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PREFACE

The US Army Engineer Waterways Experiment Station (WES) was authorized
to conduct this study by the US Army Engineer District, Sacramento (SPK), by
Intra-Army Order for Reimbursable Services Nos. SPKED-F-82-2, SPKED-F-82-11,
SPKED-F-82-34, SPKED-F-83-15, SPKED-F-83-17, SPKED-F-84-14, and SPKED-D-85-12.
This report is Report 8 in a series of reports which document the seismic sta-
bility evaluations of the man-made water retaining structures of the Folsom
Dam and Reservoir Project, located on the American River in California. This
current printing reflects editorial changes to the October 1988 printing of

this report. The Reports in this series are as follows:

Report 1: Summary

Report 2: 1Interface Zone

Report 3: Concrete Gravity Dam

Report 4: Mormon Island Auxiliary Dam - Phase I
Report 5: Dike 5

Report 6: Right and Left Wing Dams

Report 7: Upstream Retaining Wall

Report 8: Mormon Island Auxiliary Dam - Phase 11

The work on these reports is a joint endeavor between SPK and WES.
Messrs. John W. White and John S. Nickell, of Civil Design Section ‘A’, Civil
Design Branch, Engineering Division at SPK were the overall SPK project coor-
dinators. Messrs. Gil Avila and Matthew G. Allen, of the Soil Design Section,
Geotechnical Branch, Engineering Division at SPK, made critical geotechnical
contributions to field and laboratory investigations. Support was also pro-
vided by the South Pacific Division Laboratory. The WES Principal Investiga-
tor and Research Team Leader was Dr. Mary Ellen Hynes, of the Earthquake
Engineering and Geophysics Division (EEGD), Geotechnical Laboratory (GL), WES.
Primary Engineers on the WES team for the portion of the study documented in
this report were Mr. Ronald E. Wahl, Mr. Gregory D. Comes, and Mr. Donald E.
Yule of EEGD; and Mr. Stanley G. Crawforth on temporary assignment to WES from
the SPK. Geophysical support was provided by Messrs. Jose Llopis and
Thomas B. Kean 1I, both of EEGD. Additional engineering support was provided
by Messrs. Richard S. Olsen and Michael K. Sharp, both of EEGD, and Ms. Wipawi
Vanadit-Ellis of the Soil Mechanies Division, GL, WES. Key contributions also

were made by Dr. Leslie F. Harder, Jr., of Sacramento, California.




Professors H. Bolton Seed, Anil K. Chopra, and Bruce A. Bolt of the Uni-
versity of California, Berkeley; Professor Clarence R. Allen of the Califc:rnia
Institute of Technology; and Professor Ralph B. Peck, Professor Emeritus of
the University of Illinois, Urbana, served as Technical Specialists and pro-
vided valuable guidance during the course of the investigation.

Overall direction at WES was provided by Dr. A. G. Franklin, Chief,
EEGD, and Dr. W. F. Marcuson III, Director, GL.

At the time of publication of this report, Director of WES was
Dr. Robert W. Whalin. Commander and Deputy Director was COL Leonard G.
Hassell, EN.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)

UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to

SI (metric) units as follows:

Multiply

acre-feet

feet

miles (US statue)

pounds (mass) per cubic foot
pounds (force) per square foot
square miles

tons (force) per square foot

By To Obtain
1,233.489 cubic metres

0.3048 metres

1.609347 kilometres
16.01846 kilograms per cubic metre
47.88026 pascals

2.589998 square kilometres
95.76052 kilopascals
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SEISMIC STABILITY EVALUATION OF FOLSOM DAM AND RESERVOIR PROJECT

Mormon Island Auxiliary Dam - Phase 11

PART I: INTRODUCTION

General

1. This report is one of a series of reports that document the investi-
gations and results of a seismic stability evaluation of the man-made water
retaining structures at the Folsom Dam and Reservoir Project, located on the
American River in Sacramento, Placer, and El1 Dorado Counties, California,
about 20 airline miles* northeast of the City of Sacramento. This seismic
safety evaluation was performed as a cooperative effort between the US Army
Engineer Waterways Experiment Station (WES) and the US Army Engineer District,
Sacramento (SPK). Professors H. Bolton Seed, Anil K. Chopra, and Bruce A.
Bolt of the University of California, Berkeley, Professor Clarence R. Allen of
the California Institute of Technology, and Professor Ralph B. Peck,

Professor Emeritus of the University of Illinois, Urbana, served as Technical
Specialists for the study. This report documents Phase 11 of the seismic sta-
bility studies of Mormon Island Auxiliary Dam, a zoned embankment dam at the
Folsom project. A location map and plan of the project are shown in Figures 1
and 2.

