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1. INTRODUCTION

The October 17th, 1989 Loma Prieta earthquake occurred about 110 km southeast of
San Francisco. The epicenter was above the San Andreas Fault. Not only the epicentric
area was damaged. The earthquake damaged a wide range of area, extending as far as
100 km north to the metropolitan areas of San Francisco and Oakland. Residents along
the coastal landfill areas suffered severe damage. The San Francisco-Oakland Bay Bridge
and a major freeway overpass partially collapsed. The lifeline system was disrupted and
drastically affected many citizens’ lives in the greater metropolitan area. The earthquake
motion was recorded by the USGS and CDMG, which obtained extensive observations and
measurements of earthquake motion and damage at various locations. Near the epicentric
area the horizontal components Max. Acceleration indicated a large reading of 0.64g
Corralitos, 0.51g in Capitola. The vertical component indicated a reading of 0.5 to 0.6g.
The neighboring Oakland area showed 0.26g in Emeryville. At the Golden Gate Bride in
San Francisco a reading of 0.24g was reported; and 0.33g at the San Francisco International
Airport. The seismic intensity distribution was reported by USGS. According to the USGS
report, the Modified Mercalli Seismic Intensity Scale was 8 (the JMA scale 5 to 6) at the
epicentric area. Though the MM scale 7 (JMA scale 5) was recorded in San Francisco and
Oakland, one particular section of these two cities showed MM 9 (JMA 6 to 7). This area
experienced considerable damage. The USGS is using microzoning maps of the San Francisco
Bay Area based on the intensity distribution survey questionnaire. USGS has examined
this material in order to understand the correspondence between the microzoning map,
which is based on a study of the classification of ground condition, and seismic intensity.

USGS has completed the seismic zoning map pertaining to the San Andreas Fault which
runs through many areas of earthquke prone California ; and, the Hayward Fault which
runs trough the San Francisco Bay Area where a major earthquake is predicted. The zoning
map is for prediction of the intensity distribution of the next large earthquake. This is
based on the 1906 earthquake damage, seismic fault, and geological features, and ground
condition. The Loma Prieta’s disaster area coincides with the previous seismic intensity
predictions. The research result will make a significant contribution toward future earthquake
engineering and prevention of earthquake disaster.

1) Kanto Gakuin Univ. 2) Kanagawa Univ. 3) Hokkaido Univ. 4) Tokyo Metropolitan Univ.



6 Comprehensive Urban Studies No.44 1991
2. The distribution .of seismic intensity -in the Bay Area
2. 1. The distibution of seismic intensity

Understanding the intensity of shaking and the characteristics of the ground vibration at
the time of an earthquake is extremely important and generally of basic interest for
understanding and reducing the impact of an earthquake:disaster. Fig. 1 shows the intensity
distribution in the San Francisco Bay Area during the Loma Prieta earthquake according
to the USGS Modified Mercalli (MM) intensity scale. In Fig.l, the evaluation of intensity
is based on data obtained from observation of stroung earthquakes and from ‘surveys of
quake-stricken areas, but the information on the more extended area is based on direct
responses wired to the National Earthquake Information. Center by post offices, and police
and fire departments after every relatively big earthquake.

The MM scale is- divided into 12 levels of shaking from I.to .XI (Table 1). Fig. 1
shows the distribution of intensity level Vil of the MM:.scale for areas near the hypocenter
such as Los Gatos and Watsonville, and level VI for the larger area along the Pacific Coast
from Salinas south .of th hypocenter to northern Berkeley. In some parts of San Francisco
and Oakland we find high “intensity.
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Fig. 1 Distribution of seismic intensity in the San Francisco Bay Area.

According to the intensity scale in Table 1, destruction of the ground, such as landslides,
sand blown up, and liquefaction generally occurs at levels IX or higher on the MM scale.
However, surveys and the observation carried out after the proposal of this intensity scale
indicate that this type of phenomena could occur: already at a lower level of seismic intensity,
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Table 1 Modified Mercalli Intensity Scale.

Intensity B Conleds ' ‘ ‘ " Acceleration
I~ Noticed only by few people in espec:auy sensitive 0.5-1.0 gal
: situations. . :
I - Noticed only by a fow peoplé, such as those resting in 1.0-2.1 gal

the upper stories of buildings. Movable objects shake. -

[l Clearly noliceable, especially indoors in the upper 2.1-5.0 gal
stories of buildings. Stopping_ cars shake slightly, o
but many people don't consider it an earthquake.

I\ In daytime, .mény people indoors feel the shaking. - 510gal
Dishes,; window panes and doors tremble, and -
stopping cars shake considerably.

v ‘Almost everyotie can feel the quake. Many people - o 10-21'gal
wake up.Unslable objects fall down and pendulum. .
clocks stop.

