Sa View west along repaired
portion of dike. Note
patch across offset in
rataining wall caused by
differential laterai move-
ment during earthquake.
Retaining wall rises
approximately 1 m above
roadway.

5b Settlement, lateral movement, and longitudinal cracking of dike.
Viaw east. (Photo courtesy Tohoku Regional Construction Bureau)
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Figure 5 Site 2, Matori River

Sc View west across tributary of
Matorl River, DIke section shown
in Flguras 5s and Sb ts to right
of houses in background of this
figure. Note ceack In concrets
pavenent in foreground s aligned
with crack in retaining wall in
beckground.

Figure & Site 3, Yoshida Piver

6o View sast {downstream) along sectlon of dike where rapalrs ars under way. Dlke crest
settled as much a3 | mover a Tength of 5 km. MNote sand bags used in repalr process.
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Figure 6 Site 3, Yoshida Rivar

6b Cracks 1n dike caused by
slumping and lateral
spreading. Cracks are
10-30 cm wide. View
west. (Photo courtesvy
K. Kawashima, PWRI)

4c Scarps in dike caused by slumping. For scale, note man in
background. (Photo courtesy K. Kawashima, PWR{)



Figure & Site 3, Yoshida River

6d Steel sheet piles being placed by vibratory driver as part of
repair process. Purpose of sheet piles is to reduce seepage
into part of dike weakened by earthquake.

LEGEND
R  sand boil
£ =™ Dike

gure 7 Slte &, Eal River: Host liquefaction -
features accur In old river channel.
Hinor cracking of dike apparently -———
occurred whers diks crosses old chan- ==—~= 01d river channel
nel, but cracks were repaired prior
to my visit, (After Tohoku Regionsl ~rpr Ground crack cauted by lateral spreading
Construction Bureau, PWRI, unpublished
date) ’1 Concrete block fence
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Figure 8 Site &, Eai River: View southwest from crest of dike. Crack
{indi ated by heavy line) in fence and rice field caused by
latara) spreading toward bank of old channel in background.

AR

SnLd-d . ¥ :.éa

Figure & Site 5, Old Kicakami River: Sand boils in rice fiald. Plants
are several centimetars tall. ODamage to the diks at this site
was minor. (Photo courtesy K. Kawashima, PWRL)



Figure 10 Site 6, New Kitakami River

10a

View east along crest of dike and highway that are being repaired.
Uneven nature of highway surface is due to Viguefaction-induced
Settlements of up to 1.5 m occurred (.er

differentiat sattlement.
a distance of & km,

- Ay -
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Cracking of dike crest
and roadway due to
liquefaction-induced
slumping. (Photo
courtesy K. Kawashima,
PWRI)



Conclusion

The off-Miyagi-Prefecture earthquake caused cracking, settliement, and minor lateral spreading
and slumping of man-made dikes along severa) rivers In the prefecture. A total of 28 km of
dikes was affected, and total damage to dikes and other river works was approximately
$6,700,000. The damage was apparently gll repairable. Host of the damage was due to ligue-
factlon. Liquefaction also occurred In hydraulic fil) conposed of fine sand in the port of
Ishinomaki. These effects are curvently being investigated by scvera]l Japanese scientists and
engineers, and their reports should be forthcoming In the near future.
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LANDSLIDES RESULTING FROM THE EAATHQUAKE
by Edwin L. Harp
U.5. Geological Survey
Menlo Park, California

Severa) thousand landslides were triggered by the June 12, 1976, of f-Miyagi Prefecture earth-
quake. From our field observations and From data supplied by Japanese scientists and engi-
neers, the landilides appear to have been confined mainly to the Miyagl Prefecture and the
northern part of the Fukushima Prefecture, The landslide distribution was densest along the
coast nearest the epicanter from Sendai northeast to the area around Hatsushima. Lands!i-es
were responsible for 1 Injury, 1V houses partially destroyed, 2 houses completely destroyed,
and 2 houses partially damaged (Y. Tsuruya, 1978, unpublished data).

Most numercus of all lands)ides were small rockfalls and rockslides issuing from steep slopes.
Landslides of these types ware numercus along the mourtainous roads of the 0jika Peninsula.
They were generally less than 10 m? in valume and occurred in heavily fractured Triassic and
Jurassic slate and interbedded quartzite. The la-gest rockfalls and rockslides occurred un
natural slopes near Matsushima town and castward a'ong slopes near the mouth of the Naruse
Niver.

Although fewer in number, rotational slumps in artificial fill were larger thar most rockfalls
and rockslides and caused severe damage to highways and buildings. Two Such sites were vis-
ited within the city Yimits of Sendal where houses were destroyed ar severely damaged. The
seismic performance of these fills suggests that they may be hazards in future earthquakes.

Approximately three days were spent surveying grourd failure from south of Senda: northesst to
the mouth of the New Kitakami River. Although a detailed picture of the regional landslide
distribution was not obtained, the observations thrcughout the area surveyed afforded a gosd
estimate of the size rangex and types of landslides that occurred. The following description
of seismic-induced landstides is presented as site observations along this route, referring to
Figure 1 for locstions of indiidual landslide sites and aress of interest. They depict the
most noteworthy as well as represantative examples of the differant kinds of lands|ides that
occurred in this earthquake.

Rockfalls and Rockslides In Natural Slopes

Site 1. Two of the largest rockfalls from the earthquake occurred near Matsushima town west
of the Takag! Rivar as failures on steep (greater than 45%) natursl slopes. The larger of
these (Figure 2) occurred in an extensively weathered and jointed Miocene pumice tuff breccia
(from Geologic Map of Miyegl Prefeciure, legend in Japanese) exposed In & 45-m scarp. The
slope affected is spproximately Y10 m wide, and the voiume of debris produced is about 6,000
m?. The rockfall damsged four ho buily next to the slope {Y. Tsuruya, 1978, unpublished
data). As seen two week: after the earthquake, tha landslide had clear glastic carps
stretched #cross the upper parts of the scarp to protect against rainfall infiltration and

possible further movement,

About 0.5 km to the north, a smaller rockfall occurred on a steep s'ovpe in dark brown volcanic
rock of Miccene age (possitly andasite or andesitic sediments). The scarp is sbout 20 m high
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Figure 1 Lands!ide sites visited during reconnaiss#nce survey.

Figure 2 Rockfall on steep slopes near Matsushima town. Fallurc i3 In Miocene pumice. Photo-
graph was taken approximately two weeks after the carthquake. Tarps were already
stretched over most of the slope to protect against further movement arising from
ralnfall lafiltration (photograph by David Keefer).
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and about 50 m wide (Figure 3). This rockfall produced blocky debris with boulders up to 0.5
m in cdiameter, The scarp reveals extensively . actured bedrock. The fracture surfaces prob-

ably provided planes of weakness along which the rack failed.

Site 2. Three rockslides occurred [n steep east-facing bluffs flanking a broad plain near the
mouth of the Naruse River. All three were narrow slides about 15 m wide that occurred in a

dark brown volcanic clastic rock similar to the smaller siid: at Site 1. The sllides extended
from near the crest of the bluffs to the base, a height or approximately 30 m as shown in Fig-

ure k.

Site 3. A small rockfatl (Figure §) south of the New Kitakami River occurred on the end of a
narrow ridge of Triassic slate and quartzite. Slopes adjacent to this end of the ridge showed
na failure, suggesting that this point, which was the rarrowest part of the ridge, experienced
stronger shaking than adjacent slopes. This phenomenon has been documented in other earth-
quakes {Bonilla, 1959, Nason, 1971, Harp and others, 1978) and is protably due to tepographic
focusing of seismic enargy.

Rockfalls and Rockslides in Cut Stopes

Cjika Peninsula. The reconnaissance of the Ojika Peninsuia and area immediately to the north
was along winding mountain roads that triversed slopes of Triassic and Jurassic metamorphic
rocks (slate and quartzite, see Wentworth, this report}, which «ere heavily vegetaied but had
a thin soil mantle, generally less than 0.5 m thick. Numerous small rockfalls were derived
from near-vertical roadcuts. MNone of these failures appeared to have produced more than sev-

eral cubic meter; of debris.

Site k. A typical roadcut failure, shown in Figure 6, is derived from weakly cemented sand-
stones along a v:lley west of the Naruse River. The rockfall is less than | m thick, and
slope height is about 10 =,

Site 5. A rockfali in Triassic sltate and fine-grained quartzite occurred along a steep cut
slope on the north side of the New Kitakami River. The scarp of the rockfall is inclined at
about 60° and is formed by promirent slaty cleavage planes (Figure 7). Figure 8 shows the
blocky rockfall debris, which has been broken into pieces of up to 30 ¢m in longest dimension,

Almost all of the debris appeared to have broken along preexisting fractures.

Lands!ides in Artificial Fill

Site 6. Several artificial fill failures occurred on roads crossing the Ojika Peninsula, one
of which is shown in Figure 3, The fill material in the center foregroun? of the photograygh
has sluped away from beneath the road surface, cutting about 2 m into the highway., The filt

appeared to be either uncompacted or prorly compacted sandy clay derived from adjacent bedrock
and soil.

This particular failure occurred at a site where rainfall-induced sliding tas repeatedly taken
place in the past (V. Tazaki, 1978, oral communication). At the time the photograph was taken,
tarps tad been spread over the extensively cracked pavement to prevent or minimize rainfal)

infiltration intc the s5carp area. During observaiion, heavy rainfall was mobilizing the de-
bris into small, active mudflows.
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Figure 3 Rockfall on steep slopes in volcanic clastic sediments (photograph by David Keefar).

-
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Figure b Rockslides (arrows) in steep bluffs bordering flood plain near mouth of Naruse River
(photograph by David Keefer).
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Figure § Smal) rockfall in slats and quartzite on the spur of a narrow ridge.

Figure & Rockfall from rosdcut in weakiy cemented sandstone.
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Figure 7 Rockfall in roadcut. MNote slaty cleavage
planes that form the rockfall scarp.

Figure B Dabris from rockfall shown in Figure 7
showing pieces up to 10 cm.
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Figure 9 Slump In artificial fi1) along a hignway on the 0jika Peninsula.

Site 7. Many slope failures took place in artificie: f.1) within the city Timits of Sendal.
These were mainly rotational slumps. 1In the neighborhood of Midorigaoka, & large rotational
stump occurred ir a fill slope of about 15°, composed of gravelly clay. From headwall scarp
to toe, the slide extends approximately 70 m horizontally and 20 m vertically {Y. Matsuzaki,
1978, unpublished data); it is approximately 30 m wide and about 14 m in maximum thickness,
and the volume is thus approximately 30,000 m3, The bulk of the s)ide occurred above and to
the right of one of the 1,400 concrete slope-protection dams (sabo works) in Sendai (Figure
10). The entire s'ide had been covered with nylon tarps at the time the phatograph was taken
to prevent rainfall inflliration. Many houscs had been removed from this slope in past years
due to rainfall-inguced slunping; as a result, only one iiouse, near the headwal) scarp, was
severely damaged by the seismic-induced sliding. Figure 11 shows the area originally occupied
by this house, whicl was removed. The fence in the figure clearly shows the rotational com-
ponent of slide movenznt. About 5 m of horizontal displacement (Y. Matsuzaki, 1978, unpub-
lished data) occurred, placing the toe of the landslide mass no more tham several meters from
houses below, as shown in Figure 12. The house shown in Figure 12 was subsequently evacuated
because of the threat of recurrent movement of the lands)ide mass.

Engineers from the Saho Section of the Miyagi prefectural government were engaged in an exten-
sive geotechnical investigation of the landslide mass and surrounding area. Hany boreholes
had been drilled in the s)ide material, as shown in Figure 13, to establish the depth of the
failure surface, to provide sampley for strength testing, and to emplace slope inclinometers
to monitor any continu-ng movemant. Adjoining areas were also being drilled and monitored to
detect any movement that might be precipitated by the slide, such as deformation downslope
from the toe in response to the weight of the encroaching slide mass and retrogressive slump-
ing upstope from the headwall scarp.
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Figure 10 Rotational stump in artificial fil) in Sendal {area covered by tarps), which destroyed
one house and is threatening others., To left of slump is concrete slope-protection
dam (sapo works) {phutograph by David Keefer).

