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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: Interface 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 II

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 II, 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 Mechanics Division, GL, WES. Key contributions also

were made by Dr. Leslie F. Harder, Jr., of Sacramento, California.
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Professors H. Bolton Seed, Anil K. Chopra, and Bruce A. Bolt of the Uni-

versity of California, Berkeley; Professor Clarence R. Allen of the Califcznia

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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SEISMIC STABILITY EVALUATION OF FOLSOM DAM AND RESERVOIR PROJECT

Mormon Island Auxiliary Dam - Phase II

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, lo'ated on the

American River in Sacramento, Placer, and El 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 II 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.
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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 I 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 NCVD.
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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 441+50 and sta 456+50, the

undisturbed and dredged alluvium was excavated to obtain slopes of IV: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 IV:2H and IV:3.5H, and

the upstream slopes vary between IV:2H and IV: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. Weathered 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 ft 3 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.

16. 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 seismological 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 ML - 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 ML - 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 maximium

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 10-3 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 (Z 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 representative of the

design ground motions expected at the site as a result of a maximum magnitude

ML equal to 6.5 occurring on the East Branch of the Bear Mountains fault zone.

The accelerograms are designated as follows (Bolt and Seed 1983):

M6.5 - 15K - 83A. This accelerogram is representative of the

84-percentile level of ground motions that could

be expected to occur at a rock outcrop as a

result of a Magnitude 6-1/2 earthquake occurring

15 kms from the site. It has the following

characteristics:

Peak acceleration - 0.35g

Peak velocity - 25 cm/sec

Duration - 16 sec

M6.5 15K - 83B. This accelerogram is also representative of the

84-percentile level of ground motions that could

be expected to occur at a rock outcrop as a

result of a Magnitude 6-1/2 earthquake occurring

15 kms from the site. It has the following

characteristics:
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Peak acceleration - 0.35g

Peak velocity u 19.5 cm/sec

Duration a 15 sec

Figure 13 shows plots of acceleration as a function of time for the two design

accelerograms and Figure 14 shows response spectra of the motions for damping

ratios of 0, 2, 5, 10, and 20 percent damping.
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PART II: REVIEW OF CONSTRUCTION RECORDS

General

25. Detailed construction records were kept to document the initial

site reconnaissance, selection of borrow areas, foundation preparation, and

construction sequence for the dam. Pertinent information from these construc-

tion records is summarized in this chapter. This information provides (a) key

background data used in development of an idealized section for analysis,

(b) detailed descriptions of foundation and embankment materials and the geom-

etry of excavated areas, important to the planning of field investigations and

interpretation of results, and (c) initial values for material properties of

foundation and embankment materials.

Exploration and Sampling During Original
Design and Initial Construction

26. Mormon Island Auxiliary Dam may be divided into three different

segments according to foundation conditions--an approximately 900-ft-long seg-

ment (sta 446 to sta 455) that has shells founded on dredged alluvium, an

approximately 700-ft-long segment (sta 439+50 to sta 446, and sta 455 to

sta 456+50) that has shells founded on undisturbed alluvium, and the remaining

length of the dam (sta 412 to sta 439+00, and sta 456+50 to sta 460+75) is

founded on weathered bedrock. The undisturbed alluvial deposit consists gen-

erally of sands and gravels overlain by silty and clayey soils. In the

dredged alluvium, the coarser tailings are distributed throughout the thick-

ness of the deposit (but are somewhat more concentrated in the top portion)

and the finer tailings (approximately the minus 3/8-in. fraction) are found

mainly in the lower portion of the deposit. The boring logs from the explora-

tion and sampling efforts prior to construction are summarized in Figure 3.

The undredged portion of the alluvial foundation was explored by 1 churn drill

hole, 4 6-in.-diam rotary core drill holes, and 3 test pits from which undis-

turbed and disturbed samples were obtained. The dredged portion of the foun-

dation was explored by 4 churn drill holes in which an effort was made to

obtain 5-in.-diam undisturbed push tube samples. Undisturbed sampling of the

gravels was generally unsuccessful due to the large particle sizes. The
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weathered schist foundation was investigated with 6-in.-diam rotary core drill

holes and test pits from which undisturbed samples were obtained.

Foundation Preparation at Mormon Island Auxiliary Dam

27. At Mormon Island Auxiliary Dam, the Blue Ravine is about 1 mile

wide. The foundation rock consists of nonuniformly weathered metamorphic rock

with isolated, relatively fresh blocks surrounded by highly weathered material

to a considerable depth. From the right abutment, sta 412+00 to sta 439, a 1-

to 16-ft thickness of overburden was removed to found the core and shells of

the dam on blocky, moderately hard schist bedrock. Stripping depths averaged

4 ft (range 1 to 10 ft) from sta 412+00 to sta 439+00 and 8 ft (16-ft maximum)

from sta 439+00 to sta 441+50.

28. From sta 439 to sta 458+00, the channel was filled with auriferous

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, from sta 446+10 to sta 455+00,

and the tailings were placed back into the partially water-filled channel.

The replacement process tended to deposit the tailings in a very loose condi-

tion with finer materials (minus 3/8-in. size) near the base of the channel

and coarser materials (plus 3/8-in. size) near the top. The remaining undis-

turbed alluvium is crudely stratified and, in some areas, slightly cemented.

29. The undisturbed and dredged alluvium and any other overburden pres-

ent was excavated along the entire length of the core to found the core on the

blocky, somewhat weathered schist. The remaining foundation was stripped to

found the shells on suitable materials. During stripping and core trench

excavation of the undisturbed gravels, it was observed that some portions were

somewhat cemented, whereas others were soft and somewhat plastic. Conse-

quently, several feet of undisturbed gravels were stripped from the foundation

area. It was decided that an average of 18 ft of overburden and undisturbed

alluvium would have to be excavated between sta 439 and sta 446+10 since this

material was a relatively loose clayey and silty material and unsuitable as a

foundation for the embankment shells. A minimum of 12 ft was excavated near

sta 445+25, and a maximum of 24 ft was excavated near sta 446+00. This mate-

rial was left in place immediately downstream of the embankment toe. The

undisturbed channel gravels were excavated to have a slope of IV:2H along the
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sides of the core trench. The average thickness of undisturbed alluvium left

in place between sta 439 and sta 446+10 was approximately 20 ft.

30. The construction records (US Army Engineer District, Sacramento

1953) indicate that the dredged tailing piles (located from sta 446+10 to

sta 455+00) were leveled off at approximately el 390 ft to receive embankment

material, and the slope of this material was IV:2H along the sides of the core

trench.* Kiersch and Treasher (1955) reported that the dredged channel

gravels were cut back on a gentle slope of lV:SH due to an unstable condition

caused by an abundance of clay lenses.**

31. Kiersch and Treasher (1955) also reported that the core trench

slopes were compacted by passes of a Caterpillar tractor before placing

earthfill. This field practice was not mentioned in the construction records,

which describe placement of cobbles and gravel on the core trench slopes to

collect incoming drainage and divert it away from the core trench as the core

material was being placed and compacted. The construction record did state

that, away from the core trench, the pervious fill was compacted by such

equipment as moved across the fill during construction operations.t Both ref-

erences stated that exposure of the top of th- schist bedrock revealed numer-

ous springs, and a large quantity of water was seeping into the core trench,

and had to be pumped out for construction to continue.

32. From sta 455+00 to sta 456+10, an aveLdge of 8 ft of undisturbed

channel gravel was stripped prior to placement of embankment fill. Finer

alluvium (sand, silt, and clay) exposed from sta 456+10 to sta 458+00 was con-

sidered to be unsuitable as a foundation for the embankment and was removed to

expose schist bedrock. Approximately, 18 ft of material was excavated near

sta 456+10, and 4 to 6 ft of material was excavated near sta 458+00.

* Data obtained from the Becker Hammer field investigations presented in
Part III of this report detected the presence of dredge tailings beneath
the embankment slopes as high as el 420.

** The Becker Hammer field investigation results presented in Part III of
this report and additional results presented in Report 4 of this series are
generally consistent with the construction record description of stripping
and excavation in this area and do not confirm the excavated slopes and
abundant presence of clay lenses reported by Kiersch and Treasher (1955).

t The Becker Hammer field investigation results presented in Part III and
Report 4 of this series indicate there is some increase in energy- and
overburden-corrected blowcounts in the dredged foundation gravels beneath
the slopes compared with the dredged gravels downstream of the toe of the
dam.
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Approximately, 3 ft of overburden was stripped from the foundation from

sta 458+00 to sta 460+75 to expose the hard, blocky schist bedrock.

33. To drain the area for construction, the water that normally flowed

through the Blue Ravine channel was diverted so that most of the water drained

into the South Fork. There was a need for water from the Blue Ravine in the

downstream area to serve dredge ponds, domestic, and irrigation purposes. To

provide water downstream, a bypass tunnel was constructed through the left

abutment of Mormon Island Auxiliary Dam. The 6 x 6-1/2 ft tunnel was approxi-

mately 1,300 ft long. The metamorphic rock encountered during tunneling was

extensively weathered, blocky with numerous clayey seams, and required timber-

ing for support, except for a 311-ft-long section near the middle of the tun-

nel. The rock in this unsupported section of the tunnel was typically hard,

blocky schist. The bypass tunnel was plugged once construction was completed.

After some placement of earthfill, the foundation rock was grouted.

Laboratory Tests During Original Design
and Initial Construction

34. The laboratory test results reported in this section were used in

the original design of the dam. The design and initial construction data were

used to assist in characterizing the site and formatting an idealized section

for the seismic safety evaluation. These design values for material proper-

ties were used as initial estimates for comparison with material property val-

ues determined in the field and laboratory investigations reported in

Parts III and IV and Report 4. Index tests on the materials obtained from the

dredged and undisturbed alluvium during this preconstruction period indicated

the materials are a mixture of gravel, sands, and silty and clayey fines.

Specific gravities ranged from 2.72 to 3.03. An average specific gravity of

2.82 was adopted for both the dredged and undredged alluvial materials and for

both the +No. 4 and -No. 4 (sieve) particle sizes. Specific gravity of the

bedrock ranged from 2.77 to 2.89 and averaged 2.84.

35. The in situ dry density of the dredged tailings was estimated to

vary from 83 to 117 pcf. The average was estimated to be 108.5 pcf with an

average in situ water content of 23.8 percent in the finer dredge tailings

which were estimated to extend from approximately 10 ft below ground surface

to bedrock (based on examination of push-tube samples), a maximum distance of

55 ft. The adopted (for initial design purposes) dry density of the coarser
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dredged tailings located from 0 to 10 ft below the ground surface was

125.0 pcf.* This is the same density that was adopted during design for the

dredge tailing gravel fill that was compacted to the embankment shells.*

36. In situ dry density of the undredged alluvial foundation varied

from 80.0 to 117.5 pcf. The average dry density was estimated to be 100.0 pcf

with an in situ moisture content of approximately 19.7 percent. For the

coarser undisturbed alluvium, the in situ dry density varied from 108.0 to

133.7 pcf with a weighted average of 122.6 pcf and an average moisture content

of 11.1 percent. In situ measurements of the density of the weathered bedrock

varied from a dry density of 101.6- to 118.7-pcf with an average of 107.5 pcf.

The in situ moisture content of the weathered bedrock averaged 18.6 percent.

37. Permeability tests were run on block samples of the undisturbed

alluvium and ranged from 0.07 x 10-4 to 40 x 10-4 cm/sec in the vertical direc-

tion. In the horizontal direction permeability ranged from 0.02 X 10-4 to 10

X 10-4 cm/sec. Permeability tests were not run on the dredge tailings.

38. The shear strength of the undredged and dredged alluvium was deter-

mined f:om consolidated-drained direct shear tests on remolded specimens of

-No. 4 fraction and large-scale (12-in. diam) consolidated-undrained triaxial

tests on remolded samples. The results of these shear tests are summarized in

Table 2.** In addition to the laboratory work, the shear strength of the

dredged tailings was estimated by assuming that the tailing slopes that

existed in the field prior to dam construction had a safety factor of 1. The

average value of tan 0 required to hold the section in equilibrium was

determined. The back-calculated friction angles ranged from about 24 deg to

26 deg. A value of 0' equals to 24 deg (tan 4 equals to 0.45) was adopted

for design. Shear tests were not performed on the weathered and decomposed

schist.

* Test pit results presented in Report 4 indicate that the average in situ
dry density of the dredge tailings in the upper 7 ft of the foundation
downstream of the toe of the dam was 117.5 pcf, and in the downstream shell
of the embankment the dry density averaged 137.7 pcf.

** These results were not corrected for membrane compliance effects since
membrane compliance had not yet been recognized as a problem at the time
the tests were performed.
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Embankment Materials

39. The Mormon Island Auxiliary Dam cross section consists of 4 zones.

Zone 1 is constructed of dredged gravels and forms the upstream and downstream

shells. These gravels came from Borrow Area 5, the Blue Ravine itself.

Zone 2 is a 12-ft-wide transition zone constructed upstream and downstream

between the central zones and embankment shell. Zone 2 consists of the -2 in.

fraction of the dredge tailings and was also obtained from Borrow Area 5.

Zone 3 consists of impervious decomposed granite from Borrow Area 1. Zone 4

consists of impervious material (clayey sand) from Borrow Area 6. Zone 3 was

added due to the fact that insufficient clayey material was available in Bor-

row Area 6 to construct Zone 4 as wide as originally planned. The specifica-

tions for placement of these zones are summarized in Table 3. The locations

of the borrow areas are shown in Figure 2.

40. Figures 15 through 21 are photos from construction records which

show key features of foundation preparation and construction procedures.

Figure 15 was taken on 10 April 1951 and shows the foundation preparation in

progress. The view is taken from the left abutment, facing the right abut-

ment. The dredged tailing windrows are shown in the foreground, and the

cleared bedrock schist foundation is shown in the background. Figure 16 is

taken from sta 421+00 facing the right abutment and shows the cleared bedrock

schist foundation for this portion of the dam. Figure 17 is taken from

sta 440+00 looking toward the right abutment and shows core trench excavation

as it approached the dredged section. Figure 18 is taken from sta 440+00

facing the left abutment and shows core trench excavation through the

undredged portion of the alluvium. Figure 19 was taken on 26 September 1951

and is taken from the left abutment facing the right abutment. This photo

shows the completed core trench excavation. Figure 20 was taken at sta 458+00

facing the right abutment and shows placement of Zones 2, 3, and 4 materials

in the excavated core trench, Figure 21 was taken at sta 421+50 facing the

right abutment and shows compacted Zone 1 material in the upstream shell.
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PART III: FIELD INVESTIGATIONS

General

41. Field investigations were conducted at Mormon Island Dam in the

embankment and foundation materials to obtain information about the cyclic

strength and other input parameters used in the seismic stability analysis.

The field investigations were performed in two phases. In both phases the

field testing was confined to the downstream side of the center line. The

information gathered is assumed to be representative of the materials on the

upstream side of the center line.

42. The Phase I field investigations consisted of Standard Penetration

Testing (SPT), disturbed and undisturbed soil sampling, geophysical investi-

gations, test pits and shafts (to obtain disturbed samples and determine

in-situ densities), and Becker Hammer Testing. The Phase I field investiga-

tion focused on the segment of the dam where the shells were founded on

dredged tailings. Only surface geophysical measurements were made on the

undredged foundation during this field investigation. Detailed descriptions

of each of the components of the Phase I field investigations are included in

Report 4 of this series.

43. The Phase II field investigation was performed to supplement the

field data acquired from the earlier investigation. The program consisted of

geophysical testing, excavation of test pits, and Becker Penetration Testing.

These tests provided data which were useful in characterizing and idealizing

the site and in determining key material properties such as shear wave veloc-

ities and cyclic strengths of the embankment and foundation soils. The inves-

tigation provided data from the undredged foundation and added to the data

bases of the embankment shells and dredged foundation gravels developed in the

Phase I investigation. A discussion of each component of the Phase II inves-

tigation is described in the following sections of this part.

44. A layout of the field investigation program is shown in Figure 22.

This plan view shows the locations of each of the various tests performed dur-

ing the program. The drawing shows the location and areal extent of the vari-

ous foundation conditions present at Mormon Island Auxiliary Dam. The pool

level during the time the Phase II work was conducted varied between el 433.3

and el 444.5. One of the goals of the Phase II field investigation was to
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acquire information about the undredged alluvium. Information obtained from

construction documents and specifications was used to derive a typical cross-

section of the embankment and foundation geometry in the undredged foundation

segment of the dam. This cross section is shown in Figure 23 and was useful

in interpreting the data acquired in the field investigation. This sketch

shows that prior to construction the undisturbed alluvium consisted of two

distinct layers. The upper layer was a fairly soft clayey gravel with a

varying thickness which averaged approximately 11 ft. This was underlain by a

dense gravelly alluvium containing less fine content which extended to bed-

rock. Engineers involved with the design of the embankment decided that the

soft clayey gravel layer was an unsuitable foundation material. This layer

was removed and the shells were founded directly on the firmer, denser, and

stronger undredged alluvium. The clayey gravel layer was excavated only under

the shells and was left in place immediately upstream and downstream of the

toes of the dam. Due to this excavation, the clayey gravel material was con-

sidered to have no significant effect on the dynamic response and stability of

the embankment. Nonetheless, the clay layer was encountered in many of the

field tests which were performed in the downstream toe area of the undredged

segment of the dam and affected the manner in which these tests were

interpreted.

Geophysical Tests

45. The geophysical investigation conducted as part of the Phase II

field investigation consisted of surface refraction seismic, crosshole, and

downhole tests (Kean 1988). The objective of this program was to determine

the in situ variation of compression wave (p-wave) and shear wave (s-wave)

velocities with depth for the foundation materials of the undredged area. The

p-wave and s-wave velocity variations with depth for the embankment and

dredged foundation materials were determined from a similar testing program

performed during Phase I and documented in Report 4 of this series.

Surface refraction seismic

46. In the surface p-wave seismic refraction technique, a seismic sig-

nal is generated at the surface by the impact of a hammer striking a steel

plate. The signal is then detected by an array of geophones placed on the

ground surface and extending in a straight line away from the source of the
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seismic disturbance. All signals are then recorded on a twelve channel seis-

mograph. The data are interpreted to determine the p-wave velocities of the

soil and rock materials at the site and the depths to interfaces between mate-

rials with contrasting velocities. Seismic disturbances are initiated at each

end of the line to detect the dip of the refracting surfaces and to ascertain

the true seismic velocities of subsurface zones. It is not possible to detect

a velocity inversion, a low velocity layer underlying a high velocity layer,

with the seismic refraction test. The data acquired from this test are useful

for detecting saturated zones and the depth to rock. These velocities and

interface depths were considered with other tests in developing a recommended

p-wave velocity profile of the undredged alluvium downstream of the toe of the

dam.

47. One seismic refraction test, RI, was conducted during the Phase II

field investigation. As shown in Figure 22, this line was located in the

undredged area about 100 ft downstream of the toe. The line was 75 ft long.

The test data are displayed in the time-distance plot shown in Figure 24.

Three p-wave velocity zones were interpreted. The first had a velocity of

1,070 fps and extended to a depth of approximately 1.0 to 1.5 ft. The second

zone had a velocity of 1,760 fps and extended to depths ranging between

10.5 and 14.0 ft where it was underlain by the third zone which had a velocity

of 4,330 fps and extended to an unknown depth.

48. An overburden shear-wave seismic refraction test, 16 ft long, was

performed to measure the shear-wave velocities of the near surface soils. The

test was run in the same location as seismic line Rl. This test indicated

that the shear-wave velocities in the top foot are 210 fps. This is underlain

by a layer in which has a shear-wave velocity of 700 fps. Due to the short

length of the line the results are applicable only to the top four or five

feet of the foundation deposit.

Crosshole tests

49. The cross hole tests were performed to determine both p-wave and

s-wave velocities. Only one set of crosshole tests was performed during

Phase II. The tests were conducted in two borings, each 45 ft deep, spaced

10 ft apart. The borings were located about 100 ft downstream of the toe of

the dam, near sta 441+00 in the undredged segment of the dam as shown in Fig-

ure 22. The holes were drilled using a rotary drill and then cased with

4-in.-diam polyvinylchloride (PVC) pipe. The annular space between the sides
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of the hole and the pipe was filled with a grout mixture which, when set up,

has the approximate consistency of soil. Due to logistical difficulties, only

one of the boreholes was surveyed for its deviation from the vertical. Since

the drift in this boring was minimal, the drift of the unsurveyed hole was

assumed to be negligible in the data reduction calculations. Unfortunately,

the materials encountered in the subsurface during drilling were not logged.

Consequently, narrative descriptions of the subsurface in the immediate vicin-

ity of the crosshole borings were not available to help guide the interpreta-

tion. There was also no record of the observation of water levels in the

borings at the time the drilling was performed.

50. Crosshole s-wave velocity tests were conducted with a downhole

vibrator inserted at a given depth into the source borehole. The vibrator was

then swept through a range of frequencies (50 to 500 Hz) to find the frequency

which propagated best through the soil and transmitted the highest amplitude

signal to the receiver geophone lowered to the same depth in the receiver

hole. The p-wave cross-hole tests were performed in a similar manner except

that exploding bridge-wire detonators were used as the source in place of the

vibrator. The measurements for both p-wave and s-wave velocity tests were

performed at 2.5-ft-depth intervals.

51. The results of the crosshole p-wave velocity tests are shown in

Figure 25. The measured velocities range from 1,390 fps near the ground sur-

face to 11,260 fps near the bottom of the hole. The plot shows that the gen-

eral trend is for the velocities to increase with depth; however one inversion

was encountered at a depth of 12.5 ft where a layer with a 5,000-fps velocity

was underlain by one with a 4,000-fps velocity. These observations were used

to determine an idealized p-wave profile for the undredged soils in this area.

