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previous major earthquakes over the past 30 years. In addition, the important impact
of local site conditions on strong shaking characteristics and resulting damage
patterns at Bay Area sites had been well-documented by numerous investigators in
the wake of the 1906 San Francisco Earthquake, and a number of engineers and
researchers had performed site-specific response studies resulting in microzonation
mapping which well-predicted the observed zones of high intensity shaking at "soft"
bayshore sites during the Loma Prieta Earthquake. The map shown in Figure 4.25
(Borcherdt, et al., 1975) is but one of a number of such maps.

Building code provisions dealing with these “site" effects have gradually
evolved over the past 20 years, and a particularly important improvement in these
provisions occurred in 1988 as a result of the clearly overwhelming influence of local
site effects on the catastrophic damages suffered by major buildings on deep clay sites
during the 1985 Mexico City Earthquake (1988 Uniform Building Code). It may be
anticipated that further improvemenis in the ways that the effects of local
geotechnical site conditions are dealt with in seismic building codes will result from
the lessons learned yet again in this regard during the Loma Prieta Earthquake.

Finally, it must be noted that site-specific "amplification” is a nonlinear effect.
Relatively modest levels of peak horizontal acceleration on rock throughout the
central Bay Area on the order of .06 g to 0.12 g were "amplified” to produce peak
horizontal ground surface accelerations approximately 2 to 3 times higher on soft,
bayshore sites. Amplification of peak ground surface accelerations was even more
pronounced (factors of 4 to 8 for soft bayshore sites relative to rock sites) for low
level aftershock recordings. At stronger levels of bedrock shaking in future, larger or
more near-field events, amplification of peak ground surface accelerations will be
less pronounced; indeed, for levels of ag, o > 04 g the peak ground surface
accelerations on soft clay sites may be slightly less than those on rock.

This does not mean that site effects will not have a potentially important
adverse impact on structural performance on soft and deep clay sites for strong levels
of bedrock shaking. Although peak ground surface amplification becomes less
pronounced for stronger levels of shaking at such sites, spectral amplification, or
preferential amplification of longer period components of motion, will still result in
concentration of shaking energy in long period ranges, and will thus produce
potentially highly damaging ground motions at these sites.

In summary, amplification of accelerations, as well as the especially
pronounced amplification of long period motions, at sites underlain by soft and/or
deep soil deposits, appears to have been a major factor in controlling damage
patterns during the Loma Prieta Earthquake. This was no surprise to the engineering
community, and these "site effecis” are likely to continue to be important factors in
future seismic events in this region.
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Chapter Five: SLOPE STABILITY PROBLEMS

The Loma Prieta Earthquake caused numerous landslides and rockfalls over a
large portion of northern and central California. Extensive and widespread slope
stability failures occurred in the Santa Cruz Mountains near the zone of fault rupture,
and stability failures and rockfalls also occurred at a number of points along the
Pacific coastal bluffs from Rio Del Mar on the east coast of the Monterey Bay to
Daly City. In addition, small slides and rockfalls were noted as far as 70 miles north
of the epicenter, as far as 30 miles east of the epicenter, and as far as 30 miles to the
south of the epicenter. These small slides and rockfalls were of little consequence,
but two major slides with serious adverse consequences also occurred far from the
epicentral region in central San Francisco, and on the west {Pacific) coast of Marin,

During the Loma Prieta Earthquake of October 17, 1989, a large number of
landslides occurred in the Santa Cruz Mountains near the fault rupture region. More
than one thousand slides and rockfalls of varying size occurred in this area, most of
them within the zone indicated with a dashed line in Figure 5.1, and exploration of
this wooded, mountainous region is continuing. Most of the slides and rockfalls in
this region were relatively small and shallow, extending to depths of less than 10 to 20
feet. In addition, extensive slumping and cracking occurred in fills along most of the
mountain roads in the region, and an example of this is shown in Figure 5.2.

While most slides and rockfalls were relatively small and shallow, 2 number of
larger, deeper slides occurred with widths of up to several hundred feet and lengths
of up to one half mile and more. Two relatively large failures in interbedded Tertiary
sandstones and shales caused the temporary closure of Highway 17 from San Jose to
Santa Cruz at the locations shown in Figure 5.1. The photograph in Figure 5.3 shows
one of these two slides on Highway 17 as it appeared shortly after the road had been
reopened. Figure 5.4 shows the partially developed head scarp of another slide
damaging another road in this area, and Figure 5.5 shows the toe of another slide
closing a road in this region. It was difficult to photograph most of the slides in this
region due to the steep topography and the densely wooded terrain.

The principal impacts of the widespread shiding in this mountainous region
were two-fold: (1} the main highway (Highway 17) and many of the secondary roads
in this region were at least temporarily closed, disrupting communications and
partially isolating Santa Cruz from the southern San Francisco Bay Area at a time
when the City of Santa Cruz had urgent need of emergency assistance and supplies,
and (2) a number of single family residences were destroyed or damaged by
landslides in this region. This mountainous region is subject to relatively frequent
landslides and flowslides during wet winters, and considerable historic local
experience with problems associated with slope instability has led to a general
avoidance of residential construction on the most obviously unsafe slopes. This,
along with the sparse population of this fairly isolated mountainous region, served to
reduce to some extent the number of residences and other buildings destroyed and
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Fig. 5.2: Slumping of Fill Along Summit Road in the Santa Cruz Fig. 53: Repair of Lundslide on Highway 17 in the Santa Cruz
Mountains [Photo courtesy of the U.S, Army Corps of Mountains
Engincers Waterways Experiment Station.

Fig. 5.4: Head Scarp of Partially Developed Slide on Summit Road in Fig. 5.5: Toe of a Landslide Encroaching on Soquel-San Jose
the Santa Cruz Mountains Roadway in the Santa Cruz Mountains
[Photo courtesy of James R. Martin [T}
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limit, to some extent, the number of structures damaged by sliding and rockfalls. In
all, approximately 500 to 800 structures, mostly single family residences, were heavily
damaged or destroyed as a result of sliding and general stability problems in this
region; roughly one-half of these were damaged by conventional landslides, and the
remainder by slumping and settlement of minor fills and/or by ground fissures
apparently associated (in most cases) with near instability of slopes. No lives were
lost as a direct result of landslides in this area.