Figure 11 Area near head of rotationst slump where a severely damaged house had to be removed.
Fence shows rotatlonal component of stump movement.
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Figure 12 Toe of slump and house below in danger of being overridden by slide mass, House
had been evacusted.

. -/ .

Figura 1 Ares near sluw toe showing borehole being drilled as part of geotechnical inves-
tigation of he failure and surrounding ares.
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Many other hillside siopes in Sendal underwent sicilar failure. At another site on artificial
fil) about 0.5 km to the sast of Hidorigaoka, Six houses were condemned by the Mayor of Sendai
because of cracking beneath and around the houses within the fill ares. The decision to de-
stroy the houses was made Lo protect the houses downslope. It was decided that collapse of

the slope was imminent uniess the weight of the houses was removed (T. Tazaki., 1978, oral com-
munication).

Judging from the extensive failure of artificial fill in many slopes in Sendsi, as compared
with few noticeable landslides on the many steep natural slopes in the same area, the artifi-
cial fill appeared to be particularly susceptible to selsmic-induced failure. Artificial-
fill slopes may prove to be a seismic hazard in future earthquakes.

Conclusions

The June 12, 1978, ofi-miyagl earthquake triggered several thousend tandsltides in Miyagi and
Fukushima Prefectures, A fleld reconnaissance two weeks after the earthquake of the coastal

region nearest the epicenter supported the fallowing general conciusions:

{1} Most of the landslides were rockfalls and rockslides originating on
steep natural and cut 4lopes, generally steeper than 45°,

(2) Many slopes and roadways constructed with artificial fill behaved
poorly during the earthquake, forming rotastional slumps and exten-
sive ground cracks., The heaviest damage from these fallures cceurred
in arcas occupied by housing developments (n Sendai.

(3} Many slopes composed of artificial fill were more susceptible ta
seismic-induced failure than steeper natural slopes. This was prob-
ably a result of insufficient compaction of tha fill material.

Japanese sclientists and enginewrs are continuing studies and will most likely combine the dats
gathered by different government agencies to produce & more comprehensive repore of the re-
gional landslide distribution, landslide nechanisws, and other {mportant factors related to
this patentially devastating category of seismic-induced ground failure.
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ENGINEERING ASPECTS
by James D. Cooper, Federa! Highway Administration, Washingtom, D.C.
Bruce K. Ellingwood, Matlonal Bureau of Standards, Washington, D.T.
Peter |. Yanev, URS/John A. Blume ¢ Associates, Engineers, San Francisco, California

introduction

This section reports the observations of the civil and structursl engineer members of the
reconnaissance team for the June 12, 1978 Miyagi-Ken-oki earthquake, HNo attempt is made
here to analyze the structures or their performance; detalled reports are [n preparation by
Japanese engineers and authorities, and a report by the U.S5. National Bureau of Standards,

under the suspices of the United States-Japan Natural Resources Panel, is also planned.

The primary objective of the reconnaissance investigation, and cf this report, was to observe
the performance of earthquake-resistant buildings and other struc:ures, including industrial
complexes and some equipment items. Because of the time constraints of the investigation,
effects on nonstructura! items in L uildings and on the numercus bullding service systems
could not be observed. Another objec:i~ e was to report on the general performance of crici-

cally needed utility systems.
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City Center, Sendai

Minami Machidori Building, Sendai

Second Sencai Guvernment Building, Sendai

Sumitomo Life Insurance Building, Sendai

Second Eastern Building Company Building, Sendai
Steel Framed L-Story Building, Sendai

Steel Framed Furniture Warehouse, Sendai

QOroshicho Arca of Sendai

Maryuyoshi Buildi~rg, Oroshicha, Sendai

Obisan Building, Oroshicho, Sendai

Kinoshita Building, Oroshicho, Sendai

Maruhong Building, Oroshicho, Sendai

9-Stary Building, Qroshicho, Seadai

Yazaki Industries Buildings, Qroshicho, Sendai

Paloma Building, Sendai

Engineering Faculty Building, Tohoky University, Sendai
Tohoku Institute of Technology, Sendai

Tonan High 3chool, Sendai

lzumi High School, lzumi

Town of Hazama

Fukushima Nuclear Power Plant Complex, Namie, Fukushimas Prefecture
New Sendai Power Plant, Tagajyo

Sendai Substation of Tohoku Electric Power Co., tzumi
Haranomachi Plant, Sendai Lity Gas Bureau, Senda;
Sendai Refinery, Tohoku 0il Co., Ltd., Tagajyo
Concrete Batch Plant, Sendal

Kin-noh Bridge

Yuriage Bridge

Sendai Ohashi Bridge

Kaihoku Bridge

JNR New Sendai Shinkansen Trunkline

Kitagami Ohashi Bridge and Dike

Kimazuka Bridge

Eai River Rail Bridge

Maiya Ohashi Bridge

TJunnels, National Highway Route 45 {Shiogama to Matsushima)
77 Bank Building, Sendai

Figire 1 Buildings and other structures in Sendai
and in other parts of Miyagi Prefecture.
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Bulldings in the Sendal Metropolitan Area

Sendai |s a large, modern city, with a population of more than 615,000 (1975 data). its
metropolitan area has a population of more than 1.2 million. Many hundreds of builtdings in
the city are ot least five stories high and can be considered to be modern highrise struc-
tures. The ceniral downtown area, in particular, has a great mary modern buildings in the 10~
to 20-story range. A large proportion of them are steel frame; many others use the Japanese
steel-reinforced concrete (SRC) system, in which embedded structural steel shapes, in conjunc-

vion with convent ional reinforcing steel, constitute the reinfarcement.

The total damage from the June 12, 1978, earthquake constituted only a small percentage of the
total capital investment in buildings and structures, despite the recorded high ground accel-

erations {generally between 0.253 and 0.40g) .

Upon entering the city, It was difficult to believe that a sigrjfic.nt earthquake had

occurred. Closer inspection revesled minor facade damage, bt even that was not widespread;
many modern buildings showed no damage to their architectural veneer or glazing. However, as
the investigation proceeded, it became obvious that pockets of damage, apparently correlated

1o local geologic and soils conditions, existed throughout the city.

Figure 2 A general view of the downtown area of Sendal. (Tohoku Eiectric Power Company photo-
graph)

Precoding page bank
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Figure 3 A typical! view of the downtown ares of Sendal.

Figure & Dowrntown Sendai:
bullding.

chimney damage {under repair)
Many similar chimneys appear to have been damaged.

to the Mitsukoshl department store
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Figure 5 Minami Machidori building, Sendai. This b=story reinforced concrete building in
downtown Sendai suffered extensive cracking to its brick veneer facing and shows
signs of possible structural damage as well. The damage is typical for many similar
buildings in the city.
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Figure 6 Sendai Second Government building. This 17-story, steel frame structure in downtown
Sendai was buiit in 1973, The building was designed using dynamic snalysis and has
a raft foundation. Ground conditions are considered to be good, The building is
instrumented (fifieenth floor, second basement, and downhole at -40 m). There was
ro apparent structural damage.
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Flgure 7

Sumitomo Life Insurance building. This modern, 18-story s eel and reinforced con-
¢rete building, in downtown Sendai, has continuous shear walls around the elevator
core and on the transverse outside walls. The inierior shear walls around the ele-
vator core and some of the construction joints in the stairwelis show minor crack-
ing. Some of the cracks were caused by the February 20, 1978, earthquake and apper-
ently were widened by the most recent sarthquaks. The other main structural ele-
ments are believed to be undamaged. The building is instrumented on the second
basement Jevel and on the ninth and eighteenth floors. A peak ground acceleration
of 0.26g and a peak response acceleration of 0.56g (eighteenth floor} were recorded.
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Secont Eastern Building Company bullding: a typical modern, B-story building in
downtiwn Sendai. The only apparent damage to the exterior, which is veneered with
alazed tiles, was cracking through the spandrels and the shear walls (on the sides

opposite those illustrated).
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Figure 9 Sasaki building, outskirts of Sendai: a damaged k-story steel-framed building. The
exterior precast concrete pane! anchorages falled. (Kawahoku Newspaper Co. photograph)
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Figure 10 Outskirts of Sendai: a damaged steal-frame furniture warahouse. Some of the
transverse diagonal braces failed st thelr midheight connections. Generally,
rupture occurred at the bolt holes. {Courtesy of Professor [emura, University
of Kyoto)



Buildings in the Oroshicho Area of Lendai

Oroshicho (Site 8 of Figure 1a), on the castern edge of Sendai, was once an area of rice paddies.
It was developed about 10 to 12 years ago, with zoning equivalent to U.S5. medium-density resi-
dential and commercial classifications. The soil conditions far construction needs are poor,
and earthquake damage was extensive. At least 10 buildings were damaged seriously; four of
them, reinforced concrete structur=s, suffered collapse.

Figure 1V Droshicho area, Sendal: sidewalk and other damag: from ground settlement and
ocformation.

- 67 -



Figure 12 Maruyoshi bullding, Oroshicho ares, Sendai: view from the north. This 3-story
reinforced concrete frame building, one span by three, suffered almost total col-
lapse of the first floor.
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Figure 13 Maruyoshi building, Orashicho area, Sendai: view from the east. Failure of the
First=story columns in shear caused the collapse. The end walls (Lhe shear walls
on the ground floor) are being demolished. Detail photograph of joint at
top of First-story column shows shortening and the use of undeformed bars, » common
practice in the Oroshicho area.
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Flgure 14 Obisan bullding, Oroshicho ares, Sendai: view from the northwast. This is a 3-
story reinforced concrete frare building with 3 soft first story, one span In sach
direction. The columns were inadequate to resist the torsionsl force caused by a
heavy eccentric stairwall that cantilevered over the column line at the right end of
the bullding.

Figure 15 Obisan buflding, Ornshicho area, Sendal: view from the south. The upp.r stories
rotated as a rigid body wien the first-floar column support was lost.

- 70 -



Figure 16 Obisan building, Oroshicho area, Sendai. Rotstion of the structure led to a disin-
tegration of the four corner columns. The reinforcing bars that can be seen are un-

deformed,

\

Figure 17 Kinoshita building, Oroshicho area, Sendai: view from the sast (rear). This 3-
story reinforced concrete building is two spans by six. The transversa foundation
of the structure settled 10 10 1S cm along a middle column line, contributing to
the extensive diagonal cracking.
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Figure 18 Kinoshita building, Oroshicho area, Sendai: west face. This face suffered less

apparent damace. The 2-story reinforced concrets penthouse aiso suffered extensive
damage .

Figuwie 19 Maruhong bullding, Oroshicho area, Sendal: east building, sast face. This b-story
reinforced concrete bullding shows extensive shear cracking in the panels between
windw openings. The esst and west bulldings are separated by a 3-cm construction
gep; tnere is no evidence of pounding between the buildings.
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Figure 20 Maruhong building, Oroshicho ares, Sendai: west bullding, wast face. Extensive
cracking of nonstructural curtain wail panels and shexr cracking between windows was
observed. The decorative ceramic brick facing on the north wall did not appear to
have been damaged,

(L1 Ry
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Figure 21 Maruhong building, Oroshicha ares, Sendal: west building, wast face. ODetails of
damage to the nonstructura) window spandrels can be seen.
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Figure 22 Oroshicho asres, Sendei: 9-story building, lightly damaged.

Flgure 23 Yazaki Industries bulldirgs, Oroshicho ares, Cendai: portions of three of the flive
Yazak! Industries buildings. The lower bu:lding on the left is & steal-frame ware-
houss. Ths middle bullding is a h-story reinforced concrete frame structure, thres
spans by five. Adjacant to it is a 2-story stee!-frame building (foreground).
Fallurs of the reinforced concrete columns of the middle bullding caused s gereral

collapss of the ground floor. The building fell against the front stesl structure,
causing extensive damege.
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]
Figure 24 Yazaki Industries bui'dings, Oroshicho srea, Sendai: interior damage in tha
steel-frame 2-story Luilding: caused by the collspse and Impact of the
failed b-story concrete structure shown In Figure 23.