52. The results of the crosshole s-wave velocity tests are shown in

Figure 26. As with the p-wave velocities, the s-wave velocities generally

increase with depth. They range from 680 fps near the ground surface to

2,120 fps at a depth of 47.5 ft near the bottom of the holes. A slight inver-

sion was encountered at a depth of 32.5 ft where a velocity of 1,620 fps was

overlain by a layer with a velocity of 1,890 fps. These velocities and inter-

face depths were considered with other tests in developing a recommended

s-wave velocity profile of the undredged alluvium downstream of the toe of the

dam.
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Downhole tests

53. Downhole p- and s-wave tests were performed in the same borings

used for crosshole testing. The downhole tests provide supplemental data for

checking the results of the crosshole tests. Downhole seismic tests were per-

formed by placing the source of the seismic disturbance at ground surface mid-

way between the two boreholes. P-waves are generated by striking a steel

plate with a sledge hammer. The resulting seismic signal is then detected

using a triaxial geophone array located within the borehole at the depth

tested. The s-waves are generated by alternately striking the ends of a

wooden plank. The s-wave arrival is dettrmined by noting the time where the

two seismic signals reverse direction and become out of phase. Both types of

tests were conducted at 2.5-ft-depth intervals.

54. The downhole p-wave test results are shown in Figure 27. The

velocities in this figure represent the average velocities of the results

obtained from the tests performed in each of the two borings. The figure

shows that four p-wave velocity zones were detected with velocities ranging

from 1,100 fps near the ground surface to 7,150 fps at depths near the bottom

of the hole. As with the crosshole tests, the downhole results show that the

velocities increase with depth. The results of these tests were also consid-

ered in developing an idealized p-wave velocity profile for the undredged

area.

55. The downhole s-wave velocity test results are shown in Figure 28.

The s-wave downhole tests were only performed in one of the boreholes, hence

the results are presented in the form of the standard time versus slant dis-

tance plot. Four s-wave velocity zones were detected. The range of veloci-

ties of these four zones is from 500- to 2,200 fps. The results of these

tests were also considered in developing an idealized s-wave velocity profile

for the undredged area.

Interpreted p-wave zones

56. The data acquired from the surface refraction, crosshole, and down-

hole tests were assembled into the composite shown in Figure 29. A recom-

mended final interpretation of the p-wave zones was arrived at through study

of the composite and by consideration of the strengths and weakness of each of

the tests. A comparison of the test results shown on the composite indicates

that the refraction line was not long enough to detect the higher velocities

(greater than 7,000 fps) detected by the downhole and crosshole tests at
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depths of about 25 ft. Other than that, the composite shows that the velocity

profiles obtained from each of the three tests are basically in good

agreement.

57. The recommended interpreted p-wave velocity zones for the down-

stream toe area are shown in Figure 30. Two velocity zones of 1,070 and

1,700 fps are associated with the clayey gravel layer (see Figure 23) which

was left in place upstream and downstream of the toes of the dam but removed

beneath the embankment shells. The water table was estimated to occur at a

depth of about 10 ft where the velocity was about 5,200 fps. This interpreted

water table roughly coincides with the top of the undredged gravel alluvium

underlying the clayey layer. Between the depths of 10 and 25 ft, the

undredged alluvium is estimated to be saturated or nearly saturated as evi-

denced by the velocity zones of 4,400 and 5,200 fps. It was interpreted that

weathered rock occurred at a depth of about 25 ft where the velocities ranged

from 7,240 to 11,260 fps.

Interpreted s-wave zones

58. The s-wave velocity zones were interpreted in a manner similar to

the p-wave velocity zone interpretation. The s-wave composite showing the

seismic refraction, downhole, and crosshole results is shown in Figure 31.

From study of the composite, the recommended interpreted s-wave velocity zones

shown in Figure 32 were determined. This plot shows that two zones having

velocities of 210 and 700 fps were associated with the clayey layer which

extended from the ground surface to a depth of about 10 ft. The underlying

layer in the depth interval 10 to 22.5 ft has a velocity of 1,000 fps and is

associated with the undredged gravel alluvium. At depths greater than

22.5 ft, the shear wave velocities were interpreted to indicate rock as

opposed to the 25-ft depth to the rock-alluvium interface indicated by the

p-waves. The velocity of rock increases with depth and ranges from 1,560 to

2,150 fps at the lower limit of the depth of investigated profile, about

50 ft.

59. The interpreted shear-wave velocity profile was used to estimate

the K2 value of the various strata in the undredged alluvium. K2 is a

unitless measure of shear modulus that is essentially independent of confining

pressure and is computed using the following equation:
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i, 000 x m (1)

where

G - shear modulus, psf

a; - mean normal pressure, psf

At low levels of shear strain, G and K2 can be estimated from shear wave

velocity measurements as follows:

v2

G = V~xp (2)

V X p (3)
1,000 x oa. 112

where p is mass density. Any consistent set of units can be used in Equa-

tion 2, but in Equation 3 the units must be in feet, pounds, and seconds.

From the interpreted profile of Figure 31, it was estimated that K2 for the

clayey giavel layer was 110, and K2 for the undredged alluvium was 130.

These values fall within the range of K2 values reported for gravelly mate-

rials by Seed et al. (1984). These K2 values were later used to determine

stress-dependent low strain shear moduli in the dynamic finite element

analysis.

Test pits

60. Two test pits, RD-l and RD-2, were excavated during the Phase II

field investigation to acquire datd regarding the gradation and densities of

the undredged alluvium. The location of the test pits is shown in plan in

Figure 22. RD-l and RD-2 were located near sta 440 and sta 442, respectively,

approximately 100-ft downstream of the toe of the dam. Each was exca-ated to

a depth of 13 ft as shown in the cross section of Figure 23. Unfortunately,

most if not all of the 24 samples retrieved from the test pits were located in

the layer of clayey material. The average dry density of the sampled material

was 134.7 pcf. The average fines content (percent passing the No. 200 sieve)

of the samples was 40 percent; the average liquid limit was 40 percent; the
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plasticity index of the fines was 22 percent. As expected, the indices from

all samples retrieved plotted well above the A-line on the plasticity chart

indicating a clayey material.

61. The best data on the gradations of the undredged alluvium beneath

the clay layer were obtained from a test shaft, 4F-40, excavated during the

preconstruction exploration program. This shaft was approximately excavated

at sta 444+00, upstream of the dam center line, in a location now covered by

the upstream shell. The location of 4F-10 is shown in Figure 22. The loca-

tion of this test shaft and the profile of materials sampled are also shown in

Figure 3. Four samples were excavated at depths below the 11-ft thick clay

layer. Figure 33 shows the observed range of gradations of the excavated

samples. The plot shows that D50 was about 30 mm, the fines content was

less than 10 percent, and the fines were nonplastic. The samples classified

as GW according to the USCS. Dry densities of 133.7 and 129.4 pcf were mea-

sured in this test shaft at el 353 and el 350. The size of the samples used

for the gradation tests and the technique used to measure the in situ densi-

ties in test shaft 4F-40 are unknown.

62. In situ densities and gradations for the dredged foundation gravels

and the embankment shell gravels were obtained from test pits excavated during

the Phase I study. Details about the data and sampling procedures are given

in Report 4 of this series. The locations of the test pits from the Phase I

studies are shown in Figure 22. Samples retrieved from the test ýit located

on the downstream face of the dam at midslope (19 ft deep) indicated that

embankment gravels in the shell have relative densities of about 70 percent.

The range of gradations of the samples is shown in Figure 34. The fines are

somewhat plastic and have an average plasticity index of 11 percent and a

liquid limit of 28 percent. The fines content was about 5 percent. Samples

retrieved from the test pits (7 ft deep) excavated along the downstream toe of

the dam indicated that the dredged foundation gravels have a relative density

of about 35 percent. Samples recovered from the test pits and shafts were

used to reconstruct specimens for laboratory testing.
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Becker Penetration Tests

General

63. Becker Hammer penetration tests were conducted in the downstream

embankment shell, the undredged alluvium, and the dredged foundation material.

The data collected were used to develop stratigraphy for site characterization

and to estimate the cyclic strength of the soils at the site. Twenty-six

pairs of open and closed bit Becker soundings were performed at each of the

locations shown in Figure 22. Becker blowcounts NB were obtained from each

of the closed bit soundings at 1-ft depth intervals. Index properties, soil

classification data, and NB were collected from each of the open bit

soundings.

64. The drilling was performed by Layne-Western, Inc. in September of

1986. Two Becker AP-1000 drill rigs were employed to accomplish the drilling.

Soundings BH-l through BH-24 were performed using rig No. 404, and BH-24 and

BH-25 were performed with rig No. 403 (see Appendix A). A photo of this type

of drill rig is shown in Figure 35. For the closed-bit soundings, an 8 tooth

crowd-out bit with a 6-5/8-in. OD and a 4-1/4-in. ID (plugged at the end) was

used with a 6-5/8-in. OD casing. The open-bit soundings were made with a

Felcon bit which is a 3-web crowd-in bit for 6-5/8-in. casing but has an

enlarged diameter near the bit (7-1/4-in. OD) and an inner casing ID of

3-7/8 in. Each sample spanned a 2-ft depth interval. Blowcounts were taken

at 1-ft intervals. A photo of these bits is shown in Figure 36.

Data reduction procedures

65. Only penetration data from the closed bit soundings were used in

the liquefaction and stratigraphy evaluation of the soils at the site. The

Becker Hammer blowcounts NB were corrected to equivalent SPT N60 (energy

corrected) and (N1 )6 0 (overburden corrected) blowcounts. A schematic of this

process is presented in Figure 37.

66. The energy corrections were made by Dr. Les Harder using techniques

which he developed in his research of the Becker Hammer Drill. His report is

included in Appendix A. The conversion of the field Becker blowcounts into

equivalent SPT blowcounts depends on combustion conditions (throttle and

supercharger settings, temperature and altitude) of the diesel powered drill

rig and the type of equipment used (type of bit, size of casing, and drill
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rig). Hammer energy readings were collected with the blowcount so that (NI) 60

values could be estimated.

67. The overburden correction to convert equivalent SPT N6 0 into

(N 1 ) 6 0 was made using the following formula:

(N0)6 =ý x N60  (4)

where

(N1 )6 0 - SPT blowcount at energy level of 60 percent and overburden
pressure of 1 tsf

Cn - overburden correction factor which is dependent upon vertical
effective stress

N6 0 = SPT blowcount at energy level of 60 percent'of theoretical
maximum

68. The Cn curves used in this study are shown in Figure 38. The

figure shows curves recommended by Seed (1983) to be used for sands with loose

(Dr - 40 to 60 percent) to medium-dense (Dr - 60 to 80 percent) relative den-

sities. The third curve is for gravels and is an extrapolation based on the

relationships between mean grain size Cn and confining pressure from data

reported by Marcuson and Bieganousky (1977). A discussion of the rational for

this extrapolation is included in Harder's report in Appendix A. In this

study, the gravel curve was used for blowcounts in the embankment gravels and

in the dredged alluvium. The medium-dense sand curve was used to determine

Cn for blowcounts in the undredged alluvium. At a given vertical stress, the

use of the gravel curve will result in a smaller correction than will use of

the sand curve which in turn results in a higher value for (N1 ) 6 0 .

69. To determine the overburden corrected blowcount, the effective ver-

tical confining stress must be computed for each location where a blowcount is

measured. For each location, an adjustment is made to the vertical effective

stress computed in a two-dimensional, nonlinear static finite element analysis

to account for the fact that the overburden correction (Cn) charts were devel-

oped for level ground conditions rather than sloping ground. The vertical

effective stresses computed in the finite element analysis are presented later

in this report. The formulas employed for computing the vertical effective

stress used to determine the overburden correction factor Cn are derived and

shown in Figure 39. The figure shows that the mean confining stress
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corresponding to the vertical effective stress in sloping ground is larger

than in level ground for the same depth below the surface. It is assumed that

blowcounts in a given soil deposit increase as the mean confining stress

increases.

70. To determine an equivalent vertical effective stress for selection

of Cn , the following formula was used:

a = 1.67 x a (5)

where

a- equivalent level ground vertical effective stress used to
determine Cn

a- effective mean stress under sloping ground determined in the
static finite element analysis

Equation 5 was derived by equating the expressions for mean normal pressure

for plane strain and level ground conditions and solving for the level ground

vertical stress as shown in Figure 39. Equation 5 was developed using a Pois-

son's ratio of 0.3 and a K. of 0.4.

71. Figure 40 shows the effective vertical and mean normal stresses

from the finite element analysis and the equivalent vertical effective stress

computed from Equation 5 for a column of soil through the downstream slope of

Mormon Island Auxiliary Dam. The equivalent level ground vertical effective

stress a,' is higher than the sloping ground vertical effective stress at

all depths. As shown in Figure 38, the use of av1 will result in a more

severe Cn correction factor than if Cn were determined from the finite

element vertical stresses for blowcounts at depths where the vertical effec-

tive stress is greater than 1 tsf. The reverse is true at depths where the

vertical effective stress is less than 1 tsf.

Results of (N11 6 0 data

72. Values of (N1 )6 0 were computed using the procedure outlined above

from the NB values obtained from the 26 closed bit soundings performed dur-

ing the Phase II studies. The results of these computations are shown in the

cross sections shown in Figures 41 through 43 and also in Appendix B. Fig-

ures 41 through 43 show plots of (N1 ) 60 versus depth superimposed on three

geologic cross sections at the site. The cross sections are along the down-

stream toe, along the downstream midslope, and transverse to the dam's axis at
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sta 450. These cross-sectional plots were useful for refining the locations

of boundaries between embankment and foundation materials and also for deter-

mining the average value and variation of penetration resistance for both the

dredged and undredged alluvium and the embankment shell gravels.

73. Figure 41 shows the (N,)60 results for Becker soundings BH-I

through BH-14 superimposed on the geologic cross section running parallel to

the dam axis about 100 ft downstream of the toe. The cross section can be

divided into two parts. The undredged section of the channel is located

approximately between sta 436+00 and sta 444+50 and the dredged section is

located between sta 444+50 and sta 456+00. The undredged foundation was

explored with soundings BH-I through BH-6. The clay layer, unexcavated down-

stream of the toe, was encountered in the top several feet of each of these

borings. Its thickness varies from 8 to 20 ft and it is characterized by

(N1)60 values which are typically less than 5 blows/ft. As discussed previ-

ously, the clay layer is underlain by the undredged gravel alluvium upon which

the embankment shells are founded. As shown by soundings BH-l through BH-6 in

Figure 41, the (N,) 60 values of the undredged foundation alluvium are typi-

cally well in excess of 30 blows/ft and show a trend of increasing steadily

with depth.

74. Figure 41 shows the results for Becker soundings BH-7 through BH-14

along the toe, between sta 445+00 and sta 455+50. Soundings BH-7 through

BH-13 were performed in the tailings. The tailings are characterized by

(N1 ) 6 0 values which are typically less than 10 blows/ft. Variations in (N1 ) 60

in each of these soundings is slight and there is no obvious trend in (NI) 6 0

with depth. Blowcounts less than 10 were also encountered in the upper 10 ft

of BH-14. A study of the preconstruction photos and the Mormon Island Dam

foundation report (US Army Engineer District, Sacramento 1953) indicates that

these low penetration resistances can be attributed to a clayey overburden and

slope wash material rather than the tailings. This material is similar to the

material encountered in the near urface clay layer in BH-l through BH-6 in

the undredged area. Undredged alluvium was detected beneath the tailings and

overburden in BH-13 and BH-14 at depths of 42 and 10 ft, respectively, as evi-

denced by marked increases in (N1 ) 6 0 . Below these depths, the (N1 ) 60 values

show a tendency to increase with depth in much the same manner as those

observed in the undredged alluvium encountered in BH-l through BH-6.
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75. Figure 42 shows a geologic cross section through the downstream

midslope of the embankment between sta 444+50 and sta 456+00. Sounding BH-15

through BH-21 were located at the midslope of the embankment (el 420) to

obtain information pertaining to the embankment shells and their underlying

foundation materials. The interpreted location of the contact between the

embankment gravels and their underlying foundation is approximately el 375 as

shown by the dashed line on this figure. Above this contact the embankment

gravels are typically characterized by (N,) 60 values which are typically

between 15 and 30 blows/ft. All blowcounts in the embankment were made in the

Zone 1 shell gravels. The soundings show that there is a very noticeable

amount of variation in the (N,)60 values in the embankment materials. Addi-

tionally these soundings show that there is no apparent increase in (N,) 60

with depth.

76. Dredged foundation gravels were encountered beneath the embankment

gravels in BH-16 through BH-20 as shown in Figure 42. The foundation gravels

are characterized by a lower penetration resistance than the overlying embank-

ment gravels. This decrease is not great at these locations. The (NI) 60 val-

ues in the dredged foundation are typically between 10 and 25 blows/ft and

show significantly less variation than those in the overlying embankment

gravels. The (N,) 6 0 values under the embankment shells appear to be slightly

higher than those taken on the downstream toe in soundings BH-7 through BH-12

as was shown in Figure 41. This increase in (N1 ) 6 0 is probably caused by a

combination of effects including compaction by construction activities, densi-

fication under the embankment loads, and aging. A similar increase in

blowcounts was observed at Comanche Dam (Seed 1985).

77. Undredged alluvium was encountered beneath the embankment shell

gravels in BH-21 and BH-15. These soundings show that (N1 ) 60 is higher in the

undredged alluvium than in the embankment and that (N1 ) 6 0 has a tendency to

increase with depth. The increase in foundation blowcounts is marked in

BH-21. These soundings show that the penetration resistance is more variable

in the undredged alluvial foundation than in the dredged foundation encoun-

tered by BH-16 through BH-20. The contact between the embankment gravel and

the undredged alluvium is at el 355 in BH-21 which is about 20 ft lower than

the contact interpreted from the other soundings in Figure 42. The lower

foundation contact on BH-21 reflects the removal of the clay layer between
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sta 439 and sta 446 where the shells are founded directly on the undredged

gravel alluvium.

78. Figure 43 shows the transverse cross-section of the dam at sta 450.

The (N,) 6 0 profiles from BH-I0, 18, 22, 23, 24, 25, and 26 are superimposed on

this cross-section. At sta 450 the shells are founded on the dredged tail-

ings. These soundings were performed to acquire information on the gravels in

the shells and in the dredged foundation. The contact between the shell and

the dredged foundation gravels is shown by the dashed line in Figure 43. The

figure shows that the penetration resistance of the embankment gravels was

measured above the dashed line of soundings BH-25, 26, and 18. All blowcounts

in the embankment were made in the Zone 1 shell gravels. As noted before, the

(N,) 60 profiles over the depth range of the embankment gravels in these sound-

ings show a significant amount of variation. Typically, (N,) 6 0 lies between

15 and 30 blows/ft though there are several exceptions. In BH-25, the (N,) 60

profile shows that embankment gravels were encountered through nearly the

entire depth of this sounding. The tailings were encountered beneath the

embankment gravels in BH-18 and BH-26. As noted before, the (N,) 6 0 values of

the tailings are noticeably lower than those in overlying embankment and show

only slight variation. Soundings BH-22, 23, 24, and 10 encountered the dredge

tailings throughout the depth of the profile. The (N,) 60 profiles of these

soundings show the typical characteristics for the tailings. The data from

BH-22, BH-23, and BH-24, performed on the slope of the embankment, indicate

that tailings were incorporated into the embankment in this area. This agrees

with a detail shown in Figure 4 for the typical cross section between sta 446

and sta 454 which shows the presence of tailings in the embankment. Also, the

embankment gravel-dredged foundation contact line interpreted from the pene-

tration resistance has a slope of approximately 2H:lV which agrees with the

slopes excavated for the core trench which is shown on the same cross-section

in Figure 4.

79. Figure 43 shows that the values of (N1 ) 60 taken in the tailings in

BH-10, 24, 23, 22, 18, and 26 increase slightly with depth. Additionally,

(N,) 6 0 values in the dredged foundation of BH-18 and BH-26, where the tailings

are under the weight of the embankment, are somewhat greater than the blow-

counts taken in BH-22, 23, 24, and 10 where the tailings are not loaded by the

weight of the embankment.
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Statistical analysis of (N1) 60 data

80. In order to gain a better understanding of the data acquired from

the Becker Hammer Penetration Tests performed during Phase II, a statistical

analysis was performed. A statistical analysis was performed on the energy

corrected-overburden corrected blowcounts (N,) 60 acquired from the embankment

gravels, the dredged foundation gravels, and the undredged alluvium. For each

material, the average and standard deviation of (N1 ) 60 was computed. A histo-

gram of (N1 )6 0 was developed showing the distributions of (N1 )6 0 for all

observations. The average (N1 )60 values were used to determine the cyclic

strengths for each material as will be discussed later in the report. All

blowcounts taken at depths of 5 ft or less were excluded from the analysis to

avoid excessive extrapolation of C, values at low vertical effective

stresses from Figure 38. Additionally, blowcounts taken in both the dredged

and undredged foundation zones near rock were also excluded. This is because

the presence of the relatively rigid rock surface artificially raises the

blowcounts of materials when the penetrometer is located within three or four

diameters of the rock surface.

81. The average value of (N1 )6 0 for the Zone 1 embankment gravels was

computed to be 24.8 blows/ft. The standard deviation was 8.8 blows/ft. These

were computed from a population sample of 516 blowcounts from BH-15 through

BH-21 and BH-25. A histogram showing the sample distribution is shown in Fig-

ure 44. The histogram shows the data fit a normal distribution fairly well

except for the fairly large number of blowcounts above 42 blows/ft. Most of

these high values were obtained in BH-26 which is located just downstream of

the core. It is hypothesized that there was more compaction in this part of

the shell due to a larger volume of construction equipment traffic than in

other parts of the shell. However, as mentioned previously, BH-25 and BH-26

were performed using a different drill rig (No. 403) than was used for BH-l

through BH-24 (No. 404). If the (N1 )6 0 values from BH-25 and BH-26 are

excluded from the analysis, the average value for (N1 ) 6 0 is 24.2 blows/ft

which is only 0.6 blows/ft less than the case where all data are included.