The most damaging single slide in this region was the Goebel Court or
Redwood Estates landslide. This is a reactivated, ancient landslide with a surface area
of approximately 25 acres. The slide plane, located by means of borings and
inclinometers, occurs at an average depth of approximately 50 feet, with a maximum
depth of 96 feet at one location. A total of 19 homes have been damaged or
significantly adversely affected by this slide. The slide occurs largely within
interbedded Oligocene and Miocene sandstones and shales of the Vaqueros
formation. Although post-earthquake investigations revealed clear evidence of
historical slide movements, there is no record of movements of this slide mass having
occurred during the severe winters of 1982 and 1983,

In addition to the widespread occurrence of landslides and rock falls in the
Santa Cruz Mountains, numerous slope failures occurred along the Pacific coastal
bluffs from about Rio Del Mar, just southeast of Capitola, to as far north as Daly City
{as indicated in Figure 5.1). The materials forming these cliffs range from relatively
well indurated siltstones and sandstones to rather weakly indurated cemented marine
terrace sands and gravels. As a result, the character of the failures and the extent of
damage was quite variable.

The more indurated rocks generally belong to the Purissima Formation and
typically form very steep cliffs as high as 150 feet. These cliffs are found along most
of the coastline from Capitola northward to Half Moon Bay. The failures which
occurred during the earthquake along this section of the coast were typically rock
falls and topples involving relatively small volumes of material. Figure 5.6 shows one
such failure, in this case a small rock fall which further undermined an already
exposed foundation of an apartment building in Capitola. It is important to note that
this foundation has been partially exposed for some time and that previous failures
had occurred here during the winter storms of 1982 and 1983.

Several larger falls involving a few tens of cubic yards also occurred. One of
these larger failures killed one person on a beach just north of Santa Cruz. Evidence
of failures in the form of small talus cones at the bases of the cliffs was ubiquitous
along almost the entire length of the coastline between Santa Cruz and Half Moon
Bay. In this respect, while the character of the failures was the same as is typical of
failures caused along this same stretch of the coast by winter rains or wave erosion,
the failures due to the Loma Prieta Earthquake were much more pervasive than
those which typically occur during winter storm seasons, and were more pervasive
than those which occurred during the unusually severe winters of 1982 and 1983.
Also, newly opened tension cracks have been reported at numerous locations along



Fig. 5.6:
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these coastal bluffs, suggesting heightened risk of occasional rock falls and increased
likelihood of further failures during future winter rains.

The weakly indurated Tertiary sandstones and siltstones, and the Quaternary
terrace deposits, are exposed along the bluffs in Daly City and Pacifica at the far
north end of the affected coastline, and east of Capitola, between Capitola and Rio
Del Mar. The failures which occurred in these materials were typically shallow
slides, involving mainly the weathered horizon along the slope face, and occasional
smali block falls and topples. The coastline between Capitola and Rio Del Mar is
quite heavily developed with structures both at the crests and at the bases of the
slopes (e.g. Figure 5.7). Although widespread evidence of isolated failures of various
aerial extent was present throughout much of this region, the damage {o individual
structures was relatively limited. In most cases the damage occurred to the structures
at the base of the slopes as the falling soil overtopped garden walls, impacted walls,
and partially buried some of the properties. The damage at the top of the slopes
consisted mainly of loss of ground and tensile cracking, in some cases as far back as
30 feet from the crest of the slope {Plant and Griggs, 1990). In several locations the
bluffs formed narrow ridges which appear to have amplified the ground motion and
which were shattered; 3 houses located on such ridges were sufficiently heavily
damaged as to require removal (Plant and Griggs, 1990).

The largest failure in these coastal bluffs occurred in Daly City, just north of
the San Andreas Fault (Figure 5.8). The bluffs along this section of the coast vary in
height from about 300 to 500 feet, and failures have previously occurred in this area
during the 1906 and 1957 earthquakes. This failure is also notable because it
occurred at a significant distance from the epicenter, about 55 miles, and the
estimated peak horizontal accelerations were relatively low, on the order of 0.10 to
0.14 g. The implications regarding the potential for failures in future earthquakes
along this section of the coast are clear, and deserve careful consideration in future
planning.

In addition to sliding and rockfalls in the epicentral region and along the
Pacific coast between Rio Del Mar and Daly City, isolated slides and rockfalls
occurred over large surrounding areas. Many of these were very small, but two of the
most damaging slope stability problems caused by the Loma Prieta Earthquake
occurred (a) in central San Francisco, and (b) even farther north on the west coast of
the Marin Peninsula.

The first of these problems was the 8th Avenue landslide, which occurred near
the center of the City of San Francisco, as shown in Figure 5.1. Eighth Avenue in San
Francisco runs in a north to south direction along the top of a very steep east-facing
slope, with a face slope that varies from 1:1 to 2:1 (horizontal:vertical), Figure 5.9
shows an oblique view down this steep slope from the rear porch of a home on the
crest of the slope. The slope height increases from about 70 ft near the intersection
of Eighth Avenue and Moraga Street to about 110 ft near the intersection of Eighth
Avenue and Ortega Street. Eighth Avenue is aligned with the eastern crest of a large
sand dune, and the slope which underlies the roads and houses in this area is
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Fig. 590  View Downslope Showing the Steepness of the Slope Face at Eighth
Avenue near Noriega Street, San Francisco

Fig. 5.1  Home With Foundation Sheared-Through by Eighth Avenue Shde
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comprised of loose, and in some zones weakly cemented, dune sands. Evidences of
slope instability have been reported since houses were first constructed along the east
side of the street about 50 years ago.

The ground shaking caused by the Loma Prieta Earthquake induced a sudden
slip within the sand slope that resulted in large differential settlements between the
front and rear of the houses on the east side of the street. More than thirty houses
were destroyed or will require major repairs. An example is the house shown in
Figure 5.10 whose foundation was sheared through by the slope displacements.
There is no evidence that soil liquefaction played a part in this failure, or that any
liquefaction occurred at this site. Instead, the failure appears to have occurred within
unsaturated sandy soils, and to have been simply the result of application of modest
dynamic {seismic) forces to a slope that had been only marginally stable under static
conditions. Observations have shown that there have been no significant additional
movements since the earthquake. Nonetheless, strengthening of this large and
marginally stable slope against further movements in the future will be needed.

The second major siope stability problem which occurred far from the Loma
Prieta Earthquake fault rupture zone was the apparent reactivation (or at least
acceleration) of a major slide on the western coast of the Marin Peninsula. As shown
in Figure 5.1, this large landslide is located along State Highway 1 between Muir
Beach and Stinson State Beach, approximately eight miles northwest of the Golden
Gate Bridge, roughly 70 miles north of the epicenter and more than 55 miles north of
the nearest point on the fault rupture surface. The highway at this location skirts the
coastline in an area of high relief and is benched into highly weathered and sheared
sandstone and shale of the Franciscan formation. The slide mass covers an area
extending roughly 1000 feet horizontally and 1000 feet in vertical relief. The slide
plane, located with slope indicators, is roughly 100 feet beneath the surface. This
slide has experienced varicus levels of activity for many years, and resumed
movement at an accelerated rate following the Loma Prieta Earthquake. The recent
episode of movement has severely damaged a portion of Highway 1, resulting in
closure for an indefinite period of time.