Figure 25 Yazaki Industries bu'ldings.-Oroshicho ares, Sendai: view o1 the failed ground
floor of the b-story cencrete Building.
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Figure 26

Yazski iIndustries bulld.ngs, Oroshicho area, Sendal: detslls of damise to the con-
crete structure. The photograph to the left shows the Impact area between the con-
crete bullding and the steel frame building. Deformed bars were used in this
bullding, as shown In detall photograph, right.
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Figure 27 Yazek! Industries buildings, Oroshicho area, Sendgi: a failed besm-column connac-
tion. The axpansion connection to the adjacent steal warshousc praventad damage to
the latter structure, .

Figurs 28 Yazakl Industries bullding, Oroshicho area, Sendai. The steel-frame warehouse con-
tains a number of multilevel, tubular-steel storage racks for storing heavy gas-
metering equipmant. They are either bolted down or are welded to steel platey em-
bedded in the concrete floor. The racks were damaged at the ground-level, trans-

varse braces, but none collapsed, probably because of the extensive use of disgonal
bracing.
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Figure 29 Paloma Buil!ding, near the Oroshicho area of Sendal: & 2-story, reinforced concrets
bu'lding. The structure has two spans by three. (here is a shear wall at one end;
failure occurred at the opposite end, which is supported only by columns. The ex-
posed concrete in the failed columns appeared to be of inferior quality. Column
stirrups, 9 mm in diameter, were spaced 30 cm on centers.

Figure 30 Paloms Building, near the Oroshichs ares of Sendsi: detail of the failed wall.
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Figure 31 Paloms Building near the Oroshicho area, Sendai.
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Schoo! and University Buildings

The following campuses were visited: (1) Tohoku University (tws bufldings), (2) Tohoku Insti-
tute of Technology (two buitdings), (3) Tonan High School (two bulldings), and (&} (zumi High
Schoo! {four buildings).

The enginearing faculty bullding of Tohcku University represents » unique case in sarthquake
engineering. This S-story, reinforced concrete frame building with shear walls has success-
fully withstool two strong earthquakes and tevaral small ones. The building is Instrumsnted
with two SMAC (fstruments: in the basement {ground level) and on the ninth floor. (The rec-
ards zre discussed by Brady in a separste section of this report.) The February 20, 1978,
ecarthquake apparently caused soms damage to the structure (cracking of shear walls, window
breakage) and lengthened its period. The June 12, 1978, earthquaks sppasently & plified the
damage caused by the February shock: the width of the diagonal cracks in the shear walls in-
creased, and additional windows were broken {mostly by falling bookcases and other falling
objects). The following table summarizes the recorded peak accelerations from the two sarth-
quakes .

Peak Acceleration (g}

Esrthquak Floor Nor th=South East-West Up -Down

Feb 20, 1978 1 0.V 0.11 0.09
9 0.37 0.26 0.08

June 12, 1978 1 0.2k 0.19 0.15
9 1.00 0.49 0.5

The building <xperienced about !5 sec of motion st the ninth floor between 0.50g and 1.009,
and about 20 sec of motion In excess of 0,25¢.



Figurs 32 Enginesring Facul y Bullding, Tohoku University: a general view of the 9-story
reinforced concrece frame building and damaged tronsverse snaar wall at the ground
floor. Some uf tie giazed “ile veneer has spalled along a diagonal crack.
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Building No.5
8 story

Figure 33 Tohoku Institute of Technology: plan of the campus showing the two buildings that
were investigated {Ruiidings 3 and 5). Building 3 is & b-story building on » Jeve)
foundation. Building 5, located on a stesp slope, Is an B-story building with the
threz lower floors built into the hill on the asrth slevation.

Figurs 3% Tohoku Instituts of Techmology, Building 5: partial view of the north facade. The

most serious damage to the framing occurred on this side; most columns have failed
in shear.
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Figure 35 Tohoku Institute of Technology, Bullding 5: damage to the north facade of Building

5 and to the passagew2y to an adjacent building (o the east. The latter building
was constructed sbout 1972, under the provisions of the present building code, for
an equivalent peak ground acceleration of 0.20g. Under the present code, deformed
bars are used, and the stirrur spacing is 10 cm.
the exterior revealed no appa -znt damage.

A cursory visua! examination of

Figure 36 Tohoku institute of Technology, Bu.lcing 5: detait of typical damege at midheight

to a column in the north facade. The stiirup spacing Is 25 cm (10.25 in.). The
bars are undeformed.
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Figure 37 Tohoku Institute of Technology, Bullding 5: view of en upper floor interior,
looking toward the slightly damaged southern exterior frame. The Interlor col-
unins genarally did not exhiblit demage, whereas intarior shear walls, such as that
in left center, were generally cracked extsnsively, In addition, tensile cracks

were evident throughout the floor diaphragms, particulariy nesr the shear walls of
the stairway tower along the north frame.

Figurs 38 Tohoky Institute of Technology, Bullding 5. A header (spanc:el beam) over s corri-
dor on the sixth floor that connects two transverse shear walls exhibits a classi-
cal compression arch fallure. Kote tne dlagons] cracks on both ends.



Figure 39 Tohoku Institute of Technology, Building 5: & visw of the entrance area of the
north sntrance to Building 5 showing settliement of backfill along most of the
length of the bullding. The settlement caused extansive damage to the stairs and
to the adjacent retaining walls.

Figure 80 Tohoku Institute of Technology, Building 3: a general vies of the &-story build-
ing that was dameged severely. It was designed under the pre-1972 code for » ground
acceleration of 0.209.
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Figure 41 Tohoku Institute of Technology, Building 3: damage to Lhe ground floor columns.
Similar damage is present all along the opposite {north) side of the building.



Figure &2

a detail (lefr) of one of the damaged
columns of the south exterior frame showing the reinforcing details. The stirrups
are undeformed and are spaced at 25 em {10.25 in.) on centers. The vertical bars
at the bare of the column were bent during construction to fit within the column.

Tohoku Institute of Technology Building 3:

Damage (right) 1o a south-facing ground=-floor exterior column: the plaster {acing
and some of the st-uctural concrete has besn spalled. The reinforcing steel

appeared to have l#ss than 2.5 cm (1 In.} of cover.
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Figure 4) Tohcku Inetitute of Techaology, Bullding 3: typicel damage to 8 Column on tha
ground floor of the north-Facing exterior frame, Tha interior shear walls in the
transverse {north-south) direction slsc suffered extensive damege.

Figure &4 Tunin High Schonl: west face. This reinforced concrete building frame with shear
walls 1s about 12 years old, It suffered extensive damage, due in part to the un-
favorable orientation of the shear walls with respect to strong shaking. An adja-
cent structure, orientad at right angles 1o the high school, was undamaged. The
high schoo! stands sdjscent to 8 small biuff which may have amplified the ground
mot fon,



Figure 45 Tonan High School: datall of damege to the west facs.

Figure % Tonan High School: west faca. Partisl-infil} panels caused adjacent columns to be
extensively damiged. Slendar interior columns showed little damags. The concrets
appeared to be of questionable qualizy.
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irumi, to the north of Sendai, is a city with a population of

lzumi High School.
70,000. Three adjacen. reinforced concrete frame structures with shear walls were
damaged, but the schoal remained furctional. The buildings were constructed after

1971.

Figure 47

partial view of the slightly damaged, steel-frame auditorium.

Figurs &8 Izumi High School:



Figure 49 lzumi High Schoo). An interior corridor wall aligned in the longitudinal direction
of the building shows extensive shear cracking.
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Figurs 50 !'zuml High School. The diagonal crack along an extarior transvarse shasr wall was
caused either by uplifting or by sertiement of the foundation.
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Figure 51 lzumi High School. The two lilustrations show, respectively, two sides of » typi-
cal bullding. The rear ot the bullding (left), which is relatively open, suffersd
little apparent damage; damage was heavier on the side with partial=infil} wall
pane!s (right). 1in addition, the interior transverse shear walls frams intLo the
columns on tha rear but do not frame into the columns on the front because of a
longitudinal corridor. All of the buildings experienced this type of damagr.

Single~Family Owellings

A raported 80) dwellings were destroyed or very seversly Jdameged by the earthquake. Most of
the damige was dus to foundation failures, such as landslides and rockialls, and to inadequate
tateral bracing. Most of the houses in this part of Japan have glazed-tile roofs. Thousands
of raofs were damaged, and additional damage was probably caused by the Ingress ~F wyter: the
esarthquike occurred at the start of the monsoon (rainy) tesson. The following {l1lustrations
show some damage typical to houses. Detailed data will probably be available from the Japa-
nese authorities in the near future.
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Figure 52 TYown of Hasams, northern Mi =gl Prefecturs: almcst total demage to a typlcsl
older, single-family dwelling. The demage is probably due to inadequate latersl
Lracing sand the presence of & hesvy glazed-tile roof. The houre is in & pocket of
damage that was pcssibly due to the response of local soft solls.
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Figure 53 Typical roof damage. The damaged arss hes been covered with plastic sheets to pro-
tect the structure and its contants against rein.

Figure 5L A collapsed older, wood-frame temple building with g tile roof. (Kawanoku News-
paper (o. photograph)



Industrial racilities and Lifelines

Our reconnalssanca team made a brief inspecticn of several inaustrial facilities and lifeline
structures. Sendal i3 a large Industrial city with more than 6,500 business and manufacturing
firme; the facilities investigated represent oniy » small sample of tha structures that were
damsged by the earthquake. The degres of damage observed ranged frow negligibie (at the
Fukushims Wuclear Power Plant) to severs (at the Sendal Gas Facility). Japanese engineers
ware conducting thorough investigations at ;ome of the same facilities, The powsr facilitiss
in and near Sendal (most o7 which are owned by the Tohoku Electric Power Company) that suf-
fared darage were belng given particularly close attention. Detailed reports are expacted to
be published soon.

Fukushima Nuclesr Powsr Plant Complrmx. The Fukushima Wuclear Power Plant complex 1s owned
and operated by the Tokyo Elactric fower Company. It Is located on the Pacific coast of the
Fukushime Prefecture, about 7 km south of tha town of Nasmie, and is southeast of the town of

Fukushima, The original sarthquake design criteria and dynamic analyses were performed by
URS/Blume Engineers. The following tatle summarizes some of the pertinent date for this six-
unit cmplex:

Con- Commurcial
struc-  Operation
tion  orig.  actesl

et Reacier Generster Architegt stage sched- wex-

Mwe  Trpe Supplier Suppliet Engingsr  Comstrucler (%) wiet pected
Fykyshima One 1 (Fukushima) 460 BWR* GE/Toshiba GE / Hitachi Ebasco Kajima 100 N
Fukushima One 2 (Fukushima) 784  BWR GE GE/ Toshibs Ebasco Kapma 100 7/74
Fukustuma One 3 (fukushima; 734 AWR Toshiba Toshibe Toshiba Kajima 190 376
Fukushima One 4 (fukustuma) 784 BWR Hilachi Hitachi Hitachi Kapma 92 6/76 10/78
Fukushima One § (Fukushima) 784 8WR Tosiiiba Toshibe Toshiba Kajma 96 12/75 4/78
Fyhkushima Ong 6 (Fukushima) 1100 BWR GE GE/ Toshiba Ebasco Kajima 78 10/76 10/79

BWR » Bolling Water Reactor
(Source: MNuclear News Buyers Guide, mid-February 1978)

At the time of uur visit, June 23, 1978, 11 days after the earthquake, Units . through § were
oparating; Unit & was stil] under construction. We Inspected the exterior of Unit 1 and the
exterior and interior of much of Unit &, fncluding the containment structure and the reactor
vessel pedestal, the reactor building, the turbine building, and various ancillary structures.

Units 1 and € are heavily instrumented, and more than 20 strong-motion records were obtained.
The maximum recorded ground acceleration was approximatsly 0.12g; the maximum peak response
acceleration of the structures was about 0.259. The duration of the records was somewhat
longer than 30 sec.