The overall results obtained agree fairly well with the average (N1 ) 60

observed from one closed-bit and one open-bit soundings during the Phase I

study where the average value for (N1 )6 0 was determined to be about 23. The

results also agree with the analyses performed on the same data by Harder in
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Appendix A. Harder's analyses indicate that the mean value of (N,) 6 0 will be

within the range of 22 and 25 blows/ft.

82. The undredged foundation gravels had an average (N1 )6 0 of

46.9 blows/ft. A standard deviation of 20.8 blows/ft was computed for this

material. These computations were based on a sample population of

182 blowcounts. A histogram of the sample distribution for the undredged

foundation is shown in Figure 45.

83. It was observed that the (N,) 6 0 values of the dredged foundation

gravels under the shells were higher than the values obtained in the dredged

materials downstream of the toe of the dam. This trend was also observed in

the Phase I Becker soundings. Due to this trend, zones of characteristic

(N1 ) 60 values were estimated. In the Phase I studies, the blowcount values

were distributed throughout the dredged foundation guided by the vertical

effective stress contours determined in the static analysis of the dredged

foundation section documented in Report 4. The interpreted (N1 )6 0 zones from

Phase I are shown in Figure 46a. This figure shows that the average (N1 ) 6 0 in

these zones varies from a minimum of 6.5 blows/ft in the free field to a maxi-

mum of 20 blows/ft under the embankment shells. Much more data were obtained

in the Phase II studies to establish these zones. Blowcount zones interpreted

from the Phase II Becker tests are shown in Figure 46b. The larger Phase II

data base shows three (N1 )6 0 zones which have values of 7.1 in the free field,

13.7 beneath the toe of the slope, and 16.9 near the core trench. The bounda-

ries between the zones coincide with vertical effective stress contours of

5 and 9 ksf. A comparison of the data in Figures 46a and 46b shows that the

Phase II (N1 ) 60 values of the dredged alluvium under the shells are slightly

less than those interpreted from the Phase I data. In general, the Phase I

and Phase II interpreted (N1 ) 60 zones are quite similar and do not show any

major differences that would alter the stability decision for this portion of

the dam.

Becker gradations

84. Disturbed samples and blowcounts were obtained from the open-bit

Becker hammer test at each location shown in Figure 22. Gradation tests and

index tests were made from the recovered samples. The Becker samples spanned

2-ft-depth intervals. As will be discussed later, the cyclic strength of a

soil deposit depends on the fines content (the percentage passing the No. 200
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sieve) in addition to the (N1 )6 0 value. Hence, the fines content was the

desired information sought from samples recovered from the open-bit soundings.

85. The ability of the Becker Hammer drill to accurately sample the

in situ gradations of the foundation and embankment gravels was tested by com-

paring the gradations of the Becker samples with those from ring density sam-

ples from nearby test pits.

86. During the Phase I study, an 18-ft-deep test shaft was excavated at

midslope in the downstream shell approximately halfway between BH-20 and

BH-21. Grain size distribution ranges of the test pit samples and the Becker

samples from the upper 18 ft of BH-20 are shown in Figure 47. The Becker

range includes the gradation of 7 samples and the test pit range includes the

gradation of 16 samples. A comparison of the ranges indicates that the Becker

gradations are finer than the test pit gradations. The average Becker fines

content is 15 percent and the test pit fines content is less than 5 percent

which represents a ratio which is larger than 3:1.

87. A similar comparison of the gradation ranges of Becker and test pit

samples was made in the dredged gravel alluvium. The ranges for each are

shown in Figure 48. The Becker gradations were obtained from four samples in

the upper 6 ft of soundings BH-9 and BH-10, and the ring density samples were

obtained from eight samples in the upper 6 ft of a test pit excavated during

the Phase I studies. Both soundings BH-9 and BH-10 and the test pit are

located near sta 450 downstream of the toe of the dam. Again, a comparison of

the two ranges shows that the Becker samples are finer than the ring density

samples. At midrange the fines content is 13 percent for the Becker samples

and less than 5 percent for the test pit samples which represents a ratio

which is larger than 2:1.

8P. Ideally, the Becker gradations should not be significantly differ-

ent from the test pit gradations which in turn should reflect the in situ

gradation of the zones sampled. The data shown in Figures 47 and 48 indicate

that the Becker open-bit samples will bias the sampled gradation of the

embankment and dredged foundation gravels by retrieving samples which are

finer than the in situ gradation. The fines content (percent passing the

No. 200 sieve) for the gradations studied appears to be overestimated by at

least 3:1. A number of possible reasons might explain these differences. For

example, the coarsest porcion is scalped due to the 3-7/8-in. ID of the open

bit. Scalping definitely occurred since maximum particle sizes of 6 in. are
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known to ex2 - t in the in situ gradations. The air circulation system might

cause the fines content to be oversampled by vacuuming in fine particles from

outside the volume which the penetrometer occupies as it is advanced through

the subsurface. Particle crushing may also bias the sampled gradations.

89. The fines content is a necessary parameter for determining the

cyclic strength of a deposit. To account for the overestimation of fines con-

tent when sampling with the Becker open bit, the fines content used for deter-

mining the cyclic strength was determined by adjusting the fines content of

the Becker sample by a factor of two. The corrected fines content for each

Becker sounding is indicated in the plots in Appendix B. Typically, after

adjustment, the fines content of the embankment gravels, and both the dredged

and undredged alluvium, was between 5 and 10 percent. The fines content

adopted for use in the analysis was 5 percent.

Summary of field investigations

90. The Phase II field investigations were performed to acquire data on

the embankment gravels and dredged and undredged foundation alluvium. This

data supplemented the information obtained during the Phase I field investiga-

tion performed in 1983. The Phase II investigations included geophysical

testing and Becker Hammer drilling.

91. In the geophysical program, seismic refraction, crosshole, and

downhole seismic tests were conducted to determine the p- and s-wave veloci-

ties of the undredged alluvium between sta 439 and sta 446. From the p-wave

data, it was estimated that the undredged alluvium was saturated or nearly

saturated at the time of testing. The shear-wave velocity data indicated that

K2 of the undredged alluvium is about 130. K2 for the embankment gravels

and dredged alluvium were determined in the Phase I investigation to have val-

ues of 120 and 25, respectively. The values given for K2 are maximums since

they were determined from low strain amplitude shear wave velocity

measurements.

92. Open and closed bit Becker Penetration tests were performed at

26 locations to provide data on the gravels in the shell, and in the dredged

and undredged alluvium. The penetration tests provided data which proved to

be useful in evaluating the site stratigraphy (i.e., identified and located

the boundaries between materials of different types), and also determined the

penetration resistances of the soils in ule three zones of interest. From

analysis of the data, the mean energy and overburden-corrected blowcounts
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(N1 ) 60 for the Zone I embankment gravel and the undredged alluvium were 24.8

and 48 blows/ft. In the dredged alluvium, (N1 ) 60 values were higher under the

embankment shells than in the free field. The dredged foundation was divided

into (N1 ) 60 zones with values which varied from 7.1 blows/ft in the free field

to 16.9 blows/ft under the embankment shells. The (N1 ) 60 values of the Zone 1

embankment gravels and of the dredged foundation gravels are similar to those

obtained in the same zones during the Phase I field investigation. Becker

tests were not conducted in the undredged alluvium during the Phase I studies.

93. The Becker Hammer open-bit soundings produced samples which over-

estimated the fines content of the in situ gradations of the materials of

interest by a factor of at least three. In the analysis, the fines content of

the Becker samples was divided by a factor of 2 to account for this. After

adjustment, the fines content of the embankment gravels and the dredged and

undredged alluvium were all typically between 5 and 10 percent. A fines con-

tent of 5 percent, a somewhat conservative value, was adopted for purposes of

estimating cyclic strength.

94. The data acquired in the field investigations were used to deter-

mine the material properties and cyclic strengths of the soils and to aid in

developing idealized cross sections used in the finite element analysis. The

use of this data for these purposes is discussed in subsequent parts of this

report.
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PART IV: ESTIMATES OF CYCLIC STRENGTH

General

95. The cyclic strength and pore pressure generation characteristics of

the shell and foundation gravels (dredged and undredged) were estimated using

a combination of in situ and laboratory test results. This chapter contains

descriptions of the procedures used for estimating the cyclic strength from

the in situ Becker Hammer test soundings. A comprehensive laboratory investi-

gation was performed to determine the relative strength and pore pressure

behavior of gravels subjected to cyclic loads. These tests were designed to

determine the relative changes in cyclic strength with confining stress (K,)

and consolidation stress anisotropy (Ku). The results of these tests are

reported herein. A detailed discussion of the laboratory program is included

in Report 4 of this series. Tests performed on undisturbed specimens of com-

pacted decomposed granite and index tests of all materials are reported in

US Army Engineer Laboratory, South Pacific Division (1986).

Estimates of Cyclic Strength from In-Situ Tests

Empirical procedure to
estimate cyclic strength

96. The cyclic strengths of the shell and dredged and undredged founda-

tion gravels were determined using Seed's empirical procedure (Seed, Idriss,

and Arango 1983, and Seed et al. 1984a). The chart used for determining

cyclic strength based on Seed's work is shown in Figure 49. This chart

relates measured (N,) 60 values to estimated cyclic stress ratios at a number

of sites which have been subjected to earthquake shaking from an M. - 7.5

seismic event. The lines on the chart distinguish safe combinations of (N,) 6 0

and cyclic stress ratios from unsafe combinations based on whether or not

surface evidence of liquefaction was observed in the field. This chart is

interpreted to relate (N1 )6 0 to the cyclic stress ratio required to generate

100 percent residual excess pore pressure. Figure 49 provides data for clean

and silty sands with different fines contents and expresses the cyclic stress

ratio causing liquefaction for a confining pressure of about 1 tsf and level

ground conditions and for earthquakes with M, - 7.5, as a function of the
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N1 -value of a soil corrected to a 60 percent energy level, (N1 ) 6 0 . Seed's work

(Seed, Idriss, and Arango 1983, and Seed et al. 1984a) shows that, for

Ms - 6.5 events, the cyclic loading resistance is 20 percent higher for any

value of (N 1 ) 6 0 than for M. - 7.5 earthquakes.

Cyclic strength estimate for
shell gravels, Zones 1 and 2

97. The representative (N,) 6 0 values used to enter the cyclic strength

chart shown in Figure 49 were determined from the field investigations dis-

cussed in Part III of this report. The representative (N1 ) 6 0 value for the

shell gravels was 25 blows/ft which is the average (N,) 6 0 for all blowcounts

in the shell from Becker closed-bit soundings during the Phase II investiga-

tions. As discussed earlier, the fines content of the embankment gravel was

taken to be 5 percent. Thus, entering the chart at an (N1 ) 60 of 25 blows/ft

and using the curve for 5 percent or less fines content yields a cyclic stress

ratio of 0.29 for a Magnitude 7.5 event. This value was increased by 20 per-

cent to account for the lower Magnitude 6.5 event. This resulted in a cyclic

stress ratio of 0.35 required to generate 100 percent excess pore pressure in

8 equivalent cycles (representative for an M - 6.5 event) under level ground

at a vertical effective stress of 1 tsf. This cyclic stress ratio is equal to

the value used in Report 4 for the shell gravels in the finite element and

post-earthquake stability analysis performed on the section of Mormon Island

Auxiliary Dam where the shells are founded on the dredged foundation gravels.

98. Due to the similarity of the Zone 2 transition gravel to the Zone 1

shell gravel in terms of gradation, fines content, plasticity, and method of

placement, it was concluded that the Zone 2 gravel could reasonably be assumed

to have the same cyclic strength as the Zone 1 embankment shell. Zone 2 is

treated as part of Zone 1 in the rest of the analysis. The cyclic strength

value of 0.35 for the Zones 1 and 2 embankment was appropriately corrected to

allow for overburden pressures greater than 1 tsf and to allow for the aniso-

tropic confining stresses occurring under sloping ground conditions. These

corrections are based on laboratory test results. Figure 50 is a schematic

description for determining the cyclic strengths for any element in the ideal-

ized embankment cross section used in the analysis.
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Cyclic strength estimates

for dredged foundation gravels

99. The cyclic strengths of the dredged alluvium underlying the shells

between sta 446+00 and sta 456+00 were determined using the results of the

Becker soundings discussed in Part III and shown in Figure 46b. Different

cyclic stress ratios were determined for each of the three (Ni) 60 zones in

both the upstream and downstream dredged alluvium. The cyclic stress ratios

were determined using Seed's correlations in Figure 49 for a fines content of

5 percent and the magnitude adjustment factor of 1.2. Based on the Phase II

data, the cyclic stress ratio in the free field zone, where (N1 )6 0 was

7.1 blows/ft, was determined to be 0.09. The cyclic stress ratios determined

lor the two zones under the shell, where the (N,) 60 values were 13.7 and

16.9 blows/ft, were 0.18 and 0.22, respectively.

100. In Report 4, Phase I, the cyclic stress ratios of the dredged

foundation were determined from the (N,) 60 distribution shown in Figure 46a.

During Phase I, less was known about the dredged gravels, and a fines content

of 8 percent was assumed. For (N1 ) 60 values between 6.5 and 20 blows/ft the

estimated cyclic stress ratios ranged from 0.12 to 0.30. This range of cyclic

stress ratios was used in the analysis of the dredged foundation section docu-

mented in Report 4.

101. The cyclic stress ratios determined for the dredged foundation

from the larger Phase II data base are similar to, though slightly lower than,

the values used in the Phase I analysis. Hence, the conclusion in Report 4

predicting that liquefaction will occur in the dredged foundation gravels and

the recommendation for remedial measures are reinforced by the data gathered

in the Phase II studies.

Cyclic strength estimate of

undredged foundation gravel

102. The cyclic strength of the undredged alluvium underlying the

shells between sta 439 and sta 446 was determined using the data acquired from

the Becker Hammer Drill soundings. The mean (N1)60 of the tailings was

48 blows/ft. Using the cyclic strength chart in Figure 49 it can be seen that

for 48 blows/ft the cyclic strength of the undredged alluvium is beyond the

range of available data. Thus, due to the high penetration resistance the

cyclic strength of the undredged alluvium is extremely high. Therefore, the
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undredged foundation gravels are not considered susceptible to liquefaction or

high pore pressure buildup due to earthquake shaking.

Cyclic strength of Zone 3

filter and Zone 4 core materials

103. The cyclic strength of the compacted decomposed granite filter

(Zone 3) was determined in Report 4 from data acquired in the Phase I field

investigations. The results of this analysis are summarized here. Based on

the sieve analysis of disturbed and undisturbed samples, the fines content of

the compacted decomposed granite averages between 10 and 25 percent. At

depths greater than 30 ft (where the material is saturated) the (N1 ) 60 values

are well in excess of 30 blows/ft. Therefore, from Seed's correlations in

Figure 49 and based on the high Standard Penetration Test blowcounts and high

fines content, the compacted decomposed granite in Zone 3 is not considered

susceptible to liquefaction and high pore pressure buildup during the design

earthquake.

104. The clayey material comprising the impervious core (Zone 4) was

judged to be not susceptible to liquefaction. This was due to the plasticity

of the fines, the high fines content, the method of material placement, and

the high degree of compaction used in placing this material.

Relative Cyclic Strength Behavior
of Embankment Gravels

105. A series of cyclic triaxial shear tests was performed in the labo-

ratory to measure the effects of confining pressure and stress anisotropy on

the embankment gravels and the dredged foundation materials. The relationship

between residual excess pore pressure and safety factor against liquefaction

was also determined from analysis of the laboratory data. The undredged allu-

vium was not tested in the laboratory. A detailed discussion of the analysis

of the laboratory data is included in Report 4 and will not be reproduced

here. In this report, the embankment gravel is the only relevant material

since analysis of the section of the dam founded on the dredged alluvium has

already been completed in Report 4 and since the undredged alluvium is not

considered susceptible to liquefaction or high pore pressure buildup.

106. The procedure for computing the cyclic strength for a location in

the embankment deposit is outlined in Figure 50. The cyclic strength of a

soil depends on the states of stress existing in the soil prior to the
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earthquake, i.e., the static stresses. The cyclic stress ratios (r=/.•)

determined from Seed's charts using the Becker Penetration Test results for

the embankment and foundation gravels apply only to level ground conditions

where a vertical effective stress of 1 tsf exists. Therefore, adjustments

must be made to the chart cyclic stress ratio to take into account sloping

ground conditions and locations where the vertical effective stress is not

equal to 1 tsf. The adjusted cyclic stress ratio is calculated with a knowl-

edge of the states of stress using the following equation:

K,=, x Ka x (6)

toy) a' 0.u 1 tsf) 0.J ~ 0, 1~= tsf)

For the embankment gravel where the chart cyclic stress ratio equals 0.35,

Equation 6 can be rewritten as follows:

[1 = x K. x 0.35 (7)

k7~J 0g 0, co, # 1 tsf)

The cyclic strength can be determined by multiplying the adjusted stress ratio

in Equation 6 by the vertical effective stress.

107. In Equation 6, K, is an adjustment factor which accounts for the

nonlinear increase in cyclic strength with increasing confining stress. A

chart of K4 for the embankment gravels is shown in Figure 51. This chart

shows K, is a function of the vertical effective stress. K, is < 1 for

vertical stresses < 1 tsf and is > 1 for vertical stresses > 1 tsf.

108. In Equation 6, the adjustment factor Y, accounts for the

increase in cyclic strength due to the presence of shear stresses on horizon-

tal planes. Non-zero shear stress on horizontal planes is characteristic of

sloping ground conditions. A chart of K, for the embankment gravels is

shown in Figure 52. K, is a function of a , which is the ratio between

shear stress at any point on a horizontal plane and the vertical effective

stress at that point. 4, has a value of one for level ground conditions

where a is equal to zero. The chart shows that K. increases with
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increasing a ; however a is limited by the shear strength of the soil

deposit in question. K. is equal to 1.0 for level ground conditions where a

is equal to zero.

109. The static stresses required for determining the adjustment fac-

tors K, and K. were computed by static finite element analysis. The static

analyses of the segments of Mormon Island Auxiliary Dam where the shells are

founded on rock and undredged alluvium are reported in the following chapters

of this report.

110. Pore pressures induced in the embankment gravels are estimated

using a relationship between safety factor against liquefaction and the pore

pressure ratio Rk which was developed from laboratory test data for the Mor-

mon Island shell and dredged foundation gravels. The safety factor against

liquefaction is defined as the ratio of cyclic strength to.dynamic shear

stress. Pk , the excess pore pressure ratio, is the ratio of residual excess

pore pressure to normal effective consolidation stress on the failure plane.

A plot showing the relationship between FSL and Ru is shown in Figure 53.

As values of FSL increase, the corresponding values of Pk decrease. This

relationship was determined from laboratory data. Values of FSL < 1.0 are

interpreted as the development of R. - 100 percent during the earthquake

rather than toward the end of the earthquake.

111. The adjustment factors, K, and K, , are used later to determine

the cyclic strengths in the embankment for the seismic stability analysis.

The dynamic stresses computed in the dynamic response computations are then

compared with the cyclic strengths to obtain the FSL for each element in the

embankment shell. An excess pore pressure field is then computed for the

embankment shell by translating FSL into R. for each element in the mesh.

Post-earthquake stability and permanent displacement calculations are then

made using the excess pore pressures in the shell.
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PART V: FINITE ELEMENT AND STABILITY ANALYSES OF
DAM SECTION FOUNDED ON ROCK

General

112. A finite element analysis and evaluations of liquefaction poten-

tial and seismic stability were performed on a cross section representative of

the portion of Mormon Island Auxiliary Dam with shells founded directly on

rock. These foundation conditions occur in the segments of the dam located

approximately between sta 412+00 and sta 439+00 and between sta 456+50 and

sta 461+75. In this stretch, the section at sta 426 was estimated to best

represent the average static stress conditions and dynamic response of the

portion of the dam founded on rock. This section of the report includes dis-

cussions of the static and dynamic finite element analyses, a post-earthquake

stability evaluation, and a permanent displacement analysis of this section.

Static Finite Element Analysis

General

113. The computer program FEADAM85 developed by Duncan et al. (1984)

was used to calculate the initial effective stresses in the foundation and

shells of the dam. This program is a two-dimensional, plane strain, finite

element solution which calculates static stresses, strains, and displacements

in earth and rockfill dams and their foundations. The program uses a hyper-

bolic constitutive model developed by Duncan et al. (1980) to estimate the

nonlinear, stress history dependent, stress-strain behavior of the soils. The

hyperbolic constitutive model requires 9 parameters. The program performs

incremental calculations to simulate the addition of layers of fill placed

during construction of an embankment. A description of the constitutive

model, procedures for evaluating the parameters, and a data base of typical

parameter values are given by Duncan et al. (1980).

Section idealization and

finite element input data

114. A typical cross section of the portion of the embankment dam

founded on rock is shown in Figure 4. For the idealized cross section, the

crest (el 480) is roughly 60 ft above the level bedrock elevation (el 420). A
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sketch of the idealized cross section developed for the analyses is shown in

Figure 54.

115. Table 4 contains a summary of the hyperbolic parameters used in

FEADAM84 to model the stress strain behavior of each material in the cross

section. The values for the parameters listed in this table were determined

from consideration of several sources of information which include drained and

undrained triaxial shear tests, comparison with soils having similar charac-

teristics in a data base of over 150 soils, and geophysical test results.