2. Mormon Island Auxiliary Dam may be divided into three segments
according to foundation conditions: the core is founded on rock along the
entire length of the dam, but the shells are founded either on rock, undis-
turbed alluvium, or very loose dredged tailings. The Phase II investigations
consisted of a review of construction records, field investigations, and ana-
lytical studies of the portions of the dam with shells founded on rock or on
undisturbed alluvium to estimate the response of the embankment and its foun-
dation to earthquake shaking, to determine the susceptibility of the embank-
ment and foundation soils to liquefaction, and to evaluate the stability of

the slopes during and immediately after the design event.

* A table of factors for converting non-SI units of measurement to
SI (metric) units is presented on page 6.

12




3. It has been concluded from the Phase II studies that the segments of
Mormon Island Dam with shells founded on rock or on undredged alluvium will be
stable both during and after the design earthquake event, hence, remedial
measures in these sections are not required. From the Phase I study, docu-
mented in Report 4 of this series, it was found that the portion of the dam
with shells founded on dredged tailings will not be stable during and after
the earthquake. Remedial measures were recommended over this length of the

dam.

Project History

4. The Folsom Dam and Reservoir Project was designed and built by the
Corps of Engineers in the period 1948 to 1956, as authorized by the Flood
Control Act of 1944 and the American River Basin Development Act of 1949,
Upon completion of the project in May 1956, ownership of the Folsom Dam and
Reservoir was transferred to the US Bureau of Reclamation for operation and
maintenance. As an integral part of the Central Valley Project, the Folsom
Project provides water supplies for irrigation, domestic, municipal, indus-
trial, and power production purposes as well as flood protection for the Sac-
ramento Metropolitan area and extensive water related recreational facilities.
Releases from the Folsom Reservoir are also used to provide water quality
control for project diversions from the Sacramento-San Joaquin Delta, to main-
tain fish-runs in the American River below the dam, and to help maintain navi-

gation along the lower reaches of the Sacramento River.

Hydrology and Pool Levels

5. Folsom Lake impounds the runoff from 1,875 square miles of rugged
mountainous terrain. The reservoir has a storage capacity of 1 million
acre-ft at gross pool and is contained by approximately 4.8 miles of man-made
water retaining structures that have a crest elevation of 480.5 ft above sea
level. At gross pool, el 466,% there is 14.5 ft of freeboard. This pool
level was selected for the safety evaluation based on a review of current
operational procedures and hydrologic records (obtained for a 29-year period,

from 1956 to 1984) for the reservoir which shows that the pool reaches

* In this report, elevations are in ft NGVD.
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el 466 about 10 percent of the time during the month of June and considerably
less than 10 percent of the time during the other months of the year. Under
normal operating conditions, the pool is not allowed to exceed el 466. Hydro-
logic records show that emergency situations which would cause the pool to

exceed el 466 are rare events.

Description of Mormon Island Auxiliary Dam

6. Mormon Island Auxiliary Dam was constructed in the Blue Ravine, an
ancient channel of the American River, that is about 1 mile wide at the dam
site. For about 1,650 ft of its width, the Blue Ravine is filled with auri-
ferous, gravelly alluvium of Pleistocene age. The maximum thickness of the
channel gravels is approximately 65 ft. The gravels have been dredged for
their gold content in the deepest portion of the channel, and the tailings
were placed back into the partially water-filled channel. The replacement
process tended to deposit the tailings in a very loose condition with finer
materials near the base of the channel and coarser materials near the top.

The remaining undisturbed alluvium is crudely stratified and slightly
cemented.