Figure 556 Fukyshima Wuclear Fower Plant. & general view showing the six units. They are,
from right to lef¢, Unit @, unfg 3, Unit 1, unit 2, Unit 3, and Unit &. (Tokyo
Electric Co. photograph)

Figure 56 Fukushims Nuclesr Power Plant: the containment siructurcs of Units 1 through &,
None of these structures showed damage. {Tokyc Electric Co. ohotograph)
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Figure 57 Ffukushima Muclzar Power Plant. A broken caramic insulator in Unit ! was the only
damage reported for the site. The damaged insulator had been replsced, as illus-
trated above, before the recownaissance visit,

Figure 58 Fukushime Wuclear Power Plant: a view of some of the suxiliary structures to the
north of Unit 1. Free-fiald acceleration was recorded In the watar treatment
building (the white, 1-story building in the middls of the photograph), which Iy
locatwd spproximately 100 m from the Unit 1 containment structurse. The SMAL in-
strument racorded a pesk ground sccelaration of approximately 0.12g.
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Figure 59 Ffukushima Nuclear Powsr Plant: a partial view of the control room of Unit 5. At
the time of the visit on June 23, 1978, 1! days after tha aarthquaks, this unit mes

operating.

Figure §0 Fukushima Nucleasr Power Plant: a partial view of tha Unit 6 control rod drive and
its supports. The unit Is sti)l undar construction and wes mors then 95% complseted

at the time of the reconnaissance, Thers was no apperent damage or any svidence of
working connections at this system or st the other systems of Unit & that were

examined ,



Mew_Sendai Power Plant, Tohoku Electric Powsr Compeny, Sendai. Tha Mew Sendal Pover Plant,

owned and operatad by the Tohoks Electric Power Company, is located on the Pacific shore, 1§
&m aast of the canter of Sendail. The plant was two Ritsubishi oil-firad bolf'ers: Unit 1 was
completed in 1371 and has & capacity of 350 id; the 600-M Unit 2 was complated In 1973, The

total capacity of the Yohoku Electric Company is 5,715 MW, this plant representing about 17%
of that capacity.

Both Unit | and Unit 2 suffered damage to tubing inside the bolilars. The suspended units and
their structural supports pounded against ons another and also sustained some demege. The
plant was shut down for sin davs for repairs.

Becauss the SMAC accelerograph at the statior was being inspected at the time of the earth-
quake, no records were chtaingd. However, the plant's selswmic alarm, located at the level of
the turbine operating floor, was triggared at spproximately 0.159.

Total damage to the facllities of the Tohoku Electric Compary (s opptroximataly $15 million;
estimated damage to the plant accounts far about 108 of the loss. The total assets of the
company In property, plant and equipment for Fiscal Yesr 1976 were $3,840 million. Damage
from this sarthquake coused » loss of about 0.4% of those »spets.

Figure 61 Naw Sendal Power Plant, Tohoku Electric Powar Company: & gemaral view of the two-
unit, oil-fired power plant. The turbine building is in the forsground, end the
two boiler structures are in the background. Unit 2, the large unit, has a 600-mw
capacity. Unit 1| has a capacity of 350 M. (Tohoku Electroc Powsr Co. photograph)
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Figure 62 MNew Sendal Power Plant, Tohoku Elactric Power Campany: a loosensd exterior facing

pane!l in the turbine bullding. This was the only obvious damsge to the exterior of

the structure. The stear walls of the adjacent administration bullding snowad
cracking.

Figure 63 New Sandai Power Plant, Tohoku £lectric Power Company: damage to the two boilars
consisted of shearing of spacer tubes for the furnace platen cooler (ubes inside
the boiler. {Tohoku Eleciric Power Co. photograph)
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Figurs 65 New Sendai Power Plant, Tohoku Electric Powar Company: a view of the exterior of
the boiler walls showing evidence that the suspended bollar had pounded against the
surrounding support structure. (Tohoku Electric Power Co. photograph)

Figure 66 few Sendai Power Plant, Tohoku Electric Power Company: damage around the water
intake structure from minor sattiement. Other examples of minor settlement were
observed throughout the site.
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Sendai Substation, [rum!,

The Sendal Substation of the Tnhoku Electric Power Company is

tocated on & low hill in the town of lzuml, about 7 km north-northeast of the center of

Sendal.

its constrvction.

The substation is a multilevel complex.
The most Important components of the station were placed on the cut por-

Extensive cuts and flils were necessary for

tions of the site, over s competent soft mudstone forma.ion. However, because the Fills were
engineered, there seemsd to be no difference in the amunt of damage sustained by equipment

whether on fllls or on cuts:
facility.
breakers, and transformers.

quake, much of the damege had been repaired.

equipment and to resturs powsr.

thare was extensive damage to equipment in all parts of Lhe
Most of it occurred to verious ceramic insulators, lightning arrestors, circuit
At the time of our visit, June 2k, 1978, 12 days after the earth-

It had taken 17 days to repair the essantial
Power to the City of Sendal was restored about five hours

after the earthquake; presumably the Sendal Substation was bypass<ed.

A Japantse team has been sisembled to conduct a specizl investigation of the psrformance of

the substation during the earthquake.

'\ : \ -7
\\ | .

~Circuit breakers
A

-~ - : !
_,/»/_', T oy .
s
, h e - —e
; e : —— .
Spadt e
ﬂ- ' i i
i1 B!t ., G
if! (O - i HA R T Sisn
lI }7 | F F 264 kv BUS By
, -«t ‘J ‘ H 5 ' l|
(o all T ; i
Flofa\ QLB A o t S
1_‘ — - bl - .
!&‘ - A ; ‘\
"} ] 1 - transformers
" --1 L] L[] H - ‘..‘
L 154 " BUS ;
+ = . 7 .I ; -
S am am - :—_ &
T ! . ] . I!J /.—‘ -
-8 T-?. b
\-
\\
plan of the facility

Figure 67 Sendal Substation, Tohuku Electric Power Company, lzumi:
showing the location of damaged equipment (clircled).
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Figure 68 Sendai Substation, Tohoku Electric Power Company, lzumi: one of many broken T-
shaped, three-phase circuit breakers. The photograph was taken immediately after
the earthquake, before repairs were initiated. (Tohoku Electric Power Lo photao-

graph)

three circuit breakers,

Figure 69 Sendai Substation, Tohoku Electric Power Company, |lzumi:
like the one illustrated in Figure 6B, that have been repaired.
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Figurs 70 Sendai Sul:station, Tohoku Electri: Fower Compans, tzuml. damsged equipmem,, in-
cluding vircuit breakers (with +ne porcelain breken through) and & lightning
arrestor in che background.l

(

Figure 71 Sendal Substation, Tohoku Electric Power Company, lzumi: damaged equipment at the
substation, including potential devices, current transformers, circuit breakers, and
reactors. (Tohoku Electric Power Co. photograph)
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Figure 72 Sendai Substation, Tohoku Elsctric Power Company, lzumi. One i the repaired main
transformers. The bushings illustrated ware damaged during the earthquake and have
since been replaced. MNote the stains from spilled oil. Many bushings and Jightning
arrestors were damaged.

Figure 73 Sendal Substation, Tohoku Electric Power Company, lzumi. One of several piles of
broken equipment,
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Haranomachi_Plant of Sendai City Gas sureau, Sendsi. The Sendal City Gas Bureau’s Haranomachi
Plant, located approrimately 3.7 n northwest of the center of Sendai, suffared major damage,
The tota) collapse of a targe propane gy holder was primarily responsible for the stoppage of
gas service for the city. It was astimated that gas service for the city would not be re-
stored until the and of Juna, some three weeks aftar the earthquake.

The holder diamater wat 38 w; its height was 27 m. At the time of the earthquske, the holder
contained 14,000 m® of propane gas, at the relatively fow pressure of 1 kglmz, and held water
In a 9-m section at the bottom of the structure. The tank had st least two, but more probably
three, telescoping sections constructed of riveted plate, 1 ¢m {3/8 in.) thick, stiffened with
ring stiffeners at approximately 2 to 1 m.

The cotlapsed tank caught on fire shortly after failure, and 2!l of the stored gas was con-
sumed. The fire was extinguished about 25 minutes later. The collapsing tank struck nearby
pipeways and other piping systems and equipment, causing much additional damage to the facil-
fty. There was evidence of other kinds of damage throughout the facility; however, none of
the other tanks at the facility are believed to have suffered major demage.

Flgurs 7% Haranomachi Plant, Sendal City Gas Bureau: an overall view of & collapsed propane
gas holder and some of the surrounding propane storage tanks and affected pipeway
and equipment. (Kawahoku Newspaper (o. photograph)

- 107 -



Figure 75

Figure 76

Haranomachi Plant, Sencai City Gas Burecau: collapsed gas holder and the damaged
adjacent pipeway structure. At the time of the investigation, the severely damaged
steel pipeway structure had been removed, and a replacement structure was under
construction, as illustrated.

Haranomachi Plant, Sendsi City Gas Buresu: damage (leaft} to the telescoped gas
holder and to some of the nearby pipeways and equipment. The holder plate is
approximately 3/8 (n. thick. Note the stiffeners on tha interior of the collapsad
tank. The trusses are portions of the original support structure that had sur=-
rounded the tank. Typical damage {right} to pipe systems in the vicinity of the
collagsed gas holder.
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Figure 77 Haranomachi Plant, Sendai City Gus Bureau: sheared plpe flange connsctions in the
pipeway structure in 1ha vicinity of the collapsed gas holder.

Fiqure 78 MHaranomachi Plant, Sendai City Cas Bureau: a brittle fracture of the 3/8-in. plate
wall of the collapsed gas holder. The leng h of the fracture Is approximataly
1.5 m (5 Ft).
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Sendai Refirery, Tohoku 0il Company, Ltd. The Sendai Refinery of the Tohoku 0il Company, Ltd.
Is located onshore, about 15 km east of the center of Sendsl and adjacent to the New Sendei

Power Plant. The refinery covers an ares of 1,600,000 m®. Its capecity is appronimately
100,000 barreis/day. There is & votal of 87 storzje tanks in the facility. The western por-
tion of the complex suffered little damage; all cf the major damage was concentrated on the
east yide,

Threa larpe tanks containing topped refined fuel called Top Crude (TC) failed, spilling
approximately 68,100 k) of oil. The surrounding dike could accommodate only 35,000 k1. The
oil overtopped the dike, inundated much of the refinery area, and spilled over Into the port.
Three other tanks suffered damage but did not fail. Many parts of the facility were still
covered with oil at the time of the investigation. The refinery was not [n oparation beiause
of the very great danger of fire. The facility had been shut down far anaual maintenance and
checkup #nd had not vet resumed operation at the time of the earthquake. Thus & sericus firs
hazard from the splited ait fortultausly was averted

During the Investigation, the company was checking much of the equipmant throughout the com
plex for damege, and & large scale clean-up effort was under way. The sericusly damaged tanks
were still not approachable becsuse of the spilled oil. The gas handling and distribugion
system was considered to be hazardous.

~

Figure 79 Plan of the Sendal Mefinery, Tohoku 0il Company, Ltd, The New Sendal Power Plant
!s shown on the lower right in the plan. Tanks are shown as circles in the plan.
The circles that represent the three failed TC tanks have been blackered; ones that
repressnt the thres other damaged tanks are marked with an X. The refinery struce
tures are located to the right of the tank farms.
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Figure BO Sendai Refinery, Tohoku Qil Company, Ltd.: an overall view of the refinery’s tank

farm. The spi'led oll appears as the dark area of the pnotograph.

Figure 81

Sendai Rafinery, Tohoku OI1 Company, Ltd.: a partial view of the refinery. There
is no apparent damage from thiy distance; however, at the time of the reconnais-
sance, maost of the equipment within the refinery complex had not yet been checked
for operability.
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Figure 82 Sendai kefinery, Tohoku 011 Company, Ltd.: one of the three failed storage tanks.
This tank has an approximate volume of 23,000 k1. ‘n. Jdamage iVlustrated is dus to

suction caused by rapid evacuation of the oit through the ruptured connection of
the base and wall of the tank. The several tanks, of similar size, in the fors-
ground are thought to be undamaged.