The marginal stability of the Highway 1 slide has resulted in two fairly recent
episodes of excessive displacements; movement following the severe storms in the
winter of 1982 and the present activity subsequent to the October 17 earthquake.
The 1982 storms reactivated portions of the slide mass and resulted in the closing of
the highway for several months. At that time three distinct sections of the slide mass
were distinguished; a northern, central, and southern section. The northern section
experienced the most displacement following the 1982 storms. Remedial measures
consisting of shallow cutting and grading, and the installation of horizontal drains
were required to ensure adequate stability for the repaired roadway.

in the period between 1982 and 1989 the slide exhibited continuous movement
at "manageable” rates on the order of one foot or less per year. The rate of
movement increased substantially immediately after the October 17 event. A suite of
slope indicators was installed in the weeks following the earthquake to monitor



subseguent movement. Approximately two to three weeks after the earthquake a 400
to 500 foot section of the highway was declared unuseable and closed pending
repairs. The central portion of the slide mass has reactivated and is continuing to
move; various portions of the slide mass have moved between four to eight feet in the
eight week period between mid-January and mid-March, 1990. The marginal initial
post-earthquake stability and resulting displacements may have been exacerbated by
several small to moderate storms which have resulted in total precipitation of
approximately 15 inches. CALTRANS engineers have estimated that approximately
600,000 cu yds of material will have t{o be excavated in order to reroute the highway
to a more stable bench above the present roadway, and it is expected that the
highway will remain closed until Autumn of 1990 as this excavation and re-routing of
the highway proceed.

In summary, landslides and rock falls occurred over a large area during the
l.oma Prieta Earthquake. More than 1,000 slides and rock falls occurred in the
mountainous epicentral region, and these disrupted roads and utilities and destroyed
or heavily damaged approximaiely 500 to 800 homes and small businesses.
Additional slides and rockfalls occurred along the Pacific coast, including the
apparent reactivation of a major coastal slide mass resuliting in the ongoing closure of
a section of Highway 1 on the west coast of Marin. Additional slides and rockfalls
occurred 1o the north, south and east of the epicentral region, and the most damaging
of these was the 8th Avenue slide which damaged more than 30 homes in central San
Francisco.

Overall, the principal impacts of slope instability were two-fold: (1) slides and
rockfalls damaged and destroyed homes and businesses, and (2) slides disrupted
major transportation arteries. Although an unfortunately large number of structures
were destroyed or damaged by sliding, this number was limited to some degree by the
sparse development and population of the mountainous epicentral region. Similarly,
although the temporary closure of Highway 17 and other access routes from the south
San Francisco Bay Area to Santa Cruz occurred at a critical time (immediately after
the earthquake when emergency services and supplies were urgently needed), and
despite the significant costs and potential damage to local economies occasioned by
the reactivation of a major slide disrupting Highway 1 on the west coast of Marin,
significantly more disruption of transportation systems was caused by the closures of
the San Francisco-Oakland Bay Bridge and of major highway segments in both San
Francisco and Oakland, than by slope instability.

This does not, however, mean that earthquake-induced slope instability does
not pose a major threat to the greater San Francisco Bay Area. The Bay Area basin
and the Pacific coast remain areas of considerable topographic relief, with
innumerable structures and facilities located on hilisides and coastal bluffs, and the
major fault systems responsible for much of the topographic relief remain capable of
producing large earthquakes likely to cause widespread slope instability and resulting
damage and destruction of structures and facilities, as well as closure of roads and
disruption of vital utilities. Relatively few of the well over 1,000 landslides and
rockfalls induced by the Loma Prieta Earthquake resulted in significant damage to
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structures or disruption of major roads and utilities. This would not have been the
case if the earthquake had occurred on any of the several major Bay Area fault
segments centered in or near to the major urban areas located to the north on the
San Francisco Peninsula and in the eastern San Francisco Bay Area.



Chapter Six: PERFORMANCE OF EARTH AND ROCKFILL DAMS

6.1 Iniroduction:

A large number of earth and rockfill dams were strongly shaken by the Loma
Prieta earthquake of October 17, 1989. In fact, more than 100 dams of various
compositions and geometries were located within 60 miles of the epicenter of the
main shock. Many of these were relatively small embankments, but a number of
major dams were also strongly shaken. No dams failed, and no dams demonstrated
signs of potential major instability such as might precipitate a reservoir release. In
addition, the risk to the public was further reduced by the occurrence of the
earthquake at a time when most of the reservoirs were at unusually low levels as a
result of local drought the previous year and the late Autumn timing of the
earthquake. The behavior of earth and rockfill dams in this earthquake, as
documented by field observations of damage and by strong motion recordings,
provides an excellent opportunity to investigate the response of earth dams to strong
ground shaking.

The behavior of five earth and rockfill dams are of special interest. The
locations of these five dams (Austrian Dam, Lexington Dam, Guadalupe Dam,
Anderson Dam, and San Justo Dam) are shown on the map of the South San
Francisco Bay Area in Figure 6.1. These five dams are of particular interest because
of the relative extent of damage observed at these dams and/or because of the
earthquake engineering research value of the dams' performances and strong motion
instrument recordings made at these dams during the 1989 Loma Prieta earthquake.

62 Austrian Dam:

Figure 6.2 shows a plan view and maximum height cross section of Austrian
Dam, which impounds Lake Elsman. Austrian Dam is a 185-foot high rolled earth
fill dam built around 1950. The dam has a concrete spillway channel located near its
right abutment. Austrian Dam is located approximately 7% miles from the epicenter
of the main shock of the 1989 Loma Prieta earthquake, but is in very close proximity
to the northern section of the Loma Prieta Earthquake fault rupture zone.