VI Everybody feels the quake and many people rush : 2144 gal

outdoors mghtened

VIl Most people rush outdoors Unslabie and badly 44-34 gal
designed objects are damaged to a certain degree. : )

VIl Solid buildings are damaged,cor{sidérably. Chimheys, 94-202 gal
: monuments and walls collapse, furniture falls ovet. Gritty :
mud spurts out abundantly; changes oceur in well water.

X Solid buildings are damaged and partly destroyed. The 202-432 gal
ground cracks in several places.

X. Most parts of masonry buildings collapse. More and . over432gal
larger cracks appear in the ground; railways are bent.

A Only few buildings remain intact, bridges are damaged -
and large cracks in the ground open up.

. X Everything is destroyed. Waves appear on the surface -
of the ground and some things are thrown up in the air.

depending upon ground water content, permeation and solidity of the ground, and the physical
properties of the solid materials covering the surface of hilly land and cliff slopes. This
suggests that intensity can hardly be evaluated properly from the above mentioned -ground
destruction phenomena alone. The distribution of intensity (MM scale) in Fig. 1 is therefore
determined from the damage to buildings and structures, and the areas thought to be affected
by ground destruction phenomena are evaluated by reference to destruction of other
structures in the surrounding area. .

Thus, the cities Santa Cruz, Los Gatos, Watsonville and Redwood Estates are rated VIl (MM
scale) based on badly destroyed wooden houses and unrein-forced masonry. buildings. Moreover,
the highest seismic intensity level is recorded in the local areas of ‘San Francisco and Oakland.
-The "destruction of the double floor structure at 1.—880 Cypress :Street in Oakland and
the huge damage to I —280 Embarcadero. in-.San Francisco are definitely to” be attributed
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to level X tremors (MM scale).

Also, the Marina district in northern San Francisco is assigned a X (MM scale). In
this distict, quake intensity as well as ground destruction are seen affecting the destruction
of several apartments, but the damage to many other structures in the area occurred without
and definite ground destruction phenommena. Therefore, from the collapse of those types
of structures and the structural damage to many buildings in the surrounding area, the
Marina district is evaluated as level IX (MM scale).

In the area described above, destruction seemes to be linked to reclaimed land and
relatively new, soft ground. Similarly, the intensity in eastern and northern San Francisco,
an area covered with alluvium and bay mud, is between 1 and 3 points higher on the
MM scale than that recorded in other parts of San Francisco. The intensity for the
westernmost part of San Francisco is VI, the same as for the center of the city, because
these regions are covered with a relatively thick sedimentary bed (Fig. 1).

Because of the different intensity scales, comparison between the intensity distribution
of the Loama Prieta earthquake and that of San Francisco in 1906 is very difficult, but
there is some evidence for more intensive shaking having occurred in the 1906 quake.
This can be seen particularly along the segment of the peninsula in the northern San Andreas
fault, and the surroundings of San Francisco Bay. Also, very close to the hypocenter of
the Loma Prieta earthquake, in the Santa Cruz Mountains and the area around Monterey
Bay, there are clear differences in the distribution of intensity for both quakes.

This could have resulted from the different hypocentral positions and magnitudes of
the quakes, but in the 1906 San Francisco earthquake, the isoseismal zone rated VI (MM
scale) at the center of the destructive area of the San Andreas fault extended into the
northern part of the region rated VI in the 1989 Loma Prieta earthquake. Moreover, there
is a big difference in the surrounding areas of San Fracisco Bay. Most of this area consists
of bay mud, and while it belonged to the isoseismal zone of VI through X in the 1906
San Francisco quake, with exception of some places in San Francisco and Oakland with
locally recorded levels of IX, most of it registered only levels VI-VI (MM scale) in the Loma
Prieta earthquake.

2. 2. The zoning map of the bay area

Many earthquakes have occurred in California, on the west coast of the U.S. Therefore,
the USGS predicts maximum intensity for the San Andreas Fault and Hayward Fault.
Fig. 2 shows the product of this prediction : the zoning of San Francisco according to a
5 level intensity scale from A to E (Table 2) on a map of 1:125000. This intensity scale
was obtained from the destruction and ground condition at the time of the 1906 San
Francisco quake (Fig. 3, Fig. 4). It also corresponds to Rossi-Forel intensity scale and the
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Modified Mercalli intensity scale (Fig. 5).

The above prediction of maximum intensity was made in view of the amplification
ratio from the nature of the soil and the ground condition, based on the relation between
the epicentral distance (the shortest distance from the fault) and intensity for the 1906
San Francisco quake, and the analysis of the earthquake record of low distortion observed
at the nuclear experiment in Nevada. In anticipation of a big earthquke at both the San
Andreas Fault and Hayward Fault, maximum intensity is predicted by accepting the larger
numerical value.