<

':g,.{-l' ;

Figure 83 Sendai Refinery, Tohoku Dil Company, Ltd.: an undamaged gas storage tank. MNote
the heavy diagonal bracing in the supporting structure.
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Figure B4 Sendal! Refinery, Tohoku Oil Company, Ltd.: ground settlemant at the refinery.

TS T

Illl‘"m "

Figure 85 Sendai Refinery, Tohoku Oi) Company, Ltd.

A large water storage (left}! tank near
the main refinery complex appeared to have experienced significant rocking. The

anchor bolts stretched, or pulled out, from 1 to 6 in. Detsil {right) of one of
the pulled-out, or stretched, anchor bolts of the water storage tanks shown at left.
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Concrete Batch Plant, Sendai. A small concrete bitcn slant is located sbout 2.7 km south of
the Sendal-Ohash. Bridge, on National Highway Ne. k. Except for some of the foundations and
lower supporting structuras, all of the structures ., tanks, and equinment at the 51te arz made
of steet. This was the only small manufacturing or industrial facility that was investigated
in any detal). The faclility sustainad vericus typeu of structural damage to aquipment and
tank supports, buckling of storage tenk walls, camage t¢ structursl steel framing, etc. It
was inoperable for two days after the earthjuske while repiirs vere being carried out. The
most serious structura! damage had not yetr been corrected at the time of the investigation.

;
i

e

Figure Bé Concrete Batch Plant, Sendai. Differential motion of the upper (light steel)
structure and the conveyor belt structure damaged the vertical stack and was re-
sponsible for extensive damage to the light stee! structure. The stiffer rein-
forced concrete substructure was not demeged.
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Figure 87 Concrete Batch Plant, Sendsi: view of the supporting substructure of a cement bin
and related equipment. By the time of the investigation, the damage had been re-
palred by replacing a nuwber of tne dlagonal braces and by welding the sheared bolt
connectlons betwsen the diagonal braces and the vertical plpe columns,

R—

Figure B8 Concrete Batch Plant, Sendal. A large gravel-and-sand-storage tank experienced
buckling of the steel plate at its base--at the extrems Vet side and at two 3epa-

rate locations on the right side.
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Figure B9 Concrete Batch Plant, Sendai: & detailed view of the damaged supports of the tank
shown in Figure 88, There were several such buckles at the base of the tank. The

tank and its supérstructure and support structure did not experience any other dam=-
age. The tank was full of sand and grave! during the earthquake.

Bridges and Transportation Structures

The Japanese Ministry of Comstruction reported that 78 highway bridges had been damaged as a
result of the June 12, 1978, earthquake. An inventory of damaged highway structures included
only those bridges having an estimated repair cost of | million yen ($5,000) or more. (There
were no reported cases of significant damage to the many steel pedestrian bridges in Hiyagi
Prefecture.) Bridge damage was confined principally to structures within Miyagi Prefecture.
Of approximately 100 bridges in Sendal, only four were reported to have been damaged; two af
these were inspected by members of the reconnaissance team. Most of Lhe damaged bridges were
within an area extending about 90 km northeast from Sendai.

The reconnaissance team visited the sites of 13 highway bridges and b rail bridges to view
representative damage. Cracked concrete piers and calumns, displaced or dislodged girder-
bearing devices, settlement of abutments and plers, and vibration-induced settliement of fills
at bridge approaches are typical examples of the damage that was observed.

Records of significant strong motion were obtained from the Kaitoku Bridge, 65 km northeast

of Sendal, and from the Dat& Bridge, about 75 km sc thwest of Sendai and just norih of Fuku-
shima. The team members visited only the Kaihoku Bridge site. The maximum ground accelera-
tion at Kalhoky was 0.31g; the maximum pier acceleration was greater than 0.50g. No ground

record was obtained from the DatE Bridge site; the peak pier acceleration was 0.49g.

There was no reported damage to highway tunnels in Miyagi Prefecture. Only one railway tun-

nel, on the New Sendai Shinkansen line -- the bullet (fast) train -- nartheasr of Sendai, was

reported to have suffered damage. There wa» minor, hairline cracking in its concrete lining.
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After the sarthquake, the Japan National Railway Corporation stopped all trains until safaty
inspections tould be made. Host train service was restored within three days following the
sarthquake. The public bus system in Sendal was not adversely sffectsd by the earthquake. It
was reporied that asirline traffic to and ‘rom Sendal was interrupted only briefly while a
rapid inspection of the alrport was made by slrpor  officisls.

Mo major damage 4t Shiogama Port, 18 km northesst of Sendal, was reported. One fres-flald
strong-motion record, obtained from a SMAC-BZ instrument at the port, recorded peak accelera~
tions of 0.2Bg in the north-south direction, 0.209 in the east-west direction, and 0.17g for
the vertical component of the esrthquake.

Kin-Noh Bridge. The Kin-Noh Bridge, located about 65 km northeast of Sendai on the National
Highway, Route 346, is a 2-lane, 25-span muiticonflguration structure that is 575 m long. It
was constructed in 1956 and Is made up of nine simply supported plate-girder spans, each 28 m
long. Four of the spans are totally suspended; five are simply supported through-truss spans,
each 60 m long; one is a simply supported plate-glrdar span that is 23 m long.

Three major earthquakes have occurred in this region since the bridge was constructed: one in
1962; another on February 20, 1978, which caused significant deamage #t one of the abutments
and to the girder-bearing devices; and the Juna 12, 1978, sarthquake, during which one of

the suspended spans collapsed. Repair work to damage from the February 1978 earthquake

was under way at the tims of the most recent earthquake. The repairs Included replocing bear-
Ings on the flve truss spans and tying the truis spans together with restrainers. The abut-
ment at the and cf the nine plate-girder spans had besn shored but had not vet been repaired.
The bridge will be replaced at an estimated cost of 3.2 billion yen ($16 million).

Figure 90 Kin-Noh Bridge: view of the collapsed suspended plate-girder span.
(Kawahoku Newspaper (o. photograph)
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Figurae 91 Kin-Noh Bridge: the only visible pier damage cccurred at Pier 8, which Is adjacent to
the collapsed suspended span. Shea- cracking extended 12 cm through the 152-cm-deep
pier, approximately one-fourth of the way up the column from grade.

Figure 92 Kin-Noh Bridge: the girders at Pier 8 displaced 55 cm longitudinally toward the
sbutment, allowing the unrestralned suspended span to drop off the A5-cm hinge seat.
The movable _irder-bearing plate came to rest at the edge of the pisr cap. The
fixed bearing on Pler 7, at the opposite side of the suspended span, displaced lon-
gitudinally 0.5 cm.
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Flgure 93 Kin-Noh Bridge: extenslon of anchor bolts at FPier 6. The forsground shows a per-
tion of a repairsd lower chord truss mamber.

O]
¢

Figurs 9% Kin-Noh Bridoe: bearing restraining device used on the repaired bearing supports
of tha truss spens. The restrainers had been placed before the June 12 earthquake.
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Yurlage Bridge. The 10-span Yurlage Bridge, comstructed In 1962, is Jocated 1.2 km from the
mouth of the Natori River on the outskirts of Sendal and is 107 km from the eplicenter. 1t has
stven prestressed-concrete T-girders, each 45 m long, and threa main spans. “he spans are
twin-cell, segmentally construcled, post-tansioned concrete box girders. The center span,
whicn is 30 m long, has a8 60-m span at either end. The bridge was open to only one lane of
traffic because of heavy column damdge. o demag: wos reported to the threa-span box struc~
ture. Excavation at tnz first niar at the opror ' sid: of the bridge to investigate pos-
sible fouyndation damagenu in progress.

Y

¥

Figure 95 Yurlage Bridya: general view showing the first two columns, which ware heavily
domaged .

L

Figure 9% iuriage Bridge: lquefaction in ihe Tlood plaln balow the bridge.
)
(
i
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Figure 97 Yuriage Bridge:

evidence (left) of light girder impacting with the abutment and
pronounced shear cracking of the exterior girder at the bearing.

Pier 1 (right),
founded on & caisson 19 m deep and 2 m by &4 m in plan, suffered heavy shear crack-
ing. The pier cap was reported to have settled 5 cm uniformiy.

Figure 98 Yurisge Bridge: the face of Pier !, chowing severs distress.

The plastar-of-
paris patchwork is used to determine whether additional pier cracking 18 occurring
under service Insds.
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Sendal Chashi Bridge. The Sendai Ohashi Bridge over the Mirose River on the National Highway,
Route &, was constructed In 1965. It suffersd heavy pier damage during tne June 1978 earth-
quake. The structure i3 a nine-span, simply supported, composite concrete-and-steel plate-
pirdar bridgs with 34 m span lengths. The bridpe was retrofitted across the joints, with steel
restraining plates bolted to the glrder webs. Although the reconnaiszsance team inspecied the
bridge site only 11 days after the sarthquake, repalr efforts were well under way, making It
Impossible to view much of the ariginal damage.

F
Figure 99 Sendai Ohashl #ridge: general view. The arch bridge in the background, which
Is made up of two steel plate girders with cross-bracing and is supported orn slan-
der circular calumns, carcles an Industrial water gipeline. The bridge was not re-
ported to have besn demaged.

Figurs 100 Sendal Ohashl Bridge: temporary cribbing used to support the steel plate girders.
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Figure 101 Sendai Ohashi Bridge: typical pier configuration. The crrss-pier dimensions are
spproximetely 5 m by 2 m. The piers have rassive caps.
g";
gl

W

Figure 102 Sendai Ohashi Bridge: typical pier damsge at the construction joint be'ween pier
and cap. The vertical reinforcing bars have buckled across the joint. Signifi-
cat concrete spalling is evident. MHorizontal concrete cracking around the pier
was discovered upon excavation of $0il around the piers. {Ministry of Construc-
tion pactograph)



Figure 10) Sendai Ohashi Bridge: typica) damage to the base of a pier befors rapair.

Figure 106 Sendal Ohashi Bridge: typical damage being repaired at the base of the piler.
Note the ocutward buckling of the undeformed vertical rebar. The concrete cavar
had been roughened, the footing strengthened, and additions! rebars placed to
strengthen the pler.,
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Figure 105 Sendai Dhashi Bridge: details showing the added reinforced concrete form work.
The thictness of the piers will be {ncreased on each side by 50 ¢m at the top,
tapering to 70 cm at the base.

Kaihoku Bridge. The Ksihoku Bridge, located on Principal Route 51 approximately &5 km north-

east of Sendai, is a two-lane, five-span, continuous, single-cell steel box girder. Its total
length is 285 m.

The bearings are movable at a1l piers except Pisr 2, where an SMAC-B strong-motion accelero-
graph is located. Hydraulic dempers acting in the longltudinal direction have been incorpo-
rated into the bearing system. Al) piars and their abutments are skewsd. A free-field SHAC-B
instrument was located on rock between Pier | and Pier 2, approximately 30 m from the struc-
ture. The axes of the plar and the free-field instruments ware aligned with the principal
axes of the bridge. The peak recorded accelarstions ars:

Longltudinsl Vertical Transverse
Free Field 0.209 0.12¢9 0.309
Pier 0.50¢ g (off scale) 0.19 0.34g
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The only damage noted was minor settlement of the wing wall of an sbutment. There was no vis- '

itle damage to the piers or bearings and 0 evidance of the girders' having impacred with the

east abutment. (See Figure & of the contribution by A. G. Brady in this report for the free-
fleld (ground) record.)

Figure 106 NXaihoku Bridge: ganeral view. ([Rinistry of Construction phatograph)

Figure 107 Kalhoku Bridge: Pjer 2, showing the SMAC-B; instrument (which recorded a peak

accaleration greater than 0.50g in the longitudinal direction) and the Fixed
bearing and hydraulic dampar system.
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The New Sendsi Shinkanien Trunkline of the Japsn National Rallway. The Japan NHstional Raliway
Corporation (JNR) is constructing the Mew Sendsi Shinkansen Trunkline, o series of elevated
structures for the fest train. The line will axtend through Miyagi Prefecture and is sched-
uled for completion in 1981, The majority of the elevated structures, & saries of prestressad
concrete T- , |- , and box girders with varying configurations of single and multiple column
bants, had been completed at the time of the June 12, 1978, earthquake and experienced varying
dagress of damage to the bearing shoes and columns, Damage was concentrated to structures
located approximately 30 to 40 km northeast of Sendal. Al structures were designed under the
1971 Japaness seismic cods.