116. The finite element mesh used in the analysis is shown in Fig-

ure 55. This mesh contains 104 elements and has 126 nodal points. The mesh

was designed by giving consideration to the zoning of material in the dam

cross section and using criteria given by Lysmer for dynamic finite element

meshes which take into account the shear wave velocities of the soil zones

(Lysmer et al. 1973). Since the same mesh was used in the dynamic response

analysis, it represents a compromise between the needs of the dynamic and the

static finite element computations. Element heights were varied throughout

the mesh to meet the Lysmer criteria described in the next section. The

resulting mesh had a maximum element height of 10 ft and element aspect ratios

of < 2.

117. Five different material types were used in the finite element

analysis. Table 4 lists the material properties of each of these five soil

types. These five types of embankment materials are (a) submerged gravel

shells, (b) moist gravel shells, (c) central impervious core, (d) submerged

transition zone, and (e) dry transition zone. The submerged materials were

assigned the same material properties as their nonsubmerged counterparts

except that buoyant rather than total unit weights were used in the stress

calculations. The gravel filter, Zone 2, in Figure 4 was assumed to have the

same material properties as the gravel shells in Zone 1.

118. FEADAM84 simulated the construction process by building the ideal-

ized cross section in seven lifts. Each lift was one element high. The

phreatic line used in the analysis is shown in both Figure 54 and Figure 55.

In the analysis it was assumed that the entire differential head imposed by

the reservoir was lost across the Zone 4 impervious core material and that no

head was lost in the pervious gravels which comprise the upstream shells.

This situation imposes unbalanced hydrostatic pressures on the upstream face

of the core, as depicted in the sketch in Figure 56. The unbalanced pressure
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distribution acting on the upstream side of the impervious core was simulated

in FEADAM84 by an equivalent system of forces applied to the nodes on the

upstream face of the core and acting in the downstream direction. These

forces were applied after the dam was "numerically" constructed. The states

of stress occurring in the embankment and foundation under these conditions

were then computed with FEADAM84. The results of these computations represent

the pre-earthquake stresses in the embankment.

Results of the static analysis

119. The results of the static analysis computed with FEADAM84 are pre-

sented in the form of stress contours superimposed on the embankment cross-

section. Figure 57 through 61 are contour plots of vertical effective stress,

horizontal effective stress, static shear stress on horizontal planes,

a ratio, and mean normal effective stress, respectively.

120. Figure 57 shows that the vertical effective stresses in the sub-

merged upstream shell are less than those at corresponding locations in the

downstream shell. Figure 57 shows that some arching across the relatively

narrow central impervious core is present. The plot shows stress concentra-

tions in the shells just upstream and downstream of the impervious core. Fig-

ure 57 shows that the effect is greater at depth. Some arching was expected

since the gravel shells are somewhat stiffer than the transition zone and the

central impervious core.

121. Figure 58 shows that the contours of horizontal effective stress

generally follow the surface geometry of the embankment, with the exception

that the stresses in the impervious core are slightly lower than at corre-

sponding depths in the shells just upstream and downstream of the transition

zone. This effect is more pronounced at higher elevations. The lower lateral

stresses in the central portion of the cross section are typically due to dis-

placement of both the upstream and downstream shell down and away from the

center line. This spreading effect tends to reduce the lateral stresses.

122. Contours of static shear stresses on horizontal planes are shown

in Figure 59. Due to the sign convention of the program and coordinate sys-

tems used, the shear stresses on the downstream side of the center line have

the opposite sign of those on the upstream side. Near the surface of both the

upstream and downstream slopes, the contours run parallel to the slopes. In

the embankment shells, the magnitudes of the shear stresses on the downstream
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side are generally slightly higher than the values for the corresponding

points on the upstream side.

123. Figure 60 shows contours of a values. The a values shown in

this figure are the ratios of initial static shear stress acting on horizontal

planes to vertical effective stress. The contours show that the magnitude of

a ranges from a value of zero near the center line to maximum of 0.4 near

both the upstream and downstream slopes. The contours show that the magnitude

of a in the downstream shell has approximately the same values as those at

corresponding points in the upstream shell.

124. The effective mean normal pressure was computed for each element

in the mesh from the FEADAM84 results. The effective mean normal stress was

computed using the following equation formulated from elastic theory for plane

strain conditions:

' + + u) x 0.333 (8)

where

am - effective mean normal pressure

ax- horizontal effective stress
ap - vertical effective stress

S- Poisson's ratio

Each of the parameters on the right hand side of the equation was evaluated

using FEADAM84 for each element in the mesh. The resulting contours of effec-

tive mean normal pressure are displayed in Figure 61. As with the vertical

effective and horizontal effective stresses, the effective mean normal pres-

sure contours generally follow the geometric shape of the embankment. Due to

submergence, the effective mean normal pressures are lower in the upstream

shell than for corresponding points in the downstream shell. The contours

also suggest a slight indication of arching across the central impervious core

due to the stiffness contrast between the shells and the impervious core.

125. These static stress results are used in subsequent portions of the

seismic stability study. They are used to estimate overburden correction fac-

tors for interpretation of the equivalent SPT blowcounts from Becker Hammer

soundings, extrapolation of in situ measurements to other portions of the

cross section (such as geophysical results and blowcounts results), and to
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determine the appropriate cyclic strength for each portion of the embankment,

since cyclic strength varies with vertical effective stress and a

Dynamic Finite Element Analysis of Representative
Embankment Section Founded on Rock

General

126. A two-dimensional dynamic finite element analysis was performed

with the computer program FLUSH (Lysmer et al. 1973) to calculate the dynamic

response of the idealized cross section to the specified motions. The objec-

tives of this analysis were to determine dynamic shear stresses, maximum

accelerations at selected points in the cross section, earthquake-induced

strain levels, and the fundamental period of the idealized cross section at

both low strain levels and higher earthquake-induced strain levels.

Description of FLUSH

127. FLUSH is a finite element computer program developed at the Uni-

versity of California Berkeley by Lysmer et al. (1973). The program solves

the equations of motion using the complex response technique assuming constant

effective stress conditions. Nonlinear soil behavior is approximated with an

equivalent linear constitutive model which relates shear modulus and damping

ratio to the dynamic strain level developed in the material. In this approach

FLUSH solves the wave equation in the frequency domain and uses an iterative

procedure to determine the appropriate modulus and damping values to be com-

patible with the developed level of strain. FLUSH assumes plane strain condi-

tions. As a two-dimensional, total stress, equivalent linear solution, FLUSH

does not account for possible pore water pressure generation and dissipation

during the earthquake. Each element in the mesh is assigned properties of

unit weight, shear modulus, and strain-dependent modulus degradation and damp-

ing ratio curves. FLUSH input parameters for the various zones in the cross

section are described in the next section.

FLUSH inputs

128. The same mesh from the static analysis was used in the dynamic

analysis. From the static finite element solution the vertical effective,

horizontal effective, initial static shear, and effective mean normal stresses

were computed at the centroid of each element. In the dynamic analysis the

dynamic shear stress history is calculated at the centroid of each element.

The same mesh is used in both the static and dynamic finite element analyses
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so that the centroid locations of the computed stresses from each match

exactly. This makes the data processing and postprocessing calculations much

simpler.

129. The elements were designed to ensure that mctions in the frequency

range of interest propagated through the mesh without being filtered by the

mesh. Using the criteria of Lysmer et al. (1973) the maximum element height

was determined with Equation 9:

1 1 (9)
3 TZ

where

h'M - maximum element height

Ve - lowest shear wave velocity compatible with earthquake strain
levels in zone of interest

fc - highest frequency in the range of interest

The low strain amplitude shear wave velocity distribution of the cross section

determined from geophysical testing is shown in Figure 62. In the upper por-

tion of the embankment the low strain amplitude shear wave velocity is about

800 fps. It was estimated that the earthquake would induce strain levels in

the embankment which would degrade the velocity to fifty percent of its low

strain value. The value of h.. in the upper section was calculated with

Equation 9 as follows:

h~x=1 X800 X1 = 8ft

According to Lysmer's criteria, the height of any element in the upper zone

should not exceed 8 ft. A similar calculation was performed at the lower ele-

vations of the embankment which indicated that the element heights should not

exceed 11 ft. In the final mesh all elements had heights between 6 and 10 ft

with the taller elements being located at lower elevations in the embankment.

130. The key material properties input to FLUSH were the unit weight

and low strain amplitude shear modulus for each element and the strain depen-

dent modulus degradation and damping curves for each material type in the
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cross section. The unit weights used in the FLUSH analysis for each of the

cross section's six material types are listed in Table 5.

131. The distribution of low strain amplitude shear moduli G.. shown

in Figure 63, was determined from the measured shear wave velocities, computed

mean effective confining stresses, and estimated K2 values. The shear wave

velocity distribution shown in Figure 62 was determined with Equation 10:

V. [1,000~ X K2X Prl' 2  (10)

where

V. - low strain amplitude shear-wave velocity (fps)

K2 - shear modulus constant for a given material type (unitless)

oa - effective mean normal pressure in psf

p - total mass density"(slugs)

Table 5 lists the K2 values for each of the five materials in the cross sec-

tion. The appropriate value of Gmax for each element in the FLUSH mesh was

determined from the shear wave velocity at the centroid of each element and

Equation 11:

ax 2 (11)
Gmax = V5 X P(iI

The contours of low strain amplitude shear modulus are shown in Figure 63.

132. The strain dependent modulus degradation and damping curves used

in the FLUSH computations are shown in Figure 64. The gravel degradation

curve in the figure was 4qe average curve for gravels based on a range of data

published by Seed et al. (1984b) and was used for the embankment gravels in

the shell. This curve is consistent with the laboratory test observations

documented in Report 4. The degradation curve used for the transition zone

and the central impervious core was the average curve for sand from Seed and

Idriss (1970). The damping curve for sand from Seed and Idriss (1970) was

used for all materials in the cross section.

133. The finite element mesh of the idealized cross section was excited

by both Accelerograms A and B shown in Figure 13. These ground motions were
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input to FLUSH at nodal points on the rigid base of the finite element mesh.

The dynamic response results for each accelerogram were compared. The results

from the accelerogram causing the strongest response in the section were used

in the postprocessing.

Dynamic response results

134. FLUSH computes the dynamic response of each element and nodal

point in the finite element mesh to the input accelerogram. From these cal-

culations, the maximum earthquake-induced horizontal cyclic shear stress com-

puted for each element over the entire duration of shaking was determined.

The maximum value was multiplied by 0.65 to determine the average cyclic shear

stress imposed by this earthquake. Contours of the average earthquake-induced

dynamic shear stress using the Record A accelerogram are shown in Figure 65.

Since a similar computation with Record B resulted in lower dynamic shear

stresses than those caused by Record A, the Record B results were not consid-

ered further in the dynamic response of this section. The contour plots show

that the dynamic shear stresses were highest in the downstream transition zone

where they reached a value of about 2,000 psf and were lowest near the surface

of the embankment where a value of 400 psf was computed. Safety factors

against liquefaction in the embankment shell are calculated using the dynamic

shear stresses in the plot.

135. FLUSH also computes the acceleration histories for each nodal

point in the finite element mesh. The peak accelerations from the histories

at selected nodal points are shown in Figure 66. These were computed with the

Record A accelerogram. From this figure it is apparent that significant

amplification of the input ground motion occurs since the peak accelerations

are greater than 0.35 g throughout the embankment. At the crest, the peak

acceleration is 0.91 g which represents an amplification ratio of 0.91:0.35

which is equal to 2.60.

136. The effective strain levels induced by Record A are shown in Fig-

ure 67. Representative effective strain levels for the upstream and down-

stream shells and the impervious core are approximately 0.1 percent for each

zone. From the modulus degradation curves of Figure 64, at this strain level

the shear moduli for elements in these zones have degraded to about 25 percent

of their maximum value. This level of degradation is consistent with that

estimated in the mesh design and corresponds to a cut off frequency of 10 Hz.
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137. The lengthening of the embankment fundamental period during earth-

quake shaking is another measure of strain softening in the embankment materi-

als. FLUSH was used to compute the fundamental period of the embankment just

prior to the earthquake and at the strain levels induced by the design earth-

quake. The periods determined with FLUSH for these two strain levels are

indicated in Figure 66. The pre-earthquake or low strain amplitude fundamen-

tal period was estimated by scaling the Record B accelerogram to 0.0005 g to

ensure that modulus degradation was slight. The computed low strain amplitude

period was 0.171 sec. The fundamental period of the embankment at the strain

levels induced by Record A when scaled to 0.35 g was 0.366 sec. A comparison

of these two values shows that the period lengthens by a factor of about 2

during the earthquake shaking. The pre-earthquake period and the effective

period during the earthquake are compared with the response spectra for Accel-

erogram A in Figure 68. This comparison shows that the effective earthquake

period closely matches the peaks in the response spectra. This indicates that

Accelerogram A is rich in frequencies which lie between the low strain ampli-

tude and effective fundamental periods of this cross section.

Evaluation of Liquefaction Potential

General

138. The cyclic strengths estimated from the in situ Becker Hammer

tests and laboratory studies were compared with the average earthquake-induced

shear stresses to compute safety factors against liquefaction throughout the

upstream submerged embankment shell (Zones 1 and 2). A relationship between

safety factor against liquefaction and residual excess pore pressure was

developed in Part IV from laboratory data and was used to estimate the resid-

ual excess pore pressure field in the shell ind foundation as a result of the

earthquake shaking. These computations and their results are described in

this chapter. The residual excess pore pressure fields predicted for the

embankment shell in this chapter are later used to compute the post earthquake

stability. As discussed in Part IV, the Zone 3 compacted decomposed granite

transition and the Zone 4 compacted clayey core are not considered susceptible

to liquefaction and no significant excess pore pressures are expected to occur

in these zones as a result of earthquake shaking.
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Safety factors against
liquefaction in embankment shell

139. As described in Part IV, the available cyclic strength (expressed

as a cyclic stress ratio) of the embankment shells is 0.35. This value was

obtained from Seed's field performance correlations, an (N1 )60 of 25 and a

fines content of 5 percent. This cyclic shear strength ratio is defined as

the cyclic shear stress ratio required to develop 100 percent residual excess

pore pressure in eight equivalent cycles at a confining stress of 1 tsf for a

Magnitude 6.5 event. The cyclic strength ratios for each element were deter-

mined with the appropriate values of vertical effective stress, a , K. ,

Y, , and the cyclic strength ratio value of 0.35. Figure 50, presented previ-

ously, illustrates the procedure for computing the cyclic strength of an ele-

ment. The K, and K,, curves used in the procedure were presented earlier

and are shown in Figures 51 and 52, respectively. The safety factor against

liquefaction is computed as the ratio of the available cyclic shear strength

to the average earthquake-induced cyclic shear stress.

140. Contours of safety factors against liquefaction for the upstream

shell of the cross section are shown in Figure 69. The safety factors range

from 1.3 to 1.7. Generally, the lower safety factors occur at relatively

shallow depths beneath the slope.

Residual excess pore pressures

141. Figure 53 was used to associate residual excess pore pressures

with the computed safety factors against liquefaction. The residual excess

pore pressures are expressed in terms of the pore pressure ratio Rk , defined

as the ratio of residual excess pore water pressure to vertical effective

stress. Contours of Rk in the upstream shell are plotted on the cross sec-

tion shown in Figure 70.

142. The ccntours show that the maximum predicted R. in the shell is

about 35 percent. This pore pressure zone is located about 10 ft below the

slope approximately midway between the crest and the upstream heel of the dam.

Throughout the upstream shell, the k, value is typically 25 percent. Fig-

ure 70 also shows that the contours are generally oriented parallel to the

slope of the dam. The upstream slope represents a contour of R. equal to

zero because this surface is treated as a drainage boundary where no excess

pore pressures will exist. The residual excess pore pressures in the shell

were used to compute the safety factor against sliding in an effective stress
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post-earthquake stability calculation discussed in a subsequent section of

this chapter.

Liquefaction potential
evaluation of central imper-
vious core and transition zone

143. Due to the plasticity of the fines, the high fines content, the

method of material placement, and the high degree of compaction of Zone 4,

this material is not considered to be susceptible to liquefaction and no sig-

nificant pore pressures are expected to develop in the core. The Zone 3

decomposed granite filter is also well compacted, has a high fines content

(typically 20 to 25 percent), and has high (N1 ) 6 0 values. It was determined

that safety factors against liquefaction in these materials would be much

greater than 1.0 and no significant excess pore pressures are expected to

develop.

Summary of dynamic
response calculations

144. The safety factors against liquefaction in the upstream shell were

computed by comparing the cyclic strengths of these gravels with the dynamic

stresses induced by the earthquake. The safety factors obtained ranged from

1.3 to 1.7. The computed safety factors against liquefaction were then

associated with corresponding residual excess pore pressures to determine the

post-earthquake Ru field. The maximum excess pore pressure ratio in the

field is expected to be 35 percent and a significant portion of the field

expected is to reach 25 percent.

Stability Analysis of Embankment Section
Founded on Rock

General

145. The computer program UTEXAS2 was used to evaluate post-earthquake

slope stability of the idealized cross section. UTEXAS2 was written and

developed by Dr. Stephen Wright at the University of Texas, Austin. It was

improved for Corps of Engineers use under the auspices of the Computer Appli-

cations of Geotechnical Engineering (CAGE) and Geotechnical Aspects of the

Computer-Aided Structural Engineering (G-CASE) programs of WES (Edris and

Wright 1987). UTEXAS2 uses Spencer's method to compute the factor of safety

against sliding. Two approaches were used to evaluate the stability of the
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slope. In the first, the safety factor against sliding was calculated with

the assumption that the excess pore pressure fields snown in Figure 70 existed

in the shells. In the second approach, a permanent deformation analysis was

performed to estimate the amount of Newmark-type movement which might occur

along potential failure surfaces in the embankment. The permanent displace-

ment analysis was also performed using the excess pore pressure fields shown

in Figure 70.

Post-Earthquake Stability Analysis

146. The post-earthquake safety factor against sliding was calculated

in an effective stress analysis using the residual excess pore pressure fields

shown in Figure 70. In this type of analysis, it is assumed that these pore

pressures will be developed during the earthquake and they will be present in

the shell immediately after the shaking stops. The shear strength parameters

and unit weights used for each zone in the embankment are listed in Table 6.

The friction angle tangents of the transition zone (Zone 3) and the impervious

core (Zone 4) were reduced by 20 percent to account for any minor strength

loss or pore pre.sure buildup which might occur as a result of the earthquake.

147. Only upstream circles were investigated in the stability analysis.

The investigation involved a thorough search to find the critical circle. The

circle judged to be most critical is that which had the lowest safety factor

and involved the greatest amount of material in the failure mass. The criti-

cal circle for this analysis is shown in Figure 71. The failure surface of

this circle passes through the zone of highest pore pressure where R. is

35 percent. Though this circle is contained within the upstream shell, it

involves a significant amount of material. The post-earthquake safety factor

against sliding computed for this circle was 1.29. The safety factor against

sliding for this same circle before the earthquake shaking was 1.85. The

excess pore pressure field used in the analysis reduces the safety factor

against sliding for the critical circle by about 30 percent. It was concluded

that the upstream and downstream slopes of this portion of the dam will be

stable immediately following the design earthquake.

64



Permanent Displacement Analysis

148. A permanent displacement analysis was performed to estimate the

amount of displacement which might accumulate along potential failure surfaces

during the earthquake. These deformations are determined from yield acceler-

ations and dynamic response accelerations at various embankment levels in a

sliding block analysis. The yield acceleration is the pseudo-static acceler-

ation applied at the center of gravity of a sliding mass which will reduce the

safety factor against sliding to one. Two methods were used to estimate per-

manent deformations, namely the Makdisi-Seed and the Sarma-Ambrayseys

approaches. The yield accelerations were computed using the excess pore pres-

sures in the upstream shells shown in Figure 70. The use of the excess pore

pressure field in the analysis is based on the assumption that the pore pres-

sures in the shell will build up to their maximum values during the onset of

shaking and will be maintained throughout the duration of shaking. Displace-

ments were computed for potential sliding masses which were completely con-

tained in the upstream shell and also for deeper sliding masses which exited

the embankment downstream of the dam centerline.

Computation of yield accelerations

149. The yield acceleration for various elevations in the embankment

were calculated with the seismic coefficient option in UTEXAS2. The critical

yield accelerations were determined for failure circles tangent to elevations

of 468, 456, 444, 432, and 420 ft which correspond to dimensionless depth

ratios y/h of 20, 40, 60, 80, and 100 percent, respectively. Critical yield

accelerations were computed at these elevation levels for potential sliding

masses contained in the upstream shell and for the deeper sliding masses

emerging downstream of the centerline.

150. Figure 72 shows the critical yield accelerations and the slip sur-

faces for sliding masses which are contained completely within the upstream

shell. The circles tangent to el 444, el 432, and el 420 have yield accelera-

tions which range between 0.06 g and 0.11 g and pass through the R. contour

of 35 percent which is the zone with the highest amount of residual excess

pore pressure. The circles tangent to el 456 and el 468 have yield accelera-

tions of 0.18 g and 0.39 g, respectively. The slip surfaces of these circles

are largely located above the elevations where the high pore pressure zones
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occur and large portions of their arc length are located above the phreatic

line.

151. Figure 73 shows the yield accelerations for potential slip circles

which emerge from the embankment downstream of the dam center line. These

yield accelerations range between 0.20 g and 0.57 g and are higher than those

at corresponding elevations from the previous case. Requiring the slip cir-

cles to emerge in the downstream slope forces the circles to be deeper in the

embankment and, therefore, to largely avoid the high pore pressure zones in

the shell. The yield accelerations computed for the upstream shell circles

and the deeper circles are compared in Figure 74.