7. Mormon Island Auxiliary Dam is a zoned embankment dam 4,820 ft long
and 165 ft high from core trench to crest at maximum section. The shells are
constructed of gravel dredged tailings from the Blue Ravine. The narrow, cen-
tral impervious core is a well compacted clayey mixture founded directly on
rock over the entire length of the dam to provide a positive seepage cutoff.
Two transition zones, each 12-ft wide, flank both the upstream and downstream
sides of the core. The transition zones in contact with the core are composed
of well compacted decomposed granite which classifies as a silty sand accord-
ing to the Unified Soils Classification System (USCS). The second transition
zones are constructed of the -2 in. fraction of the dredged tailings. A plan
and typical sections of the dam are shown in Figures 3 and 4.

8. From the right end of the dam, sta 412+00, to approximate sta 439+00
and from sta 456+50 to the left end of the dam, sta 460+75, all zones are
founded on rock. Between sta 439 and sta 441+50, the downstream shells are
founded on undredged alluvium and the upstream shells are founded on rock.
The foundation report indicates that between sta 441450 and sta 456+50, the

undisturbed and dredged alluvium was excavated to obtain slopes of 1V:2H to
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found the core and most of the filter zones on rock, but the shells are
founded on alluvium. The dredged portion of the alluvium begins approximately
at sta 446 and continues approximately to sta 455. The slopes of the dam vary
according to the foundation conditions, with the flattest slopes in the vicin-
ity of the dredged tailings and the steepest slopes in the segments founded on
rock. The downstream slopes of the dam vary between 1V:2H and 1V:3.5H, and

the upstream slopes vary between 1V:2H and 1V:4.5H.

Site Geology

9. At the time of construction, the geology>and engineering geology
concerns at the site were carefully detailed in the foundation report by
US Army Engineer District, Sacramento (1953). This foundation report from
construction records and a later paper by Kiersch and Treasher (1955) are the
sources for the summary of site geology provided in this section.

10. The Folsom Dam and Reservoir Project is located in the low western-
most foothills of the Sierra Nevada in central California, at the confluence
of the North and South Forks of the American River. Relief ranges from a max-
imum of 1,242 ft near Flagstaff Hill located between the upper arms of the
reservoir to 150 ft near the town of Folsom just downstream of the Concrete
Gravity Dam. The North and South Forks entered the confluence in mature val-
leys up to 3 miles wide, but further downcutting resulted in a V-shaped inner
valley 30 to 185 ft deep. Below the confluence, the inner canyon was flanked
by a gently sloping mature valley approximately 1.5 miles wide bounded on the
west and southeast by a series of low hills. The upper arms of the reservoir,
the North and South Forks, are bounded on the north and east by low foothills.

11. A late Pliocene-Pleistocene course of the American River flowed
through the Blue Ravine and joined the present American River channel down-
stream of the town of Folsom. The Blue Ravine was filled with late Pliocene-
Pleistocene gravels, but, with subsequent downcutting and headward erosion,
the Blue Ravine was eventually isolated and drainage was diverted to the pres-
ent American River Channel.

12. The important formations at the dam site are: a quartz diorite
granite which forms the foundation at the Concrete Gravity Dam, Wing Dams, and
Saddle Dikes 1 through 7; metamorphic rocks of the Amador Group which form the

foundation at Mormon Island Auxiliary Dam and Saddle Dike 8; the Mehrten
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Formation, a deposit of cobbles and gravels in a somewhat cemented clay matrix
which caps the low hills that separate the saddle dikes and is part of the
foundation at Dike 5; and the alluvium that fills the Blue Ravine at Mormon
Island Auxiliary Dam.

13. VWeathered granitic or metamorphic rock is present throughout the
area. Figure 5 shows a geologic map of the project area. The Concrete Grav-
ity Dam, the Wing Dams, and Dikes 1 through 7 are founded on the weathered
quartz diorite granite. Between Dikes 7 and 8 there is a change in the bed-
rock. Dike 8 and Mormon Island Auxiliary Dam are underlain by metamorphic
rock of the Amador Group. The Amador Group consists of predominantly schists

with numerous dioritic and diabasic dikes.