Figure 108 Nator! River Bridge: this {s a three-span continucus single-cell, reinforced
cast-In-place concrete bon girder structure, on 3 m by 6 m piers approximately 8 m
above grade. Typical damage iIncluded cracking in the central part of the pier,
where the gross cross-sectional area of vertical steel was reduced.
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Figure 109 Natorl River Bridge:

detafl of spalled concrete, showing t'e nuckled ver-
tical rebar.

Figure 110 Natorl Aiver Bridge:
portion of & pier near the Rifu construction offlice of JNR.

shesr cracking in the relatively lightly reinforcad upper



Figure 111

Cracking of space frame tie beams near the Rifu Construction Office.

A
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Figure 112 Failure of a bearing plate supporting a single cell box girder near the Migashi
Sendai Construction Office.

The girdar displaced laterally 50 cm,
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Kitagani Ohashi Bridge and Dike., The Kitageml vhashl Bridge, completsd In 1976, crosses the
Kitagami River 60 km northeast of Sendal on Principal Route 23. The seven-span, 400-m deck-
truss structure suffered no visible structural damage, although there was minor settlsment of
the abutment apron. The bridge was designed with the tstest Japanese criteria and incorporat-
ed new shutment bearing detalls. Significant damage occurred to the dike and roadway along
the Kitagami River south of the bridge site, particularly to a 1/2-km-long section In which
the roadway on top of the dike sertied about 1.5 m. {ontinuous vsteel shest plling was being
driven to stabilize the dike.

Figure 113 Kitagami Chashi Bridge. WMo structural damsgs was reported.

Figure 114 Kitagami Ohashi Bridoe: detail of a seismic bearing device at the abutment.
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Figue 115 Kitagami Oike: road damage and temporary stabilization of the dike near the
Kitagaml Ohashl Bridge slita.

Haiya Ohashi Bridge. The Maiya Dhashi Bridge 1s a three-span Gerber-truss bridge located on
the Mationa) Highway, Route 342, approximately 62 km northeast of Sendai. The 181-m-long
truss bridge, constructed in 1928, was closed to traffic because of a brittle fracture through
the rivet holes of the top chord channel membars at the first pier. Four steel plates had
been welded around the top chord members. Some of the smail steel angle members in the top
latera! bracing were buckled in the vicinity of the pier. No damige was reported to sither
the pisis or the sbutments.

Flgure 116 nmaiya Ohash! Bridge.
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Figure 117 Maiya Onashi Bridge: steel plates welded to the top chord channe! members. Nota
the clean fracture at a line passing through the centerline cf the rivet holas of
the lattice bracing and the permanent 2.5-cm separation.

Figure 118 Maiya Ohash] Bridge: buckled diagonal braces of the overhead trussas.
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Tunnels. Five short, unreinforced-concrete~lined highway tunnels throuvgh rock, located asbout
20 km northeast of Sendai on the hational Highway Route 45, suffered no spparent damage. The
Japan Netional Railway Corporation reported that one concrate-lined tunnel, about 40 km north-
sast of Sendai on the New Sendal Shinkansen Line, had hairline cracking.

Figurs 119 Typical Undamaged Highway Tunnel. This tunnel is on Route %5, which runs along
the coast between Sendai and Ishinomaki (north of Senuai).
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ARCHITECTURAL ASPECTS
by Christopher Arnold, Architect
Suilding Systems Development, inc.
San Francisco, California

Introduction

This section of the report provides observations by the architect member of the team of Na-
tiona) Science Foundation researchers thet visited Sendal from July 6 through July 9, 1978,
The notes are of two main types: (1) direct observation of architectura) damage particularly
to ceilings, partitions, exterlor walls, and glazing, and (2) an attempt to identify the con-
tribution of architectural configuration o the seismic resistance of 4 building. In the lat-
ter case, less attention is focused on ‘he fallure of detalils than on an attempt tc assess the
underlying causes of failure, whict may result from tha shape of the building as » whole or
from details of building form that cause extreme forces to be imposed on specific resistant
elements.

Observations are #l30 mads on emergency end temporsry operational issues of facilitles, and
some attention [s directed towarce un#mgod bulidings that revealad Interesting architectural
aspects.

In the attempt to broaden the c(bservation and diagnosis of earthquake damage, thls section of
the report necessarily indulges in some speculation, for which the suthor takes full responsi-

bility.

Architactural Damage

in gensral, architectural danage was n'nimal. High-rise buildings behaved paiticularly well,
Although glass breakage, 'j\t‘.ﬁl'fﬂirz'j extinsive, replacement glass in the many windows dameged by
the February 20, 1970 earirquake yenerally performed well during the Jure 12 sarthquake.

This experience showed that glass pervarmance depended on the way in which the glass had been
fined; glass that had been fixed with dried-out caulking tended to break. This is clearly an
architectural problem that merits the close attention of glass Installars as well as those
specifying architecrural details.
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Figure 1 Ceiling damage to Second Governmant building (see Enginearing Aspects, Figure 6).
Note that this was in the 2-story wing of the bullding, probably a more flexible
structurs than the main towar. Although not clearly obvious from the picture, the
ceiling hangsrs ars much ftouter than comparable members In standard U.S. construc-
tion.

Figure 2 Yasakl building (see Engineering Aspects, Figures 23-28). Interior damage of the
2-stary steal frame portion of the Yasaki building complex; a flexiblie structure.
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Figure 3 Yasaki building: oren showroom tloor, with large glass windows to street. Severs
interior damage.

Figure & Yasaki building, Interior.
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Figure 5 Yasaki building, intsrior.

It is apparent that srchitectural desmage |5 related to the flexibitity of the bullding, The
1Vivustrations below show anothar flaxible frame structure.

Figure 6 Morisads Kosyo Building, a U-story steel frame office building located in the
Oroshicho ares. Columns have deformed along thc Vine of the third floor (arrow),
where the column section was reduced for the top two floors., Scaffolding was
erected after the earthquake.
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Figurs 7 Morisada Kosyo Building. Column deformation resulted in major interior architec~
tural camage.

Figura 8 morisada Kosyo Building. Interior damega. Diagonal brace installed after earthquake.
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Figure 9 Exterior cladding failure. ODstail of sasaki home center shown In the Engineering
Aspscts section, Figure 9. These panels are of vary light-weight concrete; how-
sver, thair largs size {(most are soproximately 15 ft high by & ft by 1 ft) results
in a heavy panel. Panels shown were flush before the sarthquaks.

Architectura! Configuration
Underlying some of the failures of structurs) details are soms architectural issues. Although

the d{rect couse of failure may be in the detal) design and construction of column reinforce-
ment, the indirect cause originates in building configuration. The architectural configurstion
is such that earthquake forces are concentrated into certain structural detalls that becore
overstressed and fall. The failure of the Gbisan building (Enginsering Aspects, Figure 14)
originates (n the torsion caused by the architectural planning of stsircase locatior. The
shear failures in the Kinoshita buiiding (see Enginerring Aspects, Figure 17) cr-urred along a
face with no shear walis at a point where s heavy concrete canopy cantilevers over the building
cornar.
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Figure 10 Kinoshita Building: plan, Note disposition of solid walls, open Front, and canopy
cantilever at corner.
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Shaar fallures in columns st Tonan Migh Schiol, Tohoku Institute of Tethnology, and t2zumi Wigh
Schoo! (Enginsering Aspects, Flgures 46, 43, and 51, respectively) occurred whare the architec-
tural configuration creatad short columns due to deep Infill concrets spandrels and where this
condition occurred on ona facade of the bullding but not the other. In addit.on, these heavy,
frame buildings had limited {or no} shesr walls in the north-south dirsction (the direction of
main emphasis of the earthquake) because of the architectural need for full daylighting to
classrooms. The interaction of architacturel and s:ructural factors is very clear in thews
sxamplas.

R T |

o X0 W wn

Figure 11 Plan and section of (zumi High School. Note In plan the sbsence of shear walls In
the east-wast direction and tte termination of north-south shear walls at the cor-
ridor. The section shows how deep poured concrete spsndrels an the right creaste
short columns, which failed., Even though the maln emphasis of the earthquake was
in tha narth-south direction, in this instance failure occurred in the esst-west
direction.

1t is interesting that both Tanan High School and lzumi Kigh School suffered column failures
even though the latter was built after a code changs that resultad In Incressed shasr reinforc-
ing. Although the failures at 1zumi were much less severse than st Tonan, It Is clesr thet the
besic problem lies in the configurstion rather than in the structurs) detailing.
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ldentical Configurations, Selective Failure. An interesting case was observed in two bulldings
of identical configuration, one of which failad complately, the other showing inclplent fallure,

Figure 12 Ssndal Unyu Soko warehouse, a 2-5tory stee) Frams warehouse, suffared complets First-
floor collapse.

Figure 13 Sendai Unyu Soko warehouse. Warehouse crushed truck at loading dock; the driver
escaped,
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Figure 14 Sendai Unyu Soko werehouse: detsli of column failure.

Figurs !5 Sendai Uayu Soko warshouse. Adjoining warehouss shows type of construction similar
to collapsed warghouse,
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Figure 16 Sandai Unyu Soko warehouse: bracing failure. Warehouse braced only at perimeter,
with unbraced center bays.

In these storage building, the live 1pads may vary and may be very ‘arge. Possibly the col-
lapsed warehouse was heavily loaded on the second floor.

Chance, The next two pictures show column failure in a market south of downtown Sendai. The
detasil shows that this heavy concrete building was close to collapse. At the time of the
earthquaks  the store was crowded with about 300 shoppers; If the buliding had collapsed, casu-
aitiegs wou.d have been very heavy, and the impurtance of this Sendai earthquake in relation to

causualty statistics might kave thanged dramatically.

Figura 17 Toko store: general view. Note shear failures at first-floor columns. These fail-
ures occurred at short columis created by deep poured-in-place spandrels,
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Figure 18 Toko store: detall of interior calumn fallure.
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Figure 19 Midorigaocka residential area, south west Sendsi: typical concrete-block screen
walls., Such walls were responsible for many cesusltias: at the time of the
earthquaka, many people were walking home slongside scregn walls. HNote light
braced-frame carport.
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Figure 20

Midorigacka residential area: concrete-block screen walls, and typical new dwell-
ings. Wood-frame house, exterior plywood or stucco on wood lath. Note smaller
scale of house relative to U.S. practice, r~sulting in closer interior cross walls
and shorter spans, & baneficial scale effect for seismic resistance.

Flgure 21

Grand Bowl, east Sendai. Complete collapse of wide-span roof trusses, which are
similar in type and construction to those of U.5. bowiing alleys. In Senaai,
bowling alleys, after an initial popularity, have fallen out of fashion, and this
alley was closed and hence unoccupied.
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Figure 22 Grand Bowl, east Sendai: collapse of exterlor canopy and glass wall.

An L-Shaped Building. The Sunnyheights condominium project is a 17-story L-shaped reinforced
concrete building. The building is separated by a seismic joint into two recténgular buildings.

The apartmant party walls act as effective shear walls in one direction, but in the other the
concrete wall Is psrforated by doors, windows, etc. The huilding with ity shear walls aligned
with the north-south anis was virtually unscathed. This building is & good example of the
principle of separation of the elements of an L-shaped building to eliminate torsion.
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SUNNYHEIGHTS

Figure 23 Plan of Sunnyheights apartments.



Figure 24 Sunnyheights building: general view,

‘ﬂu Hiil ii!-‘f

Figure 25 Sunnyheights building: elevation of damaged wall. Shear failure caused distortion
that resulted In inoperable doars for 57 of the 190 units.
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Saismic Joints. In tha bullding pictured below, the seismic joint suffered some damege, but
major structural damage through pounding st this point was avoided. Essentially, only archi-
tectural trim and flashing sre in need of repair.

Figure 26 Sunnyheights bullding: selismic joint betwesn two wings,
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Figure 27 .unnyhaights building: seismic joint detail.