Austrian Dam is situated between the San Andreas Fault System and the
Sargent Fault. The dam is only about 4,000 feet south of the main intersection of
these fault zones, with the trace of the 1906 movement on the San Andreas Fault
located only 1700 feet west of the dam and the Sargent Fault located less than 700
feet east of the dam. It would appear reasonable to expect that a major earthquake
might produce some amount of tectonic movement on subsidiary fault features or on
other planes of weakness in the foundation rock materials. In fact, the damage to the
upper spillway section and the earth fissures along the right side of the reservoir
appear to form a linear feature across the dam site (see Figure 6.3). The earth
fissures appear to resemble a landslide head scarp feature nearer to the embankment

115



SAN MATEC HAYWARD
B | Ban
8‘ SCALE (MI}
E l 101 et 5 gy
1] 10 MI
w
b , 280
@
=R
[}
7 [
. | SAN JOSE
% | & LEXINGTON DAM

{

@ GUADALUPE PAM

\\ 17 VAUSTRIAN  DAM
SANTA CRUZ
it EPICENTER ®
\ ANDERSON  DAM
\
7\ \
\
N \ GILROY
P
S \ SAN JUSTO DAM
MONTEREY \
@
\
\

Fig. 6.1: Map Showing Locations of the Five Dams of Principal Interest

ELEVATION (FT)

e
s S
T
.
AUSTRIAN DAM
! \
UPSTREAM TOE g @ /r \,  DOWNSTREAM TOE
=8
& I \
AY
y \
Iy “
// ~ -52——‘”/
F— _“__/"“'
i NN
N
;‘q Wl
W e
T _NZM_ e S e
y — I
SCALE 4 —
Tl - //
o ey SPILLWAY
(a) Plan View
20"
RES. EL. 1110° _ t'l\gnzm PL. 125 Mo
- N TR \%i‘?
3.0_/ ~ ‘1“«1 3.0
a5 AT TMPERVIOUS Y W pERYTOUS Y =T
AT ZONE o ZONE I
ORTGINAL GROUMD - k“—“’:\—;mm‘ —".:x" T om gt T S e
[ — ~ CUTOFF TRENCH “ eraveL DRATNS
VRS W/ GROUT CURTATIHN
1] 1ng FT

AUSTRIAN DAM

(b) Maximum Cross Section

91t

Fig. 6.2: Plan View and Cross Seciion of Austrian Dam



where the reservoir side slopes are relatively steep (See Figure 6.4), but the
movement is expressed as a 25 to 50 foot wide zone of multiple ground fissures in less
steep ground further from the embankment. Although there is considerable variation
along these features, the earth fissures near the embankment appear to display
primarily a vertical component of movement with a minor left-lateral horizontal
displacement component.

The dam owner's geotechnical consultant has studied this feature in detail and
has concluded that the ground movements near the spillway are the result of a large
landslide movement in the downstream right abutment, and that the ground fissures
along the right side of the reservoir are a result of local slumping in relatively
incompetent surficial fill materials. It was thus concluded that the earth fissures and
spillway cracking which initially appeared to form a relatively linear feature across
the dam site are not the result of an underlying primary fault feature. One of the
surprising characteristics of the Mg = 7.1 Loma Prieta earthquake was that the zone
of rupture was relatively deep for a strike-slip fault movement in this region of
California. In fact, direct evidence of surface faulting as a result of the earthguake
has not yet been conclusively identified.

The behavior of the earth embankment itself is also of considerable interest.
The maximum cross section through Austrian Dam is shown in Figure 6.2(b). At the
time of the earthquake, the water level was roughly 90 feet below the maximum
reservoir elevation. The embankment was constructed by selective borrowing near
the dam site, and sampling of embankment materials during an earlier study of the
dam suggests that there is not an appreciable difference between the upstream
"impervious” zone material and the downstream “pervious" zone material
Piezometer readings also indicate that the permeability of the earth materials across
the dam cross section does not vary significantly, and that the gravel strip drains are
not fully effective. Hence, the dam appears to be nearly homogeneous, being
composed of primarily gravelly to sandy clay material.

Strong motion attenuation relationships and strong motion recordings at
nearby rock sites suggest that peak horizontal ground accelerations of rock at the
Austrian Dam site were probably on the order of 0.5 g. The survey monuments along
the 700 foot long crest of the dam were surveyed the day before the earthquake, and
a resurvey of these crest monuments just two days after the main shock revealed that
relatively significant deformation of the dam's crest occurred (See Figure 6.5). The
right crest section appeared to move downstream horizontally 1.5 feet relative to the
left crest section. Maximum vertical settlements along the crest occurred near the
right abutment and were measured to be on the order of 2.5 to 3 feet.

The strong shaking and ground movements produced extensive longitudinal
and iransverse cracking along the crest, especially near the spiilway section at the
right abutment (See Figure 6.6). The transverse earth fissures near the spillway were
up to 1 foot wide and up to 10 to 25 feet deep. Considerable fissuring also occurred
near the left abutment (See Figure 6.7). This abutment fissuring generally followed
an access road which connected the left abutment to the intake structure, which was
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Fig. 6.6: Fissures and Damage Along the Crest Fig. 6.7. Fissures near Left Abutment at
of Austrian Dam Austrian Dam

Fig. 6.8: Cracking in Concrete Spiltway at Austrian Dam
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located on the left side of the reservoir. None of the observed fissures posed any
significant threat of reservoir release, as the reservoir level was low.

The majority of the localized ground failure and cracking occurred near the
spillway section, and these earth movements produced extensive cracking of the
upper quarter of the concrete spillway channel, as shown in Figure 6.8. The cracks
were oriented primarily perpendicular to the centerline of the spillway section. The
cracks were typically 0.25 to 0.5 inches in width, with a fairly regular spacing of 2 to 4
feet. The earth material in front of the mouth of the spillway settled 6 to 12 inches
relative to the spillway's inlet elevation, and large ground fissures were observed
along the contact between the concrete spillway section and the ground surrounding
it. In addition, differential movements between the concrete spillway walls and the
surrounding soil caused several of the concrete cutoff walls (positioned to prevent
seepage along the exterior walls of the concrete spillway along the plane of
concrete /soil contact) 1o be sheared off.

In addition to the damage to the crest and spiilway, a series of roughly parallel
longitudinal cracks formed in the upstream and downstream faces of the dam. Four
longitudinal cracks which were approximately 5 to 15 feet deep and 1 to 4 inches wide
formed in the upper 50 feet of the upstream face. A number of longitudinal cracks
which were 3 to 8 feet deep and 2 to 6 inches wide formed in the downstream face,
The majority of the longitudinal cracks in the downstream face were located near the
crest, although some limited cracking also occurred near the toe of the dam. In
addition, there was some minor bulging of the downstream toe. The cracks did not
appear to result from slope instability, but rather from settlement and rearrangement
of the earth embankment. These cracks continued to open up and other cracks
became better defined over a period of 7 to 10 days after the earthquake's main
shock. This phenomenon could have resulted from major aftershocks, rainfall during
this period, soil creep, and/or pore pressure dissipation and consolidation.

The ground fissures and spillway damage did not appear, however, to pose a
significant hazard as the reservoir level was low, and the owner immediately
performed temporary repairs to the damaged sections of the dam, and also quickly
repaired the spillway. Additional geotechnical studies of the dam are currently in
progress to ensure its continued safe performance in future seismic events.