This zoning map leaves a few questions to be discussed below, but it is considered
useful for the administrative policy of land utilization, in the sense that is clearly specifies
the high risk disaster regions in case of a strong earthquake at both faults. However, in
terms of exactly evaluating the safety of individual structures, the risk of liquefaction in
areas consisting of soft ground such as bay mud is not necessarily accounted for. A more
detailed survey would involve the study of various maps that show the active faults and
indicate the risk of liquefaction and landslides.

The zoning map of Fig. 2 is considered very useful as a zoning map that specifies
the high risk areas in an earthquake disaster described above. In the case of the Loma
Prieta earthquake, the high intensity areas of San Francisco Bay involving the city of San
Fancisco and Oakland are obviously identical to the relatively high risk area (B zone) indicated
in the zoning map. Thus, to reduce earthquake disaster, this type of zoning maps are
expected to be fully utilized by the administrative authorities.
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Fig. 2 Microzoning map of San Francisco City and its vicinity.
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Table 2 San Francisco Intensity Scale.

San Francisco Intensity Scale [or 1906 Earthquake

GRADE DAHAGES

& Grade A. Comprises the rending and shearing of rock masses, earth, turf, and

Yery viojent all structures along the inc of faulting; the fall ‘of rock from
mountainsides; numerous landslips of greal magnitude; consistent,
decp, and extended fissuring in natural carth; some structures
totally destroyed.

Grade B.

Comprises fairly gencral collapse of brick and frame buildings when
Violent

not unusually strong; scrious cracking of brick-work and masonry in
cxcellent structures; the formation of fissures, step faults, sharp
compression anticlines, and broad, wavelike folds in paved and
asphalt-coated streets, accompanied by the ragged fissuring of
asphalt; the dostruction of foundation walls and underpimming
structures by the undulation of the ground; the breaking of sewers
and water mains; the lateral displacement of streets; and the
compression, distension, and lateral waving or displacement ol well-
ballasted streetcar tracks. '

A Grade C.

Comprises brickwork and masonry badly cracked, with occasional
Very strong

collapse; some brick and masonry. gables thrown down; frame buildings
lurched or listed on fair or weak underpimning structures, with
occasional falling {rom underpinning or collapse; gemeral

destruction of chimneys and of masonry, brick, or cement vencers;
considerable cracking or crushing of foundation walls.

# Grade D. Comprises gencral but not universal fall of chimneys; cracks in
Strong masonry and brick-work; cracks in foundation. walls, retaining walls,
and curbing; o few isolated cases of lurching or listing of frame
buildings built upon weak underpinning structures.
8 Grade E. Comprises occasional fall of chimneys and damage to plaster,
Weak

partitions, plumbing, and the like.

o .
>
=,
2 3
3 3
3 8
5 2
' (o3
S
N
B
M VvERY vioLenT VERY STRONG .
. T weax
[ ] VIOLENT || STRONG
[ IKM
E————a

Fig. 3 Intensity distribution in San Francisco City at the 1906 San Francisco Earthquake.
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3. Distribution of seismic intensity calculated from the questionnaire survey
in San Francisco

3. 1. Purpose of survey

The aim of this survey is first to scrutinize the intensity distribution within the city
of San Francisco and second to confirm the influence of subsurface geology and prove
the credibility and efficiency of the questionnaire based MM intensiy survey method.

The city of San Francisco spaﬁs about 12 km from north to south and 15 km from
east to west. The epicenter of the last major earthquake was 92 km, the edge of the
aftershock region 72 km away. California (San Andreas Province) has the following standard
formula for calculating the decrease of seismic intensity (Chandra, 1979) .

I(R)~1Io=2.014 — 0.00659R — 2.014log (R + 10) R <330 km (1)

R = epicentral distance, Io = epicentral intensity,
I(R)=intensity at epicentral distance R.

Substitulting To =8, R=92—-6=86 and R=92+6 =098, we get I1(86)=>5.45, 1(98)=5.27.
(Substitulting Io=8, R=72—6=66 and R=72+6=78, we get 1(66)=5.79, I(78)=5.27)

Thus, the difference in intensity between the north and the south of the city amounts
to only about 0.2 and is negligible in the discussion of local site effects.
(But we have to drop the decrease member from the equation when dealing with the intensity
differences of 0.2)

3. 2. Method of survey

(1) Time period and area of survey

The field survey, distribution of questionnaire forms and some inquiries, took us five
days, from Novemver 27 to December 1, 1989. The area of survey was limited to the city
of San Francisco.