Figure 28 Yasaki bullding. Large seismic Joint protects 1ight steel frame building on left
while concrete structure on right suffers major collapse.
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Figure 28 lzuml Kigh Schoal: seismic joint at 2-story connection between main wings of school,
Minor architectural damage only.

Figure 30 Sendal Social (nsurance Hospital.
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The main building of the Sendal Socisl insurance Hospita! is & 5-story reinforced concrete
fi we structurs bullt in 1968, Administration Is housad in a temporary 2-story Iight steel
pratabricated building while & new building is under construction. The bullding ts owned by
ihs government; & private organization runs the hospital.

¥o damags beyond s)ight cracks along the staircase was sufferad by the building. Elevators

suf fered no damage although they stopped becauss of power failurs. (Mo one wes In the cars at
the time.) The building's emergency power system is sufficient for lights and for the operating
room but not for the elevators. Becauts of the earthquake, two additionsl
antered the hospital. Electricity was available for life support systems,

emgrgency patients
In the pharmacy,
some bottles end an ice maker fel) down and were damaged, but no dangerous [tems were (nvolved.

The hospital draws two-thirds of its water supply from wells and ona-third from the city sup-
ply. The well pumps 4114 not operate dus to power fallure, and power was not restored untll
12:45 am, 30 water usage was cut back one-third. The supply pips for city water was not das-
sged; however, thare is an emergency tank on the roof, adequate for five hours of limited us-
ags. Mo drain damige was experiencad: soms sewsr damage was causad by ground sattlesent, but
the sewsr remained usabls.

The hospital administrator said he was considering thres changss in safsty procedures: to In-

crease emergency slectrical supply, to increass the emergency watar supply, and tu provide
largsr battary capacity in the smergency panel.

Miscellansous Obsarvations on Configurstion

The buildings pictured below were damaged s1ightly or not et all by the earthquake.
case, the building exhibited interesting srchitectural trsatment.

In each

Figurs 31 Distortion of open store front (opposite Toko Stora, Figure 17}, showing classic
sffect of open, unbraced slevation in light-weight bullding.
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Figurs 32 Gasoline station, downtown Sendal, und<wezed. Building Is highly asymmetric
bacause of party wall snd allowance for pump sccess., Note stout, closely spaced
columns; building mey well be dynamically symmetrical.

Figura 33 Temporary structure, Sandal Social Insurance Hospital. MNote distortion of bracing
and foundation posts.
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Structures similar to those shown in Figure 33 were in frequent use as construction shacks
around Sendai. The demountable light steel frame is wire bracead and has a nonstructural
infill panel. The structure shown at the Social Insurance Mospital was & contractor's
shack. A similar structure was (n use 83 a 2-story administration wing for the hospital
while & new building is being completed.

Figure 34 Fire station, Tohoku 0¥} Co. Typical fire station with open front and soild sides.
Nots that siées are built as braced-frame structures rather then with heavy shear
walls.

Figure 35 U.5. Embassy, Tokyo. Buring the Sandal, and other sarthquakes, eyewitnesses who
were inside the Embassy reportsd largs {estimeted 12-inch) movements of this build-
ing, WNote that this building has a partially open first floor with Jong columns.
Howavar, the columns are tied at each floor, which results In & stiffress compar-
able to that of the shorter columns at the other end of tha sits.
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SOCIAL EFFECTS AND GOVERNHMENT RESPONWSE
by Hugh H. Fowler
Federal Disaster Assistance Administration
Department of Housing and Urban Deve lopment
Sesttle, Mashington

Population

Miyagi Prefecture has & populatian of about 1.9 million, of which approximately 650,000 reside
in Sendai. Another million people live in the suburbs of Sendai or in nearby cities and vil-
lages. This section of Japan is quite mountainous, and only the coastal plains and mountain
vatleys are inhabited. The ~opulation is much more densely concentrated than iy connon for
cities in the United States. The City of Sendai, with o popuiatioun of 650,000, is compressed
into an aresa that is probably about one-third the size af Seattle, Washington, which has about
the same population.

Casualties

The earthquake caused 27 deaths: 17 resulted from falling rock or cinder biock from fence
walls or From collapse of the fences, ] more were caused by other falling objects or collapsing
structures, and ) were the result of physiological effects such as shock and heart failure.

Nearly all fatalities occurred in or near Sendai.

As of June 2B, 1978, records showed that 1,590 injuries had been caused by ‘he earthquake.
injuries such as cuts and broken bones accounted for more than half of the total. More than
200 of the injured were treated by doctors on the spot. The others were taken to hospitals
and clinics by ambulance or in private cars, Becsuse trestment facilities avsilable were able

ta accommodate all of the injured, triage was not necessary.

Damage

There are about 6,500 business and manufacturing firms and about 452,000 households (homes and
aoartments) in Miyagi Prefecture. In Miyaqi Prefecture, B02 dwellings were destroyed (309 in
Sendsi). Major causes of the destruction were landslides, inadequate foundations, and inade-
quate lateral bracing. A number of 2- to b-story apariment buildings were rendered uninhabit-

able when their first floors, which housed shops or parking space, collapsed.

According to data :ompiled by the National Land Agency, the earthquake caused damage amopnting
to 166 bitlion yen (5330 million). A detailed outline of the various types of damage and the
t-onomic loss Lhat resulted {s presented at the end of Lhis chapter. In some cases the
amuyrts Visted sepresent the cost of replacing & building or facility with a modern structure
even thoug" the damage caused by the earthquake could be repaired at a Tower cost. Almost
half of thx total damage estimate represenss the cost of repairing or replacing factories,
stores, ard other business establishments .

Most buildings in Japan have tile roofs. Literally thousands were damaged this was the most
apparent type of damage in the wrea. (Tilte falling from roofs caused a number of injuries.)
Item 9 of Table 1 indicates that 20,634 structures were flooded. Sendai City and Miyagi
Prefecture officials reported that only four home: were flooded as & direct result of the
earthquake. Because of the extensive roof damage, and cecause the ares received heavy rains
after June 12, it may be that secondary water damage {5 reflected in the table.
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In considering the damage, one must understand the topography and construction siting areas
in and near Sendai. Sendal has three distinct areas: the old {original) city, which is cen-
trally situated on solid level ground: a newer section on the eastern side, toward the coast,
much of which Is constructed on soft, flat ground (some of which inctudes fill areas); and an
ared of hills to the north and west, where people have constructed homes and buildings on ter-
races. Damage and losses were much greater in the soft and hill areas than in the old sec-

tion,

In the hil. areas, unstable fill surfaces in combination with saturated soll caused many land-
sTides., Cracks, mostly associated with the landslides, formed In the terraced ground where
houses and apartment buildings were built. According to officials, a total of 337 landslides
occurred throughout the Prefecture.

Liguafaction in conjunction with inadequate foundations contributed to hcavy damage in the
flat (soft) area. Reports of dike and levee subsidence were verified in many areas along
streams. At Mokahura, which is near Sendai, a dike that was originally 7 to 8 m high settled

1.5 m because of liquefactior.

Reinforced concrete buildings, bridge plers, and bridge abutments settlied and sustained damage
in many areas due to liquefaction and inadequate footings. Soft soil layers under reinforced
concrete structures contributed to much of the damage. It is interesting to note that damage
to bui'dings from north-south shakirg motion was often noticeably more severe and extensive
than damage from east-west movement. Steel-frame bulldings by and large survise. he earth-
quake better than reinforced concrete structures. Some lost facades and windows, 1 only one
collapsed. Older buildings constructed of wood frames were damaged because of in: _Juate

lateral bracing.

A major oil refinery in the port area of Sendai, containing 98 storage tanks of varying sizes,
suffered damage when three large tanks containing fuel i) sprang leaks. Several million gal-
tone of oil flooded the refinery area, and some reached the waterway serving rhe port.

The major cause of deaths and injuries from the earthquake was collapsing or falling walls
made of stone or cinderblock. These structures serve as fences, privacy walls, and noise
barriers. There is a Mational Code that requires that walls ov this kind that are over 1-1/2
high must be reinforced in both directions with steel rod. (The rod must be at least § mm in
dismeter and must consist of an 80-cm grid across and down the wall.) Some of the walls that
fell contained reinforcing that did not meet the code. More fatalities resulted from walls
that contained inadequate reinforcing than from those with none: those with no reinforcement
tended to crumble, while those with inadequate reinforcing toppled on people who were nearby
or who held onto them for stability as the earthquake occurred,

Public Facjlities, Services, and Lifelines

£ffects of the carthquake on so-called critical facilities, on public services, and on other
vital activities were varied. In some cases, functioning was interrupted only temporarily, in
other cases, rthe impact on segments of the population lasted for several weeks.

Law Enforcement and Emergency Services. Only slight damage was sustained by police facili-

ties. The police communication system rlayed a vital role in maintaining order and dispersing
factua! informetion immediately after the earthquake. Fire service facilities, also, raceived
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little damage, and units had no difficulty coping with the few (10} fires that scarted,

0f the &1 hospitals in the prefecture (27 in Sendai), several sustained varying amounts of
damage. The natural gas and electricity outage interfered with medical services. However,
there were no reported problems with overloading because ot the influx of injured to the city
for treatment.

Transportation., The Nationa! Railway stopped all train service in the area immediately after
the ecarthquahe to insure against sccidents and to assess damage to the system. Service was
restored quite soon, after repairs were made and the safety of the line and Its control sys-
tems was ascertained. Public bus service in Sendal was hampered in the hours immedistely fol-
lowing the earthquake because of traffic light failure. Air service between Sendai and other
points was quickly restored after airport officials assessed damage and found that safe ser-

vice could commance.

Utilities. Damage to the natural gas distribution system in Miyagl Prefecture was a major
recovery problem. Gas distribution systems in six cities were severely affected. About 60%
of the 200,000 households in Sendai are dependent on gas fur heating and cooking. ‘s of
June 28, 1978, 72,000 of those households as well as 10,419 housaholds in other cities of the
prefe_ture were stil) without ges.

Electrical service to 419,100 homes in the prefecture was interrupted. For the most part,
service was restored within a day or two. Few distribution line potes were tonpled. Two
eleccrical generating plants serving Sendai were out of operation. One of those plants,
tocated near the oil refinery at the port, depended upon fuel from the one refinery that was
rendered Inoperative. The other, located in north Sendai, was rendered inoperative when Lhe
city's storage plant for low=pressure gas caught fire and service had to be terminated. Elec-
trical power from other areas and faciticies was diverted and at the time of the reconnais-
sance was meeting the needs of Sendai, although several factories In the prefecture were still
without power,

Within the prefecture, there are about 50 separate water and sewdge conveyance systems, most
of which are publticly owned. Prefecture officials estimated the damage to these systems, all
of which had been restored by June 25, 1978, at about 530,000,000. Severai )ift station pumps
had to be replaced. Damage to sewsr lines in Sendai was minimal; however, unti) electricity
had been restored, the system was partially inoperative. Several nuclear electrical generat-
ing plants are located near Miyagl Prefecture. Jt Is interesting to note that none experi-
enced any significant earthquake-related problems or damage.

Communications. All telephone service in Sendai and In the surrounding areas was interrupted
from 5:%4 p.m. until B:00 p.m. on June 12, 1978. By 8:00 p.m., 503 of the service in the
Sendai area and 75% of the service in areas north of Tokyo had been restored. The disruption
extended a5 far south as Tokyo.

With the loss of electricity, all television and radio stations were unable to broadcast.
Several came back an the air soon afterwards by using emergency generators and performed an
important service by broadcasting factual information provided by the police and loca! govern-
ment officials. Mowever, because most uf the population was without electrical service, only
those pecple with battery-powered transistor radios could receive emergency information. (Mo

formal emergency broadcast systam gxists in Japan.)
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Res 11 ]

Immediately after the earthquake, governsent officials in Tokya (national}, in Sendai (prefec-
tural and city), and in other affected communities met to take emergency-response action and to
plan reacovery measures. Sendai established a Disaster Countermeasures Headquarters headed by
the Mayor. Included in this group were representatives of the National Railway; water, gas,
and electric utiltities; the police and fire depariments; the Red Cross; and others. This head-
quarters remained cperatitonsl for 24 hours s day immediately after the sarthquake. It was
still [n operation on June 27, 1978, Actual response activities are the City of Sendai's re-
sponsibility. If an emergency is beyond the means of thelr resources, City officlals may re-
quest additions] services or financial help from the prefectural or national goverpment.