6.3  Lexington Dam:

Lexington Dam is located approximately 6 miles downstream of Austrian Dam
on Los Gatos Creek. Lexington Dam (See Figure 6.9) is a 195 foot high rolled earth
fill dam built in 1953. Its crest length is 810 feet and it has a concrete spillway over its
left abutment. The embankment's relatively thick sandy gravelly clay core is bordered
by upstream and downstream shells composed of random materials consisting
primarily of clayey sands and silts. The upstream slope is 5.5:1 (H:V) and the
downstream slope is 3:1 (H:V). A chimney drain composed of free-draining rock lies
between the core and the downstream shell. The reservoir level was approximately
100 feet below the maximum reservoir level at the time of the earthquake.
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As shown in Figure 6.9(a), the dam was instrumented with strong motion
sensors at its left abutment, left crest and right crest. These accelerographs recorded
transverse (upstream/downstream) horizontal peak ground accelerations on the
order of 0.45 g, 0.39 g and 0.45 g, respectively. The left abutment or "bedrock” peak
acceleration is within the range predicted by appropriate strong motion attenuation
relationships for a site approximately 2 miles from the nearest point on the fault
rupture surface for a Mg = 7.1 event, but is a bit lower than the mean or expected
value based on such relationships. In addition, there appears to be some spectral
acceleration amplification at lower frequencies (0.8 to 1.2 Hz) which may indicate
that the recorded "bedrock” motion may have been affected by local fopographic or
geologic conditions.

The strong ground shaking produced transverse cracking across the crest as
“well as in the upstream and downstream faces at the right and left abutments. The
transverse cracking was fairly isolated and produced narrow cracks typically 3 to §
feet deep. Minor longitudinal cracking occurred across the downstream face near the
crest. The maximum earthquake-induced crest deformations were approximately 0.9
feet of vertical settlemnent, and 0.25 feet of lateral displacement in the downstream
direction. The earthquake shaking and ground movements produced extensive
cracking in the bridge abutment at the left abutment of the dam and ruptured a water
line which crosses the dam near the crest. There were no indications of potential
instability, and the minor cracking will be simply repaired.

64  Guadalupe Dam:

Guadalupe Dam is located approximately 11.5 miles from the earthquake's
epicenter, and approximately 7 miles from the fault rupture surface, and probably
experienced peak ground accelerations on the order of 0.4 g to 05 g The
embankment (see Figure 6.10} is 142 feet high with a crest length of 700 feet. The
original embankment, which was built in 1935, is a rolled earth fill dam with
upstreamn concrete facing. Similar to Austrian Dam, the embankment is nearly
homogeneous as the selective borrowing technique employed to construct the dam
did not appear to produce distinet "impervious” and "pervious” zones as designed.
The upstream stabilizing berm was constructed in 1972 to improve the embankment's
static and seismic slope stability.

The dam suffered minor transverse cracking at each abutment, minor
longitudinal cracking along the crest, and a maximum crest settlement of
approximately 0.6 feet. Two interesting aspects of the behavior of this dam were the
behavior of the concrete facing and the performance of the upsiream stabilizing
berm. The concrete facing sections appeared to pound together and ride up over
each other at joints, producing cracking and spalling of the concrete. In addition,
numerous longitudinal cracks were found in the embankment itself near the top of
the upstream buttress, and these may have resulted from dynamic stress
concentrations resulting from the transition in dam geometry at this location.
Alternatively, these cracks may have been caused by past settlements caused by
placement of the 1972 buttress fill, which may have produced differential settlements
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resulting in cracks which surfaced only after the strong shaking produced by the
Loma Prieta Earthquake. The berm may have been instrumental, however, in
limiting the damage to the crest of the dam. Overall, the performance of this dam
appears to have been good.

6.5 Anderson Dam:

Anderson Dam (see Figure 6.11) is a 240 foot high, 1,430 foot long dam with a
central compacted gravelly, clayey sand core, and dumped and then sluiced rockfill
shells. Both dam faces slope at 2.5:1 {H:V). The dam is well-instrumented as shown
in Figure 6.11, and offers an exceptional opportunity for study because it was excited
by the 1984 Morgan Hill earthquake as well as the 1989 Loma Prieta earthquake.
The dam's epicentral distances in these two events were approximately 10 miles and
16 miles, respectively. The 1984 Morgan Hill earthquake generated transverse peak
ground accelerations at the crest and near the downstream toe of .63 g and 041 g,
respectively. On the other hand, the 1989 Loma Prieta earthquake generated peak
transverse ground accelerations of (.43 g at the crest and 0.23 g near the downstream
toe. The downstream sensor is located on an alluvial foundation. The left abutment
"bedrock” sensor recorded a transverse peak ground acceleration of 0.07 g during the
1989 Loma Prieta earthquake. In each event, the duration of strong shaking was on
the order of 8 to 12 seconds.

Both the 1984 and 1989 earthquakes produced similar patterns of distress in
the embankment. Extensive, but shallow, longitudinal cracks formed in the
compacted fill along the crest approximately overlying the contacts between the shells
and the core of the dam. Between 1984 and 1989, the embankment crest was raised
about 3 to 5 feet and a small sliver fill was placed in a localized area on the
downstream edge of the crest. This sliver fill was placed to provide space for an
instrumentation vault. Many of the larger cracks which developed following the 1989
f.oma Prieta event were concentrated around this instrumentation vault. Another set
of cracks ran longitudinally along the edges of both sides of the crest at the base of
the guard rail posts.

The maximum crest settlement following the Loma Prieta earthguake was
about 0.5 inches on the upstream edge and about 1.8 inches on the downstream edge.
The maximum width of the cracks were approximately 1.5 inches along the
downstream edge of the crest and about 0.75 inches near the instrumentation vault.
These cracks appear to pose ne threat to the stability of the embankment, and the
overall performance of the dam thus appears to have been very good.

6.6 San Justo Dam:

San Justo Dam is a relatively new dam completed in 1986. It is a zoned earth
and rockfili dam of modern design (See Figure 6.12). The dam is 135 feet high with a
crest length of 1,115 feet. It is located approximately 30 miles from the epicenter of
the main shock.
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The dam showed no indications of significant distress, but it affords an
excelient opportunity for improving ocur current level of understanding of the
performance of earth dams excited by major earthquake events because it is well-
instrumented. As shown in Figure 6.12(b}, the San Justc Dam was built with a strong
motion sensor embedded within the embankment at a depth of 62 feet below the
crest (8M-2). Sensors are also located on the mid-downstream face, as well as at the
crest and downstream toe. The downstream toe sensor is sited on unindurated,
compacted sediments. In addition, a subsidiary dike, which is about half the height of
the main dam (approximately 70 feet high), is also instruinented with strong motion
sensors at its crest and left abutment.