The Makdisi-Seed method

152. The Makdisi-Seed technique (1979) was used to estimate the amount

of Newmark-type sliding that might occur along potential slip surfaces in the

embankment. The Makdisi-Seed technique was developed for dams founded on rock

and is based on the analysis of many dynamic finite element solutions. Perma-

nent displacements are estimated from charts and a knowledge of the embankment

crest acceleration, fundamental period at earthquake-induced strain levels,

and yield accelerations.

153. Permanent displacements were determined for the failure masses

identified in the yield acceleration analyses. These circles were tangent to

el 468, el 456, el 444, el 432, and el 420 which correspond to y/h values of

20, 40, 60, 80, and 100 percent, respectively. The charts used in the analy-

sis are shown in Figure 75. Figure 75a shows a range of normalized maximum

accelerations, kIax/Omax , versus normalized depth, y/h In this study the

average curve was used to determine the variation of the maximum acceleration

ratio, kmax/Umax , with depth. At each of the depths investigated, the

earthquake-induced acceleration of the sliding mass kSax was determined by

multiplying the maximum acceleration ratio obtained from the chart by the peak

crest acceleration, Cýax . The peak crest acceleration is 0.91 g as shown in

Figure 66. This was determined from the FLUSH dynamic response computations

using Accelerogram A. The permanent displacements for each slip circle inves-

tigated were determined from Figure 75b. This chart displays the variation of

displacement U (divided by kmax, the acceleration of gravity g and funda-

mental period T0 ) versus yield acceleration k. (normalized by kmax). The

ratio ky/kmax was computed for each sliding mass and the chart was entered on

the abscissa at that point. The corresponding displacement term was obtained
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from the ordinate axis using the curve for Magnitude 6.5 events. The dis-

placement, U in ft, was calculated by multiplying the chart displacement term

by km.. , g in ft/sec2 , and T. in seconds. This displacement in turn was

multiplied by a factor a of 1.3 which accounts for the direction of the

resultant shearing resistance force which comes from the solution to the equa-

tion of motion for a sliding block on a plane (see Hynes-Griffin and Franklin

1984). The term a was computed from Equation 12 (Hynes-Griffin and Franklin

1984):

cos(• - 6 -0 ) (12)
Cos

where

- direction of the resultant shear force and displacement, and the
inclination of the plane

9 = direction of the acceleration, measured from the horizontal

0= friction angle between the block and the plane

The term P was assigned a value of 25 deg based on the average direction of

the resultant shearing resistance of critical circles from the UTEXAS2 calcu-

lation; 0 was set to zero since the applied accelerations are horizontal;

and 0 was set to 43 deg which is the effective friction angle of the embank-

ment gravels. The fundamental period of the embankment used in this calcula-

tion is 0.171 sec, from Figure 66. Permanent displacements were determined

for each of the potential failure masses shown in Figures 73 and 74.

154. The Makdisi-Seed computations are summarized in Tables 7 and 8.

Table 7 shows the results for the set of failure masses in the upstream slope,

and Table 8 shows the results for the set which emerges downstream of the dam

center line. The displacements computed for each set are also presented in

Figure 76. The computed maximum displacement in the shell set of potential

failure masses was about 1.09 ft for slip surfaces tangent to el 456. The

computed maximum displacement in the deeper circle was about 0.41 ft, also at

el 456. In all cases, at corresponding tangent elevations, the displacements

for the shell circle are greater than those for the deeper circle exiting

downstream of the center line. Thus, the Makdisi-Seed computations for both

sets of potential upstream slip circles indicate that the Newmark-type dis-

placements may be approximately 1 ft or less.
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Sarma-Ambrayseys method

155. The Sarma-Ambrayseys technique was the second method used to com-

pute the permanent displacements along potential slip surfaces. This tech-

nique uses the results of a Newmark sliding block analysis, yield accelera-

tions, and the dynamic response analysis for estimating displacements (Hynes-

Griffin 1979). The yield accelerations used in this analysis are the same as

those used in the Makdisi-Seed method. The yield accelerations k. are given

in Figures 72 through 73 for upstream shell circles and the deeper circles

crossing the center line.

156. Figure 77 shows Newmark sliding block displacements computed for

various values of N/A for Accelerograms A and B. The term N/A is the

ratio of yield acceleration, ky , to acceleration of the sliding mass, k.

The curves for each accelerogram were obtained by computing the displacements

for various values of N/A by numerical integration of the relative equations

of motion. The displacement curves are computed for a magnification factor of

one (i.e. assuming rigid body behavior for the embankment). In this analysis,

the curve for Accelerogram A was used since it gives higher displacements for

all values of N/A .

157. Displacements were computed for the same slip surface locations in

the embankment as for the Makdisi-Seed method for both upstream shell circles

and the deeper circles. The displacements were computed in the following way.

The maximum earthquake-induced acceleration of the sliding mass A was set

equal to kmax determined in the Makdisi-Seed method. The yield accelera-

tions N are equal to ky . The ratio of N/A was then computed. Figure 77

was entered from the abscissa at approximate values of N/A and displacements

for a magnification factor of one were determined using the curve for Acceler-

ogram A. The magnification ratio was calculated by dividing A (or k,.) by

0.35 g which is the peak base ground motion acceleration. The chart displace-

ments were multiplied by the magnification factor and by a to determine the

field permanent displacements along the surfaces investigated. A value of 1.3

was computed for a as discussed in the previous section. Tables 9 and 10

summarize the calculations in tabular form for both the upstream shell and

deeper circles. The displacements for both cases are plotted in Figure 78.

The displacements computed for the upstream shell circles are somewhat greater

than those computed for the deeper circles at corresponding tangent eleva-

tions. The Sarma-Ambrayseys method indicates that the maximum potential
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displacement is about 0.8 ft and will occur in the upstream shell for a slip

circle tangent to el 432. The displacements are in good agreement with those

of Makdisi-Seed method discussed earlier where the computed maximum displace-

ment in the shell was about 1 ft.
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PART VI: FINITE ELEMENT AND STABILITY ANALYSES OF DAM SECTION
FOUNDED ON UNDREDGED ALLUVIUM

General

158. Finite element analyses and stability evaluations were performed

for a cross sectior representative of the portion of the embankment dam with

shells founded on undredged alluvium. As with the idealized section repre-

senting sections where the embankment is founded wholly on rock discussed in

Part V, the study of this section included static and dynamic finite element

analyses, a post-earthquake slope stability analysis; and a permanent dis-

placement analysis.

Selection and idealization
of representative cross
section for finite element analysis

159. Between sta 439 and sta 446, the upstream and downstream shells of

the embankment dam are founded on undredged alluvium. A typical cross-sec-

tional view of Mormon Island Auxiliary Dam in this segment is shown in Fig-

ure 4. The undredged alluvium beneath the shells consists of slightly

cemented sands and gravels. Its thickness varies from 0 ft under the upstream

shells near sta 439 to about 20 ft near sta 446. In this 700-ft segment of

the dam, the upstream slopes vary from lV:4.5H near sta 446, which is closest

to the dredge tailings, to IV:2H near sta 439. The downstream slopes vary

from lV:3.5H near sta 446 to lV:2H near sta 439. The idealized cross section

selected for the finite element analysis was based on conditions at sta 446

where the undredged alluvium underlying the shells is thickest. A cross-sec-

tional view of the idealized section used in the finite element analyses is

shown in Figure 79. The crest of the idealized section was 130 ft above the

elevation of the rock.

Selection and idealization of
representative cross-section
for post-earthquake stability analysis

160. The post-earthquake stability analyses were based on conditions at

sta 442+00 where the slopes are steeper. A sketch of this section is shown in

Figure 80. As for the segment founded on rock, the post-earthquake stability

analysis was performed using excess pore pressure fields determined from the

finite element analyses and liquefaction potential evaluation. Since the
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cross sections of the finite element and slope stability sections are differ-

ent. the pore pressure fields computed from the finite element analysis were

adjusted to accommodate the steeper slopes present at sta 442.

Static Analysis

Finite element inputs

161. FEADAM84 was used to calculate the pre-earthquake static stresses

existing in the embankment. As shown in Figure 79, six different material

types were incorporated in the idealized section:

a. Moist embankment gravels in downstream shell.

b. Submerged embankment gravels in upstream shell.

c. Moist transition zone (decomposed granite).

d. Submerged transition zone (decomposed granite).

e. Central impervious core.

f. Undredged alluvium in the foundation underlying the shells.

Table 4 contains a summary of the hyperbolic parameters used in FEADAM84 to

model the stress strain behavior of each of the materials in the cross sec-

tion. Submerged unit weights were used for all materials located beneath the

phreatic line even though these materials were assigned the same hyperbolic

parameters as their nonsubmerged counterparts.

162. The finite element mesh developed for the idealized cross section

for sta 446 is shown in Figure 81. This mesh has a total of 332 nodes and

297 elements. This mesh was designed by giving consideration to the distribu-

tion of materials in the cross section, the distribution of shear wave veloc-

ities in the cross section, and Lysmer's criteria for finite element meshes.

Element heights varied throughout the mesh with a maximum of 13 ft. The maxi-

mum aspect ratio of any element did not exceed a value of 2.7.

163. The dam and its foundation were numerically constructed by

FEADAM84 in 13 incremental lifts. Each lift was one element high. As with

the analysis of the section founded on the rock, it was assumed that the

entire differential head due to the reservoir was lost across the impervious

core. The resulting unbalanced hydrostatic pressures acting across the core

are shown in Figure 82. These pressures were simulated by FEADAM84 as an

equivalent system of concentrated forces applied to the nodal points on the

upstream and downstream faces of the impervious core after placement of the
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final construction lift. The resulting states of stress computed with

FEADAM84 are discussed in the next section.

Results of static analysis

164. The results of the FEADAM84 static stress analysis are presented

on the contour plots of vertical effective stress, horizontal effective

stress, shear stress acting on horizontal planes, a ratio, and effective

mean normal pressure shown in Figures 83 through 87, respectively. The verti-

cal effective stress contour plot is shown in Figure 83. Generally, the con-

tours indicate that the vertical effective stresses on the upstream side are

lower than those on the downstream side, as expected due to the effect of sub-

mergence. Stress concentrations immediately upstream and downstream of the

central core indicate that some arching is present, caused by the contrast in

stiffness between the stiffer embankment gravels and the central core. The

contours also indicate that the maximum vertical effective stress is slightly

in excess of 12,000 psf.

165. Figure 84 shows the contour plot of horizontal effective stress.

Generally, these contours follow the surface geometry of the embankment. As

with the vertical effective stresses, due to submergence, the computed hori-

zontal e'fective stresses were lower on the upstream side than they were for

corresponding points on the downstream side of the embankment. The l,000-psf

contour shows that the horizontal effective stress was lower near the central

impervious core than at corresponding depths below the embankment surfaces

just upscream and downstream of the core. This was the result of a spreading

effect whereby nodal points on the upstream and downstream sides of the

embankment tended to move down and away from the center line, resulting in

lower h' rizontal effective stresses near the center line of the embankment.

These contours show that this effect decreased at greater depths within the

embankment. The highest computed horizontal effective stress in the cross

section was approximately 6,000 psf.

166. A contour plot oi the initial static shear stresses acting on hor-

izontal planes is shown in Figure 85. The plot reflects the sign convention

of the program and selected reference frame of the mesh--the computed shear

stresses were negative on the downstream side of the center line and positive

on the upstream side of the center line. The contour of zero shear stress was

slightly downstream of the center line due to the submergence of the upstream

shell and the asymmetry of the cross section. Again, due to submergence, the
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computed shear stresses on the upstream side were smaller in magnitude than

those at corresponding downstream locations. The largest computed shear

stress in the cross section occurred in the downstream undredged foundation

and had a magnitude of 1,500 psf. The largest computed shear stress on the

upstream side was located in the core trench and foundation and had a magni-

tude of 1,200 psf.

167. The a ratio contour plot for the undredged foundation section is

shown in Figure 86. In the context of the static stresses, a was defined as

the absolute value of the ratio of initial static shear stress acting on hori-

zontal planes to the normal vertical effective stress. The a contours

ranged from 0 to 0.3 in magnitude. The highest a contours generally ran

parallel to and were located near the upstream and downstream slopes. The a

contours decreased in magnitude and became more vertically oriented deeper in

the embankment.

168. The effective mean normal pressure contour plot is presented in

Figure 87. The values for effective mean normal pressure were computed from

the effective normal stresses and Poisson's ratio output by FEADAM84 and Equa-

tion 8, given in Part V of this report. Due to submergence, the computed

effective mean normal pressures in the upstream portion of the section were

lower than those at corresponding points in the downstream portion of the sec-

tion. The contours generally ran parallel to the surface geometry of the

embankment. Some arching across the impervious core was evidenced by the

stress concentrations in the embankment gravels just upstream and downstream

of the central impervious core and transition zone. The highest computed

effective mean normal pressure was about 8,000 psf. The 8,000-psf contour was

located in the core trench and undredged foundation just downstream of the

central impervious core.

Dynamic Finite Element Analysis

General

169. A two-dimensional dynamic response analysis using the computer

program FLUSH was performed on the idealized cross section of sta 446. This

analysis is similar to that performed for the section of Mormon Island Auxil-

iary Dam founded on rock reported in Part V. As for the rock foundation

section, the primary objectives of the dynamic response analysis were to
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determine the earthquake-induced shear stresses, maximum accelerations at

selected points, strain levels induced by the earthquake, and the fundamental

period of the idealized cross section at both low and earthquake-induced

strain amplitudes.

FLUSH inputs

170. The finite element mesh used in the static analysis was also used

for the FLUSH analysis. The use of the same mesh expedited both the prepro-

cessing and postprocessing of the finite element data. The maximum heights of

the elements in the mesh were computed using Lysmer's criteria which resulted

in elements whose heights varied from 10 to 13 ft. The cutoff frequency used

in the analysis of the section was 8 Hz.

171. As stated previously, the key material properties input to FLUSH

are total unit weight and low strain amplitude shear modulus G. for each

element and the strain dependent moduli and damping curves for each material

type in the section. The total unit weights for each material type in this

section are given in Table 5.

172. The shear wave distribution shown in Figure 88 determined the

Gm. distribution shown in Figure 89. The shear wave velocity for each ele-

ment was computed with Equation 10. The values of K2 used in Equation 10

for each material are listed in Table 5. The effective mean normal pressures

determined from the static analysis were used in Equation 10 to determine the

shear wave velocity of each element. The value of G.. for each element was

computed using Equation 11. The contour plot of G,. in Figure 89 shows

that the embankment gravels, transition zone, and undredged foundation are

stiffer than the materials found in the central impervious core. Since the

modulus of each material is directly proportional to the square root of the

effective mean normal pressure, the contours show that G.. increases with

depth in the embankment. The G. values on the upstream side are somewhat

smaller than the values on the downstream side due to submergence effects.

The largest Gm, is 12,000 ksf and occurs in the downstream core trench and

undredged foundation.

173. The strain-dependent modulus degradation and damping curves used

in the FLUSH computation are shown in Figure 64. The average gravel modulus

degradation curve was used for the embankment gravels and the undredged foun-

dation underlying the shells. The average sand modulus degradation curve was
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used for the central impervious core and the decomposed granite transition

zone flanking the core. The sand damping curve was used for all materials.

174. The finite element mesh of the idealized cross-section was excited

by both Accelerograms A and B shown in Figure 13. Baserock ground motions

were input to FLUSH through a free field calculation using transmitting bound-

aries. Baserock motions in the free field were determined using SHAKE, a one-

dimensional wave propagation code. The results of the two dynamic response

calculations were compared, and the results from the accelerogram causing the

strongest response in the section were used in the postprocessing.

Results of dynamic
response calculations

175. The dynamic response calculations for the undredged foundation

section were performed with FLUSH using both Accelerograms A and B. Compari-

son of the stresses induced by the two accelerograms showed that Accelero-

gram B yielded higher stresses than Accelerogram A. Therefore, only the

dynamic response calculations of Accelerogram B are discussed in this section.

The effective average dynamic shear stresses over the duration of shaking

induced by Accelerogram B are shown on the contour plot of Figure 90. The

stresses shown represent 65 percent of the peak cyclic shear stress developed

during shaking. The contours generally follow the slope geometry of the

embankment and increase in value at locations deeper in the embankment. The

plot shows some stress concentration in the transition zone. The dynamic

stresses upstream of the center line are somewhat smaller than those on the

downstream side.

176. Peak accelerations resulting from the dynamic response of the

undredged foundation section to Accelerogram B are presented in Figure 91.

Examination of this data indicates that there was amplification of the input

ground motion at several nodal points in the mesh since the computed peak

accelerations exceeded 0.35 g. The amplifications were greatest at locations

near the surface of the embankment. The computed accelerations on the down-

stream side of the embankment were slightly greater than those at correspond-

ing locations on the upstream side. The computed peak crest acceleration was

0.67 g which indicates that the peak input acceleration of 0.35 g was ampli-

fied by a factor of 1.91.

177. Figure 92 shows the approximate cyclic shear strain levels reached

in various zones of the embankment due to Accelerogram B. Of particular
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interest in this study were the strain levels reached in the upstream embank-

ment shells where the effective strains (0.65 x peak cyclic shear strains)

reached a level of approximately 2 x 10-1 percent. According to the modulus

degradation curve for gravels shown in Figure 64, the shear modulus will

degrade to about 18 percent of its maximum value at a strain level of

2 x 10-1 percent. Also of interest were the strain levels reached in the

undredged alluvium. These strain levels were somewhat less than those in the

shells and were computed with FLUSH to be about 7 x 10(-2) percent. At this

shear strain level, the modulus will degrade to about 30 percent of its maxi-

mum value.

178. The lengthening of the fundamental period of the embankment during

earthquake shaking is another indication of strain softening. The low strain

amplitude or the pre-earthquake fundamental period was determined with FLUSH

by scaling Accelerogram B to 0.0005 g to ensure that the induced strains were

kept on the order of 10(-4) percent so that the modulus degradation in the

embankment was negligible. The computed pre-earthquake fundamental period was

0.30 sec. The fundamental period at the design earthquake strain levels was

determined with FLUSH by scaling Accelerogram B to 0.35 g. The computed value

was 0.74 sec. A comparison of the two periods shows that the fundamental

period lengthens during the earthquake shaking. The fundamental period is a

function of the geometry and stiffness of the embankment. Since the changes

in the embankment's geometry during the earthquake are negligible, the length-

ening of the fundamental period can be attributed to material softening. The

pre-earthquake and effective earthquake periods are compared with the response

spectra for Accelerogram B in Figure 93. This figure shows that the pre-

earthquake period closely matches the peak period in the response spectra

plot. The period at earthquake-induced strain levels falls slightly outside

of the peaks in the response spectra.

Evaluation of Liquefaction Potential

General

179. The liquefaction potential of the section of Mormon Island Auxil-

iary Dam founded on undredged alluvium was assessed in the same manner as that

for the sections founded on rock, discussed in Part V of this report. Cyclic

strengths were determined for the in situ stress conditions in each embankment
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element by the procedures shown in Figure 50. Figure 51 and Figure 52 show

the K. and K, strength adjustment factors for the shell gravels. The

safety factor against liquefaction, FSL , was computed as the ratio of cyclic

strength to dynamic shear stress. Residual excess pore pressure ratios corre-

sponding to the computed values of FSL were determined from the relationship

shown in Figure 53.

Safety factors against liquefaction

180. The cyclic stress ratio required to generate Ru - 100 percent in

the embankment and foundation gravels at an effective confining stress of

1 tsf, a Magnitude 6.5 earthquake, and 5 percent fines was determined from the

(N1 )6 0 values estimated from in situ Becker Hammer tests and Seed's cyclic

strength charts based on observations of field performance. The average

(N1 )6 0 for the embankment materials was 25 which corresponds.to a cyclic

stress ratio of 0.35 for the above conditions. The average (N1 ) 60 of the

undredged alluvium was 48 blows/ft. Seed's chart indicates that a material

with a penetration resistance this high will have a very high cyclic strength

and will not be vulnerable to liquefaction. Hence, excess pore pressures are

not expected in the undredged gravels underlying the upstream and downstream

embankment shells. For reasons discussed earlier, residual excess pore pres-

sures are also not expected in the compacted decomposed granite transition

zone and in the central impervious core. Thus, development of residual excess

pore pressures are anticipated only in the submerged upstream shell of the

embankment.

181. A contour plot of safety factor against liquefaction is shown in

Figure 94. The contours are all confined to the upstream shell. The computed

safety factors in the upstream shell were relatively high and ranged from 1.5

near the face of the slope to 3.0 in the core trench. Safety factors were not

computed for the undredged alluvium underlying the shells since the cyclic

strengths are indeterminately high based on Seed's correlations. Since the

safety factors against liquefaction were significantly greater than one

throughout the cross section, liquefaction (100 percent pore pressure

response) was not predicted to occur anywhere in this cross section.

Residual excess pore pressures

182. Residual excess pore pressures in the embankment shell for the

undredged foundation section are shown in Figure 95. The contours show that

Ru ranged between 10 and 20 percent. The face of the upstream slope was
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interpreted to be a free draining boundary; hence, Rk was forced to have a

value of zero at this boundary. The area surrounded by the 20 percent contour

involved the lower portion of the upstream shell and was oriented parallel to

the embankment slope. The residual excess pore pressure field shown in Fig-

ure 95 was used to analyze post-earthquake stability against sliding and per-

manent displacements.

Post-Earthquake Stability Analysis

183. The post-earthquake slope stability of the undredged section with

the earthquake-induced residual excess pore pressure fields in the upstream

shell was determined with UTEXAS2.