With regard to foocd supplies and distribution of emergency rations, the Governor of the Pre-
fecture activated a Headquarters for Self=Sufficiency for the purpose of monitaring food sup-
plies and prices as well a5 to insure the availabllity of other (tems necessary for the popu-
lace to survive and recover. Among the tasks the Headquarters performed were:

@ Checking on reginnal and central whalesale markets

[) Checking on bread and diary products

@ Checking department and food storas

® Arranging for additional propane bottles and burners

® Monitoring the supply of electric cells (batteries) for flashlights

® Requesting cooperatica from the sales industry to maintain stable
prices (prices of sume crisical i®ams actually were lowered during
the emergency period)}

L] Receiving and considering consumer complaints

Providing propane burners gnd fuel to handicapped centers

® ‘roviding coordination with produccis end suppliers of lumber, glass,
conurete, and other building supplies to insure that adequate stocks
were available where needed

o Coordinating with National Government officials in Tokyo when
necessary

The he:dguarters used the media to the fullest extent possible to broadcast factual informa-
tion cuncerning supplies and prices. Close daily contact was maintained with 30 designated

stores in the area to monitor event:

The police force p . ytd4 7 key role in maintaining order and providing information to the
populace. B . au.o the lack of ele tric power limited the effectiveness of the mass media,
police used loidspeakers on “ehicles. By B:30 p.m. on June 12, more then 7,000 people had
gathered at the Sendai :rain station (all trains had stupped after the earthcuake). The police
moved in partable generators, set up ‘ghts, and used loudspeakers to provice information. @Oy
keeping them informed about the likelihood of tsunami or another earthquake and about the dam-
age situation, authorities were able tc calm the public and avert panic. By 9:30 p.m., all

but 600 of the crowd had dispersed,

A traffic control center was set up Immediately after the earthquake to handle the severe
traffic problem. Crowds of people and vehicles had gathered at crossings. To deal with this
the following messures were taken:

® All avallable police were ordersd to duty.

e The traffic control center monitored critical areas and dispatched
police to randle problems.
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e Loudspeaxcers were used effectively to inform the puslic.

The damage caused by the earthjuaka had been judged not great encugn for the Prime Minister
to Issue & National Stste of Emergency declaration for the Miyagi Prefecture. Article 105 of
the Disaster Countermeasures Basic Law provides the basis For issuance of such a declsration.
Officials of the ministry of Construction have visited Miyagl Prefecture to assess the damadge
caused by the earihquake. On the basis of their assessment, the MHational Government will de-
termine the amount of national funds to be provided (usually two-thirds of the cost, with the
remaining third to be borne by the prefecturs).

Japan has a Disaster Relief Act, which Is administered by the Ministry of Health and Velfare,
Under this suthority, which does not require a declaration by the Prime Minister of a National
State of Emergency in order to act, relief was approved for two cities and four towns. Each
municipality (or prefecture} submits a request, accompanied by data, photography, and toss
statistics, to the National Government. {ncluded as benefizs under the Act are low-interest
loans {5.05%) to replace buildings of wood construction. The perlod of repayment can be &x-
tended to 25 years. Homeowners with existing loans on thelr pruperty are not eligible for
much assistance under the Disaster Relief Act other than » low-interest loan. T[his means that
they would need to carry two loan payments. City of Sendai and Miyagl Prefecture officials
are trying to get national funding to cover the initial loan balance.

The prefecture disaster plan provides that local goverament heads can request military suppart
and assistance (from the Self-Defense Force). Between June 12 and June 19, such help was re-
quested by and provided to six cities and seven towns. A total of 2,717 military personnel
were involved in supplying water to people in areas where normal systems were not operative.
They were alsa instrumental in saving three lives.

Two factors influenced the need for evacuation: the danger of a tsunami and the unsafs condi-
tions caused by the earthquake damage.

A tsunami warning was issued at 5:2F p.m, on June 12. The actua! order to evacuate must be
given by a mayor or other head of government. The Sendal mayor did not order an evacuation
but did issus & werning. Local officlals In other coastal communities did issue evacuation
orders, and more than 20,000 peopla movad Inland. The "all clear" was recelved at 8:15 p.m.,
and thnse who had left their homes were permittad to rsturn,

Evacudtion was necessdry to protect geople whose homes had been destroyed or judged unsafe for
habitation. Approximately 70 famil es were ordered from their homes in the hill sreas of
Sendai because of continuing danger of landslides.

Most displaced, evacuated Individuals and families stayed with relal ves and friends. However,
the City and Prefecture response plans provide For the use of schools, hospitals, and other
public buildings as shelters., Under extreme conditions, the National Oefense Force can pro-
vide tents or other typas of shelter for transient population.

Little search-and-rescue activity was associated with the earthquake. Lifesaving measures
ware performed as necessary by fire and police forces working in the Fire Defense Headquarters,
established in sffected municlipalities immediately after the quake. Two apartment buildings
were involved when their First floors collapsed, and evacuation 2f the occupants of other
floors required the assistance of Fire departments. The National Self Defense Force assisted
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in locating the pody of s missing parson. Two other bodies were recoversd by neighbarhood
groups.

The City of Sendai has five rescue teams on alert at all times. Whén the esarthquake occurred
and electrical powar was lost, the traffic signal system (there are more than K00 signals in
the city) bacame inopsrstive. Major traffic congestion developed st most interssctions, and
anbulances were abls to respond to only 24 of the more than 200 calls for aid. A central smer-
gency facility, where psople could obtain medical treatment, was quickly established in Sendasi.
Nospfvtals activated an smergency medical information center, which consisted of computerized
data un dactors, hospital bed space, ambulances, etc.

On Juve 25, only 705 people (in three cities and nine towns) remained ir shelters. Sites used
for shelters included schocl gymnasiums, citizens halls, and cther public Facilities. Emer-
gency rationy were distributed by volunteer agencics. The Japasnese Red Crass was not asked to
participase in the emergency-responss or recovery phases of this disaster.

Because both gas and electricity were lacking in many homes, poople bought food that did not
require cooking, Stores received additiona) guantities of precooked foods from areas not
affecred by the sarthquake. Fortunstely, most grocery stores and markets in the area remained
intact, and there was ready accets for shopping. Food prices remained stable despits the
heavy demand for particular types of food. Because mosi homes depend upon gas for cooking and
heating, the Sendal Gas Compary (public) distributed portable gas heaters for purchase at less
than cost.

Hore than 300 homes in Sendal were destroyed. Under certain conditions, the local and prefac-
tural governments may construct prefabricated dwellings for those who lose thelr homes.

Approximately 70 such dweilings were under construction in Sendsi to provide shalter to those
who did not have other means.

Nelther the City of Sendai nor Niyagi Prefecture attempted to establish or maintain a locater
service for missing persons, As s00n as the radlo and television stations resumed service,
selected stations set aside an hour esch day to broadcast names and messages. The telephone
company alsc liberalized its use of phones to assist victims,

Reconstruction

New construction in Japan must conform with the Archlitectural Law, which contains special
requirements to mitigate earthjuake damage :nd is administered by the Ministry of Construction,
Builders must submit plans to prefectural or larger municipal governments for review and
approval before starting construction, With very few exceptions, buildings destroyed aor seri-
ously damaged had been constructad before the law was in effact.

The Sendal City and Miyaql Prefecture government formed a Reconstruction Planning Committes
to insure that building replacement and repair will contribute toward safety. The committee
includes representatives of higher educetion institutions, commercial and business concerns,
industry, and the architectural profession. The Sendal Construction Bureau wiil insure that
new construction in the City meets the rsquiremsnts of the Mational Buliding Code.

- 162 -



insurance

Unemployment insurance. Although manufacturing firms and business were hard hit by the earth-

queke, 8 large majority of those whose jobs were affected were back at work soon after the
sarthquake. Some menufecturers who were operating on a marginal basis had not reopened at the
tima of tha reconnsissance; the workers affected were drawing unemployment insurance.

Earthguake lnsurance. There are at least two types of sarthquake insurance available in
Japan. Both are expensive,

One type of protection, available to a farmers as<ociation, cavers 100t of the damage up to
maximum of 25 000,000 yen. Lesser amounts of covirage can be obtained.

The other (major)} type of earthquake insur.nce is a ¢lan that is endorsed and guarantesd by

the government. This program was initiated five years ago but has not met with general accep-
tance. What appear to be major limitations are Its high cost and the limitations on coverags.
The maximum coverage for goods is 1.5 million yen ($7,500); the maximum coverage for homes is
2.4 million yen {$12,000). (The avera e home In Japan costs 15 to 20 million yen.) 8otk clty
and prefectura! officials In Sendai stated that they felt there is a nesd to equalize the pro-
grem. It was their consensus that the insurance program will become popular if coverage can

be increased and rates adjusted. This type of Insurance Is required of those who raquest antd

receive low-interest disaster-rellef loans.

Conclusions

The 1977 Disaster Countermeasures Act ¢ Japan, administered by the National Land Agency, re-
quires that sach level of government have a plan and a competent organization for dealing with
disasters. The rapid and effective response by all levels of government {national, prefec-
tural, and municipal) towards allev.ating the affects of the earthquake was the result of »
unified, integrated program of disaster preparedness and response.

The amount of recovery work accomplished or under way within two weeks after the earthquake
occurred was impressive. The speed and efficiency with which a vast amount of work had been
performed was most admirable. Officials responsible For directing operations and othars work-
ing to accomplish the monumental task of recovery exhibited unusual industry and knowledge
sbout the problems they faced and how to sclve them. All, without exception, devoted their
effarts eaclusivcly to serving the needs of the people and communities that were adversely
affected.
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Table 1 Dutiine of Preliminary Damsge from June 12, 1978, Miyagi-Ken-oki Earthquaks

Dead

Missing

Injured

Households suffering damage
Individuals suffering damage

Buildings wholly destroyed or burned or washed away

Partially destroyed buildings
Partially damaged buildings
Flooded buildings
Subtotal
Hospitals
Clinics
Medical equipment
Water works
Sanitat jon facilities
Other sanitatfon facilities
Subtotal
Factories and stores
Other business establishments
Subtotal
Paddy fields (ha)
Fields or farms (ha)
Agriculturs]l facilities
Subtota)
Farm produce (ha)
Joint-use facilities
Subtotal
Livestock
Livestock facilities
Livestock products
Subtotal
Sericultural (silkworm) facilities
Fishing boats
Fishing port facilities
Fishery and aquaculture facilities
Fishery products
Fishing equipment
Subtotal
Forest land, roads
Forestry facilities
Forestry products
Subtots)
Primary schools
Middle schools
High schools
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Quantity
F4)
0
1,052
3,477
13,768
803
5,227
58,927
20,634

119
194
135
2
3

55,078

53%

541.1
424

2,100
35

12
17
109
kD)

64
56

38

367
170
102

Value

{million §)

139.0

20.4
455.0

455.0
0.3
24.1
24.5
1.1
5.8
6.9

0.8

18.9
1.6
0.9
0.1
2.6
1.0
2.1
7.0



aa.
39.

40.
4.
42.
43.

45.

46.
47,
48.
49.
S0.
51.
52,

Other schools
Cultural assets

Subtotal
Roads (s .es of damage)
Bridges
Rivers {sites of damage)
Shores
Erosfon control facilities
Ports and harbors

Subtota)l
Ratlways
Electrical facilities
Communications facilities (sites of damage)
Social welfare facilities
Urban facilities
Gas facilities
Other facilities

Subtotal

323
a2

120
65
115

12

85

166

o

Total loss

Nurber of people evacuated by crder or

recommendstion

Number ¢f cormunities where headquarters for
disister countermeasures were Set up
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nti

26,017

56

Value

{million §)

14.7
1.2

16.8
2.1
6.6
1.1
1.7
7.6

34.8
13.7
2.3
3.0
4.1
2.0
3.1

3.2

§6.0

62.8
830.0