(2) The questionnaire

The questionnaire used was one already preapared for surveying seismic intensity in
California (Ohashi et al., 1987) ;it is based on the definitions of the Modified Mercalli scale,
with additional reference to the MSK scale. It has a total of 34 items, 21 of which directly
concern the rating of intensity. Fig. 6 shows the questionnaire form.

In the U.S., USGS conducts routine questionnaire surveys on intensity by mail whenver
a disastrous earthquakes occurs, for the purpose of creating a macroscopic map of intensity
distribution. The standard USGS questionnaire covers as many as 58 items in great detail,
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11. Did you feel the earthquake 7 ARCITECTURAL INSTITUTE OF JAPAN (ATJ)
1 yes 1t ]
2 no a1 This is a survey of the Loma Prieta Earthquake of October 17, 1889. Tt aims to define and
compare the distribution of shaking in this earthquake, and to prepatre For futLure earth-
12. How many of those around you felt the shaking ? quakes. Your imput is very important for the success of Lhis project.
1 nobody 1€ ] Please go down the pages answering the guestions for this earthquake.
2 a few [ Thank you very much for your kind cooperation.
3 many 3L 1
4 all 4L ] 1. Wher the earthquake occurred, you were check
5 don’t know 5L ] 1 in your town 1L 3
2 somewhere else 2 J
13. If anyone was sleeping, did the slecping people awake ?
1 a few people woke up VL ] 2. The address where you were localed at the time
2 many woke up 2C 1 of the earthquake, if known
3 all woke up 3C 1 street
4 no one was sleeping 1C ] city
state,zip —_
If you did not feel the carthquake, you can finish. If not, approximate location is
Thank you very much.
3. The place was
14. Would you say the vibration you felt was 1 flat land 1L 1
1 light 1eo 3 L on a top of hill [
2 nmoderate 20 3 3 on a slope 3L ]
3 ‘strong 3 ] 1 in a valley. 4L ]
4 vielent at ]
4. You were
15. How long do you think the shaking lasted ¢ 1 indoors [ ]
1 sudden {less than 10 seconds) [N ] 2 outdoors 2 { ]
2 short (10 - 30 secs} 2t 1 3 in a vehicle 3L 1
3 long (30 - B0 secs) 3L 3
4 very long (more than | min) LIS ] 5. Check your activity when the earthquake occurred
1 moving 1L ]
18. Were you frightened during the shaking ? 2 standing 20 ]
1 not at all 103 3 sitting 302
2 @ little bit 20 3 A lying down 1]
3 quite 3L 1 5 sleeping 5L 1
1 almost panic 4L 1 6 other {(please specify) §
17. What did you do during the shaking 7 6. If you were inside a building, the type of building was
1 stayed where I was 1€ ] 1 house 1L 1
2 tried to protect mysclf, someone 20 1 2 wobile home 20 )
else or some valuables 3 apartment 3C ]
3 moved to another roon 3L 3 4 office 4{ 1
4 tried to exit building 40 ] 5 shop 5[ 1
5 other (please specify) 5 8 other {please specify) 8
18. [f you tried to, was it difficult Lo move ¢ 7. What was the building mainly made of ?
1 easy to move L] 1 brick or block e 3
2 difficelt but possible Lo mave 20 ] 2 wood 20 ]
3 couldn’t move 3L pl 3 comcrete 3L ]
4 fell down L 4 steel 40 1
5 didn’t try to move 5[ 1 5 other (please specify) 5
19. ¥as the vibration noticed in your car ? 8. llow old is the building 7
1 not in a car 1L 1 built before 1935 0]
2 noticed in parked car 2L ) 2 built between 1935 and 1965 20 ]
3 aoticed in moving car 3L ] 3 built between 1985 and 1975 3L 1
4 difficult to control car LW ] 4 built after 1875 40 )]
5 don’t know 5T 3
20. Did you see any trees, poles or parked cars move ?
I none moved [N 9. How many floors did the building have ?
2 some moved slightly 2 ( 1
3 some moved violently 3L ] 10. What floor were you on ?
4 branches broke off 4L 1
5 don’t know 5 C 3
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31.

32.

33.

34.

Was there damage to stone or brick walls,
tombstones or monuments in ncighborhood ?

1 no danage 1t 1
2 swmall cracks 20 ]
3 big cracks 3 3
4 collapses 1L ]
5 don’t know 5[ ]
Were there ground cracks, rockfalls and
landslides in your neighborhood ¢
1 none 1t 1
Z few 2L ]
3 nmany 3L ]
4 nunmerous 10 ]
5 don’'t know 5L ]

Was your telephone, water, gas or electricity
interrupted after the earthquake ?
1 no interruption

for a few hours 2
for a few days 3
for a week 1

longer 5
don’t know .6

Sl a il ala]
[P

Was you or your fawmily injured due to the earthguake ¢

1 no 1L ]
2 yes, slightly 2t ]
3 treated by doctor 3 1
4 hospitalized 4 [ 1
(what injury)
You are
1 male 1 ]
2 female 2L ]

How old are you ?