The transverse peak ground acceleration recorded near the downstream toe of
the main dam was on the order of (.26 g; whereas, the peak accelerations at the crest
and mid-downstream face were 0.50 g and (.35 g, respectively. This variation in
recorded transverse peak ground accelerations represents an amplification factor
between the mid-downstream face and the downsiream toe of 1.5 to 1, and an
amplification factor between the crest and the downstream toe of 2 to 1. The
transverse peak ground acceleration within the embankment at a point about 62 feet
below the crest elevation was on the order of .27 g, and so represents approximately
one-half of the observed peak ¢rest acceleration. The peak acceleration recorded at
the crest of the subsidiary dike was .29 g. The strong motion sensors sited on the left
abutments of the main dam and the subsidiary dike did not operate.

6.7 Other Dams:

A number of other earth and rockfill dams were strongly shaken by the 1989
Loma Prieta earthquake, and a few additional cases will be discussed briefly in this
section,

Newell Dam, which impounds Loch Lomond Lake, is a 182 foot high zoned
earth fill dam built in 1960. The dam is located approximately 8 miles north of Santa
Cruz with an epicentral distance of 12% miles. The dam's crest length is 750 feet.
There is a concrete-lined spillway on the left abutment. The earthquake shaking
produced a 300 foot long longitudinal crack in the upstream face of Newell Dam.
The crack was roughly 10 to 15 feet below the crest of the dam and varied from 1 to 4
inches in width and 1 to 3 feet in depth. A number of zones of earth fissures and
shallow landslides formed in the reservoir sides.

Chesbro Dam is a 79 foot high, 720 foot long earthfill dam located about 13
miles from the epicenter of the main shock. It was built in 1955, Longitudinal
cracking was observed along the upstream edge of the crest near the location of a cut
previously made to repair the upstream slope. The main crack was about 200 feet
long, with a maximum width of 4 inches and a maximum vertical offset of 4 inches.
The maximum crest settlement was nearly 0.4 feet.

Vasona Dam is a 34 foot high, 1,000 foot long earth embankment dam located
on Los Gatos Creek. Its epicentral distance was approximately 16 miles. Extensive,
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but shallow, longitudinal cracking occurred along the crest of the embankment at
locations similar to those observed after a Mj = 5.1 earthquake (probably a
foreshock of the main event) on August 8, 1989.

Calaveras Dam is located approximately 29 miles from the epicenter of the
main shock, northeast of the city of San Jose. Horizontal peak ground accelerations
on the order of 0.08 to 0.13 g were recorded at the dam site. Calaveras Dam is of
interest because it is a hydraulic fill dam. The dam, however, exhibited no signs of
significant distress.

6.8 Summary:

A number of earth and rockfill dams were strongly shaken by the 1989 Loma
Prieta earthquake, and, in general, the dams performed satisfactorily. No dams
failed, and no dams demonstrated signs of potential major instability such as might
precipitate an uncontrolied reservoir release. In addition, risk to the public was
further reduced by the occurrence of the earthquake at a time when reservoirs were
low.

Although no dams failed, very strong levels of shaking near the zone of fault
rupture did induce minor damage in a number of dams, including Lexington Dam,
Guadaloupe Dam, Anderson Dam, Newell Dam (at Loch Lomond Reservoir),
Chesbro Dam, and Vasona Dam, and moderate damage in Austrian Dam (at Lake
Elsman). This "damage" typically consisted of relatively shallow longitudinal cracks
along the crests and/or upper portions of the dam faces, shallow transverse cracking
at or near the abutments, and in some cases minor crest subsidence. Preliminary
studies suggest that this damage poses no significant risk to the overall stability of
these embankments.

Engineers and the public should be encouraged by the general good
performance of major dams in the areas where strong earthquake shaking was
induced. These encouraging resulis, however, should be tempered by the recognition
that most of the reservoirs near the center of strong shaking were very low at the time
of the earthguake. Consequently, major portions of the dam embankments were not
as saturated as they would have been during full reservoir conditions. Thus, the 1989
Loma Prieta Earthquake may not have been the full test of these structures that
might first be inferred.

The five earth and rockfill dams highlighted in this chapter experienced
relatively high peak ground accelerations (e.g. (@maieres ™ 04 8 - 0.5 g). For the
instrumented dams studied, the amplification of the transverse horizontal peak
ground acceleration through the embankment sections was on the order of 1 to 2.
Overall, the documented performance of the earth and rockfill dams excited by the
1989 Loma Prieta earthquake provides a valuable opportunity to improve our current
level of understanding of the behavior of earth dams during earthquake strong
shaking, and to refine and verify the analytical techniques used to predict and
evaluate the dynamic response and performance of earth and rockfill dams.



Chapter Seven: SUMMARY AND CONCLUSIONS

7.1 General:

The Loma Prieta Earthquake of October 17, 1985 was the single most costly
natural disaster in U.S. history. Current estimates of damages directly attributable to
this earthquake are on the order of $6 billion tc $10 billion dollars. Sixty two
fatalities have been attributed to this earthguake, and thousands of people were
either injured or made homeless.

Although these numbers do represent a major fragedy, it is important to
recognize that a number of important factors combined to limit both deaths and
injuries, as well as economic losses, so that the Loma Prieta Earthquake did not
represent a “test” of the ability of the greater San Francisco Bay Area'’s population
and infrastructure to withstand a major near-field seismic event. The most significant
of these factors were:

(1) 'The location of the fault rupture zone: Located in the sparsely populated
Santa Cruz Mountains, well to the south of the much more heavily
populated San Francisco Bay area, this fault mapture produced
considerably lower levels of shaking throughout the populous Bay Area
than would have been produced by a rupture of similar or larger
magnitude on a more northernly segment of the San Andreas or Hayward
Faults.

(2) The unusually short duration of this Mg = 7.1 event: As a result of the
medial location of the epicenter within the fault rupture zone, and the
resulting symmetrically bifurcated fault rupture mechanism, this event
produced only approximately 8 to 10 seconds of strong shaking
throughout most of the affected regions, rather than the roughly 15 to 30
seconds of strong shaking more typically associated with events of this
magnitude. This short duration, or limited number of loading cycles,
greatly reduced the structural damage potential as well as the degree or
severity of soil liguefaction and other ground failures.