184. The embankment cross section and the residual excess pore pressure

field used in the stability analysis are shown in Figure 96. This cross sec-

tion is not the same as the one used in the finite element analysis. Figure 4

shows that the slopes in the undredged section between sta 446 and sta 439

become progressively steeper towards the right abutment. The idealized cross

section developed for the stability analysis corresponds generally to sta 442,

located at the approximate midpoint of the undredged length of the dam. The

section at sta 442 has steeper slopes than the section at sta 446, idealized

for the finite element analysis. At sta 442, the upstream shell has slopes of

3.25H:lV from the upstream toe to el 427.0, and 2.5H:lV from el 427.0 to the

crest. The downstream shell has slopes of 2H:lV from the crest to el 466.0,

2.5H:lV from el 466.0 to el 427.0, and 3.25H:lV from el 427.0 to the down-

stream toe, as shown in Figure 96. The pore pressure contours computed for

the finite element cross section with the flatter slopes (Figure 95) were

adjusted to accommodate the steeper slopes of the stability cross section.

This was accomplished by translating the contours in the horizontal direction

toward the embankment center line. The resulting pore pressure contours are

shown in Figure 96. Based on an examination of T. for all two-dimensional

dam sections with shells founded on undredged alluvium, it was judged that the

dynamic response of the steeper stability section would not be significantly

different from the dynamic response computed for the idealized section of

sta 446+00.

185. The shear strength parameters input to UTEXAS2 for each of the

embankment zones are listed in Table 6. The parameters for the Zone 3
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transition zone, the central impervious core, and the undredged alluvium,

where no significant pore pressures are expected to occur, were reduced by a

factor of 20 percent to account for any minor pore pressure development or

strength loss which might occur during the earthquake. A circular arc search

of the upstream slope was then performed to find the sliding mass with the

minimum factor of safety against sliding. Only upstream circles were studied.

The results of the search are shown in Figure 97. This figure shows the crit-

ical circle superimposed on the embankment cross section and the residual

excess pore pressure field. The computed post-earthquake safety factor

against sliding was 1.91 for a relatively shallow circle which did not involve

a large volume of material. The slope stability analysis indicated that the

earthquake-induced residual excess pore pressures were not high enough to

threaten the stability of this section. All deeper circles investigated had

safety factors against sliding which were even higher. The pre-earthquake

safety factor against sliding computed for this circle without excess pore

pressures in the shell was 2.26.

Permanent Displacement Analysis

General

186. A permanent displacement analysis was performed for the undredged

foundation section with steeper slopes at sta 442+00. The analysis was -er-

formed in a manner similar to that for the rock section discussed in Part V of

this report. Yield accelerations were computed at various levels in the cross

section with UTEXAS2. Two categories of potential slip circles were studied.

These were a set of fairly shallow circles which exited the embankment

upstream of the center line and a set of deeper circles which exited the

embankment downstream of the center line. The Makdisi-Seed and the Sarma-

Ambrayseys approaches were used to estimate the permanent displacements for

the potential failure masses. Since the shells are founded on the undredged

alluvium, the Makdisi-Seed approach, intended for dams founded on rock, is not

strictly valid. However, since the alluvium (20 ft thick) is only about

15 percent of the total embankment height (130 ft), it is judged that this

approach will still yield a reasonable approximation to the amount of dis-

placement which might be expected.
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Yield accelerations

187. The yield accelerations computed for the shallow and deep sets of

circles are presented in Figures 73 and 74, respectively. For each set criti-

cal yield accelerations were determined for circles tangent to elevations of

454, 428, 402, 376, and 350 ft which represent depth ratios, y/h , G: 20, 40,

60, 80, and 100 percent. The shear strength parameters were the same as those

used for the post-earthquake stability analysis and are listed in Table 6.

188. Figure 98 shows the critical circles and their yield accelerations

superimposed on the cross section for the set of shallow circles exiting

upstream of the center line. The yield accelerations for this case varied

from 0.145 g to 0.231 g. The failure mass tangent to el 442 had the lowest

yield acceleration. This circle was confined to the upstream shell and was

located inside the Ru 20 percent contour to a great extent.

189. Figure 99 shows a similar plot for the deeper set of critical

circles emerging downstream of the center line. The yield accelerations

varied from 0.189 g to 0.359 g. The circle having the lowest yield accelera-

tion was also tangent to el 402. This circle also passed through the highest

pore pressure zone for much of its arc length.

190. A plot of yield acceleration versus tangent elevation is shown in

Figure 100. The yield accelerations for the deep and shallow sets of circles

are summarized on this plot. With one exception, the yield accelerations for

the shallow circles are lower than those for the deeper circles. The yield

accelerations shown on this plot were used to calculate permanent displace-

ments for both the Makdisi-Seed and Sarma-Ambrayseys techniques.

Makdisi-Seed method

191. The Makdisi-Seed method was used to compute the potential for

Newmark-type displacement of the critical circles idertified in the yield

acceleration analyses. The computational procedure was discussed in Part V.

The displacements were computed using the charts in Figure 75 which depend

upon the crest acceleration, fundamental period, and yield acceleration. For

the section under study, the crest acceleration was 0.67 g, the fundamental

period was 0.74 sec, and the yield accelerations were those summarized in Fig-

ure 91. The crest acceleration and fundamental period were obtained from the

dynamic response of the dam to Accelerogram B computed with FLUSH.

192. The Makdisi-Seed displacement computations for the shallow and

deep sets of circles are summarized in Tables 11 and 12, respectively. The
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estimated potential field displacements are shown in the last column of each

of the tables. The displacements for both sets of circles are plotted versus

the circle tangent elevation in Figure 101. The largest potential displace-

ment for the deeper circles exiting downstream of the center line was 0.41 ft,

computed for the circle tangent to el 428 ft. For the shallower circles, the

maximum displacement was 0.93 ft, computed for the circle tangent to

el 454 ft. This slip surface was located in a relitively high position in the

embankment, at the y/h - 20 percent level. Figure 101 shows that the dis-

placements for the shallower set of circles were greater than those for the

deeper set, as expected, since the yield accelerations were lower for the

shallower circles than for the deeper circles. Zero displacements were com-

puted for circles which intercept the undredged alluvium at el 350 for Loth

sets.

Sarma-Ambrayseys method

193. The Sarma-Ambrayseys technique was also used to estimate Newmark-

type permanent displacements for both sets of circles. The computational

procedure was discussed in Part V. The estimated field permanent displace-

ments for this approach are determined from a Newmark sliding-block analysis

of the accelerogram, the variation of accelerations of failure masses at vari-

dus levels in the embankment, and the yield accelerations. The sliding block

analysis results are presented in Figure 77. Displacements were determined

from the curve for Accelerogram A since this would result in larger displace-

ments than the curve for Accelerogram B. The earthquake-induced acceleration

of the failure masses as determined from the Makdisi-Seed chart in Figure 75

and a crest acceleration of 0.67 g, which was determined from the FLUSH

dynamic response calculations with Accelerogram B. The yield accelerations

used were those shown in Figure 100. A summary of the computations for the

shallow and deep sets of circles is listed in Tables 13 and 14. The estimated

potential field displacements are shown in the right hand cnlumns of the

tables. The displacements of each circle are plotted versus the tangent ele-

vation in Figure 102. The plot shows that the largest displacement for the

shallower set of circles was 0.21 ft, computed for the circle tangent to

el 454. The largest displacement for the deeper set of circles was 0.07 ft,

computed for the circle tangent to el 428. Zero displacements were computed

for circles which intercept the undredged alluvium for both sets.
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Summary of permanent
displacement computations

194. The permanent displacements computed with the Makdisi-Seed and

Sarma-Ambrayseys techniques were less than 1 ft for all investigated circular

failure masses. These displacements are not threatening to the stability and

performance of the dam in the undredged foundation section. Displacements

along potential failure surfaces were computed to be larger for shallow fail-

ure masses than for deeper seated masses. This was expected since the yield

accelerations are greater for deeper seated circles than for shallow circles.

Permanent displacements were computed only for the upstream circles. Due to

the symmetrical nature of the shells and the absence of the pool and excess

pore pressures in the nonsaturated downstream shells, displacements of poten-

tial downstream failure masses will be even less than those computed for the

upstream side.
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PART VII: SUMMARY AND CONCLUSIONS

195. This report documented the Phase II study of the seismic stability

evaluation of Mormon Island Auxiliary Dam, at the Folsom Dam and Reservoir

Project, located on the American River, about 20 miles northeast of the city

of Sacramento, California. In the review of the site geology and the seismic

hazard assessment, it was concluded that no active faults are present immedi-

ately beneath any of the man-made water retaining structures at the site. The

most severe earthquake shaking was determined to come from the East Branch of

the Bear Mountains fault zone, which is considered capable of producing a max-

imum magnitude earthquake of ML = 6.5. The shortest distance between the

fault zone and the Folsom Dam and Reservoir Project is 8 miles to Mormon

Island Auxiliary Dam and 9.5 miles to the Concrete Gravity Dam. The design

ground motions for the site are amax = 0.35 g, Vmax = 20 cm/sec, and dura-

tion (? 0.05 g) = 16 sec.

196. The seismic stability evaluation of Mormon Island Auxiliary Dam

consisted of a review of construction records, field and laboratory investiga-

tions, static and dynamic stress analyses, liquefaction potential evaluation,

and post-earthquake slope stability analyses. Mormon Island Auxiliary Dam was

constructed in the Blue Ravine, an ancient channel of the American River that

was partially filled with auriferous gravels. The underlying bedrock is

weathered schist of the Amador Group. The review of construction records

showed that the core of the dam is founded on rock along its entire 4,820-ft

length, but the foundation conditions for the shells of the dam vary. The dam

may be divided into three segments according to foundation conditions for the

shells--a 900-ft long segment that has shells founded on dredged alluvium, a

600-ft long segment that has shells founded on undisturbed (undredged) allu-

vium, and the remaining length of the dam is the segment founded on weathered

rock. The Phase I study documented in Report 4 focused on the segment of the

dam where the shells were founded on the dredged gravels. The Phase II study

documented in this report contains analyses of the segments of the dam with

shells founded on undredged alluvium and directly on rock.

197. The Mormon Island Auxiliary Dam cross sections for the Phase II

studies consisted of (a) Zone 1 shell gravels (fairly well-graded, sandy

gravel from the Blue Ravine, with maximum particle size of about 6 in., and

fines content of about 5 percent, placed in 24-in. lifts and compacted with
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one complete coverage with a Caterpillar tractor, in situ D, - 65 to 70 per-

cent); (b) Zone 2 transition gravel (the same borrow source as Zone 1, but

scalped to a maximum particle size of 2 in., placed in 12-in. lifts, and com-

pacted in the same manner as Zone i); (c) Zone 3 compacted decomposed granite

(decomposed granite that classifies as SM by USCS, approximately 95 percent of

modified effort maximum density); and (d) Zone 4 clayey core, compacted to

82 percent modified effort compacted density. The two idealized sections

analyzed represented segments of the dam with shells founded on (a) undredged

foundation gravels (similar in gradation to the Zone 1 embankment gravel and

having a high penetration resistance with (NI) 60 blowcounts of about

48 blows/ft); and (b) firm rock foundation.

198. The Phase I study focused on the segment of the dam with shells

founded on the dredged alluvium. From this study it was concluded that exten-

sive liquefaction is expected in the dredged gravel foundation and to some

extent in the portion of the embankment in the core trench in the event of the

design earthquake. Residual excess pore pressures of about 25 to 50 percent

were estimated for the upstream shell. Remedial or hazard mitigating measures

were recommended.

199. The Phase II field investigation was designed to augment data col-

lected during the Phase I field investigations. In the Phase II field inves-

tigations, data were obtained for the embankment shells and the dredged and

undredged alluvium. A geophysical investigation was conducted to determine

the p- and s-wave velocities of the undredged alluvium. Twenty-six pairs of

open- and closed-bit Becker soundings were performed to determine the penetra-

tion resistance of the embankment shell gravels and the dredged and undredged

alluvium. The penetration resistances (N1 )6 0 were 25 for the embankment

gravels and 48 for the undredged alluvium. The penetration resistance in the

dredged foundation varied with vertical effective stress and ranged from

7.2 blows/ft in the free field to 16.9 blows/ft under the embankment shells.

The penetration resistances determined for the embankment gravels and the

undredged alluvium in the Phase II field investigation were similar to those

obtained irn the Phase I field investigation. These data reinforced the con-

clusions from the Phase I analysis of the segment of the dam with shells

founded on dredged alluvium.

200. In the Phase II studies, the seismic stability of the segments of

Mormon Island Auxiliary Dam with shells founded on rock and on undredged
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alluvium were evaluated. The analyses of both sections included evaluation of

liquefaction potential, assessment of post-earthquake slope stability, and

Newmark-type permanent displacement analyses. The field-performance based

empirical liquefaction evaluation procedures developed by Professor H. B. Seed

and his colleagues at the University of California, Berkeley, were used to

estimate the cyclic strengths of the embankment and foundation materials from

in situ tests, mainly the Becker Hammer and SPT soundings. Relative cyclic

strengths and pore pressure generation behavior were determined from labora-

tory tests documented in Report 4. The cyclic strengths were compared with

the earthquake-induced cyclic stresses computed with FLUSH to determine safety

factors against liquefaction and to estimate the residual excess pore pres-

sures developed due to shaking. Post-earthquake slope stability calculations

and Newmark-type permanent displacement analyses were then performed with the

earthquake-induced residual excess pore pressure field. Two types of perma-

nent displacement analyses were employed to estimate the magnitude of dis-

placement. These were the Makdisi-Seed and the Sarma-Ambrayseys techniques.

201. The results of the analysis of the idealized section of the dam

founded on rock indicate that residual excess pore pressures developed in the

upstream shell will be between 25 and 35 percent. No significant excess pore

pressures are expected in Zones 3 and 4. The post-earthquake safety factor

against sliding was computed to be 1.29. The permanent displacement analyses

of the idealized rock foundation section indicate that Newmark-type displace-

ments will be less than 1 ft along potential sliding surfaces confined to the

upstream shell. Potential displacements will be even smaller for deeper fail-

ure surfaces which exit the dam downstream of the center line.

202. The results of the analysis of the idealized section of the dam

with shells founded on undredged alluvium indicate that residual excess pore

pressures developed in the upstream gravel shell will be between 10 and

20 percent. Due to its high penetration resistance, no significant residual

excess pore pressures are expected to develop in the undredged alluvium

beneath the shells. The post-earthquake safety factory against sliding was

computed to be 1.91. As with the rock foundation section, potential Newmark-

type displacements are expected to be less than 1 ft and will be even smaller

for deeper circles emerging downstream of the center line. No movement is

expected for potential failure surfaces that intercept the undredged alluvium.
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203. Based on the above analyses it is concluded that the segments of

Mormon Island Auxiliary Dam with shells founded on rock and on undredged

alluvium (between sta 412 and sta 439 and sta 456+50 and sta 461+75) will per-

form satisfactorily during the earthquake. The magnitude of permanent dis-

placements will be < I ft and will probably be confined to the upstream shell.

This amount of displacement will be tolerable. No further study or remedial

measures are recommended for these sections. Data collected in the dredged

tailings in the Phase II field investigations support the conclusions drawn in

Report 4--liquefaction is predicted in the dredged foundation, and remedial

action is recommended for the portion of the dam with shells founded on

dredged alluvium.
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Table 1

Estimated Seismic Characteristics of Capable Faults (1)

Minimum
Distance Maximum Most Recent

Name of To Site Type of Earthquake Approximate Displacement
Fault Zone mile Faulting Magnitude (2) Slip Rate (3) Known (4)

San Andreas 102 Strike-slip 8 1-2 cm/year Historic

Hayward 85 Strike-slip 7 0.5 cm/year Historic

Calaveras 77 Strike-slip 7 0.25 cm/year Historic

Genoa Jack
Valley 70+ Normal-slip 7.25 0.01-0.02 Holocene

West Walker
River 85 Normal-slip 7.25 0.01 Historic

Melones 16.5 Normal-slip 6.5 0.0006-0.0001 Pleistocene
±100,000

East Branch
Bear 8.0 Normal-slip 6.5 (5) 0.0006-0.0001 Pleistocene
Mountains ±100,000

(1)Capable fault, under criteria used by Tierra Engineering Consultants, Inc.
in this study, is one that exhibited displacement at or near the ground
surface within the past 35,000 years, recurrent movement within the past
500,000 years, exhibits creep movement, and/or exhibits aligned macro
(M 2 3.5) seismicity determined from instruments.
(2)Maximum earthquake estimate on rupture length of continuous strands, type
of faulting, fault displacement, historic earthquakes, seismic moment, experi-
ence and judgment.
(3)Slip rates estimated from historic, geomorphic, or geologic evidence.
(4)Late Pleistocene period displacement may be as old as 500,000 years ago or
as young as 10,000 years ago.
(5)Hypothetical value (acceptance based on USBR Auburn Dam studies).
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Table 2

Adopted Design Shear Strengths from Construction Records

Dry Moist Saturated Buoyant
Unit Unit Unit Unit Effective Effective

Weight Weight Weight Weight Friction, Cohesion
Material pcf pcf pcf pcf tan 4V c', pcf

Dredged tailings 108.5 125.5 132.2 69.8 0.45 0
below el 369

Dredged tailings 125 133.0 143.8 81.4 0.84 0

above el 369

Zone 1 shell 125 133.0 143.8 81.4 0.84 0

Zone 2 transition 125 133.0 143.8 81.4 0.84 0

Zone 3 filter* (123.4) (134.0) (140.0) (77.6) (0.70) (0)

Zone 4 core** 108.5 125.5 132.2 69.8 0.55 0

* Zone 3 was assumed to have the same strengths as Zone 4. Tabulated

information is from Wing Dams for 95 percent modified effort compacted
density.

** Zone 4 was compacted to 82 percent modified effort compacted density.

Table 3

Placement Specifications for Embankment Materials

Maximum Lift
Compaction No. of Thickness

Zone Source Equipment Passes in.

1 (Gravel shell) Borrow No. 5 D-8 Caterpillar 3* 24
tractor

2 (Gravel transition) Borrow No. 5 D-8 Caterpillar 3* 12
(-2 in.
fraction)

3 (Decomposed granite Borrow No. I Sheepsfoot roller 8 12
filter) Pneumatic-tired 4 18

roller

4 (Clayey core) Borrow No. 6 Sheepsfoot roller 10 8
Pneumatic-tired 4 8

roller

* One complete coverage with a D-8 Caterpillar tractor with standard width

treads was specified. One complete coverage is estimated to correspond to 3

or 4 passes.
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Table 5

Unit Weights and K2 Parameter Used for Embankment and

Foundation Materials Input to FLUSH

Unit Weight
Material Type pcf K

Moist embankment 139 120
gravel

Submerged embankment 154 120
gravel

Zone 3 - decomposed 136 125

granite (moist)

Zone 3 - decomposed 142 125
granite (submerged)

Central impervious 136 90
cone

Undredged alluvium 146 130

Table 6

Unit Weights and Shear Strength Parameters Used In

Post-Earthquake Stability Calculations

Unit Weight c
Material Type pcf Psf

Embankment gravels:
Moist 146 0 43
Submerged 152 0 43

Zone 3 - Decomposed
Granite:
Moist 136 0 31
Submerged 142 0 31

Zone 4 - Impervious core
Submerged 135 0 35

Undredged alluvium
Submerged 130 0 35

Note: Shear strengths (c and tan 0') for Zone 4 and the undredged alluvium

were reduced by a factor of 20 percent.

93



x 41cN r-. r- 0 m~
4-4 . . .4

-44
r-4

o 0 0 0 0 C0

-4) -p41 C4 -4 -4) 00 -4

"4.
440

0 0
C:4

In x
0
U 4 bo

4 Xo 4)'0 000 M 00
In 0) 0 .-4 -4 CD

-4

-4 C
-4-

00m0 n .

- ).
(D 41 00L
r4. 0-

00

-44- 0)
0 4

01 0 r-4
0m0M

1.44
0 KK 0 O(J..4

0 41

-4 w
0

-,4 04.)

0
41 1

0 U4

I -4 
(

-4 -4 x-4 - 4 1 -

0 a% m0N Y Y
44 en

444

0444 C;

4.41
000000

94



X J-j 0 -7 (Ni ( 0

0

0

41

CL4 0 4- V4 c w m

"-4 4-1.il..-

>
-.4

'.4

X -

m4 0 0 0 0 0

ý4 ca

r-4

410
E

0
co 0 N' xl - % o c Lrl

914 r- m m

- 44 0 L
.00

E- j 0
4) "-4C
En '4 -

0
004

044 .

0
14-4

o0I
-4

cc x 00 0 CN -4-,

1-4 0

caa

to r- &ri w 0

142

0

W - U j4 - - 4 -

0))

- C'

~C-4 0 0, 0 0 00

14-4

95



x

041) -N 
4 

N4 r.- %D

41 x

0

0 x

Cu
0  

m~c r- M 0
-,4 ,-. Q

0 0

Cu

U$ 4
-, 'I-4
1-4

0- E~ . U,00 (

., -4 CuU ( ' N r

Q~) ý-4

41)
0

Q.. 0

a. L1 44 w m 0'
0 0 I

4 41 )

-4 I4ý

0- 0 u
Cu .-4 4 n (7 ' r'

r. 0)
0 A

14 0)
si ~-4

Cu4)

W.4 s-a

Cd 000

En -4

4141 -4 96



a
x

4-4 41j c r, c,4 m (%4
0 4 0 -4-4 00

x
q. C- %04 00

0 t 'D GO .

4)

"4)

r co c-4 c.j cq r-

1-4 0 . O

"-4 4 1 04 Cý

9:00
-43

44-
0 C

04
oo4

0U 0 C 4C
-4 4

-4 01

-4

4)- r-

$4 .