By Br. Toshio MOCHIZUKI
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Dr. Norio ABEKI
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4834 Kutsuura-cho Kanazawa-ku Yokohama-shi Japan 236

and Mr. Takahisa ENOMOTO

Earthquake Enginecring Rescarcher,

Hember of ASJ,

Research Associate, Kanagawa lUniversity,

3-27-1 Rokkakubashi Kanagawa-ku Yokohama-shi Japan 221

25.

28.

27.

28.

Did hanging objects like pictures and lamps swing ?

1 ne

2 some moved slightiy

3 some soved a lot

4 some fell or were danmaged
5 don’t know

Whalt happened to windows, doors or dishes ¢
they ratiled

they swung open or cloese

some dishes broke

some windows broke

don’t know

LRI

Did you see the liquids in open vessels move 7
1 some moved a Jlittle
2 some moved a lot
3 some spilled
4 don’t know

Did shelf goods move ?

1 none moved

2 a few shifted or overturned
3 many fell off shelves

4 all fell off shelves

5 don’t know

What happened to furniture ?

furniture did not shake

it shock slightly

it moved a little

it moved and overturncd
considerable damage to furniture
don’t know

LI PN PN,

Questions 26, 27 and 28 refer to your building,
OR to neighboring building if you were outdoors.

Damage to walls of the building
1 none
2 fine cracks in plaster
3 picces of plaster fell off
4 there were large and decp cracks
S one or more walls collapsed

Damage to foundation of the building
1 none

foundation cracked

building moved_on foundation

building moved off foundation

foundation destroyed

don’t know

o e

¥as there damage to chimneys, parapets and ornaments
none

some cracked

some fell

aost fell

don’t know
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but it targets only public institutions, e. g. post offices, because USGS tries to .evaluate the
seismic intensity for one spot by a single questionnaire. Our objects of survey where the
citizens, the staff of schools and others. The _questions and their choices were easy to
understand. Different from USGS, we determined the intensity at any spot (each mesh) from
the average value of at least several questionnaires.

(3) Distribution and collection of questionnaires

We conducted the survey on the staff of a total of 44 public senior and junior high
schools and 2 elementary schools in the city of San Francisco. We visited 12 of the schools
directly on November 27-28, 1989, and handed the questionnaire forms to the principals,
asking for their cooperation. For the other 38 schools, the person in charge at SFUSD (San
Francisco ‘Unified School Distict) kindly sent the forms with SFUSD tags to the principals
after November 30. As a rule, we enclosed 50 forms for each senior high school and 30
for each junior high school, and asked the teachers to fill them  in.

Besides the schools, we also asked two local construction consulting companies and

one travel agency for their cooperation, and so the toal number. of questionnaire. forms
passed out amounted to about. 2,000 to 47 institutions.

1 234 56 7 89 10111213 14151617 18 19 20
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Fig. 7 Distribution of retreval questionnéire sheets.
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We asked them to mail the forms back to Japan (we gave stamped, self-addressed envelopes
together with the forms). By Febuary 16, 1990, we had received a total of 515 forms from
27 institutions (two companies and 25 schools.) Among them, 290 were complete enough
to establish the replier’s position in the city at the very time -of shaking, even up to the
house number. There were 96 replies from within the city without house number or street
address filled in. There were 81 forms from places other than the city of San Francisco
and 48 with no location given. Fig. 7 shows the distribution over San Francisco of the
290 wvalid forms.

(4) Data

As mentioned above, we got 290 complete questionnaires with specific location in the
city at the time of the earthquake. There were 96 others from the city without exact
location, 81 from outside the city, and 48 giving no location at all.

We divided San Francisco into meshes with 16 partitions (A-P) from north to south
and 20 from east to west. One mesh is a regular square of about 750 m side length.
The subsurface geological map in Fig. 4 shows the geological composition of the city of
San Francisco as follows :

(1) Bay mud (Qm : Holocene estuarine mud, reclaimed mud)

(2) Quaternary alluvium (Qual)

(3) Bedrock (Kjf : Franciscan Formation).
For comparison with the intensity values given in the questionnaires, we read the geological
composition of each mesh and added 2 more intermediate categories :

(1.5) mixture of bay mud and alluvium deposits

(2.5) mixture of alluvium deposits and bedrock.
Where one mesh contains 3 types of ground and where bay mud and bedrock meet, no
value was assigned. (P-17, Candlestick Park baseball grohnd; was treated as bay mud).