Dredging Deposition Process

14. The dredging process and the procedures used in the Folsom area
were documented by Aubury (1905). In the dredging process, the alluvium was
excavated below the water level of the dredge pond with a chain of closely
connected buckets that had a capacity of approximately 5 to 13 £t® per bucket.
Figure 6 is a drawing of a Bucyrus type of dredge typically used in the Folsom
area. The excavated material was typically sorted on a shaking screen with
holes 3/8 in. in size. The plus--3/8-in. material was deposited by a conveyor
belt to the edges of the dredge pond in windrows. After sluicing and process-
ing the minus--3/8-in. material on the gold-saving tables (where mercury was
used for amalgamation), the dredge crew then dumped the fine tailings back
into the dredged pond. The coarse tailings slopes around the edge of the pond
were generally marginally stable to unstable, and slope failures occurred
often, mixing slide debris with the finer tailings in the pond. The gold-
bearing gravels in the Folsom area were characteristically described as "a

very clean wash," which meant that there was little or no clay present.

Seismic Hazard Assessment

Seismological and
geological investigations
15. Detailed geological and seismological investigations in the immedi-

ate vicinity of Folsom Reservoir were performed by Tierra Engineering, Inc.
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to assess the potential for earthquakes in the vicinity, to estimate the mag-
nitudes these earthquakes might have, and to assess the potential for ground
rupture at any of the water-retaining structures (see Tierra Engineering Con-
sultants, Inc. 1983 for comprehensive report). The 12-mile wide by 35-mile
long study area centered on the Folsom Reservoir was extensively investigated
using techniques such as areal imagery analysis, ground reconnaissance, geo-
logic mapping, and detailed fault capability assessment. In addition, studies
by others relevant to the geology and seismicity of the area around Folsom
were also compiled. These additional literature sources include numerous
geologic and seismologic studies published through the years, beginning with
the "Gold Folios" published by the US Geological Survey in the 1890's, the
engineering geology investigations for New Melones and the proposed Marysville
and Auburn Dams, studies performed for the Rancho Seco Nuclear Power Plant as
well as unpublished student theses and county planning studies. As described
in this section, the East Branch of the Bear Mountains fault zone is the seis-
mic source of concern.

1l6. Figure 7 shows a generalized geologic map of north central Califor-
nia and identifies the location of the 12-mile by 35-mile study area. Fig-
ure 8 shows a close-up of the study area as it surrounds the Folsom Project.
Figure 9 shows the regional geology and highlights the basement rocks in the
study zone. The western edge of the study zone contains Quaternary and Ter-
tiary deposits of the Great Valley. The central and eastern portions of the
study zone contain primarily metamorphic rock with granitic, gabbroic, and
ultramafic intrusives.

17. Figure 9 also shows the major faults in the area. In the investi-
gation of faults, shears, and lineaments, five features within the study area
were selected for more detailed study. These were (a) the West Branch of the
Bear Mountains fault zone, (b) the Bass Lake fault, (c¢) the Linda Creek linea-
ment, (d) the Mormon Island fault, and (e) the Scott Road lineament. The East
Branch of the Bear Mountains fault zone is located near the boundary of the
study area. The characteristics of this fault zone were fully examined and
reported in the above-mentioned references. This fault zone was not investi-
gated further as part of this study by Tierra Engineering Consultants, Inc.
Characteristics of this fault zone are discussed later in this section. The
five features that were selected for further study are identified on the

regional lineament map in Figure 10. On the basis of review of available
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data, geologic mapping, and imagery analysis, it was determined that the Bass
Lake fault is more than 168 million years old and shows no evidence of move-
ment in recent geologic time. Consequently, the fault is not considered cap-
able. Based on the seismeological studies for Auburn Dam, it was also deter-
mined that the Linda Creek lineament does not represent a capable fault (by
Corps criteria). The Scott Road lineament was determined to be of erosional
origin and is not considered to be a fault. The remaining two faults, the
West Branch of the Bear Mountains fault zone and the Mormon Island fault,
required additional studies.

18. The detailed lineament analyses, geomorphic analyses, geologic map-
ping and trenching at selected locations indicated that the West Branch of the
Bear Mountains fault zone is overlain by undisplaced soils more than 60 to
70 thousand years old. There were no geomorphic indications of Holocene
faulting along the zone; it was concluded that the West Branch of the Bear
Mountains fault zone is not a capable fault. Studies of the Mormon Island
fault showed that the lineament zone associated with the fault dies out before
reaching Mormon Island Auxiliary Dam. A review of the dam construction
reports and trenching of the Mormon Island fault south of Mormon Island Auxil-
iary Dam revealed no evidence of faulting of quaternary alluvium in this
ancestral channel of the American River. Based on the observation of undis-
placed colluvium and weathering profiles more than 65,000 years old that over-
lie the sheared bedrock as well as the lack of geomorphic indicators of Holo-
cene faulting in this zone, it was concluded that neither the Mormon Island
fault is a capable fault nor does it pass through the foundation of Mormon
Island Auxiliary Dam (Tierra Engineering Consultants, Inc. 1983).