01

'4)

44 ~ 0 0 0 0 0 L L

0~ 0 0n 0n 0"e

Cal 
GO 0

r-4

97



el m Lt .-4 zr 0
oX 41 4 0

0)

4.4

-'* 4

tn0

ca 0' 0

W 4

"-4
w 10 0

a) -4 r-
4

44 4-4
0 u XW A~- 4

S0 U) 00 0

$4' 0

--4 z -4

04 L n

"-1 05 41

Jji % IC- -

0 Z' 4)

00 -4 L
-4 4 r-4

E 4-4 0
0 40

00 CY rb4 LA r-c cn
0~ 140 . LI m .)C'

En .) S4j "4

0 0 bo

I44 V) ca

0 00
ON ý

".~4 ".4 PC x 0
4.) .-4 0 S L ( S

u 0-4 0
-4 9L.

Ui 0
o4-4 Ul 4LnO

4) WC1 C14 LA 0 CA

Lia 14) j

440
00

.c 4)S 0 0

1-i-4

L98



Q r-4 .-4 M 0
X 41~ C-4 I C,4 0 0

144.4

0

0 o 00 0

2~4 4 4 -- 1 -4 -4

00

En 4 X f -4 fn D C1 C 0
0 C 00

"4 E

En 0

r41-

04 0 I

_4 b

,4X 0- $4 1 N 0 0r o
04 00000

4 0 W
41 0

44)

54-
0 

4

-4 4 4

00 0 "4 .00

a' 10c - LA) r-T M

0- 4o ~ e

*V

0

14 .

CA414
C-4 -,D 00 00

.~0JJ

I 99



0 eq- ( r-4 0 r-4 0
4.4

r-4 x

0) 4
" 0 0

"4 ) 100000 r

04. 0 x ~ ~ ( ~
24) 01

0

S C 44 (4) m 2-

0

ý4 w C4 (N
-41 o

4- "4

4.40

en00
-4 W %

0) o r4, -4 - (

Q) r-

0 Cq d
44 0

9:0

CC00

u00
I.-I 1

0 .

(d) 0 -

>4- -4 0

04 C4 m %D
0 m 4

C)

44 "-4 0 n L l L

( 0 0 0 0 00Cn M Cn C) V
Cd ~ 0 0 0

100



x

44W 00 00 0

x

(a 0

S0X

"4z 0- ~0 O 0

0f --4 -.. 4

410
4.4

0 0 - %0 0 C- 0

4 4 0 0 0

0 0

4) QN '0 ~ (

11 n4) .5 C4x

) 0 0 0 -4 14 r

4 N

4 Ci 0 Wl C1o 4 co (n 00

41 0s

u 0

1 44 00. (N 04~ -

-0 4 cc -

~4)

> 0) %D0 mN 0 0

cc 0)

0 (42

400

$44

101



2

ci. -VICINITY MAP

N FOESO LAKE

(I.000.00 A.F.)

10 L103



or

orr

NDIKE 2

grr

A.~A

1.Q

-rr

DIKOERUOd 4s. 6o AREA NO. 2ý

SEIETAR RCK

D NA I KE i ON 0'C" -,ý_ A LAt o

GENrA AREEA NO.OA~i ASAATE
10P4AlIO EOT-AEI

HIMCAPR A-GHEA.

________________~~o EOSO 6mJc*IMA g,
AM.I4or i

Figure ~ ~ ~ ~ ~ ~ ~~~~C 2.PaPfIa-aeLeanngsrcuEstt

ARAN.10



I) ScPJE~T~. - amMORMON ISLAND

AUXILIARY DAM

BORROW ARE.A FOR

~vMORMON ISLAND DAM

BORO ARE BOFWORARO

'-c'~~IK S8C PL

"BORRO U.S. AWYC.P FENIER

DOAO DANRJC

ARIERA NO R A 6 EEA

105



V-7-

A 5A

4" ~ ~~~ ?F9*3*54-4 Fi

*ao

0f-

0_1 4-0 3F-27 4F-40 3F-73 3-00 3 i - V6 4-4 W1 F
E,=S EL. 3W CLd ELM- 4 EL3 EL3. E M L .0 L w E L

o-" 00 On- Do 0W ?a 00 0ý Do 0- 00-)- W o a t

.,,. ICU ow-

C ~~ ~ ~41 -1 A 34L to (OS ort
OS O~l . 0 4. 0 300 0r~ s O~ 0 1"' O" 0 3~t'm o.? W O .90 ~'0- O

'SO 0 ~ ,0-

~1 so~j Ila

2-110 .~ *~

m 510

III-

LOGS Of OES

Figure 3. Plan and axial sections of Mormon Island Aux4

107



7~- 6 *

I,., V-if

___ /3/
/ - ~ It

4P-41 pail/vssi

foNor

p7F- 2

77-4 -91l I '

B4,u

I ~ ~ =- - *,F-ft,*

V-11

*S.O0 000"10.0

PVIOIFLE ON OONTROL LIN
NOTES

I Dottint -1 SOO UNG' Oltu Ofb 929
-11 3F-I 7F-14 4F.#4 ?F-12 7F-10 77gpI 2 E?-Oottlotll W15 "~ W* difrsi *WOW .4m

$,coot thoseOwn rA5 0 s9 Of hell" 3-1. 311". 70-13

sod70I 'C o fisid acltIim
0 .4 .No6 3F-1 @0- 3-2 4.1 ld. ,I at 2* dCilav *,l

""We,4 3F-7ý 3F-10 V4 3F-uion &,4 M sl-th a4 00 Vrtot

5 0.1 54 M 411 "Is 14* plO .. " v10 CO$',bs

90All F~4 hoft$ 901. u 10 bit or o~ ~is , oo

7 TV,oCl *.bankivW46 sectlari ~5 M $1@1 f 357/1 7

35 8 L'f,f at COf "3C co okw areas int Nol WOW. din. m
LEGENDFIO sowil on 0 drawin SherN 357/2

9___ Slop", of werve4 11'"atr ""o wrlfwrmly Ift. Slats.4t ~so -A-! 4311400 toA64l[I' s- - 0 06mmqoolw14 to1,400sie lo C, friar ois Ift 1 so" h
I This te6.4 cobbles owaxilS navw0ai fntn 3 to I~s I oo v p a

1-Z2 Thisdrawin was tnom00 As Construct.0 shoot no

'OLSON ftwoEv0 @**A=

Lc M ORMON 'SLAN4 AUNIIAfrY DAM

r0UN DATION EXPLORATION
PLAN -PROFILE AN D LOGS OF "01(5

axial sections of Mormon Island Auxiliary Dam

107



'05, a'c

Cg2W 46'we re

STATrION 458.00 ro LEFT' ENO OFODAA

TYPICAL CROSS SECTION OF WASTE AREA
.01 10 scat 'S e

-50-

sr~rGN 44ýo ro r.Alffiz458,o

STAr/ON 454600 ro STATION 450.00

STATIONV 459.00 TO0 STATION/ 454600

17I t-I

STATIOAL CRt OS STAIOT46 OVS

do 5, s

FigureT 4.r Tve.a emakmn setin of e Co-olT1--

________ C109



,0- 5 0

C, Z-- 'M 48 5( m a D Wf

STATION 43800 TO LEFT END OF DA21M0

'05 .10
' , 4803 (See C,' DOW 0415' )

2 ,FL Ill
4&&.

"2 '3 13 '

CREST DETAIL

STATION 454*00 TO STATION 458100

,09, ':50

., T, s-,O- S 1*0O Ta ts.STirN 454a00 PS 0, - 1S'C

- eifSS.liltf,"I , - l ,.1 '' a-.i I ia311 l~ 0.

-~~~~~ ~Y A-~e -5eacce- -s ~v
'2 1 1 12 38

STATIONv 446-oo TO STATION 434-o .00.

... ... .. ... .. ... ..............................-..........,.................... ................................................

........................................................... ...................... ......... ......
f-;,2ý5o 439,00v -.. . . . . . . . . . . . . . . . . . .. . . . . . . 1...S.. .... ............. .......

Vir 50css a..... .. .. . .

sT'TION 439,100 To 5Tur -oN 446,3oo0

, '' J o 5 (... . . .el Deft

6 -S-. S

40~I" o 4 MORMONISLAND. .UILIARY DA

STTO 390 TO -TZ rI EMBNKEN tooION

Typical embankment sections of Mormon Island Auxiliary Dam

109



S~ ~~~ U. * C

z UUo 2

Li 2 ti . * . .

b0 E E E

Y AW dl - i 0- -1 Z a

.. ........

A. 
___A.

-'7d
5. (z,~~" ,; 9' I

.A~~~') \ _ _ __ _

0

LL LA-_ c,

LL <; W4t ... ......

111o



Co
C)

U

-4AM IV AIM 1

i0 0
o w

.0

00

ii22

-4-

4C)

144 0
0 u

.14J

112



/ , / /

AREA/

, / ,- ' ! /'

---

SC L IN MIE .- .- "7

1 . • , -/.

0 /0 100

Fý Volcanic and unconsolidated rocks

E-l' Metamorphic rocks •rao a

pq

M•l Granitic intrusive rocks

(Modified from Clark, 1964) CALIFORNIA

Figure 7. Regional geologic map (after Tierra Engineering
Consultants, Inc. 1983)

113



/I

Licln-ýGold Hill Auburn

-LINCOLN A"BUR A GEORGETOWN
(1953) ' (1954) (1949)

-I STUDY AREA
Roseville Rocklin Pilot Hill CoIri ll N

soior

F•lso Clorksvie IShingle "rn

__FAIR OAKS FOLSOM____ PLACERVILLE
(15)1-0(1941) I(1949)

Buffalo Creek IFolsom SE Latrobe

SluhHouse Carbondale Irish Hill -N-

SCALE IN MILES

a 6 10 16

Figure 8. Identification of study area (from USGS 7.5- and 15-ft topo-
graphic maps, after Tierra Engineering Consultants, Inc. 1983)

114



H -

lii,.. -~ - )
12c

. C V S

z 0 44g!o oz~.

Fit .: =~ F

a ~ -0 7f0 . w

00
&~- .5'U-

2- __ __ -

U~U en .

DIZO3 DIZO3 U5)
5

.5 4
U 4

z~ ~ ~ ...... 11..
~~J~ ............__

..................................

4j o

"hO"-4

"C4

r.I

11rd



z -6
< w I

0

tC < C

:3 -. L) .

z 0'
0 0

Z r4

X. 0

*11

Ir.
z - A

I~-VK
14J

-'4

2 1-i

0('4
as 2
it-

116



SIERRA

NEVAD -4 I

'At GREA

* ~ SBASIN

4a

SOURCE: Adopted from Smith, 1978

Figure 11. Epicenter map of western United States (after Tierra
Engineering Consultants, Inc. 1983)

117



U 0

-i 0
L,, -

0

C2, 04*

- '-4

U 4.

I4 a
I 04

*Lu 4 s-

Cxd

.44 *4 in.AI * 4 4- s 4 4

4 di 4~4 4 4 4 *4

a it

44 4

* 44. 4 118



FOLSOM DAM PROJECT
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Figure 13. Acceleration histories used in the analysis
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RECORD A RESPONSE SPECTRA
CURVES FOR 0, 2, 5, 10, AND 20 PERCENT DAMPING

4

Z 3
0
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CLi
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RECORD B RESPONSE SPECTRA
CURVES FOR 0, 2. 5. 10. AND 20 PERCENT DAMPING4'

0
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0 234
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Figure 14. Response spectra of Records A and B
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Figure 15. View of Mormon Island Auxiliary Dam foundation
preparation, looking southwest from left abutment to right

abutment (FOL-476, 4/10/51)

f4

Figure 16. Foundation preparation for portion of Mormon
Island Auxiliary Dam founded on rock, looking southwest

from sta 421-400 to right abutment (FOL-490, 4/11/51)
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Figure 17. Core trench excavation through undisturbed
alluvium, looking southwest from sta 440+00 to right

abutment (FOL-544, 6/25/51)

Figure 18. Core trench excavation in alluvium, looking
northeast from sta 440+00 to left abutment (FOL-538,

6/26/51)
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UI

Figure 19. Completed core trench excavation, looking south-
west from left abutment to right abutment (FOL-619, 9/26/51)

.4.4

Figure 20. Placement of zone materials in core trench,
looking southwest from sta 458+00 to right abutment

(FOL-633, 10/30/51)
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Figure 21. Placement of Zone I upstream shell, looking
southwest from sta 421+50 to right abutment (FOL-528)
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Figure 25. Crosshole P-wave velocity test results
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Figure 26. Crosshole S-wave velocity test results
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Figure 27. Average P-wave velocities from two downhole tests
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Figure 28. Downhole 5-vave velocity test results
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Figure 29. Composite of P-wave velocity tests
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Figure 30. P-wave velocity interpretation for downstream
undredged area
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Figure 31. Composite of S-wave velocity tests
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Figure 32. S-wave velocity interpretation for downstream
undredged area
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Figure 35. Photo of AP-1O00 drill
rig used for Becker Hammer sound-
ings at Mormon Island Auxiliary

Dam

Figure 36. Photo of open and closed drill
bits used in Becker Penetration Tests
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Figure 37. Schematic of energy and
overburden corrections to convert
Becker blowcounts into equivalent

Standard Penetration Test (N1 )6 0
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MORMON ISLAND AUXILIARY DAM
PHASE II EXPLORATION
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Figure 40. Confining stress versus depth for soil column through
downstream slope and dredged tailings
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Determination of Appropriate Cyclic Strength for Example Element

Example Element i

1. Analysis of Becker Penetration Test results and application of Seed's empirical

procedure shows:

(N 060= 25 for embankment gravel (for 5% fines)

(TCAVE\ 0.35 for M z6.5. " =1 tsf. and a=0
L VO

2. Static FEM yields aro.i and a, for element i.

3. K~i is determined from chart with avo.i

Kai

0.

4,. Kai is determined from chart withoa1

Ka

5. Cyclic strength. "rd , for element i is:

Ta a" " A --) o - x K ai x K ai x v. ,
"0co 0.1 V.

0.0

.10.35) x Kai x Ki x -;0.1

Figure 50. Schematic representation of procedure for calculating
the appropriate cyclic strength for elements in idealized embank-

ment section
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Figure 53. Relationship between FSL and R,
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Figure 56. Unbalanced hydrostatic pressures acting across the core

of the dam
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DISPLACEMENT vs ELEVATION
MAKDISI-SEED METHOD, RECORD B
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1. INTRODUCTION

Background

The Mormon Island Auxiliary Dam is part of the Folsom Dam and

Reservoir Project and is located approximately 20 miles northeast of

Sacramento, California. As part of a seismic safety evaluation of the

Folsom project, the sands and gravels which make up the embankment's

shells and foundation are being studied for their potential to liquefy

and lose strength during earthquake shaking.

For sandy soils, evaluations of liquefaction potential usually

employ the Standard Penetration Test (SPT). This test consists of

driving a standard 2-inch O.D. split-spoon sampler into the bottom of a

borehole for a distance of 18 inches. The SPT blowcount, or N value,

is defined as the number of blows required to drive the sampler the

last 12 inches. Based on the performance of sites which have sustained

strong earthquake shaking, researchers have developed correlations

between the cyclic loading resistance of sands and the SPT blowcount

(Seed et al. 1983, Seed et al. 1985).

Unfortunately, the large gravel and cobble particles present in

the embankment's shell and foundation precluded the use of the SPT at

the Mormon Island Auxiliary Dam. Any SPT blowcounts obtained would

have given a misleadingly high blowcount due to the 2-inch sampler

simply bouncing off the large particles, or by having a large gravel

particle block the opening of the sampler's shoe and resulting in the

sampler being driven as a solid penetrometer. As an alternative to the

SPT, a larger penetration test was selected to explore the site. This

test, known as the Becker Penetration Test (BPT), is generally used

A10
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with a 6.6-inch O.D. double-walled casing and is driven into the ground

with a diesel pile hammer. The Becker Penetration Test basically

consists of counting the number of hammer blows required to drive the

casing one foot into the ground. By counting the blows for each foot

of penetration, a continuous record of penetration resistance can be

obtained for an entire profile. The casing can be driven with an open

bit and reverse air circulation to obtain disturbed samples (Figure 1),

or with a plugged bit and driven as a solid penetrometer.

An initial exploration program was performed with a Becker Hammer

drill rig at the Mormon Island Auxiliary Dam in October 1983. A total

of 13 open and plugged-bit soundings were conducted on the downstream

face and beyond the downstream toe of the embankment. The results of

these explorations were presented in an earlier report submitted to the

U. S. Army Corps of Engineers (USACE) in October 1986 (Reference 1).

Subsequent to this initial investigation, a second phase of

explorations was performed in September 1986. In this second phase, 52

Becker soundings were performed through the downstream slope and beyond

the downstream toe of the embankment. The soundings in this second

phase were performed at 26 sites with an open-bit and a plugged-bit

sounding performed at each site. The purpose of this report is to

evaluate the blowcounts from the 26 plugged-bit Becker soundings and to

determine the equivalent SPT penetration resistances for the deposits

explored.

Scope of Work

As originally proposed, the scope of work was to convert the

Becker blowcounts into equivalent SPT blowcounts, and then use the

correlation between SPT blowcount and liquefaction potential developed

All
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by Seed et al. (1985) to obtain an estimate of the cyclic loading

resistance. The scope of the work was subsequently limited to

determing the equivalent SPT blowcounts as outlined in a letter from

Ron Wahl of the Waterways Experiment Station.

The conversion of Becker blowcounts into equivalent SPT blowcounts

was performed using the procedures outlined by Harder and Seed (1986).

Because the Becker Penetration Test is a non-standard test, there were

several intermediate steps. In summary, the steps of the process are

presented below:

1. Because the diesel hammer can be run at a wide variety of

combustion conditions, all of the Becker Penetration Test

blowcounts were corrected to blowcounts obtained with a

standard set of constant combustion conditions (Section 2).

2. Using the correlation developed by Harder and Seed (1986),

ehe corrected Becker blowcounts were converted into

equivalent SPT blowcounts (Section 2).

3. Using effective stress values determined from finite element

analyses, the equivalent SPT values from different depths and

stress levels were normalized to those that would have been

obtained in the same material under level ground conditions

with an effective overburden stress of 1 tsf (Section 3).

4. Equivalent SPT blowcounts and statistical summaries of the

data were presented (Section 4).

5. A summary of results is also presented (Section 5).

The sources of the basic data used in this report were the

listings and plots showing uncorrected Becker data, testing depths,

test locations, and classification test results obtained from Joe

Koester of the Geotechnical Laboratory, Waterways Experiment Station.

The stress results from finite element analyses used to normalize the

equivalent SPT results to 1 tsf overburden pressure were
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supplied by Ron Wahl of the Geotechnical Laboratory, Waterways

Experiment Station. Additional information regarding the gradations

obtained from field density test pits were obtained from Mory Ellen

Hynes-Griffin.

This report was prepared under Contract No. DACW 39-87-M-3246.
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2. DETERMINATION OF EQUIVALENT SPT BLOWCOUNTS

Previous Becker Explorations Performed at Mormon Island

Thirteen Becker soundings were performed at the Mormon Island

Auxiliary Dam during the period of October 10-21, 1983. All of the

soundings were performed with 6.6-inch O.D. double-walled casing and

were driven by an ICE Model 180 diesel pile hammer mounted on a Becker

B-180 Drill Rig (No. 11). The drilling contractor was Becker Drills,

Inc. operating out of Denver, Colorado. Ten of the soundings,

designated with the prefix BH, employed an open Felcon crowd-in bit

together with air-recirculation to obtain disturbed samples of

penetrated soil. This open bit has a 7.3-inch O.D. and a 3.8-inch I.D.

The 7.3-inch O.D. extends from the tip of the bit for a distance of

about 8.5 inches before reducing down to the same outside diameter (6.6

inches) that the drill casing has. The remaining 3 soundings, given

the prefix BDT, used a plugged 8-tooth crowd-out bit. This plugged bit

had the same 6.6-inch O.D. as did the casing. Details and photographs

of the two bit types are available in Reference 2. Figures 2 and 3

present the locations of the 1983 soundings.

The purpose of the 1983 Becker soundings was principally to

determine the penetration resistance of the presumably loose dredge

tailings which comprise a large portion of the foundation beneath the

Mormon Island Auxiliary Dam. A second purpose was to determine the

penetration resistance of the gravelly shell material which comprises a

major portion of the embankment. The uncorrected Becker and equivalent

SPT blowcounts for the 1983 soundings are presented in Figures 4

through 8. These figures show relatively low penetration resistance

A15
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for soundings performed in the dredge tailings along the downstream toe

of the dam (see Figures 4 through 6). For soundings performed through

the downstream slope of the embankment, the penetration resistance

indicated a medium dense shell material and a moderately low resistance

in the underlying dredge tailing foundation (see Figures 7 and 8).

1986 Mormon Island Becker Penetration Tests

In addition to dredge tailings, portions of the Mormon Island

Auxiliary Dam are also founded on undisturbed Blue Ravine alluvium and

slope wash. The second phase of Becker explorations was conducted in

order to determine the penetration resistance of all foundation soils

and to better determine the penetration resistance of the embankment

shell material. Fifty-two Becker soundings were performed at the

Mormon Island Auxiliary Dam in September 1986. The soundings were

conducted at 26 sites where both a plugged-bit and an open-bit sounding

were performed. The 1986 soundings were arranged in three rows:

1. The first row was aligned longitudinally just beyond the

downstream toe (Sites I through 14).

2. The second row was aligned longitudinally along the midpoint

of the embankment's downstream slope (Sites 15 through 21).

3. The third row was aligned transversely along the downstream

slope at approximately Station 449+90 (Sites 22 through 26).

The locations of the 26 sites are illustrated in Figure 9. Figure 10

presents a partial cross-section of the dam which illustrates the

locations of the 1986 soundings placed at this station. Table I

summarizes the locations and maximum depths reached by the 1986

plugged-bit soundings.
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TABLE 1: LOCATIONS AND MAXIMUM DEPTHS FOR 1986 PLUGGED-BIT BECKER SOUNDINGS

Approximate Approximate Approximate Maximum
SITE Station D/S Offset Surface Elevation Depth

(feet) (feet) (feet) (feet)

1 436+75 260 382 25.