Fig. 8 Distribution o seismic intensity in San Francisco City
and Orkland City evaluted by USGS.
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We counted the number of dangerous buidings for each mesh from among 164 buildings
in the city labeled 'dangerous’ on the distribution map (Fig. 5.3.2.1 A.LJ.Report) and set
it against the intensity as damage indicator. The damage indicator was released by the
San Francisco municipal authorities after their field inspection carried out from Ocotober
18 to November 2 (but it is not certain if the inspection covered the whole city).

USGS published an MM scale contour map (Fig. 8. Plafker and Galloway, 1989) based
mainly on data from the field inspection supplemented by early responeses from a mail
survey. The map shows that most of San Francisco is rated VI, the north and the coastal
part of the east VI, and the Marina and the South Market districts IX, because of the serious
damage to the higway and the collapse of wooden apartment houses. The data are also
compared mesh by mesh. ‘

3. 3. Findings

(1) “Fuzzy” calculation of seismic intensity
The intensity coefficient for every item and category is given in form of a membership
function, centering on the most reliable seismic intensity value, allowing a certain latitude.
We choose the most appropriate out of 3 functions :
Z  function = lower than a given intensity
P function =a cone
_ S function = higher than a given intensity
For the Z and S functions, emphasis is on the intensity level at the border. Fig. 9 shows
an example of a membership function. Table 3 shows, for every item and category, the
type of function, the peak intensity coefficient and the function’s width of intensity.

We add up the intensity coefficients corresponding to the items and categories marked
on one questionnaire and look for the maximum intensity in the entire distribution. Where
distribution is discontinuous, we take the average from the intensities to the right and to
the left. There might be less scattering if we take the medium rather than the peak value
of the distribution. '

(2) Results of seismic intensity calculation
i) Average intensity and distribution, comparison with USGS intensity, and comparison with
strong motion records

The average fuzzy questionnaire intensity for the 290 cases is 6.0, and' its standard
deviation is 1.9. Fig. 10 shows the frequency distribution. Comparison to USGS intensity
values of VI for the city and VI for both the east coast and the north, shows that this
result is valuable, ‘
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ITEM CATEGORY FUNCTION MEAN WIDTH LABEL
(Hanging objects)
21 1 2 20 30 no swing
21 2 2 40 20 - slight
21 3 2 60 30 a lot
21 4 3 90 30 fell

by das bl

12

MMI

Fig. 3 Sample of the membership function of Fuzzy Intensity.

Table 3 Intensity coefficierits for each question item and category.
QUESTION CATEGORY
i 2 3 [ 5
No | t{em F P W IF P W IF P WIFP W IF P W
11 | Feel guake S 6 4|z 1 4
12 | Others feel . P2 3P 5 3|S 7T 3¢
13 | Awaken p2 3/p 5 3|S 8 3
14 [ Vibration P2 3{P S5 3P T 3|S 9 3
15 { Duration P 2 3|p 3 3|P 6 3;S 8 3
16 | Frighten P 3 44P 5 3P 7 3|S 10 3
17 | Huwan behavior P 6 3|P 6 3|P 8 3
18 | Moving P 3 4P 7T 3|S 10 4|S 11 3
19 | Car vibration S 7 4P 8 3[(S 10 3
20 | Tree,pole,car (P 3 4|P 6 2|P 8 3|S 10 3
21 | langing objectsiP 2 3P 4 2|P 6 3|S.-9 3
22 {Windows,dishes {P 3 3(P 6 3|S 8 3[S 10 3
23 | Liquids P 3 3P 6 3|S 9 4
24 | Shelf items P 3 4|Pp 6 3P 8 3|S 10 3
25 | Furniture P 3 4P 5 3P 8 3{P 11 3|S 12 3
26 | Valls . | Z..A& 3|P..7..3 P 834D 10 31512 3
Wall pre 1935 {Z 4 3P 7 3{P 8 3|P 10 3|S 12 3
Wall 35-65 Z 5 3|p 8 :3{P 9 3|P 11  3|S 13 3
| Mall aft 65 | Z..8..3|P..9. . 3|P 10 3|P 12 3|5 14 3
27 | Foundation Z 5 3lp 8 3{P 10 3P 11 3[S .13 3
28 | Chimneys Z 5 44{p 8 3P 10 3(S 12 3 :
29 | Stone,brck walllz 5 4¢P 8 3P 10 3|S 12 3
30 {Ground Cracks |2 6 3{P 9 3[S 11 3[S 12 3
F: Function, P: Peak intensity, W: Width of intensity
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1 5 6 7 8 0 1

2l QUESTIONNAIRE INTENSITY
E0BS=6 D 0BS=7
mean 59.0 62.2
FZY  std- 18:3 19.8
ncase 202 87
GEQ mean 2.13 1.84
std 0.29 0.56
DMG mean 0.31 2.17
std 0.79 2.62
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Fig. 11 Compar}ison of Fuzzy Intensity, géblogy

and sesmic damage.