Several major fault systems (e.g. the San Andreas, Hayward and Calaveras
fault systems) are potentially capable of producing seismic events of similar or larger
magnitude in closer proximity to major population centers in the San Francisco Bay
Area. Such events would produce considerably stronger levels of shaking, and
shaking of longer duration, in these areas, and would result in considerably larger loss
of life as well as increased injuries and financial losses.

Indeed, the relatively large levels of damage wrought by the Loma Prieta
Earthquake serve to demonstrate the apparent vulnerability of portions of the Bay
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Area's population and infrastructure to major seismic events. Steps have been taken
to reduce this wvulnerability over the past 25 vyears, including progressive
improvements in seismic provisions of building codes, improvements in
microzonation and land use planning, and seismic retrofit of a limited number of
structures and facilities. It is clear from the performance of structures and facilities
during the Loma Prieta Earthquake, however, that much remains to be done.

7.2 Site Effects:

A number of geotechnical factors exerted a strong influence on damage
patterns and loss of life during the Loma Prieta Earthquake. Near to the zone of
fauit rupture, many structures were simply overwhelmed by high inertial forces. Well
over half of the damages, however, and more than B0 percent of the loss of life,
occurred at sites in the north-central San Francisco Bay Area, far from the epicentral
region. This concentration of damage on a few relatively distinct sites comprising less
than one percent of the "strongly” shaken region was due primarily to the local soil
conditions at these sites. These concentrated damages occurred at sites underlain by
deep, and primarily cohesive, soil deposits which served to amplify the relatively
moderate levels of "bedrock” shaking generated by the earthquake in this region,
producing significantly stronger levels of surface shaking. Peak accelerations on rock
in the San Francisco, Treasure Island, Oakland, Alameda and Emeryville region
appear to have been on the order of 0.06 to 0.12 g. Instrumental recordings, as well
as dynamic response analyses, show that many of the bayshore soil deposits in this
region amplified these levels of shaking by factors of about 2 to 3, producing peak
ground surface accelerations at deep alluvial sites on the order of 0.16 to 033 g in
this region. In addition, amplification of the longer period components of shaking
was especially pronounced, so that the resulting surface motions were particularly
damaging to taller, longer period structures.

This type of pronounced, site specific amplification (and spectral
amplification, or resonant soil-structure interaction) of ground motions was not a
surprise to the earthquake engineering community. Similar site-specific amplification
has been noted as an imporiant factor controliing damage patterns in numerous
previous major earthquakes over the past 30 years. Building code provisions dealing
with these effects have gradually evolved over the past 20 years, and a particularly
important improvement in these provisions occurred in 1988 as a result of the clearly
overwhelming influence of local site effects on the catastrophic damages suffered by
major buildings on deep clay sites during the 1985 Mexico City Earthquake (1988
Uniform Building Code). It may be anticipated that further improvements in the
ways that the effects local geotechnical site conditions are dealt with in seismic
building codes will result from the lessons learned yet again in this regard during the
Loma Prieta Earthquake.

It is important to note, however, that the resulting improved codes are likely
to apply only to new structures and facilities, and so will do little to improve the levels
of safety of existing facilities and structures, and of their occupants. Among the
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important lessons to be learned from the Loma Prieta Earthquake must be the
recognition of the unacceptably high level of vulnerability associated with many
existing structures and facilities. Proper structural evaluation, with appropriate
consideration of the influence of local ground conditions on the nature and severity
of potential shaking in future events, can correctly identify the structures and
facilities at greatest risk. As a society, however, we have a peoor history with respect
to implementing the often difficult measures necessary to reduce this risk to existing
structures. In addition, as a profession we have devoted unfortunately little of our
earthquake engineering research efforts (to date} to issues associated with seismic
retrofit of existing structures and facilities. The importance of improving our abality
to perform efficient and reliable seismic re-evaluation and retrofit, and the need for
policy makers to mandate the often financially and politically difficult programs
necessary to implement such retrofit, are among the most important lessons to be
learned from the Loma Prieta Earthquake.

7.3  Soil Liquefaction:

In addition to the pronounced influence of local site effects on ground shaking
characteristics and associated damages, another important geotechnical feature of
the Loma Prieta earthquake was the widespread occurrence of soil liquefaction which
resulted in significant damage to bayshore areas throughout much of the densely
populated north-central San Francisco Bay Area, as well as farther south in the Santa
Cruz/East Monterey Bay region. Significant liquefaction-induced damages occurred
at many sites in these areas, but again it must be noted that the relatively moderate
levels and short duration of shaking generated in the populous San Francisco Bay
Area by the Mg = 7.1 Loma Prieta Earthquake which was centered well to the south
near Santa Cruz, represents a poor "test” of the ability of the Bay Area to withstand
the stronger levels and longer durations of shaking likely to occur in future events.
Accordingly, the widespread occurrence of generally "slight to moderate” liquefaction
over large shoreline areas in this region, as well as the previous poor performance of
many of these areas (which suffered massive damages as a result of "severe”
liquefaction in the 1906 earthquake), serves as a stark warning of the ongoing hazard
exposure associated with potential liquefaction in future events. Large, densely
populated areas, as well as important harbor facilities and airports likely to be in
demand for emergency transport after a major earthquake, appear to face
considerable liquefaction hazard exposure in future seismic events.

Much (if not virtually all} of the liquefaction in the central San Francisco Bay
Area, as well as at Santa Cruz and the east Monterey Bay area, had been correctly
predicted as likely to occur during mederate to severe earthquake shaking
Moreover, many of the sites at which liquefaction occurred during the Loma Prieta
Earthquake had been documented by researchers as sites at which liquefaction had
occurtred during the 1906 San Francisco Earthquake. [Two notable exceptions were
the central San Francisco Marina District hydraulic fill and the 1936 Treasure Island
hydraulic fill, both of which post-date the 1906 earthquake]l. In retrospect, there
appear to be few surprises for the gngineering community in terms of sites at which
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liquefaction occurred. The same cannot be said, however, for the general public who
even at this point, five months after the Loma Prieta Earthquake, appear to have
little collective understanding of the extent of potential liquefaction likely to occur in
future seismic events, and of its potential ramifications.

If there is a single overall lesson to be learned from the occurrence of soil
liquefaction during the Loma Prieta Earthquake, it is: (a) that considerable
liquefaction-related risk to the population and infrastructure of the San Francisco
Bay Area continues to exist, (b) this risk can be quantified, and the liquefaction
hazard at any given site can be correctly and reliably evaluated, and (c) once
potentially liquefiable sites have been identified, the associated hazard can either be
avoided or mitigated, though at considerable cost in some instances. It must be
hoped that the lessons learned from the Loma Prieta Earthquake will spur local
policy makers, and society as a whole, to undertake the difficult actions necessary to
begin to remedy the considerable risk to the population and infrastructure of the Bay
Area associated with current conditions at many of the sites discussed in Chapter 3.
Preliminary indications are hopeful in this regard at many of these sites, but much
more remains to be done.