2 437+80 265 380 24.

3 439+35 280 379 22.

4 440+80 290 379 28.

5 442+35 305 380 27.

6 443+80 320 377 40.

7 445+35 345 377 57.

8 446+85 350 377 59.

9 448+30 350 377 58.

10 449+80 345 377 60.

11 451+25 350 377 61.

12 452+80 350 377 69.

13 454+30 356 377 48.

14 455+85 340 394 48.

15 454+35 150 424 78.

16 452+85 150 424 110.

17 451+35 150 424 104.

18 449+85 150 424 112.

19 448+35 150 424 101.

20 446+85 150 424 103.

S 21 445+35 150 424 76.

22 449+90 200 407 86.

23 449+85 250 393 80.

24 449+85 290 383 64.

25 449+95 50 461 143.

26 449+90 100 442 131.
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All of the 1986 soundings were performed with 6.6-inch O.D.

double-walled casing and were driven by an ICE Model 180 diesel pile

hammer mounted on a Becker AP-1000 Drill Rig. Two drill rigs owned and

operated by Layne-Western Co., Inc. were employed. For most of the

drilling, Drill Rig No. 404 was used. However, for the four soundings

performed at sites 25 and 26, Drill Rig No. 403 was used (Reference 5).

Eight-tooth, crowd-out drill bits were used for both open and

plugged-bit soundings.

Corrections to Becker Penetration Resistance for Combustion Energy

Constant energy conditions are not a feature of the double-acting

diesel hammers used in the Becker Penetration Test. One reason for

this is that the energy depends on combustion conditions; thus anything

that affects combustion, such as fuel quantity, fuel quality, air

mixture and pressure all have a significant effect on the energy

produced. Combustion efficiency is also operator-dependent because the

operator controls a variable throttle which affects how much fuel is

injected for combustion. On some rigs, the operator also controls a

rotary blower which adds additional air to the combustion cylinder

during each stroke. This additional air is thought to better scavenge

the cylinder of burnt combustion gases and has been found to produce

higher energies (Reference 2).

To monitor the level of energy produced by the diesel hammer

during driving, use is made of the bounce chamber pressure. For the

ICE Model 180 diesel hammers used on the Becker drill rigs, the top of

the hammer is closed off to allow a smaller stroke and a faster driving

rate. At the top, trapped air in the compression cylinder and a

connected bounce chamber acts as a spring. The amount of potential
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energy within the ram at the top of its stroke can be estimated by

measuring the peak pressure induced in the bounce chamber. Although

calibration charts between potential energy and bounce chamber pressure

are available from the manufacturer of the hammer, studies by Harder

and Seed (1986) have shown that they are unable to predict the change

in Becker blowcount for different levels of bounce chamber pressure.

Another reason why the energy is not a constant with the Becker

Hammer Drill is that the energy developed is dependent on the blowcount

of the soil being penetrated. As blowcounts decrease, the displacement

of the casing increases with each stroke. With increasing casing

displacement, a larger amount of energy from the expanding combustion

gases is lost to the casing movement rather than being used to raise

the ram for the next stroke. Thus, as blowcounts decrease, the energy

developed by the hammer impact on subsequent blows also decreases.

Conversely, if the blowcounts increase, then there is less casing

displacement per blow and more of the combustion energy is directed

upward in raising the ram for the next stroke. Figure 11 shows a curve

illustrating a typical relationship between Becker blowcounts and

bounce chamber pressure for constant combustion conditions (Reference

2). This curve is designated as a constant combustion rating curve and

is just one member of a family of such curves that can be produced by a

given drill rig and hammer.

Studies by Harder and Seed (1986) have shown that diesel hammer

combustion efficiency significantly affects the Becker blowcount.

Presented in Figure 12 are typical results obtained for different

combustion efficiencies. In the upper plot, three combustion rating

curves representing three different combustion efficiencies are shown.
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With different combustion conditions, the resulting blowcounts from

tests performed in the same materials can be radically different.

Consequently, tests in the same material at a depth of 40 feet can give

a Becker blowcount of 14 when the hammer is operated at high combustion

efficiency (throttle and blower on full), but give blowcounts of 26 and

50 at succeeding reductions of combustion energy.

To account for combustion effects, it is necessary to adopt a

standard combustion efficiency and make corrections to the blowcount

for different combustion conditions. For the corrections of the 1983

Mormon Island data, the curve marked in Figure 13 with the symbols AA

was selected. This curve was chosen because it was the curve used by

Harder and Seed (1986) to correct Becker data before correlating Becker

blowcounts to SPT blowcounts. Also shown in Figure 13 are correction

curves that are used to reduce measured Becker blowcounts to corrected

Becker blowcounts when reduced combustion levels were employed during

testing.

To use the correction curves, it is simply necessary to locate

each uncorrected test result on the chart shown in Figure 13, using

both the uncorrected blowcount and the bounce chamber pressure, and

then follow the correction curves down to the standard rating curve AA,

to obtain the corrected Becker blowcount, denoted as NBC. For

example, if the uncorrected blowcount was 44 and it was obtained at sea

level with a bounce chamber pressure of 18 pounds per square inch-gauge

(psig), then the corrected Becker blowcount would be 30 (Figure 13).

Conversion of Becker Blowcounts into Equivalent SPT Blowcounts

The correlation curve and the data used by Harder and Seed (1986)

to generate the relationship between corrected Becker blowcounts and
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equivalent SPT blowcounts are presented in Figure 14. Because open-bit

soundings have been found to often give misleadingly low blowcounts due

to the air recirculation process, this correlation is only intended for

use with plugged-bits with 6.6-inch diameters. As detailed above,

corrections for Becker hammer combustion energy are required before

using this correlation. After making the energy corrections, all of

the 1986 Mormon Island Becker data were converted into equivalent SPT

blowcounts, denoted by the symbol N6 0 . Contained in Appendix A are

copies of the work sheets used to make the corrections to the measured

Becker blowcounts in order to determine equivalent SPT blowcounts.

Comparisons Between 1983 and 1986 Becker Penetration Resistance

The relationship presented in Figure 14 between corrected Becker

and SPT blowcounts was developed for use with data collected with an

AP-1000 drill rig. Because the 1983 Becker data was obtained using a

Model B-180 drill rig, that data had to be corrected for the effect of

drill rig (see References 1 and 2). Because this particular B-180

drill rig was used in the studies by Harder and Seed in developing the

Becker-SPT correlation, its characteristics were well understood and

there was no problem in applying a correction for the effect of a

different drill rig type.

Because the 1986 soundings employed AP-1000 drill rigs, no

correction for drill rig type was thought necessary. To verify this

assumption, the equivalent SPT blowcounts determined in the two

exploration areas were compared. Figure 15 presents a comparison

between two 1983 and two 1986 soundings performed in the downstream

flat area. Figure 16 presents a comparison between one 1983 and two
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1986 soundings performed through the downstream slope (note: the 1983

data was moved 10 feet downward to account for an elevation

difference). The 1986 data in these two comparisons were obtained with

AP-1000 Drill Rig No. 404. These figures show generally excellent

agreement between the two sets of data, thus confirming the assumption

that no correction was necessary for the effect of different drill rigs

for at least Drill Rig No. 404.
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3. ACCOUNTING FOR OVERBURDEN PRESSURE

Correction to 1 tsf Overburden Pressure

In addition to being affected by soil properties such as relative

density and cementation, penetration test results are also affected by

the effective pressures confining the soil. Thus, a loose soil at

great depth and confinement can have a high blowcount and a dense soil

tested at shallow depth and small confinement cai, have a low blowcount.

To account for the effect of confinement, penetration tests are usually

normalized to the blowcount that would result if the soil was tested at

a depth corresponding to 1 tsf of overburden pressure. This

normalization is accomplished by multiplying a measured blowcount, N,

by a correction factor, CN, to obtain the normalized blowcount, N1

(Reference 8). Because the equivalent SPT blowcounts derived from

Becker blowcounts using the correlation by Harder and Seed (1986) are

in terms of N6 0 values (the SPT blowcount that would be obtained with

a SPT hammer delivering 60 percent of the free-fall energy of a 140-lb

hammer falling 30 inches), the formula for normalizing to 1 tsf

overburden pressure is as follows:

(N1 ) 6 0 ' CN * N60

where (N1 ) 6 0  = Normalized and corrected SPT blowcount used

with correlation by Seed ct al. (1985) to predict

cyclic loading resistance.

N60 Corrected or equivalent SPT blowcount derived

from Becker Penetration Tests

C N Factor for correcting blowcounts to 1 tsf

overburden pressure under level ground conditions
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Studies have found that the CN correction factor can vary as a

function of both relative density and soil gradation. For overburden

pressures greater than 1 tsf, the effect of the CN correction is to

reduce the blowcount. The studies by Marcuson and Bieganousky

(1977a,b) indicate that as the soil becomes denser or the gradation

becomes coarser, the magnitude of this reduction for higher overburden

pressures decreases. In Figure 17 are two plots showing CN

overburden corrections indicated by Marcuson and Bieganousky's tests

for four sands having a relative density of about 50 percent. A

similiar pair of plots are shown in Figure 18 for tests of the same

sands at a relative density of about 65 percent. The value of 50

percent was chosen because it corresponds approximately to the values

determined from density tests in the Mormon Island dredge tailings

(Reference 3). The value of 65 percent was chosen because it

corresponds approximately to the values determined from density tests

in the Mormon Island embankment shell material (Reference 3). As

Figures 17 and 18 illustrate, the magnitude of the overburden

correction for a particular stress level significantly decreases as the

D50 of the sand increases from 0.2 to 2 mm.

Samples of embankment shell material and foundation soils obtained

from the Becker open-bit soundings and from test pits generally

indicate poorly graded to clayey gravels. The gradations measured for

these soils were found to have D50 values generally between 2 and

40 mm. Accordingly, for the purposes of selecting appropriate CN

curves, the overall D50 of the Mormon Island soils sampled has been

assumed to be approximately 15 mm. However, the highest D50 of the

three sands tested by Marcuson and Bieganousky is only 2 -m-.
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Consequently, two new CN curves, one each for 50 and 65 percent

relative density, were developed by extrapolating the test results for

the three sands. The extrapolation process is illustrated in the upper

plots shown in Figures 17 and 18. The resulting CN curves for

gravels are shown as dotted lines in the lower plots in Figures 17 and

18. These extrapolated curves were used for normalizing the equivalent

SPT blowcounts obtained from the 1986 Mormon Island Becker data.

Effect of Sloping Ground Conditions on Overburden Correction Factor

The CN overburden corrections shown in Figures 17 and 18 have

been developed for level ground conditions. Level ground conditions

for normally-consolidated materials usually have effective mean normal

stresses that are approximately equal to 60 percent of the vertical

effective overburden pressure. This is equivalent to having a

coefficient of lateral earth pressure at rest, K0, equal to 0.4.

However, soils under sloping ground conditions often have higher

lateral stresses due to the driving forces imparted by the weight of

the slope material. This leads to mean normal stresses that may be

equal to as much as 90 percent of the vertical overburden pressure.

Several studies (e.g. Marcuson and Bieganousky, 1977a; Seed et al.,

1975) have indicated that penetration resistance increases with

increases in lateral confinement. Consequently, with increased mean

confinement, a blowcount performed in soil under sloping ground

conditions could be significantly greater than a blowcount conducted at

the same vertical effective stress in the same soil under level ground

conditions. Thus, the use of only the vertical overburden pressure

with the curves in Figures 17 or 18 could lead to unconservative

corrections for tests performed under sloping ground conditions.
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Since the Becker tests performed at Mormon Island were located

through or adjacent to sloping ground, it is necessary to account for

higher mean confinement. The method adopted to correct the data was to

use an equivalent level ground vertical effective pressure for use with

the extrapolated C Ncurves shown in Figures 17 and 18. This

equivalent vertical effective pressure is set equal to 1.67 times the

effective mean confinement at the depth where the penetration test was

performed. In this way, the equivalent level ground vertical effective

stress represents the overburden pressure that a soil element in

sloping ground would have if that soil element had the same mean

confinement under level ground conditions (i.e. the mean confinement is

equal to 60 percent of the equivalent level ground vertical effective

stress).

To determine the equivalent vertical stresses to be used with the

adopted C N curve, the results from non-linear static finite element

analyses (Reference 13) were employed to calculate the mean confining

pressures at the locations where Becker soundings were performed.

Because the finite element stress analyses employed two-dimensional

plane strain models, the mean confining pressure was calculated using

the following formula:

0-'- ( T ' + I- )* I + r 0*. 333
m y x

where T m mean effective confining pressure
Q.y e f c i e v r i a r s u e i - l n
C = effective vertional pressure in 2-D plane

-Poisson's ratio - assumed equal to 0.3
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The finite element studies were used to determine equivalent level

ground overburden pressures and CN values for all 26 of the 1986 test

sites. The elements, stresses, equivalent level ground overburden

pressures, and resulting CN values for sites in the downstream flat

and for sites along the midpoint of the downstream slope (Sites 15

through 21) are presented in Tables 2 and 3.
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4. PRESENTATION OF RESULTS

Presentation of Results

Shown in Figures 19 through 44 are the equivalent SPT N6 0

blowcounts obtained from 1986 plugged-bit Becker soundings performed at

Mormon Island. Also shown are dashed lines representing different

levels of blowcount normalized for overburden pressure (i.e. (N 160

values). For soundings performed through the embankment (Soundings BCC

86-15 through 86-26), two sets of (N 1 ) 6 0 contours are used - one

set for the embankment material, one set for the foundation soils.

Also shown on these plots are the soil classifications determined for

samples obtained at the same depths using the open-bit Becker sounding

performed at each site. The data shown in Figures 19 through 44

indicate the following trends:

1. Soundings in Blue Ravine Alluvium and Slope Wash along

Downstream Flat (Soundings BCC 86-1 through BCC 86-6, and

BCC 86-14) - The equivalent SPT blowcounts indicate a

surficial low blowcount layer in the Blue Ravine Alluvium

and slope wash material extending down to about 10 feet.

Below this depth, these soils exhibited very high

penetration resistance down to the rock contact. Rock was

assumed to have been reached at the maximum depth of each

sounding because of ti = extremely high penetration resistance

developed.

The fines content of the low blowcount surficial material

appears to be generally about 25 percent and clayey, thus

leading to classifications generally of SC or GC. This soil

has significantly more fines than is generally found in the

loose dredge tailing deposits.
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2. Soundings in Dredge Tailings along Downstream Flat

(Soundings BCC 86-7 through BCC 86-13) - The 1986 data

in this area basically confirms the 1983 Becker explorations

which indicated a relatively loose foundation zone

approximately 60 feet thick. The fines content of this

material averages to about 10 percent and the Atterberg Limits

results plot generally just above the "A" line or within

the CL-ML zone for low liquid limits. This results in

predominant classifications of either SP-SC or GP-GC.

However, there are also soil samples which classify as CL, SP,

SM, SC, and GC.

3. Soundings along Downstream Slope (Soundings BCC 86-15

through BCC 86-26):

a. The predominant soil classification of the downstream
shell material is similiar to that of the dredge tailings
(i.e. GP-GC).

b. The penetration resistance of the downstream shell
material is significantly stronger than that of the
dredge tailings.

c. The samples of the dredge tailings beneath the embankment
indicate exhibit somewhat lower fines contents and
plasticity which leads to a higher percentage of GW, GP,
SP, and GP-GM classifications.

d. The sounding placed through the embankment into the
slope wash material (BCC 86-15) indicates no significant
low blowcount zones in this area.

e. The sounding placed through the embankment into the
Blue Ravine Alluvium (BCC 86-21) indicates a surficial
low blowcount layer within the foundation. As this
sounding is located near the alluvium/dredge tailings
boundary, it is not immediately clear whether this
limited layer represents a continuation of the material
found at the downstream toe, the boundary portion of the
dredge tailings, or a loose portion of the embankment.

f. The very low blowcounts found in the embankment intervals
of Soundings BCC 86-22, BCC 86-23, and BCC 86-24 show
that this material is composed of dredge tailings.
Although design drawings apparently indicate that
portions of the dredge tailings were incorporated into the
downstream slope, the Becker data indicates that this was
done to a greater degree than the drawings indicated.
Figure 10 illustrates the differences in the boundary
between shell and tailings material suggested by the
design plans and by the Becker data.
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Statistical Summary of Becker Data

In order to better summarize the Becker results for the embankment

shell material and for the dredge tailings, the equivalent SPT data

obtained from 1986 soundings performed between Stations 445 and 455

were analyzed. The analysis included and excluded the following data:

1. Blowcount data from 1986 soundings aligned longitudinally

along the downstream toe and along the midpoint of the

of the downstream toe were included.

2. Blowcount data obtained in 1983 soundings BDT-l and BDT-2

performed along the downstream toe were also included.

3. Blowcount data from soundings BCC 86-22 through BCC 86-26

were excluded for the following reasons:

a. Soundings BCC 86-22 through BCC 86-24 did not pc;netrate
embankment shell material.

b. Soundings BCC 86-25 and BCC 86-26 were performed with
a different drill rig (No. 403) and were not performed
in areas where other data could confirm reliability as
was done for the other drill rig (No. 404, see Figures
15 and 16).

c. These soundings were all performed at about Station 450
and including their data would skew the results.

4. Blowcount data from 1983 sounding BDT-3 were also not included

because of the reason cited in 3c above and because the data

for the embankment shell was unusually erratic.

5. Blowcount data believed to have been obtained in foundation

materials other than dredge tailings were excluded.

For soundings performed in the dredge tailings along the

downstream toe between Stations 445 and 455, the data was averaged to

obtain both the mean and the 35th percentile blowcount at each depth of

penetration (Note: The 35th percentile is approximately equal to the

mean minus 39 percent of the standard deviation). Table 4 detarils the
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blowcount values used in the averaging process together with the

results. Figure 45 presents minimum, maximum, mean, and 35th

percentile values for this set of data. In general, the 35th

percentile blowcount was 1 to 2 blows less than the mean value. Figure

46 shows that both the mean and the 35th percentile values represent

(N1 ) 6 0 values generally between 6 and 8 blows per foot.

For soundings performed along the midpoint of the downstream slope

between Stations 445 and 455, the same averaging process was performed.

Table 5 details the blowcount values used in the averaging process

together with the results. Figure 47 presents minimum, maximum, mean,

and 35th percentile values for this set of data. In general, the 35th

percentile blowcount for both embankment shell and tailings data was 3

to 5 blows less than the mean value. Figure 48 shows that both the

mean and the 35th percentile values within the embankment shell

represent (N1)60 values generally between 20 and 30 blows per foot.

Figure 49 shows that both the mean and the 35th percentile values in

the dredge tailings beneath the slope represent (NI)60 values

generally between 10 and 20 blows per foot.
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5. SUMMARY OF FINDINGS

1. The 1986 Becker soundings generally confirmed the results of the

1983 Becker explorations regarding the natures of both the

embankment shell material and the foundation dredge tailings.

Beyond the downstream toe, the dredge tailings exist in a very

loose state. Beneath the midpoint of the downstream slope, the

tailings appear to be somewhat denser, but remain moderately

loose. The embankment shell material exhibits penetration

resistance corresponding to a medium dense soil.

2. Except in the upper 10 feet, Becker soundings performed along the

downstream toe in the Blue Ravine Alluvium and in slope wash soils

exhibit very high resistance. In the upper 10 feet in these

areas, there is a very low blowcount layer, which although

resembles the penetration resistance of the dredge tailings,

appears to have a significantly higher percentage of clayey fines.

It is unclear whether this layer exists in the Blue Ravine

Alluvium in areas beneath the embankment. A sounding performed

through the embankment overlying slope wash soils did not

encounter the low blowcount layer.

3. Soundings performed through the downstream half of the downstream

slope indicate that a larger amount of dredge tailings was

incorporated into the downstream slope than was previously

thought.
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4. The equivalent SPT (NI) 6 0 blowcounts for the gravelly soils

in the foundation and embankment shell which should be used for

seismic safety evaluations are as follows:

DREDGE TAILINGS (D/S Flat): 6 - 8 blows/foot

DREDGE TAILINGS (Midpoint of D/S Slope): 11 - 18 blows/foot

EMBANKMENT SHELL (Midpoint of D/S Slope): 22 - 25 blows/foot
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APPENDIX B:

CLASSIFICATION DATA FOR SAMPLES OBTAINED FROM 1986 OPEN-BIT

BECKER SOUNDINGS PERFORMED AT MORMON ISLAND AUXILIARY DAM
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APPENDIX B

DATA ACQUIRED FROM BECKER HAMMER DRILL PENETRATION
TESTS FOR PHASE II FIELD INVESTIGATIONS



1. Figures Bi through B26 contain data acquired from each of the 26 open-

and closed-bit Becker soundings performed during the Phase II field

investigations in 1986. Each figure contains plots of equivalent Standard

Penetration Test blowcount N60 , equivalent overburden corrected SPT blowcount

(N,)60 , percentage of fines of Becker samples divided by 2, liquid limit, and

the plasticity index versus depth. N60 was converted into (Nl) 60 using the

blowcounts from the closed bit soundings. The raw Becker blowcounts NB were

converted into the equivalent SPT N60 blowcounts in Appendix A by Dr. Leslie F.

Harder, Jr. The N60 values were in turn corrected for overburden using the

procedures and charts discussed in Part III of the report. The fines content of

the gradations of the Becker samples retrieved from the open-bit soundings was

divided by a factor of two to account for their tendency to overestimate the

fines content of in situ gradations of the materials present in the field. The

liquid and plastic limit index tests were performed by the South Pacific Division

Laboratories.
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