Fig. 10 Comparison of Fuzzy Intensity and USGS

Intensity.

Table 4 Strong motion data recorded in San

Francisco City.

Station name Peak values Distance Mesh Geology
Mg Vg I2g kn

1295 Shafter St. 0.11 0.05 0.07 89 M16 hard rock

$.U.,Thornton Hall 0.14 0.04 0.11 AR N5 alluvium

575 Market(bsmt) )

(0.23) 008 0.06  0.11 96 D15 alluvium
600 Montogmery

(bsnt ) (0.31) 012 0.05 0.1 97 D15 alluvium
Diamond Heights 0.12 0.05 0.10 99 K10 rock
Golden Gate Dridge 0.12 0.06 0.24 100 A8 Tock
VA hospital (bsmt) )

(0.30) 0.08  0.05 0.16 100 E2 rock
Rincon Hill 0.09 0.03 0.08 102 9 rock
6-story Bldg(0.28) 0.09  0.04 0.07 103 ?

Telegraph Hill 0.08 0.03 0.06 104 C15 rock
Pacific lleights 0.06 0.03 0.05 104 9 rock
Presidio 0.21 0.06 0.10 105 ? ?

Cliff louse 0.11  0.06  0.08. 107 [l rock

max component of PGA:

alluvium sitel

rock sitel

13 cases, 0.13g, s.dev=0.05
3 cases, 0.12g, s.dev=0.02
8 cascs, 0.12g, s.dev=0.06
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Sorting the meshes of USGS intensity VI and VI and averaging the questionnaire intensity,
we obtained the values 5.9 (std =1.8) and 6.2 (std =2.0) respectively. The difference was
fairly small and unstable. We applied this fuzzy intensity calculation method also to the
data of the 1984 Morgan Hill and 1986 Hollister earthquakes (Ohashi it al, 1987) and
arrived at Fig. 11 by comparing those values with the USGS intensity. In spite of some
scattering, the fuzzy questionnaire ‘intensity correlates well with the USGS intensity, the
absolute values are also in agreement. In the case of Loma Prieta, however, the fuzzy intensity
~seems too low against the VI of USGS.

Strong motion was recorded at 13 points in San Francisco on the ground or in buildings
on the ground floor and in basements (Table 4) ; the average of the maximum acceleration
amounts to 0.13g (EERL 1989). The average intensity MM 6 (=JMA 4) in the city corresponds
to PGA 0.13 g. The strong motion data for both the 3 points on alluvium and the 8 points
on rock averaged 0.12 g, with almost no difference in maximum acceleration. There are
no data on the Bay mud. It is also clear from the early USGS report (Plafker and Galloway,
1989) that acceleration is certainly great for Bay mud but not definite for alluvium and
rock. The report explains that even if acceleration is the same it lasts longer on alluvium ;
thus in relation to velocity and displacement, intensity on alluvium might be greater. It
may be wrong to measure intensity differences, that is intensity of earthquake motion, only
in terms of acceleration. ’

ii) Effects of the ground

Table 5 Effects of site geology on Fuzzy Table 6 Relative expected intensity for ground
questionnaire intensity, USGS observed condition units in California.
intensity and damage index. :

i 7 75 5 Derived from geologic map of Californial

Bay mud | Al fuvium | Mix(Alhuy BedrOCQAW A. Granitic and metamorphic rocks -3.00
—tc + rock) ] B. Paleozoic scdimentary rocks -2.60
45¢S 2l 214 3 21 C. Early Mesozoic sedimentary rocks -2.20
Quest. | Mean 6.72 6.08 5.78 1714 D. Cretaceous through Eocenc sedimentary rocks -1.80
Intensity St.Dev 1.92 1.88 1.70 1.43 £. Undivided Tertiary sedimentary rocks -1.70
USGS Hean 7.00 6.2 6.12 : F. Oligocene through middle Pliocenc sedimentary rocks -1.50
Intensi tyl St.Dev 0.00 0.13 0.33 g:zg G. "Pliocenc-Pleistocene” sedimentary rocks -1.00
. Tertiary volcanic rocks -2.70
g“W?S? of Si““ 1.28 0.97 0.00 0.19 1. Quaternary volcanic rocks ) -2.70

i ldngsl st Doy 1.63 1.82 0.00 0.39 Alluvial units bascd on depth in feet to water table!
J. 0 ft< water table < 30 ft 0.00
L. 30 ft < water table < 100 ft -1.00