In addition, it should be noted that although a majority of the liquefaction-
induced damages during the Loma Prieta Earthquake occurred in bayshore fills, this
does not mean that "fills" represent an intrinsicaily hazardous condition. Although
liguefaction was fairly widespread in loose, uncompacted sandy bayshore fills, in
many areas similar fills which had been compacted prior to the earthquake
performed well and experienced no liquefaction. Sites where densified hydraulic filis
performed well, while adjacent undensified fills liquefied, include Foster City and
parts of Treasure Island, Emeryville, Alameda and Bay Farm Island.

7.4  Slope Stability;

In addition to the pronounced influence of local site effects on ground shaking
characteristics, and the damages wrought by soil liquefaction, a third important
geotechnical feature of the Loma Prieta Earthquake was the widespread occurrence
of problems associated with slope instability. More than one thousand slides
occurred in the Santa Cruz Mountains, in and arcund the fault rupture region, and
additional slides occurred farther afield, especially along the Pacific coastal bluffs to
the north of the epicentral region.

The principal impacts of siope instability were twe-fold: (1) slides and
rockfalls damaged and destroyed homes and businesses, and (2) slides disrupted
major transportation arteries. Although a large number of structures were destroyed
or damaged by sliding, this number was limited to some degree by the sparse
development and population of the mountainous epicentral region. Similarly,
although the temporary closure of Highway 17 and other access routes from the south
San Francisco Bay Area to Santa Cruz occurred at a critical time {(immediately after
the earthquake when emergency services and supplies were urgently needed), and
despite the significant costs and potential damage to local economies occasioned by
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the reactivation of a major slide disrupting Highway 1 on the west coast of Marin,
significantly more disruption of transportation systems was caused by the closures of
the San Francisco-Oakland Bay Bridge and of major highway segments in both San
Francisco and Oakland, than by slope instability. This does not, however, mean that
earthquake-induced slope instability does not pose a major threat to the greater San
Francisco Bay Area. The Bay Area basin and the Pacific coast remain areas of
considerable topographic relief, with innumerable structures and facilities located on
hillsides and coastal bluffs, and the major fault systems responsible for much of the
topographic relief remain capable of producing large earthquakes likely to cause
widespread slope instability and resulting damage and destruction of structures and
facilities, as well as closure of roads and disruption of vital utilities.

7.6 Earth and Rockfill Dams:

A number of earth and rockfill dams were strongly shaken by the 1989 Loma
Prieta earthquake, and, in general, the dams performed satisfactorily. No dams
failed, and no dams demonstrated signs of potential major instability such as might
precipitate an uncontrolied reservoir release. In addition, risk to the public was
further reduced by the occurrence of the earthquake at a time when reservoirs were
low.

Although no dams failed, very strong levels of shaking near the zone of fault
rupture did induce minor damage in a number of dams. This "damage” typically
consisted of relatively shallow longitudinal cracks along the crests and/or upper
portions of the dam faces, shallow transverse cracking at or near the abutments, and
in some cases minor crest subsidence. Preliminary studies suggest that this damage
poses no significant risk to the overall stability of these embankments.

Engineers and the public should be encouraged by the general good
performance of major dams in the areas where strong earthquake shaking was
induced. These encouraging results, however, should be tempered by the recognition
that most of the reservoirs near the center of strong shaking were very low at the time
of the earthquake. Consequently, major portions of the dam embankments were not
as saturated as they would have been during full reservoir conditions, Thus, the 1989
Loma Prieta Earthquake may not have been the full test of these structures that
might first be inferred.

7.6  Research Opportunities:

In addition to these general lessons to be learned regarding the impact of
geological and geotechnical features and phenomena on damage patterns, and on the
future seismic vulnerability of the greater San Francisco Bay Area's population and
infrastructure, the Loma Prieta Earthquake also provides some unusually outstanding
opportunities for research in a number of general areas. As a result, the lessons
likely to be learned from studies of the Loma Prieta event and its consequences are



likely to have a significant impact on future practice, and thus on the seismic safety of
people and facilities around the world in future seismic events.

The Loma Prieta Earthquake provides unusually good opportunities for
important research due to a number of factors, including:

(1) The strongly shaken region was umusually well-instrumented, and an
unusually large number of strong motion recordings were obtained.
These are well distributed spatially, and reflect a wide variety of geologic
conditions. In addition, arrays on individual dams and buildings provide
especially valuable opportunities for detailed response analysis studies of
major structures and dams, and

(2) The complex geology of the shaken region provided a wide array of site
conditions, and these had a clearly important influence on both strong
shaking and damage patterns. In addition, damages were weli-
documented by a local professional community with an unusually high
concentration of seismic expertise in both the research and general
consulting communities.

Important opportunities for research include studies involving improvement,
verification and/or calibration of methods for: (a) evaluation of dynamic site
response, and of associated damage potential, (b) evaluation and mitigation of soil
liquefaction potential and associated hazard for structures and facilities, (c)
evaluation of seismic slope stability and identification of potentially seismically
unstable slopes and coastal bluffs, and (d) evaluation of dynamic response and
performance of earth and rockfill dams and embankments. In these and other areas,
research opportunities generated by the tragic Loma Prieta event are likely to result
in significant advances, and may be expected to contribute to substantial
improvements in the levels of safety provided for society and its infrastructure in
future seismic events.

7.7 Conclusions:

In summary, the Loma Prieta Earthquake of October 17, 1989 was a major
tragedy, and one which provides the engineering profession with a number of
valuable lessons and opportunities for research. This devastating event serves as a
reminder of the unacceptably high level of risk or seismic exposure associated with
the likely occurrence of larger and considerably more damaging future earthquakes
both in the greater San Francisco Bay Area and around the world.

There is an urgent need to pursue the research opportunities provided by the
fLoma Prieta Earthquake, and to rapidly transfer the benefits of such research into
the mainstream of professional practice. In addition, there is also an urgent need to
educate both policy makers and the general public, and to motivate them to
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undertake the difficult actions necessary to begin to remediate the levels of seismic
hazard exposure associated with existing conditions.

in addition to having been a major tragedy, the Loma Prieta Earthquake also
represents a major opportunity for future improvement of the level of seismic safety
provided for society and for its infrastructure. This must be resolutely pursued at all
levels, both professional and political, as such improved safety is too precious a goal
to command less than cur utmost efforts.
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