19. Tectonic studies of the Folsom Project show it is located in the
Sierran block. Within the Sierran block there is a very low level of seismic-
ity. The more seismically active areas are located along the eastern and
southern edges of the block. Figure 11 shows epicentral locations for the
western United States. On this map, the Sierra Nevada and Great Basin areas
are identified. Tectonic studies of the Sierran block indicate an extensional
stress regime which suggests that a major stress buildup and release sequence
associated with large earthquakes is unlikely in the central or northern
Sierran block.

20. Figure 12 shows epicentral locations in north central California

from data accumulated between 1910 and 1981. As indicated in the previous
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discussion, a low level of seismicity can be observed in the vicinity of the
Folsom Dam and Reservoir Project. The nearest highly active areas are the
Calaveras Hayward-San Andreas System located 70 to 100 miles to the west of
the study area and the Genoa Jack Valley zone located more than 70 miles to
the east. Table 1 summarizes the characteristics of the capable fault zones
near the Folsom Dam and Reservoir Project. Although these 2 highly active
zones are capable of generating maximum earthquake magnitudes in excess of
Local Magnitude M; = 7, the ground motions generated by such earthquakes would
be significantly attenuated by the time the motions arrived at the Folsom
Reservoir.

21. The closest capable fault is the East Branch of the Bear Mountains
fault zone which has been found to be capable of generating a maximum magni-
tude M; = 6.5 earthquake. The return period for this maximum earthquake is
estimated to exceed 400 years (Tierra Engineering, Inc. 1983). The tectonic
and seismicity studies also indicated that it is unlikely that Folsom Lake can
induce major macroseismicity. Faults that underlie the water retaining struc-
tures at the Folsom Dam and Reservoir Project were found to be noncapable, so
seismic fault displacement in the foundations of the water retaining struc-
tures is judged to be highly unlikely.

22. Determination that the East Branch of the Bear Mountains fault zone
is a capable fault came from the Auburn Dam earthquake evaluation studies in
which it was concluded that this fault was capable of generating a maximum
magnitude earthquake of 6 to 6.5. The minimum distance between the East
Branch of the Bear Mountains fault zone and Mormon Island Auxiliary Dam is
8 miles, and the minimum distance between this fault zone and the Concrete
Gravity Dam is 9.5 miles. The focal depth of the earthquake is estimated to
be 6 miles. This hypothetical maximum magnitude earthquake would cause more
severe shaking at the project than earthquakes originating from other known
potential sources.

Selection of design ground motions

23. The seismological and geological investigations summarized in the
Tierra report were provided to Professor Bruce A. Bolt and Professor H. B.
Seed to determine appropriate ground motions for the seismic safety evaluation
of the Folsom Dam and Reservoir Project. The fault zone of concern is the
East Branch of the Bear Mountains fault zone located at a distance of about

15 km from the site. This fault zone has an extensional tectonic setting and
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a seismic source mechanism that is normal dip-slip. The slip rate from his-
toric geomorphic and geological evidence is very small, less than 1073 cm per
year with the most recent known displacement occurring between 10,000 and
500,000 years ago in the late Pleistocene period.

24. Based on their studies of the horizontal ground accelerations
recorded on an array of accelerometers normal to the Imperial Valley fault
during the Imperial Valley earthquake of 1979, as well as recent studies of a
large body of additional strong ground motion recordings, Bolt and Seed (1983)

recommend the following design ground motions:

Peak horizontal ground acceleration = 0.35 g
Peak horizontal ground velocity = 20 cm/sec

Bracketed Duration (= 0.05 g) = 16 sec

Because of the presence of granitic plutons at the site, it is expected that
the earthquake accelerations might be relatively rich in high frequencies.
Bolt and Seed (1983) provided two accelerograms that are represent