¥. 100 ft < water table -1.50




Abeki et al: Seismic Intensity in 1989 Loma Prieta Earthquake 21

Table 5 shows the relation between intensity and subsurface geology. Seismic intensity
obviously tends to be higher in soft ground in the following manner ;

Bedrock < Alluvium & bedrock < Alluvium < Bay mud
4.7 5.8 6.1 6.7
difference (-2.0 -0.9 -0.6 0.0)

Table 6 shows the relative expected intensity for ground condition units in California
derived from the 1:250000 geological map of California (Ziony, 1985). For a ground water
level of 0-30 ft in Bay mud (saturated alluvium) intensity is expected to gain 0.0 ; for a
ground water level of 30-100 ft in alluvium the expected gain in intensity is - 1.00; for
rock like the Frnciscan Formation (early Mesozoic sedimentary rock) the expected intensity
gain is - 2.20. The results of our fuzzy questionnaire survey correlate well to this empirical
formula.

USGS intensity, on the other hand, is as follows : especially high for Bay mud but
without definite order. for the other three.

Alluvium & berdrock =< Alluvium < Bedrock < Bay mud
6.1 6.2 6.3 7.0

For this reason, USGS intensity is so flat (contoured) that it hardly reflects more complicated
ground conditions.

Almost no correlation was found between questionnaire intensity and the number of
dangerous structures per mesh. It seems that the distribution of damaged buildings could
be determined from the product of quake force input (intensity) and the distribution of
old buildings. »

i) Distribution of intensity

1989 LOMA PRIETA EQ. .
QUESTIONNAIRE INTENSITY; AVERAGE: CASE>=3  UNDER LINE: CASE=Z

B-2 —t
c-3 o 49 57 a |
D-4 867- a—Bg§s-52—81286—72-—
= E-5 q o 60 w72 o 0B3| 67 53 OH8
] F-6 $—56—62—T5—e—60—@ —a7e—47—&
Z 674 oB 080077 65
B -8 445a579—o83—opueT—5i—a—a705—8
g -9 ogimida 69 o Da7g5 57 o q
g J104—=—h o a———50—69-
~ Kll4 b o oo o
2 L1z 86—a68=p] 4 & & o
> N-134 [=} o o 5 0 D 0 O o
N-14 56—87]—B5255—e &
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P-16 r B1—r 7 55—
. 6 10 12 14 18 18

YAXS/ WEST TO EAST

Fig. 12 Distribution of Fuzzy Intensity in San Francisco City.
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Fig. 12 shows the average fuzzy intensity for every mesh. The distribution is so
complicated and varies so widely that we can hardly pick out any tendencies from it.
Therefore, we applied the method of automatic levelling to it (Kagami, 1981), so that we
could extract some characteristics of intensity distribution. Fig. 13 is a map drown along
isoseismal lines taking in data from a radius of 4 km. However, weight was given to data
depending on the distance from a cross obtained throug levelling according to the formula
W=1- (Ri/R)%. This contour map (R=4 km) tells us the following :

(1) Comparison with the subsurface geological map shows that Bay mud falls into line with
intensity VIl or higher and rock to intensity V or lower. However, no isoseismal lines appear
in the contour map around the Bay mud of K. 16-18 and G. 15-17. The reason may be
that we could not collect many questionnaires from this area.

(2) Alluvium falls into two categories, one with intensity VI (Sunset District) and the other
with VI. This is supposed to be related to the depth of alluvium and the level of ground
water. ‘

(3) Contour VI is almost identical to that of the USGS intensity distribution map, but the
intensity for the South Market area is not very high. There is no intensity V for rock
in USGS intensity . the fuzzy intensity may be somewhat too small.

(4) To get a more detailed intensity distibution, we took in data from a radius of only
2 km and contoured. But because of lack of questionnaires, the fluctuation was too strong
to grasp any tendency. ‘

6.5 <

Kn y I\ &
0 1 zﬂ Q N
$.3
////7.'3
/ AN

Abg odsioupig UDG

. Fig. 13 lsoseismal map in San Francisco -City.
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Summary

We rendered a micro-distribution of intensity for the city of San Francisco by using

fuzzy intensity, and in this way also examined the credibility of fuzzy intensity calculation.

While a certain credibility could be establishied, it is necessary to collect quality data for

further examination. In this survey there was a lack and bias of data, making it impossible

to survey as minutely as we could have, had we performed microzoning all over the city

of San Francisco. Subsurface geology clearly has an effect on intensity, and it can explain

intensity distribution in San Francisco.
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